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Abstract

Project Code : SCI560371S
Project Title : Development of Ba(Ti, Sn)O; - (Ba, Ca)(Ti, Zr)O; -

(Na, K, Li)NbO; lead-free piezoelectric materials for

transducer applications

Investigator : Assist. Prof. Dr. Pornsuda Bomlai
E-mail Address : ppornsuda@yahoo.com and pornsuda.b@psu.ac.th
Project Period : 2 years and 6 months (May 2013 - October 2015)

In this research, the processing and properties of Ba(Ti, Sn)O; - (Ba, Ca)(Ti, Zr)Os -
(Na, K, Li)NbO; lead free piezoelectric materials were studied. The effects of processing
parameters on phase formation, microstructure, physical and electrical properties of ceramics
were investigated. It was found that the physical property, phase formation, microstructure,
and electrical properties significantly depended on sintering profile, sintering temperature,
soaking time, types and amount of dopant. The results of X-ray diffraction reveal that Sn*',
Ca?*, Zr* Na*, K*, Li* wag Nb>* diffuse into the BaTiOs lattices to form a new solid solution
with a perovskite structure. The crystal structure changed from tetragonal to cubic phase
after addition of (Na, K, Li)NbO5; and Sn (0.12 mol). The grain size decreased with (Na, K,
Li)NbO5 while increased with (Ba;.,Ca,)Ti;.,Zr,)Os and Sn addition. Moreover, it was found
that the grain size of two-step sintering (TSS) is smaller than conventional sintering (CS). The
sintering condition of T,/t/T,/t, was also affected to the grain size. It increased with
increasing of temperature and time: Ty, T,, ty, t,. The Curie temperature decreased after
addition of dopants, except addition of Ba,;Cag3TiO5 which it was slightly increased. The
best piezoelectric property can be achieved in the ceramic sintered by the conventional
sintering for 0.95Ba(Tig.9, SNg.0s)O3 —0.05BagesCag o5 Tio.9752r0.02503 composition (ds; ~ 588 pC/N).
Then, the ds; ~ 465 pC/N can be obtained in Ba(Tig9,SNg.0s)O5 ceramic. These results indicate
that the ceramic is a promising candidate material for lead-free piezoelectric ceramics with
comparable properties to Pb(Zr, Ti)O; lead-based materials. However, the Curie temperature

is still low and then can use at temperature limit of 50 °C

Keywords : Lead-free piezoelectric materials, Barium titanate, Two-step sintering,

Electrical properties
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Usingnisal piezoelectricity
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Wisuileuan ds; vosianuislediannsn

gULLUUﬂﬁLm%uLma%LLUU conventional sintering ¥ two step-sintering
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n) N3LUIUNT poling waz ) mMs¥ardulseavaiielasiEnmsn (dss)
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dedumasneldifeulonuu CS (1100/120/0/0 uag 1160/120/0/0) wag TSS
(1160/10/900/6 oy 1160/10/120/6)

ATIUVUIRULTBAIITN (NagsKo ) saLio sNDO; LilaTumaswuY CS ﬁqmmﬁ
1100-1160 °C

ATIUALLULVDUEITN (Nag sKo )0 0alin osNDO; Liladunasuuy TSS Tnauusan
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AL ULVDUEIITN (Nag 5K )0 0alin osNDO; Liledunasuuy TSS Tnauusan
LNATUNSITWADS t; (1160/t,/1020/6)
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LAMUNNTRLY t, (1140/10/1020/t,)

AMNENY SEM 999159530 (Nag sKo 5o salis ssNDO; Wiodunasnneldiouluwuu CS
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1160/10/1020/6, 1160/0/1020/6, 1160/10/1020/8 way 1140/10/1020/6)
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SN 12)05-2Bag 7Cag 5 Ti05 (n) szhmmﬁ 20 - 60° () 683&3431‘1‘71' 42 - 47° \ile
Fuwasneld douly CS (1450/120/0/0 waz 1350/120/0/0 audisu)
;:;ULLUUmil,gauuuéuaﬂ%’aﬁl,aﬂ%maaLﬂ?mﬁffluizw BaTi,Sn,O5 ey (1-2)Ba(Tig gg
SNp.12)0s -ZBag 1CagsTiOs 5TIOs (N) Waaaguidl 20 — 60° (¥) Fasyudl 42 — 47° iile
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AEne SEM vaaasfinluseuu BaTi,,Sn,0, Hoduwmesuuu CS Viqmmm
1500 °C \ilowfisl Sn 71 x = 0.12, 0.08 uaw 0.04

AMMEN8 SEM 28995180 UsEUU (1-2)Ba(Tig gsSNo. 15)05-2Bag 7Cag s TiO; o
Fumashuu CS ﬁqmmﬁ 1350 °C Wilotfiy BCT 7 z = 0.1, 0.2 uaz 0.5
AMNENY SEM 98995180 UsEUU (1-2)Ba(Tig gsSN.12)05-2Bag 7Cag 5 TiO; o
Fumesuuy CS Migaumgdl 1400 °C ey BCT A1z = 0.1, 02 wag 0.5
AMENY SEM vaaesfinlusyuu BaTi,sn,0, Wedumesuuy TSS Tngld
Seuly 1500/15/700/6 Wileidin Sn 7 x = 0.12, 0.08 wa 0.04

AMENs SEM veaesfinluszuy BaTi,sn,0, Wedumasuuu TSS Tagld
Seuly 1500/15/1200/6 lowdiy Sn 7 x = 0.12, 0.08 uag 0.04

AMENY SEM 98995180 usEUU (1-2)Ba(Tig g5SN0.12)05-2Bag 7Cao 5 TiO; o
Fumosuuu TSS tngldidouly 1500/15/900/6 Wewiiu BCT A z = 0.1, 0.2
uay 0.5

AMNENY SEM 98995180 usEU (1-2)Ba(Tig gsSNo.15)05-2Bag 7Cao 5 TiO; e
Fuwasuuu T5S Inelddouly 1500/15/1200/6 lewiiu BCT 7 z = 0.1, 0.2
uay 0.5

Ansiiladidnmin (n) wazAnsgadeladidnyin (v) Wisuifleuiuaud
Yauws18unlusEuU BaTi,Sn,Os kae (1-2)Ba(TipsSNg.12)05-2Bag 7Cap s TiOs o
Fuwesuuy CS flaamgdl 1400°C Wotafinud 0.1 kHz - 200 kHz
Ansiiladidnyin (n) wazAnsgadeladidnyin () Wisuifleuiuaud
Yo99578n BaTiL,Sn,05 way (1-2)Ba(TigssSNg 15)05-2BagCag sTiIOs Wadunas
WUy CS ﬁqmmﬁ 1450°C la¥nfiAansd 0.1 kHz — 200 kHz
Ansiiladidnmin (n) wazAnsgadeladidnyin () Wisuifleuiuaud
Yo99578n BaTiL,Sn,05 way (1-2)Ba(TigssSNg 1,)05-2BagCag sTIOs Wadunas

WUy CS ﬁqmmﬁ 1500°C le¥nfiAansidl 0.1 kHz — 200 kHz
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Ansiiladidnyian (n) wazAmsgapdeladidnvin @) Wisuidfisuiuaiud
YoUI1HN BaTip,Sn,O5 hag (1-2)Ba(TiggsSNg 12)05-zBag 7Cag 5 TiOs dlofunes
wuu TsS Taeldfideuly 1500/15/700/6 iefafiaaud 0.1 kHz - 200 kHz
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wuu TS Tagldideuly 1500/15/900/6 wlofafiaud 0.1 kHz — 200 kHz
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Ansiiladidnyian (n) wazAnsgapdeladidnyian () Wisuifeuiugamgl
Vo510 BaTi,Sn,O5 hae (1-2)Ba(TiggsSNg 12)035-zBag 7Cag 5 TiOs dlodumes
wuu TS Tagldideuly 1500/15/1200/6 detadinnud 1 kHz
AALieleB@nnsn (ds;) vouwsIan BaTi,Sn0s kag (1-2)Ba(TipgsSNg 12)05
ZBa 1CasTIO; leduimasuuy CS fignumgil 1350, 1400, 1450 waz 1500 °C
ApaieledENYSn (dss) Vows1AN BaTiy,Sn,05 wae (1-2)Ba(Tiy gs

Sho.12)05 ZBag ; Cag s TIOs Wiledumasuuu TSS Ineuwdsengangil (T,) 1300,
1250, 1200, 1150, 1100, 900 wag 700 °C



i 3.47

| 3.48

| 3.50

i 3.51

| 3.52

i 3.53

i 3.54

i 3.55

GUEVATR LY

gULmengmLUW@Q%’Q%L@ﬂeﬁsuaqmﬁﬁﬂiuizw (Bay.Ca.)Ti,nZr.)0, Wie
a=0.050.1,02 03,04 b=0uar a=0.05b=0.05 LﬁaLm%uLma%LwU
CS figamndl 1300 °C

gULLuumiL?:mLuwum%h?iLaﬂ%maa%ua’mmﬂﬁﬂ (Bay., Ca )X(Tiyp Zrp)03 O o
a = 0.05,0.2,0.4; b = 0.025, 0.05 kagyNsITUNBSHUY CS Tuaumgd
1300°C

3.49 JUMUUNISIRgIULYRITIdndvenwsiin (Ba, .Ca,)Tiyy, Zr,)O5 e a = 0.05,

0.1,0.2,0.3,0.4; b = 0 ez a = 0.05; b = 0.05 ﬁwwumum%uma%uw TSS
Tneldidouly 1400/15/750/6

EULLUUﬂ’]iL?:EJ?LUu“U@Q%JGaLE]ﬂ"'g“UEN%umuLsUiﬂﬁﬂ (Bay., Ca )X(Tiyp Zrp)03 O o
a =005, 02 04: b = 0.025, 0.05 uazyinswidusesiuy TsS Tudeuls
1400/15/700/6

NANSATITADUAIAILNUILUUYB TSN (Bay.Ca,)Tipy Zr,)O5 Wie a =
0.05,0.1,0.2,0.3,0.4; b = 0 ilaz a = 0.05; b = 0.05 FrunsHFuReskUY
CS figaumagil 1200, 1250, 1300, 1350 uag 1400 °C

AUALLLLYDIT UL TN (Bay., Ca,)Tiy, Zr,)O; ie a = 0.05, 0.2, 0.4;

b = 0.025, 0.05 dlofumesiuy CS r;huﬂmm%uma%ﬁqmmﬁ 1250, 1300,
1350 wag 1400 °C

NANSATITADUAIAILNUILUUYB TSN (Bay.Ca,)Tipy Zr,)O5 iie a =
0.05, 0.1, 0.2, 0.3, 0.4; b = 0 4@z a = 0.05; b = 0.05 ANUNTHITUADTUUY
T5S Tagldidouly 1400/15/T,/6

ANUALLLLYDIT UL EN (Ba,..Ca.)Ti,uZr.)0s Wl a = 0.05, 0.2, 0.4;

b = 0.025, 0.05 wazdumaswuU TSS InewdsAgamail T, (1400/15/T,/6)
Lagtian t; (1400/t,/T,/6)

AIENY SEM vasBuauesifin (Ba, .Ca)Tiy, Zr)O, e a = 0.05, 0.1, 0.2,

0.3,0.4; b = 0 WA a = 0.05; b = 0.05 o TFuImBSULUY CS ﬁqmmﬁ 1300 °C
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AMEne SEM vosiuauesafin (Ba,,Ca,)Tivy Zr)O Wie a = 0.05, 0.1,

a

0.2,0.3,0.4; b =0 waz a = 0.05; b = 0.05 LﬁaLm%uma%LwU ) Viqmmm

Y

1350 °C

ANENY SEM U993uuAIngagsidin (Bay, Ca)(Tiiy, Zr,)Os We a = 0.05,

0.2, 0.8; b = 0.025, 0.05 WiowW1Fumasuuy CS Lﬁaﬁmmmimqmmﬁ 1300 °C

AMNENY SEM U993uuAIngagsidin (Bay, Ca)(Tiiy, Zr,)Os We a = 0.05,

0.2, 0.4; b = 0.025, 0.05 ewnFumasuuy CS WevhmsudsAgamail 1350 °C

AWENY SEM U8tuaulesiiin (Bay 2Ca(Tiyp Zrp)O dlo a = 0.05,0.1,02,
0.3,0.8; b = 0 4@z a = 0.05; b = 0.05 WewFumesuuuTsSiaglditeul
1400/15/750/6

AWENY SEM Uetuaulesiiin (Bay 2Ca(Tiyp Zrp)O dlo a = 0.05,0.1,02,
0.3,0.8; b = 0 4@z a = 0.05; b = 0.05 Wewdumasuuy TsS lngldidaule
1400/15/1100/6

AWENY SEM w8siuauiiegnaesniin (Bay, Ca)Tip, Zr,)Os Wlo a = 0.05,
0.2, 0.8; b = 0.025, 0.05 WawnFumesuuu TSS nelddouly 1400/15/700/6
AWENE SEM w8stuauiiegnamsiiin (Bay.CaTi, uZr,)0, \ile a = 0.05,
0.2, 0.8; b = 0.025, 0.05 Wiow3umesuuu TSS Tneldidouly 1400/15/1100/6
Aasiiladidnysn (n) warAgeydeladianysn () Weufuanudveassifin
(Bay..Ca, )T,y Zr,)O Wlo a 0.05, 0.1, 0.2, 0.3, 0.8: b = 0 waz a = 0.05: b =
0.05 FEumsEnduRDsLUY CS Tligaingil 1300 °C

Ansiiladidnyidn (n) wazAgadelndidnnin (@) Wisudumudves

135180 (Bay,Ca)Tiyp Zr,)O dloa = 0.05,0.1,0.2,0.3,0.4; b = 0 uag

a = 0.05; b = 0.05 ANUMIEFUADTUUY CS ﬁqmmﬁ 1350 °C
Ansiiladidnyidn (n) wazAmsgapdeladidnuidn @) Wisuifisuiuaiud
YOI (Ba,,Ca)Ti L Zr,)O, 1o a = 0.05, 0.2, 0.4; b = 0.025, 0.05 Wil

BNFURRSUUY CS Migamndl 1300 °C Wefafiarwd 0.1 kHz - 200 kHz

67

68

69

70

71

72

73

76

7

78

BN



GUETTRY

Wi
Ansiiladidnyian (n) wazAmsgapdeladidnvin @) Wisuifisuiuaiud 79
Youwsin (Ba,.Ca)TiL,Zr,)0s Wi a = 0.05, 0.2, 0.4; b = 0.025, 0.05 1ie
W Tumesuuy CS figamndl 1350 °C ile¥ndirad 0.1 kHz - 200 kHz
Ansiiladidnyian (n) wazAgadeladidnnin (1) Weuduamuives 80
513N (Bay_,Ca,)XTiynZr,)0 dloa = 0.05,0.1,0.2, 0.3, 0.4; b = 0 uay
a = 0.05; b = 0.05 WewnFumosuuu TS Inglddeuly 1400/15/750/6
Ansiiladidnyian (n) wazAgadeladidnnin (@) Weudumuives 81
15180 (Bay,Ca)(TiypZr,)0s dloa = 0.05,0.1,0.2, 0.3, 0.4; b = 0 uay
a=005b =005 Wofunos wuu TsS Ineldidouly 1400/15/1100/6
Ansiiladidnyin (n) wazAnsgadeladidnyin () Wisuifleuiuaad 82

Youw318In (Bay,Ca,)TiLZr )05 Wio a = 0.05, 0.2, 0.4; b = 0.025, 0.05 e
wnFumesuuu TsS Taglddeuly 1400/15/700/6 ileindienud 0.1 kHz - 200 kHz
Ansiiladidnyian (n) wazAnsgapdeladidnvidn @) Wisuifieuiumnuives 83
#5810 (Ba,.Ca.)TiyoZr,)Os o a = 0.05, 0.2, 0.4: b = 0.025, 0.05 WioLH
Fuwasuuu Tss Tagldideuly 1400/15/1100/6 Wedaiiarwd 0.1 kHz - 200 kHz
Ansiiladidnyian (n) wazAngidsladidnnin (@) iWeuiuauivesssin 85
(Bay,Ca,) (TiypZr,)O0s o a = 0.05,0.1,0.2,0.3,0.4; b = 0 uag a = 0.05;

b = 0.05 MUNSTUABSUUY CS Tigaumail 1400 °C fiAad 1 kHz

AnsiilaBidnmin (n) wazAnsgadeladidnmin (v) Wisuifeuiuauives 86
5730 (Bay.Ca,)TiynZr.)Os Wie a = 0.05, 0.2, 0.4; b = 0.025, 0.05 o
Fuimesuuy CS Migamadl 1350 °C edafiar 1 kHz

Ansiiladidnyan (n) wazAgadeladidnvin (1) iWeudueudvesesiiin 87
(Ba.Ca,) i, Zr )05 Wie a = 0.05,0.1,0.2, 0.3, 0.4; b = 0 4a% a = 0.05;

b = 0.05 feunsTUReILUY TSS Tnelddeuly 1400/15/950/6 Aiaud 1 kHz



GUEVATR LY

R
Ansiiladidnyian (n) wazAmsgapdeladidnvin @) Wisuidfisuiuaiud 88
Youw3IIN (Ba,,Ca)TiLZr,)O, 1o a = 0.05, 0.2, 0.4; b = 0.025, 0.05 Ll
wWdumasuuu TS Taegldideuly 1400/15/1100/6 etafianud 1 kHz
NANISILATIZALATIAS19RA28 XRD Vo5 13in (1-2)[0.95Ba(Tio 0,50 05)05 — 91
0.05Bagss Cao 05 Tio 0752 0.02:051-2(Nag sKo s)o gL 0cNDOs WlaTuimasnele
Feuly €S
NANISIATIZALATIAS19A8 XRD Va5 13in (1-2)[0.95Ba(Tin 0,50 05)05 92
—0.05B3055 Cag 05 Tio 57570 025051~ 2(Nag sKo 5o 0aLio 0eNDO; Wiodumasnele
Feuly TSS (* wiafiasq)
ANMURUILUUVDUSRNTUIEUU (1-2)[0.95Ba(Tin.0,5N0 05)05 —0.05BagesCao os 93
Tio.67 770 02505]-2(Nag sKo s)o.0aLin isNDO5 lodutmasiuy €S
AMUNUILUUVD U ENTUIZUU (1-2)[0.95Ba(Tin.9,5N0 05)05 —0.05Bage5Ca0 05 93
Tio75210.02505~2(Nag Ko 5)o 0aLio osNDOs iafmasuuu TSS lnguUsAgaumnadl
T, (1500/15/T,/6 195U z = 0 wag 1300/15/T,/6 d115U z = 0.05 - 0.20)
AINANY SEM 999193130 0.95Ba(Tig 0,50 08)03 —0.05Ba0e5Can0s Tip 975 94
Z1002503] (z = 0.0) dlodumeasuuu CS ﬁqmmﬁ 1400 °C
2N SEM 9991957310 0.95[0.95Ba(Tig 955N 08)03 —0.05Bage5Cag 05 Tio 975 94
Zt0.02503]— 0.05(Nag sKo s)o.0aLia ssNDO3 loBuimasiuy CS ﬁqmmﬁ 1250 °C
2R SEM 9891951310 0.9[0.95Ba(Tig 555N 0803 —0.05Ba0e5Ca0 05 Tio 75 95
Z10.02503]- 0.1(Na 5Kq 5)0.9aLi0 0sNDO3 dlofumasuuu CS ﬁqmmﬁ 1250 °C
AINANY SEM 999193130 0.85[0.95Ba(Tig 0,50 08)035 —0.05Bag9sCa,os Tig 75 95

Z70,025051-0.15(Na sKo s)o salio 0sNbO; LiloBuimasuiuy €S figaumndl 1250 °C

2INA18 SEM 989151380 0.8[0.95Ba(Tig 0,50 08)05 —0.05Ba095Cag 05 Tio 075 95
Z¢0.025031-0.2(Nag 5Ko 5)o 0L io ogNDO5 Lilo@utmasuuy €S ﬁqm‘mqﬁ 1250 °C

A8 SEM 989151380 0.95Ba(Tig 9,5N0,08)03 —0.05BangsCao o5 Tio.o7 96
Zr002505] (z = 0.0) lofumasuuy TSS fidouly 1500/15/400/6



GUEVATR LY

AINA8 SEM 991935180 0.95[0.95Ba(Tig 0,50 08)05 —0.05Bag95Ca0 05 Tio 075
Zt5,625051-0.05(Nag Ko s)g 0aLin sNDO5 ioFutmasuuy TsS Mdouls
1300/15/900/6

218 SEM 999151380 0.9[0.95Ba(Tig 0,5N0 08)05 —0.05Bag95Cag 05 Tio 075

210 02503]-0.1(Nag 5Kg 5)0.0aLi0.06NOO5 dloFumasuuu TS deuls
1300/15/900/6

AINANY SEM 999193130 0.85 [0.9115Ba(Tig 9,5N0.08)05 —0.05BagesCag os Tio.o7s
Zt0.025051-0.15(Nag Ko £)o sqLio 0sNDO; WioFutmasiuy TSS Mideuls
1300/15/900/6

A8 SEM 999151380 0.8[0.95Ba(Tig 05N 08)05 —0.05Bag95Cag 05 Tio 975

210 02503]-0.2(Nag 5Kg 5)0.0aLi0.06NOO5 dloFumasuuu TS deuls
1300/15/900/6

Aasiiladidnysn (n) wavAnsadeladianyin () Wisuileufuminud
YRUYIINN 0.95Ba(Ti 9,5N0 08)03 —0.05BagesCan s To.9752r0.02505] (z = 0.0)
SoBuwmesuuy CS figuvndl 1300-1450°C le¥ndienai 0.1 kHz — 200 kHz
Amafiladidnnian (n) wagAn1sgeydeladiannin (@) Wisuileutuanuives
513N 0.95[0. 958a(Tios25M00e)05 ~0.05Ba09sCa0 05 Tios75270.025051-0.05(Naos
Ko.5)0.0aLi0.06NDO3 dlodumesuuy CS mmmu 1150-1350°C dlotnfiaud
0.1 kHz - 200 kHz

Aasiiladidnysn (n) wavAnsadeladiannin () Wisuleufuainud
YDUYIIHN 0.95[0.95Ba(Tig 955N 008)03 —0.05Ba0e5Cag 05 Tio.9752r0.02503)—
0.1(Nag 5K.5)0.0aLi0.06NDOs5 dloBumesuuy CS ﬁqmmﬁ 1150-1350°C Wian
finud 0.1 kHz - 200 kHz

Ansiiladidnmin (n) wazAnsgadeladidnyin () Wisuifleuiuaud
YDUYITIHN 0.95[0.95Ba(Tig 955N 08)03 —0.05Ba0e5Cag 05 Tio.9752r0.02503)—
0.15(Na sKo £)o 0aLi0 isNDO5 WaTutmasuuy €S ﬁqmmﬁ 1150-1350°C
dlo¥afianud 0.1 kHz - 200 kHz
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Ansiiladidnman (n) wazAnsgadeladidnyin () Wisuifleuiuaud 103
95180 0.8[0.95Ba(Tig.925N0 08)03 —0.05BagesCa.os To.97527 0025051~
0.2(Nag sKo 5)osaLioogNbOs leBuimesiiuy €S figamgil 1150-1250°C ilata

Anud 0.1 kHz — 200 kHz

Ansiiladidnman (n) wazAnsgadeladidnyin () Wisuifleuiuaud 104
YDUYIINN 0.95Ba(Tig 6,5N0 08)03 —0.05BagesCan s To.9752r0.02503] (z = 0.0)
dlogumasuuu TS Tngldidouly 1500/15/T,/6 Watafianud 0.1 kHz — 200 kHz
Ansiiladidnyin (n) wazAnsgadeladidnyin () Wisuifleuiuaud 105
YDUYIIHN 0.95[0.95Ba(Tig 925N 008)03 —0.05BanesCag 05 Tio.9752r0.02503)—
0.05(Nag sKo s)o.0aLin 0eNDO; Wiodumasuuu TsS Tngldidouly 1300/15/T,/6
dletafieud 0.1 kHz - 200 kHz

Aasiiladidnysn (n) wavAnsadeladianyin () Wisuileufuminud 106
You573N 0.95[0.95Ba(Tig 055N0.08)05 ~0.05Ba005Ca0,05 Tio 97521 0.62:05)—
0.1(Nag 5Ko 5)g saLio 0sNDO; Liladumasuuu TS Tagldiiouly 1300/15/T,/6
deYafirud 0.1 kHz - 200 kHz

Ansiiladidnmin (n) wazAnsgadeladidnyin () Wisuifleuiuaud 107
You9573N 0.95[0.95Ba(Tig 055N0.08)05 ~0.05B2005Ca0,05 Tio 97521 0.62:05)—
0.15(Nag 5Ky s)o.0aLin 0sNDO5 Wiodumasuuu TsS Tngldidauly 1300/15/T,/6
dletafieud 0.1 kHz - 200 kHz

Ansiiladidnmin (n) wazAnsgadeladidnyin () Wisuifleuiuaud 108
YUYIIHN 0.8[0.95Ba(Tiy 955N0 08)03 —0.05BagesCag 05 Tio.975Zr0.02503)—
0.2(Nag 5Ko 5)g saLio 0sNDO5 LilaFumasuuu TS Tagldiiouly 1300/15/T,/6
dleYafieud 0.1 kHz - 200 kHz
Ansiiladidnvinuazansgaydeledidnvindieuiuanmgiiveassiiin 109
TUsZUY 0.95Ba(Tig 0,SN0 0)0s —0.05BagesCan o5 Tio.0757N0.02:05] (Z = 0.0)

dlefuwmasuuu CS (n) wag TSS ()



gﬂﬁ 3.
gﬂﬁ 3.

gil‘ﬁ 3.

103

104

GUEVATR LY

mnsiiladidnninuazansgydeladidnvindieuiuenmgiiveaysiin
Tusguu 0.8Ba(Tig.0,5N0 08)03 —=0.05BangsCagos Tio 97521 0.02505] — 0.2(Nag s
Ko 5)0.9aLi0.06NDO3 dlaFumeasuuu CS () waz TSS (1)
gULL:UUmﬁmswﬁdaqmwmawwﬁuﬁ (X -ray mapping) vesunuesiin
Ba(Tig.925N005)03 (M) CS W@ (v) TSS
g“dLLuumﬁmiwﬁdmﬂimawwﬁuﬁ (X-ray mapping) Yaetuugin
Bag7Cag 31105 (M) CS wag (V) TSS

gULL:UUmﬁmswﬁdaqmwmawwﬁuﬁ (X -ray mapping) vesunues1iin
(Bag gCan o )N(Tin.05Zr005)05 (1) CS wag (v) TSS
gULL:UUmﬁmswﬁdaqmwmawwﬁuﬁ (X -ray mapping) vesunues1iin
0.5BaTig565N01,05 — 0.5 Bag,CagsTiO; (M) CS wag () TSS

1995981918 S UNRaaULwsIInie e BlE NSNS aule
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114
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A1519% 3.1

15197 3.2

15197 3.3

15197 3.4

A1519% 3.5

A1519% 3.6

A1519% 3.7

A1519% 3.8

15197 3.9

UV M ERN

YUNAVDINTUVDITUIIUT AN (Nag sKo.5)o.0aLin0sNDO3 NITURMBDILUY
CS wag TSS
AmafiladidnvsnuarAnisgadeladidnninuazeamaiilunisildeuna
VDIWULTIHN (Nag sKo s)o.0alinosNDO5 WIBINTWMBTWUY CS NIQaunQil
1100/120/0/0, 1120/120/0/0, 1140/120/0/0 wax1160/120/0/0 Wi
A 1, 10 wag 100 kHz

] M a a ' = a & a A N
AmsiladidnyinuazAnisgadeladidnninuazaamgiluniswieua
58N (Nag 5Ky 50 0aLin 0sNDO5 tladuimasiuu TSS lneltkouly e
T1/10/1020/6 ilaiaiannud 1, 10 wag 100 kHz

] M a a ' = a & a a q‘
ArmsnladidnyninuazAnisgadeladidnninuazaamgiluniswieua
YUY (Nag 5Ky 50 0aLin 0sNDO5 tlaTumasiuu TSS lneltkouly Ao
1160/t,/1020/6 Heininud 1, 10 uag 100 kHz

] M a a ' = a & a A N
AmsiladidnyinuarAnisgadeladidnninuazaamgiluniswieua
YRUYIIHN (Nag sKo s)o salio isNDO5 LilaTumasuuu TSS laglditeuly Ao
1160/10/T,/6 Waiafinnud 1, 10 wag 100 kHz

] M a a ' = a & a A q‘
AmsnladidnninuazAnisgaydeladidnninuazaamgiluniswieua
YOUYIITN (Nag sKp s)o ealio sNDO5 1laTuimasuuu TSS lngldteuly Ao
1160/10/1020/t, Wadanaud 1, 10 way 100 kHz

] M a a ' = a & a A N
AmsnladidnyinuarAnisgadeladidnninuazaamgiluniswieua
VOUYIITN(Nag 5Ko 5)o.0aLin 0sNDO5 tilaTUMBIUUU TSS lneldiouly Ao
1140/10/1020/t, Wadafaud 1, 10 way 100 kHz
AdNUsEanIieleBiany3n (piezoelectric constant, dss) ¥09L313N

(Nag sKo 5)o.0aLinosNDO; Hladmmasmeléiioulanuu CS way TSS

1 PN a « a 1 = a « a Y .
mmmlmmaﬂmmmzmmiqigLaszLmLaﬂmﬂmawmWﬁﬂ,uizw BaTi;,SnO;

wag (1-2)Ba(TiggsSNg 12)05-2Bap 7Cag 5 TIO5 MWIUASMITURBSUUU CS 91

aunni 1450°C Slo¥aiianud 1, 10 uag 100 kHz

20

33
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A15197 3.10

An519% 3.11

AN519% 3.12

A5199 3.13

A1519% 3.14

A1519% 3.15
A15197 3.16
A15197 3.17

A15199 3.18

A15197 3.19

UV M ERN

ﬂ'ﬁmﬁlm%lﬁﬂw%ﬂLLazﬂ'wmiqz:gl,?mim%l,ﬁﬂw%ﬂﬁumL%iwﬁﬂ BaTi,,Sn,O; Wha
(1-2)Ba(Tig 555N0.12)05-2Bag -Cag sTIO5 FINILNSENTUMDIULUY TSS ﬁqmmﬁ
(T,) 1200°C io¥afimnud 1,10 uaz 100 kHz

YUIALNTUYBAGIINN (Bay_y Ca )(Tiyp Zr,)05 TSR URESIUY CS
flgaimndl 1300°C wag 1350°C

YPUINTUTBNTIITN (Bay, Ca)lTiyp Zr,)O; TN URBSUUY TSS
Tngldidouly 1400/15/550/6, 1400/0/700/6, 1600/15/750/6 uae
1400/15/1100/6

3 (To) veuwsdin
1350-1400 °C

Ansitladidnvidnuasangaydeladidnvnuazgamai
(Bay, Ca((Tipp Zr,)O dlowdumesuuu CS ﬁqmw{]m
fieud 1 kHz
Ansiiladidnviinuazagapdeladidnvidnuazgamndial (To) veuwin
(Bap.Ca.)TiynZr)0s Wadumasuuu TS Tagldidouly 1400/15/950/6
ﬁﬂam‘ﬁ 1 kHz

AT BLENTIEN (dsy) VOLSIEIN (Bay.Ca)Tiv, Zr,)0; Wiodumesiuy
CS way TSS

PUIALNTUTBITUINUTT TN UTTUU (1-2)[Ba(Tig 95 SNg 0s)O3 — (Bag 95Cag os)
(Tig.o75 Z19.025)03] — z(Nag 5 Ko.5)9.9aLi0.06NPO5 FrunsTumesiuy CS
PUIALNTUTBITUINUT T NTUTEUU (1-2)[Ba(Tig 95 SNg 08)O3 — (Bag 95Cag os)
(Tio.975 Zr0.025)03] — Z(Nag 5 Kj 5)9.94Li0.06NOO5 PeUNSTUROSIUY TSS
Ansiiladidnvidnuasanisgadelndidnrinuazanmgiies (T) veawsin

(1-2)[Ba(Tip 925N0.08)03 - (Bag 95Ca0.05)NTin.975210.025)03] = Z(Nag 5Ko 5)0.94Li0.0sNDO3

WeTumaswuu CS 1Aud 1, 10 way 100 kHz
AmaniladianvsnuazAnisgadeladidnrinuazaamalias (T, vousiin

(1-2)[Ba(Tig.9,5N0,08)03 - (Bago5Ca0,05XTin 975210.025)03] = Z(Nag 5Ko 5)0.0aLig 0sNDO3

dlofumeasiuu TSS inud 1, 10 way 100 kHz
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UV M ERN

%N

A15197 3.20  AASTLETEBENTISN (dss) VOITUIIY (1-2)[Ba(Tig0p5N005)05 ~(Bag0sCaoos) 112
(Tip 975210.025)03] — z(Nag 5K.5)0.9aLip 0sNPO3 FHUNIBURRSLUY CS way TSS

A1519% 3.21 ﬂ%mmsmﬁﬁiumiﬁaaEiwamwﬁﬂ BaTig.0,5N0 0503, Bag7CagsTiOs, 113

(BagsCao )(Tio 557,050 A% 0.5BaTig555M0.1505 — 0.5 Bag :CagsTiOs 1ie

WIBUWBSWUU CS uag TSS



o191

1. uni

1
= o

1.1 anudAgyaziuveslgynninnsive

Fanuileledidnvisniluanfifiaruaninsolunisasundanunadundsauliin uazsivdou
wdseulrindundsnuna wu mswdsuudadwanlsiwdumaluiniloldfuusimana vie ns
Wasuwasgusadleldsuaunulin (1] Tnewdlel@$uusad (mechanical stress) azgrinileniilsr
Andseqludh (electrical charge) iemsdnidssiamslniiiu (polarization) viielunsnduiuile
Tanpdnglaauulniziiauwsaasondaniglundn (compressive strain) virlvdasiianisinguly
NINLAY WALMINAFUNANIIVRIAUINILNALTUATEARS tensile  strain)  Lw5HNILLAANITNALAY
Yeoi mudiu fauandugud 1.1 vie mnauauiifieuianasiliiagieledidnvinidunis
TussdUsznaufidAnyueaszuU micro-electro mechanical system (MEMS) @sanansauszenaldle
WAINNAIE U uLEes (sensor)  wANYLeLABS (actuator)  W@WWWOS (sensors)  WANYLBLADS
(actuators) ftfufinmheanuswuumlslsdidnnin (feroelectric memories) uay MsLAULALY

v a

(% . < ¥ o Y a a’é’j wad o 4 0 = = A
WA (energy harvesting) [2] LUUAUN @1AIUIAANTIUEAUYDIUU ANUANGIAYNADIAIUINT AD

'
a

pdudnvinuanditledidinyin Sslaevialusis 2 autidasduiudiuuasdageanfivinusessiouadi
Jdaugusiuiu (morphotropic phase boundary, MPB) é’mam’tu'gﬂﬁ 1.2 %qmmiaﬂ%’mﬂﬁaum
MPB dldlnsmsifududufiangay Tuvasdotusaduiidasludursdmaligumgliafvessyuy
anas vlldannsniluldeuiigungfadld fadu 90 MPB uargumnfaiadumuusiiddo
Fosfiasutuieivantiladidnvinuasieledidnnin ddessaiigania ssdusznauniaa
way ALy Huiulsiiddyfidmadeautiladidnrsnuasiieledidnnin lnenuingsiind
fvunansunazesdUszneumaaifimnzan azvilvtiaudiladidnninuazifieledidnniniaden
(3]

contraction expansion

Uil 1.1 Usingnsnd piezoelectricity [4]



T 500

o Paraelectric
°§ 400

2

2

Ferroelectric

2001 rhombohedral

zirconate titanate

% Composition

Ul 1.2 Uinasesseiaiida
Pb(Zr, Ti)O5 [5]

51U (morphotropic phase boundary, MPB) v83t4513n

o

WIRALaAwaslalARnLua (Pb(Zr,Ti, )05  PZT) L“fJui’a@]Lﬁ&I%SLé‘ﬂw%ﬂﬁﬁamﬁ’uas}N
unsvaneandian uagldsunsiauetsioioaiiothunuszgndldlugunsaisinag snune gy
buzzer, diesel engine fuel injector, sonar, ultrasound &% nanopositioners in scanning
microscopies usu lngasdvsznauide x = 0.52 wansandindlwihiddgedesaniduuiinm
sovsoURINaInTElnURaLazTaNluATea (Morphotropic phase boundary, MPB) [1, 6] Aduansly
U 1.1 agndlsfimu PZT Sz (Pb) WussAusznauannnin 60% deesenlusvesmemiiigaseimesi
(800 °0) vhlAndmsedsndonainnsunsvesiensidlussninenssuiunsunda Jaminisiidn
anailveads uaraueinlumsvinngioenannszuaunisiluda uenaniidegunsaingg 7
de PZT nanewdureedidnnsefind ftnazidndnonisilinau Jadlenaninlufendeninuuas
Aanstudeulufuuasunanilg andymee Lwéwﬁﬁﬂﬁwlﬂgjﬂmmhﬁuﬁa3éfaaﬁwm’3’a@Lﬁsj
Twdian-n3nafalmiTununuil (lead-free materials) Insansvinisesiidusunsedoduinden
wazuansanvanslwihlanieuwindu PZT

ggndlsfiony  nnsldesndindifiayfudussduszneuiiintymsedwmindonainnsuns
vadlonziluseninenssuiunsndn Jymnisideanseiivends wasaueinlunisednneiveen
PnnszuIumMsSleda Jalgmene ma'ﬁf%ﬁﬂﬂajmmﬁwLﬂuﬁ%é}'mﬁwmmiﬁwmﬂLWﬁi-SLﬁﬂw
3n Twls-Bdnvan wanfieledidnvineilnlmitumiunudl (eadfree materials) Tnganswiiaiigosl
JudusseredunndounasPinmwd  uazuansautinsliildfifisunintuasfoledidnviniil
ariuluasduszneu

ansiilifingidussdusznau (non-lead based materials) naneviadefuidsldsuainy
aulauasyinnsAnw1ide wiu BaTiOs [7], (Na,KINbO; [8], (Na,Bi)TiOs [9] ey  (BaBiy)Ti,O;s [10]
IFsumuaula Anw3ds wasiamnautieng q egnalsfanu Selifiasilafianunsouansassfisneg
Rdsuhiuanslussuu PZT 18 uandluzudl 1.3 a1nvis 4 nduil BaTio; uaniifaufudie

a A

loBianvianiifign (dss ~ 191 pC/N) [6, 11] wazaunsausudpaudfiisledidnninlififioum PZT



16 Tnemsidueenlodunuiinfiiiuseq +2 vio +4 loun Ca™, Zr wag Sn' (dss ~ 620 pC/N) [12-
13] ud BaTio; Wiléfumnudeslumainluuseyndliidugunsaling o wileutu PZT iflesannd
fodrdmAeafugnmgiilden Sslianansaldondigamaiiiu 100 °C 1§ mszilgumylieim
Uszanad 130 °C dmsu (Na,KINbO; (NKN) Haaumgilias (To) geuseanas 420 °C [5-6] Fslasuany
auloan@nunidesnniian  lesndautfdfeledidnnindd  wiansenumsidefiunnuin
ws13n (Na,K)NbO, 5mm7i%é’qmeﬂﬁlﬁmmmmmLLﬁuqﬂﬁwﬂismumi conventional solid-
state reaction ﬁ'ﬂiﬁaqmﬂmmLaﬁmmaqmamaamﬁﬁﬂ NKN U3gvidnuilalnozunsaues KNbO;
- NaNbO3 mmﬂmwammum Ao 1140 °C [14] muuﬁ]ﬂummmLmsziumaiwammuaﬂﬂ e
uenInil N,O uay K0 amsssmeldihedlowunalsiviofunesfigumnias wilugaulsl
arianevesesRUsznoumaaiiiaznsrosusveanady (extra phase) Li,O %38 LINDO; QﬂiﬂjLUu
Fufuifieangumnifuwesuaniiunuuiuines (Na KINbO; SsdwaliTanuiadifiautFinidluih
i (dlss ~ 235 pO/N) waeiignmniin3gedudndae (452 - 510 °C) [15-16]

600
PZT
500 AR / S
.LF4T
! LF3T
— e PZT4 @ mPZT2
S 300 ot
e @®,0:This study 3 PZT 1
'o8 200 D LF ¢ F1
BaTiO, (Bi,Na,
B K,Na NbO
100 Conventional ( ) 8
lead-free family
1 1 1 1

0
0 100 200 300 400 500
Curie temperature (°C)

JUN 1.3 wWlguilieuen ds; vesianuieleBidnysn [17]

(%
Y

N3FUReTUUY 2 JunawdudinsTuimesiuuaiuandnsIn1sTuvesgunglivazidu
NITUIUNTTUMBI NIRRT BIANUNTAATATNTULALAANITILNYVDIANTAIRUNTIANABULA AN
[18] Tdmsuinsaug NN AtUUIANTUIEAULILULAT (nanograin ceramis) @9In15HaylgoINu

a

gaumngliegesinsilugeamgiae (T,) wWielidanumuiuiuamis ntulutuneuil 2 azangungd

a8 19T lUSmamaien (T,) wasudliidunaiuiu () Welill driving force dmsunsunsves
Younsuniisanaivellamunuwiuias luvaeiinisinfeunivesrounsud miu grain growth



gne Ui [19] uaguenanil Mdumesuuy two- -step sintering mmsaa@ammmLmﬁzmmaﬁwmm
B9 'ﬁmmumLLuquwuLﬂmsuuiuﬂﬂisauLmaisnaﬂm 2 6w surface diffusion wqamqum [20]

MnMsmuuenasiiedemui aulfieledidnvinvesesiinliansmeiagiuegiu
A13LAA polymorphic phase boundary polymorphic phase boundary (PPT) ﬁqmw{]ﬁﬁaﬂ oz
Huuinadifivla 2 waogiuiu uazduegfugamgd @ldmilouty MPB fidusgesdusenouma
RN RRNGER %"’amiﬂ’muﬁa@Lﬂ&ﬁﬁd@Lé‘ﬂw%ﬂﬁhjﬁmﬁl’ﬂuisw Ba(Ti, Sn)O; — (Ba, Ca)(Ti,
71005 - (Na, K, LINbO, 1 W‘U'j']é’ahiﬁﬁﬂ%%’amimﬁm'ﬁﬁﬂmu,azi"]amuﬁmﬁﬁa@luizwﬁ

Ba(Ti, Sn)O, WARINNNSUNUTIRILILes Ti $18 S uedau yldaasiiladidnnsnilan
Juivgamgitionas Fadlawdiu sn Uhinaudindu agviliiguvniaianas 21] uenainesdusenou
MGLARLAT WU miamawawumLﬂsulfﬂu%ﬂmummﬁqﬁ%ﬁmmmmLaﬁsimaaqm‘mQﬁﬁuaﬁaa
WSTsBLENT3SN Qﬂﬁﬂﬂﬂiz&;ﬂﬁﬂfﬁu capacitors, transducers, sensors kag actuators

Xue D. uay Aamg (2011) [22] $1991u93199AUsEnoulusEUU Ba(Sng 1oTinss) 05 X
(Bag-Cag 05 (BTS — xBCT) o x = 0.3 LLammﬁaLﬁsﬂ%SLﬁﬂw%ﬂ‘ﬁﬁﬁqm (dss ~ 530 pC/N) i
EANARRVGN

dw5u (Ba;,Ca)(Zr, Tiy,)0s DuwsdinlSasneivdaln Qﬂi’]&N’]Nﬂ%ﬂLLiﬂIﬂﬁl Liu way
Ren [23] WioT 2009 Wudwmé’mﬂizam‘ﬁiﬁﬁ%%Lﬁﬂw%ﬂﬁaﬂuizw Ba(Zry,Tiy 8)03 (Bay7Cay, 3)T|O3
(BZTxBCT) Wintwile x = 0.5 Fudussdusznouiiin MPB arnsiesusananiiiliarslussuuil
isuauauladmiuduianmaden (3ansnzin) aufisagiu [3, 24 - 26] Taswuirautdlng-
Bnvinuagnsnouauasdeusingmsaiiielediinvinvesesndnidfieledidnvintuey furunmnsy
[8-9] FewuinansfegeiiivunnsuiivnzauasilanUanaty venand wuiauimaliiney
FufiuU3inas Ca wae Zr vanzaw [27]

WI13N Nag 5Ko.sNBO ﬁﬂé’ﬂﬁ%mmaﬂaLﬁaﬂmﬂlﬁﬁé’umﬂamﬂﬂwaqmﬁ"a pglsfiny
MNFBNUNTITeTIRTUINTUNU wsin (KosNagsINDO; Jorniezdanseilildmaumuiuiu
waqmsmumumﬂ%@ameaﬂ%mmummm ot NMSANALITNTUTUUTIAMAMUBALITNY
umuiﬁlmmmwmLLuqummﬁmaﬂu WU NSTUADISUUURLAWAI8IT hot pressing [28], cold-
isostatic pressing [29] wag spark plasma sintering [30] Waz/%30 N1TAIUULUUTLAY LT reactive
templated grain growth (RTGG) [31] waz N5l high energy attrition milling [32] wazn1sUsuUse
@mmwmaammﬁﬂﬁuﬁmﬁﬁaamitﬁuéhLamﬁmm 9| (additives) 1% LINbOs [33], LiSbO; [34] uae
LiTa0, [35] ileusuussauannsalumsBunesuazaudfimslwihiady

yonanil autledidnvinuaziiieledidnnsnduivauimnsy Taonuiunededldlunns
B UADSLUY twosstep sintering tTuwmadafldlunswSen nanograin luwsfinvanesia wu
BaTiO; [36], Ni-Cu-Zn ferrite [37], ZnO [38], (Na, K, Li)NbO5 [39 - 41] wag ZrO, [42] ‘wé’qmﬂgﬂ
ﬁamuﬂ%’j«mﬂima Chen wag Wang [43]

Mazaheri M. wag Az (2009) [42] $1891UMNTVUIALATUVDY nanocrystalline 8 mol%Y,0;
stabilized ZrO, dlofumesuuy two-step  sintering  amas 7 whvestunuiidunesuuy

conventional sintering



1NN Hao wag Ag (2012) [39] sneauinaudmdieledidannsnues (KNay oo
Lio.0sNDO3 A 10% LilaTuLmasuuU two-step sintering

Ishihara S. wazaue (2011) [40] W38ULYIEA NagsKosNDO5 #8nsEuIUNISTULRBSUUY
two-step sintering WuansiesautRfieleBlEnmEnTf (ds; = 125 pO/N, k, = 0.42) FedlAgs
s infiwseudieds conventional sintering

Fang J. uazAeg (2010) [41] w38u93180 0.9625 NagsKysNbOs — 0.0375 Li(Tag4Sbo )05
(KNN-LTS) #8733 conventional sintering waz two-step sintering wu31 lassadnaavesasifing
Fumasuuu conventional sintering azideuluanudion PPT luglaseadrauuy tetragonal e
pumpiumedaatu avifvensniinasduogifugumnifunefiluegisn Inelesindidaudfis

a

agnulutisgunifuneiiuau TuvaeNwsiniBumeshuy two-step sintering fiassnulaseaiing

Y | aa ¢ Aa va aa a 9 = ] a
wuu PPT Linasatisgaumgiidumes widniiflaudananuldlugamgiginig dauansiinisduy
WBSWUU WU two-step sintering 1u3sniuseanSnmlunisiadesnwsifin NagsKo sNbO;

[
[

Fatu Tunuitedfeaulaimun Yagifelediinninlfansneiluszuy Ba(Ti, SnO; - (Ba,
Ca)(Ti, Zr)0; - (Na, K, Li)NbO, Tﬁﬁauﬁ’aLﬂ816215Lﬁﬂw%ﬂﬁﬁuazﬁqmmﬁ@‘%ﬁgﬂ Tagn1suUsen
USuneuues (Na, K, Li)NbOs ﬁLﬁmquLﬁammsmﬂizqﬂﬁiﬁﬂusﬁwqmmﬁﬁqﬁﬂﬁ LATAN®YN
FeulvildlunismIeuiiidowgAnssunisiiala n1suud Tassadragania audiledidnnin
wazifisledidnvsnvossiiin lneiunvmdndiumaeiiiin MPB uazgamaiigianguiledy
weifgamniian FamsAnuiemnuduiusvesinulsineg iWudsdndudensadrenmdile nns
assesdanuilndlumstanwsidnlussuuilinnzautunisussgndldausioly Taslasiniside
idsutuiteisunmaifolugnmsianwasndnsnind sledidnvinsiafifinansenusedauandenls
tovfgauarlfiiunnmaionaulugseiugnaminssals Funuiuasiladang

1.2 Ingusrasavadlasaniside

1) auniagieledidnyinlimsmemifianumnuiuiasgumnlieiawne nssuiunsdu
WOSWUU two-step sintering

2) Anwaultssnge veawsdnluszuu Ba(Ti, Sn)O5 — (Ba, Ca)(Ti, Zr)Os — (Na, K, Li)NbO;
FnFouls wu audBesmenin autRleddnrsnuasauTifielediannsnfiduiusiv
GoulvnswIounasnisdunes

3) Anwnrwduiusvesdndrumant lassaisganauazautfimaiulwihvoassing
wasule

4) fierwaddefldlumeunsuas fifuilunsarsseiuuunea

1.3 ¥2ULUnvaslATINITIY
1) Anwdeulafivanaudwiuwisumsiinluszuu (Na, K, Li)NbOs5, (1-x)Ba(Ti, Sn)O5 -x
(Ba, Ca)(Ti, Zr)O, uaz (1-2)[Ba(Ti, Sn)O; — (Ba, Ca)(Ti, Zr0s] — z (Na, K, LiNbO,
TneFBnanoonlasuuuildfumly welildranumnuugsiigauasandinsliiia



Tnensuusansinee il
- Roulvildlumawon wu gaumpinazaildlunmawdunes sUkuunsndumes
- USHNauvRes LAY
2) Anwimaiiaia lassadandnuasmaAsunaaamslsaidnyin - wmsdidninves
wsfindinTosle
3) finw UFUUTe dagimunnseuIunsnsguansiiegns
4) Anwaudivnianienn lassasganianazaudfinislnih (edidnnsn uasiieledianysn)
fruegifudeulaililumarienuarasdlsznaumaniveasniinfindould



2. 35015938

Tusuddedlaviniswseuwsiiin Ba(Ti, Sn)Os—(Ba ,Ca)(Ti, Zr)Os—(Na, K, Li)NbO; g
Tonausonteauuunldiunily (conventional mixed- oxide) laun1sUUIARUNNTTWNEDS
FULUUMTIHIBUIBS YianazUTuiavesansiie tnelsiuazidenvesansiadl Jag aunsaluay

=Y

P Y] ax = a ¢ ) I A Y o X
Lﬂi@\‘iu@msﬁ Wa@ﬂ‘ﬂu’lﬁﬂqiwﬁﬂﬂLLa%ﬂ'ﬁmi?‘ﬂ?Lﬂi']ﬂ/iﬁ'ﬁ@]'ﬂ@fﬂﬂmlmiﬂml@ @ﬂmalﬂu

2.1 érsndl Ta9 aunIaluazinsalianldluniside

2.1.1
2.1.2
2.1.3
2.14
2.15
2.1.6
2.1.7
2.1.8
2.1.9
2.1.10
2.1.11
2.1.12
2.1.13
2.1.14
2.1.15
2.1.16

2.1.17
2.1.18
2.1.19
2.1.20
2.1.21
2.1.22
2.1.23
2.1.24
2.1.25
2.1.26
2.1.27
2.1.28
2.1.29

LuBsuAsUBluR (BaCOy) fimnuuians > 99 % wanlauuism Sigma-Aldrich
fiuoonlsd (Sn0,) fnruu3gnd = 99.9 % nanlneu3ew Sigma-Aldrich
Toifonaiuoiun (Na,CO) Tmmu3ans = 99.9 % wanlagudtm Sigma-Aldrich
Tnunadeunsusiun (K,CO) flanuuiavs 99.0 % wanlagudtm Aldrich
Tuloeumuiontes (Nb,Os) ﬁmmu‘%qw‘é 99.9 % WanlAeUSEN Aldrich
Aisuansueiun (Li,CO) fimnuuians > 99.0 % wanlngu3em Fluka
woslauleuenlas (Zr0,) fruuians 99.0 % wdnlasuish Aldrich
lnmidlsueenled (TIO,) Saruuiqns 99.9 % wanlagu3dm Aldrich
uAALFBLANSUBLUA (CaCO;) ANLILUIAVS > 99% wanlagu3tn Sigma - Aldrich
L0511eA ﬁmmu‘%e’mé 95 % Wwag 99.99 % HAMlALUTEN J. T. Baker
wodhillaes@in (PVA) nanlaeuTem Fluka

N1IRU NanlAEUTEN Metech Inc.

ozaiiun flenuuiavs 98 % wanlasu3tn Riedel-de Haén
N3EATYNTIBLUDS 400, 600 Lag 1200

ndesganssmiBidnaseuluudainsin (SEM) §u Quanta 400 e FEI
wSaaendisdanunsnladines (X-ray diffractometer; XRD) U X'Pert MPD 8o
Philips

P304 LCR U 821 (Series 800) f9 GW INSTEK

P3estianssyUUATnea el 4 fuis Svfe Mettler Toledo u AB 204-S
A3estanssEUUATnea nallen 2 fums B%e Mettler Toledo §u AB 204-S
\3asuagosans (Ball milling)

TECRRVRIRTIE

P svyuraasLUULImaNwSausalin ey

\w30e8nlalasan (Hydraulic press)

iwesdanslaidn (ultrasonic)

i Em U UL (Muffle furnace) B Carbolite

waulnih

nsvaulosn

vawanaandwiuldansdedulunisuana

wifisnilangdmiudntugy sunaduriugudnans 15 Sadums



2.1.30 ASAUAANSYIEVEN

2.1.31 dousnans

2.1.32 f7gAgTdarinneggin

2.1.33 Tnwnasawin 50, 100, 250, 600 waz 1000 ml §5e Pyrrex
2.1.36¢ uiawiwdndniunyunauans (Magnetic bar)
2.1.35 gnum Zr0,

2.1.36 Iaammm%yu way Fanuaa

2.1.37 QINANARNUIIYENT

2.1.38 wiUnIiun&en

2.1.39 ynudmniuninnidy

2.1.40 vyefifles e KOVET (Electronic digital calipers)
2.1.01 thifudaley

2.1.82 wrbiihgamadisn (25 - 600 °C) dmsuRinuaudfladidnyin

2.2 NSASUUEITAIDE
1) Ymsmsgunsansaegdlussuy (Na, K, L)NbO; way (1-x) Ba(Ti, Sn)O; -
x (Ba, Ca)(Ti, Zr)O; Inen1sinansasnuanaluulUenmuaunisiaiii 2.1 way 2.2 Ae

ansi 1 [Na,K)LiNbO, 2.1)

Taedi x §iin 0.40 < x < 0.60
y §1A1 0.03 < y < 0.08

Ejmiﬁl 2 (1‘”) Ba(Ti0'885n0'12)03 -n (Bal,acaa)(Ti1,bZrb)O3 —————— (22)

T a fid1 0.05 < a <050
b i 0.0 <b<0.05
niAn 0.0 n<05

2) Feansnadin
Tnethanssedu Ao Na,COs, K,COs Li,CO, Wag Nb,Os tndsmudSunadisunalldan
aunn37 2.1 way BaCO,, CaCOs, TIO,, SN0, Uaw Zr0, dsmuusinadisnunaldanaunisi 2.2
3) SUANENANSHIRY
ﬁﬂmi&gﬁuﬁgwmﬁumLLGiaztc;im wildluriananafniifanunweslade uaznausie

Y
4
U )

wsueadududinienasduliarsiinnisnauagniedniulad antutiluungesnauaisaig
WsasUANANETS (ball - mil) WWuaiuu 24 Falus



4) NIILUNEUN
thansfedwitdnvusiureanateenaniaiomsunanas wazthlussmeouidagly
hot plate lasfluviusimdneuansiognslufeiiedosfuasiegsiifiminnnanaslueg
Frudng vesinunes ndsniuihlveuliufaindolumioudl 150 °C unaunuuszanm 24
Hala
5) nstuaaleil (calcination)
oldnsiwiadnindusudunguiou thuuslazidoawazsihlumiuaaleiigumgi

Y

Tutas 800 °C WJuaiwu 2 Falus ﬁm%’uqmﬁ 1 war 1200 °C Wunaiwu 2 $alus dmsu
ansn 2
6) N1sLeSENa1SAIREelusEUU Ba(Ti, Sn)O; - (Ba, Ca)(Ti, ZrOs - (Na, K, L)NbO;
UINIA15619819 (1-x) Ba(Ti, Sn)O5 -x (Ba, Ca)(Ti, Zr)Os uaz (Na, K, Li)NbOﬁishuLm
wralgtilazunazdenual duanas taevinniswusausunas (Na, K, LINDO; AUENNTT 2.3 Y
Tuiazunazdonsnadanils

(1-2) [Ba(Ti, Sn)Os - (Ba, Ca)(Ti, Zr)Os] — z (Na, K, L)NbO; - (2.3)
1oeil z A1 0.0 < z < 0.60

7) M3daTusy
o d' 1 a 1% (% d’( % ra e’d'd % 1 6
WansiiunsURaBeauiingnugy Tngldudiuinddurugudnanslseana 16
mm. WarANUAUUSEUNA 1.5 fu keI Useau 3 undl
8) NMSWITULABS (sintering)
a5 daTusUuaIN N Tuneslnen1swUsAsULUUNSIHIBUNeS (Conventional
sintering (CS) Wag Two-step sintering (TSS)) aauwildwnas (T, T, wag T,) a1idlunsdu
W3 (t, 1, kae ty) kardnsIN1sTw/ae (H/C) vesgumall Aagui 2.1

T, Ty, T, : sintering temperature (°C)
T/t t, t, : soaking time (h)

t; : soaking time for 0, 15 and 30 min.

H : Heating rate ("C/min)

T/t C : Cooling rate (°C/min)

Two-step sintering

Temperature (°C)

W Conventional sintering

d - . Time (h) g
JUN 2.1 FULUUNITENTULABILUY conventional sintering Wag two step-sintering
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2.3 NSIALATASTIVABUANU
1) AnwAnANuL LUl 8l IR NN UBINS AN NAVB LI INNTHIUNTTARINTL L

v a

tesdinfiudaiamdudduluinduiidenduna 5 dlus usidlilrduly
o mafigamgiventunat 24 Halus mndurhunddud w) weedundon w,) winhlvey
Tugevansiunaiuiu 24 dalus anduthandadmvnuidueinia Ws) uagduamn
LU AN 2.4

W.
yo, = —s e (2.9)
Wz _Wl
We  p AD AURUILUUTDILYIIEN
W, e WdnveawsAnngeluti
a Y Y] a ado =
W, fio  Umidnvenwsfinfidslueiniavaziden
A Ao AN Ueugs RN NTlue1NANA I UL

2) mAMsuasgaLE (linear shrinkage, S)) vaasdinmIENTInLEUNIUAUINANRoY
WAZLAT BAZAIUIMUBSITUANITNAFILTILEY ANUANNITA 2.5

D
S, - 1-—x00 (2.5)
DB
@ D Ao EUNIUANENANNYDUYTINTELHN
Ds A9 LEURNUANONAURAYTITN AU

3) AnwmnAnssumaiiamauaslnsadsmdndemadansideiuuiie Sadend (XRD)
thnsuaziesfinfidaimthudilunsaaeuieiaios XRD Iagldnusadng 30 kv
waznszudluliin 20 mA  udwhnistuiingy 20 sonuluguresiinnsiieaiuy (diffraction
pattern)  fluansnuduiussEnitAauduvesdsdiondiuyy 20 anduiiiyy 20 fildun
FUIBIMAN d-spacing NANUBILUTAR AAANATSA 2.6

2dsin® = nA (2.6)

lnen d Ao ATEYERIIIENINNTEUIU (d-spacing)
A R ANPINUENIPAUVDISIALDND (~ 1.5406 A @nSULTNNDILAY)
0 Ao yuYeIwUINA
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4) FnwinsiUdsunlasnaanslsdidnysn - w3183 (phase transition) Tngldmadia
Differential Scanning Calorimetry (DSC)
thusansmsganinniandinisanufouiiuasuulamuenmgd iefnwged
FanuAinn15UAguuUAaIUY endothermic Wag exothermic Fsvnnansiegrainnsivdsundas
waanwslsdidnnan - m513i8nvan nsmlazuanan1sUasuuUatiuy endothermic

5) Anwanddladidnvsnlaeldinias LCR meter

AUNUREIRINIINIRY 11iaAANg il dWediumAnlndianssn (&) waean
wnnmasnisgedevnslninluladidnedn (dissipation factor; tan 8) MeiA3ad LCR meter 81u
A1 C, wag D Ninuda1ag Tuae 0.1 - 200 kHz Nigaumnivies uagiinud 1, 10 wag 100 kHz

gangiivies - ~500 °C (U7 2.2) Fsrmmsniladianssnanunsaduiniddainaunisi 2.7

c,d
o8 = —_ (2.7)
gA
a & 1 a a a
LD & AD AP lABLaNASN
Co fo  AAnuaansalunsiiuuszglnda (F)
d D AUAUIVDITUIUY (M)
2 | A a a -12
&, Ao AAIladLanmSnNYase1Nd = 8.85x 10 (F/ m)
a L A v oo a Ao & 2
A Ao NuUNREARYIUS NIl (m?)

a

JUN 2.2 nsinanasiilaBidnninuazuinmeinisgadeluladidnrsnifieuivaamad
6) AnwranTiielediannsn tnen1sinAduuseansiieladiannsn (ds;) Aewnsad ds;
A1 planar coupling factor (k,) Wag A1 longitudinal coupling factor (kss) MeN153A resonance
frequency (f,) Way antiresonance frequency (f,) IneldlA309 LCR meter
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Busfinluvie (poling) Tasnslwaunalwihnssuansewuin 3 - 5 KW/mm uddns
fhogsiindegluttutalaufigungd 80 - 160 °C Wunatuu 25 wifl (U 2.3 n) diellalna
Tuwudflegmeludoasindowilunmufinvesauluih anifutihdunuiiiunisinedudaly
SnaudRiieledidnvsn fail

- AnduUszansnlanidnsn (Piezoelectric Coefficient, d; [C/N) Faluidtnan
dys $I8LA309 piezo- dy; meter Tnonnsliussnauas SadTwanlsedudiiaduluwsinludie
Weriuiirvesuseiilyl (sU 2.3 2)

- A1 planar coupling factor (k,) AUIUANANNITT 2.8

K: = 25 (f“ffr) +0038 (2.8)

a

Sample s
JUN 2.3 n) nsguIums poling uaz ¥) Myinaduussavdieledidnyin (ds,) veuwsndin

7) anadoudnunsndugiinevessuaslasainanavensninfindulilagly
NADIYaNTIAUBIANATEUWUUADINTIA (SEM)
dmiudnuaizguing 1 manszaeiveseynanazlasiaiganiave i
wiould gnasieaeulnemaiia SEM  Fsvdnnisnisvinnuves SEM Teede fe nnelunsdui
(colurnn) vauAsosariuvasiniindidnaseu (electron gun) FavhuthitvanUaesdidnnseu
98N (primary electron) Lsmvmmm']muaLaﬂmauuumaﬂﬂﬁlw%m 9 (h|gh voltage) hay
THaudusiudnlain (electromagnetic ~ lens) TialfsEnnsoutunnnsenuiuny  wazidle
BidnnseunnnIsnuiunuaAndunsnden (interaction) Tédaiaumuuse 1 Wy dygnmann
aLﬁﬂmaﬂu%m’luﬁquaaﬂm (secondary electron) 318nnIouTinsz39ndU (backscattered
electron) %30 X-ray dyanausiazyiinazgniulag detector wasulanadudmyaamislni uway
wadunmlufign Fefuneunswdouasiiediedissd
1. uwumuL%iwuﬂmwwﬂiwLUu%uLaﬂ6‘] uazFondaunian 2 Tu o 1 fegs laeldy
fufnth (as-sintered surface) 1 3y wazAsPEN (fracture surface) 1 Ju nds9rnshennu
azormioiniosdanledndidunannulszsna 30 uil iefdamdsanysnlvivanoonly
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nfnansiiedns wazeulludeuluiindunan 24 dalus wleviliesdnusis anduthlufaus
wismeamdeshemunmassividemunnaveuliegludnuvasivanzauuinisnsiaaoy

2. thasiedion 2 ¥ unanufamthdenesdlagldineia sputtering 1y
nau 2 widl ielifamegnaiiliih anduiailusseaeudendes SEM uazdenusimil
anunsaidufunuvestunulditu wieufurhmamenimuinuiiden

8) ny1adevUsssUsznaumaeivengsdinfiwiouldlasldineiansiinzsiss Sdend
WUUNTEENEIY (EDS)
PnasfinfidaRvtudaluinssisionies SEMEDS ilensiatnSidondiivass
90NUINENTF0E19 taTnAmEussdiondisay  EDS  avaunsaiaszRléintuaiu
Usznaumesiguiinlawaziinisnszanediegnals



unil 3

NANTISNAADILAZNITIATIZUNE

uATedleAnw s IAnlusruy Ba(Ti, Sn)Os—(Ba ,Ca)(Ti, Zr)0s—(Na, K, Li)NbO; 728735
nauaanbynkuunlgiunald (conventional mixed- oxide) Tngn1swusandaulanlaluniswseoy

akazUSuNe9Esiie F9kenanisidey fesvasduanalull

3.1 Wan1sANYIYIIEN  (Nay,K, )1, Li,NbO,

Tvinsesenansiieg19luszuy (Na, Ky, LiNbOs dlo x = 0.5 waz y = 0.06 feITuay
sonleduuuildiumly Tnevhmsunuealsdfgamgll 800 °C Wunawu 2 Hlus wagin
Fumessnedsiunnsisiu 2 38 Ao nsBuwmeLUUUNR (conventional sintering, CS) ionmadl
1100 - 1160 °C Juauu 2 Sffl’ﬂm (T,/t,/0/0) WagMISTUMBDIUUY 2 Gi‘?umau (TSS, Ti/t/T,/ty)
Tnglugasusnaziniigamgiigs (T)) 1140-1160 °C wasudiieliidfies 0, 10 Wit (t,) antiuangamgd

v @

LmLLsdmﬁqmmﬁ 900-1020 (T,) Wurauu 2-10 $3lua (t,) lawan1s3ivessd

3.1.1 NaN1SANYINGANTIUNISAAWEVR YN (Nay, K1, Li,NbO; faeinaliang

LWRYAUUVBISIFLNG (XRD)

Wevin1siaTeisfinmematanisideauuresssdond (XRD) wuirguuuunis
wRuwesllidnadslasiairndnegniidedfny Insansaiogeiilaseasauanuuy orthorhombic
waziiianassinsiualglunnansiiegne walivSuiuanasiiiugum)iduwmasuuy CS uaz

QQIJ ! a ¢ & o Y a dl' ‘:’lj o 1 A t:’f( dl'
UDNINNU WUINNITFULRDINILUY CS hag TSS mﬂmﬂmﬂ’maawﬂammLamwulﬂmmmqwuma

'
a

dingauull T, wag T, (Aaandluguin 3.1) uansdnes1dniia geometrical distortion Lilefuinasi

a

BEUUNUE

9 vy

S
=
s

(110)

(110)

1160/10/1020/6

1160/10/900/6

’\ “ 1160/120/0/0

1100/120/0/0

Intensity (a.u.)

h

20 25 30 35 40 45 50 55 60
20 (degree)
5UM 3.1 JUWUUNISIAILUNReTadenduaa s finluseuy (NagsKys)oalioosNDOs ladumas
meldeulunuy CS (1100/120/0/0 uaz 1160/120/0/0) wag TSS (1160/10/900/6 wae

1160/10/120/6) (* = KgLigNb1oO30)
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3.1.2 NANISANYIANUANIINIBATNVBILYTIHN (Na;K,)1yLiyNbO3

dl a 1 1 a tﬂ' 1 aa s
FUBNATTUTIATAITU AU UUYBIYINUN (E‘U‘Vl 3.2-3.7) WuN QﬂJMQQJ‘UUL@@iLLaBEﬂLLUU

a v

NSTULNOTAINARDNITUUUAIVDIANTAI0E 190U NUTBFIAY d1USUNITNAGL NUANLAUADAAADY
AUNAUDIAIAIIUAULUY

= aa s a X oA o XA =
LN@Q@H‘WQN‘UUL@@?LL‘U‘U CS UTU ANURUILLUULAIEAA V]QULUE]\TQ']ﬂiJﬂ'ﬁﬂiUVT']EJITJ

Y o

YOI TRV LU NayCOsag K,COs (FUN 3.2) uananillavimsinduimesiigamginini,

q

1100°C wudeldilusfinuazdanunuiwiuiiuin luraeiidianunuisduiianiagy e
Fuwmasuuy TSS lnelilafuwmesiigaamni T, waznafldlun1sdumes t, gy AanuvuLgy
AAWANATY (FUN 3.3-3.4) wagiiingungd T, Wiy 980 °C da1anunuiuiugean Wiy 4.38

g/cm?® (@eRmdu 97% v09AM1mMg ) wazilleiiugungTuNf 1020°C ALLANIIAIUAUIRILY

(%
a a v o

anad FuinINTuUvaaNf v liaUnUIRINaARAItUY (FUN 3.5) wanaNiliioriaIaiug

WY t, TEINAMAYITIANTAIAIIUAU UL LA 8 NIRANANUAULUUTL AL I UL TUA U RN T T

9 Y

CY LY

wes T, Mifenldetaied ity (3UN 3.6-3.7)

4.30

4.2585
4.25

4.20 4.1621
4.15
4.10

4.05 4.0276

Density (g/cm3)

4.014
4.00
3.95

3.85 T T I T

3.90

1100 1120 1140 1160
Sintering temperature (°C)

JUN 3.2 AnunuuiuYeuesIln (NagsKo s salio psNDOs dloBumasuuu CS ﬁqmmﬁ 1100-1160 °C
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4.40
4.30
4.20
4.10
4.00
3.90
3.80
3.70
3.60
3.50
3.40

4.2581

3.714

Density (g/cms)

1140 1160

Sintering temperature, T, (°C)

a

;nlﬁ 3.3 AVIUVUIMULTBATIIRN (Nag sKo o) salin 0sNDOs WlaTumasiuy TSS lnguusengumall
Fuwmes T, (T/10/1020/6)

5.00

4.2581

11

1160/10/1020/6 1160/0/1020/6

4.50

4.00

3.50

3.00

2.50

Density (g/cm®)

2.00

1.00

0.50

0.00

Sintering condition

;nlﬁ 3.4 ANURUILUUYDUETITN (Nag sKo 5)o.0aLin.0sNDO5 dloBuwmasuuu TS Tnsudsaalunis
WTULABS t; (1160/t,/1020/6)



4.32

4.31
4.30
4.29
4.2802
4.28

4.27
4.2604

Density (g/cm®)

4.26

4.25

424

4.23

900 940

4.375

4.2581

980 1020

Soaking temperature, T, (°C)

JUN 3.5 AVIUVWILLEYEUYTIEN (Nag sKo s)o oalio psNDO; Wiadiumasuy TSS Tnguusen

AN T, (1160/10/T,/6)

4.32 -
4.30 -
4.28 -

] 4.2581
4.26

4.24 -

Density (g/cm’)

4.22

4.2063

4.20 -

4.18 -

4.16 -
4 6

Soaking time, t, (h)

4.2948

JUT 3.6 Aamuuiuvedesdln (Nag sKo s)o oalio sNDO5 1aTuimasuuY TSS laguusen

a1 tuN SN t, (1160/10/1020/t,)

17
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3.8261

3.714

3.61 -

Soaking time, t, (h)
31]1‘7i 3.7 ANURUILUUYDUEIIEN (Nag sKo 5)o.0aLio.0sNDO5 dloBumesuuu TSS Tnaudsaailunis
WY t, (1140/10/1020/t,)

dmTumsvadivesduny nudnlevinisiiugungien@unes (T,) wuu CS Ty
1100°C-1140°C Wasidunnisuadilialnaifeaiu Ao 11% legumn)ifingatu (1160°C) A1
Wasigudnavaduiintudu 19% eswnndeivgnmgiligady Junuiansasuuisdin

dmTumsvadiveassiin NKLN Lievinnsiin@umesiuy TSS Ngamail T, Wiy

= a

1140°C way 1160°C WUINMaunndl 1160°C dAnUasidudn1suasifuinnii s 12.2 % 1899310

9 Y
(%

Wevihnsenduneslugunging@uiviliguanuianisuadilauinniwazdanaliiainiy

Y Y

1 & ° \lvv 1Al a o a U o v I3
VU']LLUU%:]QGUU LLaza’lﬂJ’liaam’m’JquEU ANE LANBUMAN 1140°C LAANITUARINUBELNS1ZLUY

q Y

gauniinlaigannidn FeaennaefuaunuILiNIUT 3.3 wagillavitnisuusAaianfildlunisian

9 Y

a s a1 4

Fuwas t, nuIndesiudnisuadaiilainniswad (t, = 0) Aty Ae 5.0% wissarnnsuliddnaniu

J § @ & o a

& Aee o vy v | ¢ & & o a o % a
AILARBUNIWIN LAY DSTUANITUARINUDY F1UUBSIIUANISTARINTINNTSELY 10 Wil (t; =
10) nuMasidudni1snadinuinninidesaininsuiinalunisieasuimdinadu Jedenaln

Wesidudnsvasifiunniues fie 12.2% Fedenndesiuainnunuiniy duandlusy 3.4 dmsu

NFHUIAIQUNOTNINY T, wazlIabunNIsIINYG t, nuAnIsuamnladailndlaesiy Ao ~12%

Wanad T, wag t, Miiudulildanadedin1sunds Fawinanamianuvuiwiy faanslugun 3.5-3.6

3.1.3 HaN1SANELATIAT19RaN1AYREI1EN (Nay,K,)1, LI NDO,

< =

dwiulpseasnegania (U7 3.8) nuhdnwazinsuianistawuuliund fe Suwadn
warlnguguiuuaziisusiawuunssdmaeulunnaisitedns laginsuilvuialadu dniseaiiuiy
Weliingaumiiuuy CS 210 1100 - 1160 °C lnsflvuialafigaussanas 7 um Weia1sanguaui

FUWDIUUU TSS nudnnsuiauiadnaaileisuiun1s3umesiuu CS FUanaIn1s3URBSwUY
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TSS anunsadudanisiaveansula laglassaieqaniaiadassiaziivuinnsulseannd 2.6 um

wulushegailofumesmedeuly 1160/10/1020/6

LA 1160/120/0/0 /\
. k <./08 B

s ~

1160/0/20/ :

NSTURDTWUU TSS
gﬂﬁ 3.8 n1wige SEM 093180 (NagsKq s)o oalio osNDO5 Bladumasneldteulawuu s
(1100/120/0/0 wag 1160/120/0/0) wag TSS (1160/10/900/6, 1160/10/980/6,
1160/10/1020/6, 1160/0/1020/6, 1160/10/1020/8 wag 1140/10/1020/6)
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A151991 3.1 YUIRVDUNTUYBITUNWGIIEN (Nag Ko 5)0.9aLio 0sNDO5 MHNTUABDTWUU CS g TSS

FULUUNTIRIBUNDS Fevluildlunisindunes VUIANTY (um)

cS 1100/120/0/0 2.05+0.12
1160/120/0/0 4.46 + 0.25

TSS 1160/10/900/6 2.18 + 0.08
1160/10/980/6 2.23 +0.07

1160/10/1020/6 2.64 +£0.12

1160/10/1020/8 2.36 = 0.10

1140/10/1020/6 1.39 + 0.04

1160/0/1020/6 1.64 + 0.05

3.1.4 wan1sAneautRladdnninvawssifin (Na;.K,)y,Li,NbO;

dmfueandanisluiviinisfnviaud@ladidnnin (aeidenduauiidainiiy
vwdulndReiu ungasag 2 Fu Wenunsidianinauas diwninistnwiand@ledidnnsn

TauusArA1aA (0.1 - 200 kHz) uazgaumgll (@aumgiivies — 500 °C iAW 1, 10 wag 100 kHz)

a a

k4 av o d' ' ' PN a a a1 £ XY d‘
lmmam’n%muamﬂugﬂm 3.9-3.20 Ingnwuan ﬂqﬂQVlVL@@LaﬂVliﬂﬂJﬂqsﬂanﬂ‘Uﬂ'Nllﬂ NN PEUNS)

3 Y
Fumos warUluunISIBUmeS

v '
(% a

defiansanaut@ladidnninivuduanud (U 3.9-3.14) wudn Weanudiiinty

wsnlinda1panladianvin (€) wazArnisgadenisladidnvinluguvesniiusou (dissipation
= a ada ' = vl a d a daa & aa 13

factor, tand) anas Bagsindiianuvuiwiugsiaudiladianvsnia Ao Jununfumesiuy CS

Ngaumail 1100 °C dwsulwsdnnguwnesuuy TSS Wald T, = 1160 °C (T,/10/1020/6) 30 t, =

10 w7 (1160/4,/1020/6) azfiAnnsgaydevnsladianniniesniy waziilonusen T, (1160/10/T,/6)

Y A

WU Ansagdenidladidnnintiesiign e T, = 940 °C wenaniinsduwesiagld T, fisas
A 1140 °C ¥ lrlaauTdladidnnsninleninnisty T, = 1160 °C vailiilasandAnninununuuun

pnIasiilasasisganianliaiiate

¥ v
= L2 a =

defiansanand@ladidnvsnfivuivgamgll (U 3.15-3.20) wudl ilegumngigedu

9 Y Y Y

1 M a & a a X = = = ~ a = N
ﬂ']ﬂ\‘ﬁ/ﬂ,@@Laﬂﬂ/liﬂ"ﬂgl,wuﬁﬂu?ﬂug@ﬁ!ﬂs] VUQ%QLUUﬂ@aQaﬂT@QWﬁ IWEJLGUTHJﬂLLﬁ@QWﬂﬂqiLUaUULLUaQT@Q

Y 9

'
a =

A1AeTitaBiann3nTuigamgdl transition 2 aaunnll Fefiawsnazusvanienisildsunlasngsin

Y

N A

orthorhombic 1Ud tetragonal (T, 1) uagiiniaesazuenisnisildsunladnadnn tetragonal lug
. (Y] gj 1 Al a o a a1 P A a d,( 1 5

cubic (7o) uagndsntuaasiiladidnniniidiranaulogumiiiudu newuime Ty wag To ves

FUNUNTULRBSUUY CS TR INLUUOU WaRIdnwME composition inhomogeneity LB

RauniTUALT T, Teuansirdadiussdausznaumaaiidiwadogungiinisidsuilaunasgadl
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[ '
[ = [ I

Hod 1Aty dvSUTUNUNTULRDIUUY TSS WU V1S Tor Wz T AANANTY A9019199 3.2-3.7
wananll wuin Aeefiladidanvsn (€) dananas Wiaingamgll T, wag T, Meiilesainnisiiuay
YIVUANTU TUVEN Tor AANanas way T AAWANIY Wotiunan t, way t,

dmsunmsfnwiguuglinisiUdsusdaamawlslsdidnnin-ns18ldnvsnvesesiiin

(Nag 5Ko 5)o9aLio 0sNDO5 NUTTdnuazaenedasfiunsinwandiladidinniniieugamgd

1400 -
] 1100
== 1120
1000 ] ==le= 1140
] == 1160

1200 1

800 -

600 -

Dielectric constant

400 -

200 -

O : T T T TTTTI7 T T TTTTTIg T T T TTTTIg T AL LR ALY | T T TTTTTT
0.01 0.1 1 10 100 1000

Frequency (kHz)

(n)

1.2 -

0.8 -

0.6 -

Dissipation factor

0.4 ]

0.2 ]

0.01 0.1 1 10 100 1000

Frequency (kHz)
()

JUN 3.9 amafiladidnyn (n) wazanisadeladianysn (v) Wsuduanudveawsiiintuszuy

(Nag.sKo 5)o 9aLi.06NDO5 LT UMDILUU CS
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3500 -
3000 -

] 1160
2500 - =l 1140
2000 -

1500 -

Dielectric constant

1000 -

500 -

0- T T T rrrrrg T T T TrrrrT T T T TrrrrT T T T T TrrTg T T T rorrrr
0.01 0.1 1 10 100 1000

Frequency (kHz)
(n)

1.2 -

1 === 1160
== 1140

Dissipation factor
o o
o)) (o]

o ¢
>
I I T T 1 111

021 M
0 i T T T T 1177 T T T T 11777 T T T T 11777 T T T T TTTT7 T T T TTTTT
0.01 0.1 1 10 100 1000
Frequency (kHz)
@)

UM 3.10  asiilaBianvian (n) wazrinisgadeladiinnin (v) Wisuiuanudvesesiin

(NaO5K05%94Lb06NngLﬁaLwﬂ%uLma§uUU'TSSI@ﬂﬂﬂiuﬂiﬁﬁqanﬁQﬁ'TlCﬂ/10/1020/6)
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5000 -
4500 - ——10
4000 - -
3500 -
3000 -
2500 -
2000 -

Dielectric constant

1500 -
1000 -
500 -

0: T T T T rrrr T T T T Trrrg LI B N N R R LI B N N R R LI B B B I B
0.01 0.1 1 10 100 1000

Frequency (kHz)

(n)

3.5 -
2.5 1

1.5

Dissipation factor

0.5 -

0.01 0.1 1 10 100 1000
Frequency (kHz)

(@)

P 1 Al a a a 1 a a a = [y a a
JUN 3.11  Aasdiladiénnin () wazaAinisgadeladidnysn (v) Weuiuanudveussiin
(Nag sKq 5)0.9aLi0.0sNDO5 WIBLHNTWMBIUUU TSS lan1suUsAIaanung t, As Luwily (0)
WAZLYWIY 10 W9 (1160/t,/1020/6)



700 -
] === 900
650 -
i el 940
E 600 - == 980
= i
§ i = 1020
-2 550 .
2 ]
2 1
a 500 ]
450 -
400 1 T T T T TrTIrryg T T T T TrTTT T T T T rrrryg T T T T TTrTyT T T T T rrrr
0.01 0.1 1 10 100 1000
Frequency (kHz)
(n)
0.25
i =900
0.2 - =l 940
;6 == 980
E 0.15 : e 1020
=
2
‘g i
.g 0.1 :
a
0.05 -
O- T T T T TTTTT T T T T T1TrTryg T T T T TTTTT T T T T TTTTT T T T 1T T1TrTT
0.01 0.1 1 10 100 1000
Frequency (kHz)
(V)

JUN 3.12  AnsiilaBlanvidn (n) wasAnisgadeladidnnin (v) Weuduaudvesesniin

(Nag sKo s)o.0aLin 0sNDO; lotnuimasiuy TS T UsAgaunnil T, (1160/10/T,/6)



750 -
700
650 -
600

550 -

Dielectric constant

500 -

450 -

400 - — T — T — T — T — T
0.01 0.1 1 10 100 1000

Frequency (kHz)

(n)

0.25
0.2 -

0.15 -

Dissipation factor

0.05 -

0- T T T T Trrrp T LI L R R | T T T T rrrrT T T T T rrrrT T T T T Torrr
0.01 0.1 1 10 100 1000

Frequency (kHz)
()

JUN 3.13  ApsiilaBianvian (n) wasAnisgadeladidnnin (v) Weuduaudvesesniin
(Nag 5Ko 5)o9aLio 0sNDO; Wlakn@umasiuy TSS Inen1suusaIa g t, w4, 6
way 8 F3Lug (1160/10/1020/t,)

25



5000 |
4500 -
4000 ==
3500 - =10
3000 -
2500 -
2000 -

Dielectric constant

1500 -
1000 -
500 -

0: T T T T TTTT7 T T T TTTTT7 T T T T TTTT7 T T TTTTTg T T TTTTT
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JUN 3.14  AnsiilaBlanvian (n) wasAnisgadeladidnnin (v) Weuiuaudvesesniin
Nag Ko 5)0.9aLio 0sNDO5 1IBINTUMBTLUY TSS TABNISUUTANIAUNIY £, WL 6 Uae
10 93lug (1140/10/1020/t,)
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=
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AlusEuU (Nag Ko s)ooalio osNDOs i
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aelideulvnuu T5S Tasnsudsargamadl T, Ae 900, 940, 980 way 1020 °C
(1160/10/ t,/6) io¥aiinud 10 kHz
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U 3.19 ArpsiiladidnvsniTuiugamaiiveassfinluseuu (NagsKo s saliooNDO; tleduines
Melaaululuy TSS TnensSuUSALIANKILY T, WU 4, 6 ey 8 ¥alua (1160/10/1020/t,)

WadnAuD 10 kHz
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elaRouluiuy TSS TngnMsUUTAIANAINY t, YU 6 ey 10 TIlua igaungdl T

1140 °C (1140/10/1020/t,) \ile¥adinn1ud 10 kHz
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a519il 3.2 ApsiiladidnyEnuagAnisguydsledidninuazgamailunisiwasulavesduiesiin
(Nao sKos)osaLioosNbOs iilalnTuwmesiuu CS figamgil 1100/120/0/0, 1120/120/0/0,
1140/120/0/0 wav1160/120/0/0 iia3afinnud 1, 10 way 100 kHz

AL | oamaiiduees, T, tan®
T Tor Q) | € (Ty) TCO | & (T) | Tand ()

(kHz) (°0) (To7)
1100 130 821.2 0.0230 402 3826.8 0.2959
1120 117 1029.2 0.3062 396 3981.1 0.5487
: 1140 144 678.1 0.0241 401 3162.3 0.3627
1160 168 731.2 0.0721 380 3974.5 0.3450
1100 132 798.1 0.0283 402 3384.1 0.0767
1120 121 770.6 0.1557 396 3009.6 0.1457
0 1140 142 663.2 0.0224 401 2638.2 0.0896
1160 167 686.3 0.0383 379 3240.6 0.1057
1100 132 768.0 0.1069 402 3217.8 0.1478
1120 123 681.3 0.0601 396 2859.0 0.0413
10 1140 142 644.2 0.0229 401 2534.6 0.0672
1160 167 657.1 0.0307 379 3038.8 0.0854

a ! Ay a a ! = a & a a a a
M13199 3.3 AAsdiladianynInuazAnisgeydelndidnninuazg ungiilunisidsumavesesidin
(Nag sKo 5)o saLio 0sNDO5 LilaBulmasuuy TSS laeldideuly Ao T,/10/1020/6 Lo ind

mmﬁ 1, 10 tag 100 kHz

Al | gaumidumes, T, ] Tand | Tc Tand
(kH2) €O fortO &l | o [5T] o

. 1140 117 585.1 0.0303 393 | 2898.6 | 0.5668

1160 129 978.0 0.1475 396 | 4406.0 | 0.3913

1140 115 566.2 0.0203 393 | 21929 | 0.1746

° 1160 132 837.2 0.0829 395 | 3456.4 | 0.1281

1140 112 551.2 0.0213 394 | 2008.0 | 0.1714

o 1160 133 773.3 0.051 395 |3220.6 | 0.1165
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a 1 PN a o a 1 = a o a a a a
A15799 3.4 ArpafilaBlanvinuazAnsgdsladidnviniazgamaiilunisivisuave s sidin
(NagsKo 5)0.9aLio 0sNDO5 Wla@utmasuy TSS tagldiouly Ao 1160/t,/1020/6 iaiad

mmﬁ 1, 10 wag 100 kHz

Tz:f;;‘ f;}n? Tor Q) | & (Tox) ?_23 T.CO | &) | tand T0)
0 123 511.2 0.0419 404 2509.6 0.7989
: 10 129 978.0 0.1475 396 4406.0 0.3913
0 127 492.0 0.0456 404 1865.6 0.1772
1 10 132 837.2 0.0829 395 3456.4 0.1281
0 143 459.4 0.1633 402 1721.1 0.1084
100 10 133 173.3 0.051 395 3220.6 0.1165

A191497 3.5 Arrsiiladidnninuazainisgadeladidnninuazs amgilunsideumaveaesndn
(Nag sKo.5)o.0alio sNDO5 tilaTuwmeasuuy TSS Iaeldideuly Aa 1160/10/T/6 wWiaian

mmﬁ 1, 10 wag 100 kHz

?E;ﬂj @mm“(sﬂgmi 21 0| g T ﬁ;‘g T CO | & (T | tand (T0)
900 126 874.2 0.0797 388 4166.3 0.3314
940 126 767.1 0.0408 388 3306.0 0.0815
: 980 126 928.1 0.1689 392 4239.1 0.4126
1020 129 978.0 0.1475 396 4406.0 0.2913
900 125 874.0 0.0518 387 3474.9 0.1276
940 126 767.1 0.0408 388 3312.3 0.0816
1 980 130 779.4 0.1125 391 3287.1 0.1393
1020 132 837.2 0.0829 395 3456.4 0.1281
900 122 163.7 0.0605 387 2862.1 0.4024
940 126 767.1 0.0407 388 3316.5 0.0816
1o 980 144 691.1 0.1732 391 3029.7 0.1506
1020 133 173.3 0.0533 395 3220.6 0.1165
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a 1 = a c a 1 = a c a a a a
M19199 3.6 AAnladianysnuazaAnsgadeladianvsnuazaamgiilunsiudsuavesesniin
(NagsKq.5)0.0aLi0.0sNDO5 Waduwmasiuu TSS laeldkauly A 1160/10/1020/t, Woiad

mmﬁ 1, 10 wag 100 kHz

A , tan® tan®
LA, t, () | Tor O | € (Toy) Tc O | & T
(kHz) (To.7) (To)
4 125 966.1 0.2049 394 4477.9 0.4472
1 6 129 978.1 0.1475 396 4406.0 0.3913
8 120 906.6 0.1462 393 3991.0 0.3278
4 131 792.0 0.1050 394 3398.8 0.1531
10 6 132 837.2 0.0829 395 3456.4 0.1281
8 125 787.0 0.0756 392 3314.2 0.0985
4 130 719.2 0.0522 393 3135.8 0.0809
100 6 133 773.3 0.0533 395 3220.6 0.1165
8 127 733.0 0.0422 392 3146.7 0.0843

o | A a & a i = a a a e =~ a
A1919N 3.7 ﬂ’]ﬂ\‘]‘VIVLG]EJLaﬂV]iﬂLLazﬂﬂﬂ’ﬁqmjLﬁﬂlﬂaLaﬂ‘l/liﬂLLa%QmMQlIEL‘Lm’]iLUaEJULWE‘*IGUENLGUT]JJﬂ

(Nag sKq s)o0aLio0eNbO; Wiofumasuuu Tss Tngldideuls fe 1140/10/1020/t, diatad

mmﬁ 1, 10 tlag 100 kHz

AL | e, t, tan® tanO
Tor CO) | & (Tos) T €O | & (T

(kHz) (h) (Tor) (To)
. 6 117 585.1 0.0303 393 2898.6 0.5668
10 120 617.1 0.0382 400 2974.1 0.5593
. 6 115 566.2 0.0203 400 21929 0.1746
° 10 119 594.2 0.0226 393 2291.7 0.1551
6 112 551.2 0.0213 394 2008.0 0.1714
10 10 118 578.1 0.0231 399 21325 0.1453
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3.1.5 wan1sAnwautieledianvsnvaaesidin (Na;,K,)1,Li,NbO,

¥
1

dmsuandRieleBiannsnueuesin (NagsKos)ealioosNDOs NUTIAT dss HA1TUBY

[y

aa s PN a s a s o = a
AUDAUNRNULGULNDT L'Ja'W]IGﬂUﬂ'W?’U‘ULG]'ﬂi LLaZEULLUUﬂWiLNW"UUL@]@i WQLLaﬂ\ﬂumqiqﬂW 3.8 Iﬂﬂlﬂfi']llﬂ

9 Y

a

fudpunuy TS Tnelddeuly 1160/10/940/6 fifn ds; asiian e 168 pO/N illiesaindiany
muutiugeuasd electrical resistivity i vinliinaddlidis uasd k, Wity 40% dw¥uFusud
FUMDSUUU CS T TIAn dyy AN usuATuReSILUY TSS (129 pC/N) dlesniinisseivevesans
Fauitgumniias

A15199 3.8 AnduUsedndiieleBianysn (piezoelectric constant, ds;) VoY EIN

(Nag sKo 2)o.salio osNDO; WilaBumasneldioulowuu CS uaz TSS

Samples Sintering dss
condition (pC/N)
CS- 1100/120/0/0 129
sample 1120/120/0/0 116
1140/120/0/0 114
1160/120/0/0 95
TSS- 1160/10/900/6 163
sample 1160/10/940/6 168
1160/10/980/6 150
1160/10/1020/6 145
1160/10/1020/4 117
1160/10/1020/8 105
1140/10/1020/6 100

1140/10/1020/4 115
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3.2 wamsanwnwsinluszuuial BaTiLSn0, Wussdusznauman
Igvnswionansiegislusyuy BaTiLsnOs o x = 004, 008 waz 0.12 uas
(1-2)Ba(Tip555N0 1,)05-2BagCagsTiOs Wio z = 0.1, 0.2 waz 0.5 sedsnauesnlasuuuiildiuily
Imaﬁwmsm%malsﬁﬁﬁqmmﬁ 1200 °C d@wwsu BaTi, SN0, LLazﬁqmmﬁ 1050 °C @S
Bap-Cag,TiOs WHunauny 2 $1lus uasmndunesaedsfiuanseiu 2 35 fe msdumesuuuuni
(conventional sintering, CS) ﬁqmwgﬁ 1350 - 1500 °C ey 2 $alus (T,/t,/0/0) wazn1sau
WOSUWUY 2 Fumou (TSS, Ty/t,/T z/tz)ImsﬂuﬁziNLLﬁﬂ%Lmﬁqmmﬁqa (T) 1500 °C uazugindly 15

Wil (t) ntuangumglivwtinigamall 700-1300 (T,) Wuaiuu 6 9alus () linanside

LDE
be

3.2.1 nan1sAnwINgAnssuNISinEvaswsfinluseuuidl BaTi,,Sn,0; Wuasdusenau

yan AremalAnIsLagAUUYISIALang (XRD)

41' ] a 6 a 2 a dy v a 4 1

dievinsiesieiesniineaenaiianisideauuvessediend (XRD) wudn JULUUNIS
WFUIesinangeltsd1Ayrolassasandnveagiinluszuy BaTiLSnO; Wazszuy (1-2)Ba
(Tio.s85N0.12)05-2Bag /CagsTiOs  taGuwmasneldiouly CS Ngauumai 1450 °C wag 1350 °C uag
WUU TSS Ngaungil T, iy 900 °C, 1150 °C uag 1200 °C mud1du fwansluguil 3.21-3.22
NUINRBE19NIMUATlATIas1wesanalng wWiadin1sanuSunuad Sn Nanaaaulun1eeiueIn
Tnsideuludaunadunsiziinainnisunuinves Ti** [(Ti*) = 74.5 pm] A3g Sn** [r(Sn**) = 83.0
pm] wanslifiud sn* nsgarediedradussuulunaniia BaTio; TudisesAusznoun@ne
UBNANTU A (002) kaz (200) 71 20 = 45° LlARNITTINIAIeAUna1eduRa (002) vinlmnaiinis
WasuwUasanlaseassidn x = 0.12) ldulassasiannselnuea 1o x < 0.08

Wovinn19iAY BCT Tusgs Uy (1-2)Ba(TingsSNg 12)05-zBag7CagsTi0s WU 310 NS
WasukUaswesia XRD As tatiuusSu1ueee BCT u1n3u Aananisiasulunieniuwinlaeidsuld
[ 4:4' é{ <@ v [l a d' v % = [ I~ 1
Faugaiudntes wildiinsdsuwdadlasaine lnglassaswdndinadunuumassinuoauagll
al d‘ a dy
UNENADINAYU

(%
Y

patudeasuladnesniin BaTi,Sn,Os WagseuU (1-2)Ba(TipgsSNo 12)05-2Bag 7Cap 5 TiOs

9

WaBuUmashuy CS wag TSS ndnwaueiaaaulunieniuei wWeanuSuiawes Sn wazsiudsuna

294 BCT wazme.shiianisilasuniaamaanniassasiamonluidulassasrasnseinuaans 2 ngdl



Intensity (a.u.)

Intensity (a.u.)
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S
= )
= 8 8 ISR
8 & S BTSBCT: 2= 0.5,1350) ~— BTSBCT z= 05,1350
x ) 8 e U
BTSHBCT, 2= 0.2,1350) . BTSHCT, 2= 0.2,1350
BTSBCT, 2= 01,1350 § —‘—A’——///ﬂmsso
L J\ ,\w,/\inif 0.04,1450 BTS x = 0.04,1450
A
j BTS x = 0.08,1450 BTS x= 0.08,1450
N S A\
JL BTS x= 0.12,1450 BTS x=0.12,1450
A A
T T T T T T T T T . . . . . :
20 25 30 35 40 45 50 55 60 42 43 a4 a5 46 a7
20 (degree) 26 (degree)

gﬂﬁ 3.21 g‘LJu:uum'il,ﬁmmusuaﬁ%’aﬁl,aﬂsﬁsuaﬂL%iwﬁﬂiuszw BaTi,Sn,O5 ey (1-2)Ba(Tigss
SN.1)05-2Bag:CapsTi05 (N) szmagu‘ﬁ' 20 - 60° () Gzimgmﬁ' 42 - 47° Sedumesneld
Goulw s (1450/120/0/0 waz 1350/120/0/0 #1ua1AU)

S
=]
_ a
~ g ~ 8 S8
g 8 &  BTSBCT; z=05,900 € & BTS-BCT: z = 0.5,900
= a8
e~ _\_"___//\Q__
BTS-BCT; z = 0.2,900)
J f\%_]\__,;ﬂ,//\‘ BTS-BCT; z = 0.2,900
A \_ 3
BTS-BCT; z=0.1,900 ©
L ) ﬂ = BTS-BCT; z = 0.1,900
Jk J BTS; x=0.04,1150 £ w 1150
D I Nt
BTS; x =0.12,1150]
H ) BTS; x =0.12,1150
T T T T T T T T T T T T T
20 25 30 35 40 45 50 55 60 40 43 44 45 46 47
20 (degree) 20 (degree)

gﬂ‘ﬁ 3.22 sUnuumMsduuvesssdiendvaaesintuseuu BaTi,Sn0; kaz (1-2)Ba(Tiggs
SNp.12)05 -ZBag CagsTiOs 5TIOs () Yasyifl 20 — 60° (v) Fasmuil 42 - 47° iile

Fumasnielddeuly TSS (1500/15/1150 wag 1500/15/900/6 AMsgsy)

3.2.2  WANSANWIENUANIINIEATNVRULSITNAT BaTi,, SN 05 tWuasAUsEnau

s

WeflanTuIAIANUTUILLNYD NN (SUT 3.23-3.26) WU @unNTUNeS

Y

JUMUUNITURBSIarUSINMMIAL BCT dwasanisuuumvesansiegegaiiiudfy dmiuns

wada nuAianugenndesiunaveIdIAavuIwiy Inedrnimedieglugig 12.0-13.5%

'
a

\legaumiigunesiuy CS Wndu Anuvukduianindu lnganuuiuiuiige

gauni 1350 °C uagllAniuduiilogumnniiduinesgedu laeh x = 0.12 A1unuIkduagad

g0l 1400 °C nefiAn 6.00 % 0.03 ¢/cm® 1 x = 0.08 TArmnUILIUggATigunll 1450 °C
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¥
=

Mnfurnuvuuianasilegumnfigeiudu 1500 °C FuAnanduaunasuit lurasi x = 0.04
farumuuugeaaiigumgfl 1500 °C uslidliseniniusudu q (Uil 3.23)

dlegauungldumes (T,) wuy TSS dinu Fuaiudle x = 004 uag x = 0.08 A7
yuutlndiAsafunngaumgfidumes (GU 3.23) Juandiifiuinnistumesuuy TsS Weidenld
gunTWLET 700 °C aunsadumeitunulifiarumuiudugaiioushfunmsBunesfigamgitu
Wosganla widmiu x = 0.12 Tugrsgaungdl T, 700 - 900 °C HAr1uuans1seanty Aediniiy
UL gn ué’amﬂﬁuimmqmmﬁéﬁqm 1000 - 1300 °C 9gilaumuiiugailndidssiu 1o
x = 0.12 fipuvunuvugsgaiigumgd (T,) 1150 °C Tasdlan 6.10 +0.09 g/cm? Waliieufiunisdu
WBSWUY CS WUT1 MsBulmesuuy CS figunniiduinesdnliarunsalianumuindugaviifud

aa s = % a 4 A aa s a o 4 '
QM%QN%HLW@?QQ PURUBUNUNTTULADILLUU TSS LLazLuaqmwgmumaiqamﬂﬂ Vlﬂvimwwumuu

anag
6.4 -
6.2 &
= 6.0
£ a
(&) |
% 58 T
3' r
g 5.6 T
A& 54+ ~4—BTS; x = 0.12
55 - =—BTS; x = 0.08
TOF BTS; x = 0.04
50 ———— e e e e
1300 1350 1400 1450 1500 1550

Temperature (°C)

a 1

JUT 3.23 Anuvwnuuvesiinlussuy BaTi,Sn,0s Wefumasiuy CS Ngaumgiunneineiy

U

6.5 +
6.3 +

6.1 +
59 -+ r N— —& a t"!
5.7 0.\/

5.5 +
53 +
51 —4—BTS; x = 0.12
49 & ——BTS; x = 0.08
47 £ BTS; x = 0.04
4.5 F S s t s S s t s L ! } ! !

600 700 800 900 1000 1100 1200 1300 1400

Temperature (°C)

Density (g/cm?3)

SUM 3.24 enaviuwiuveseslinlusyuy BaTi,,Sn,0s Wadumaswuy TSS lnguusaaumgil T,

(1500/15/T,/6)
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g5 uws18inlussuy (1-2)Ba(Tig gsSNg 12)05-2Bag 7Cag 5 TiO5 blaTuLmashuyu CS A1

al

oA ] = A a X = 2 a | |
ﬂ')']ll‘Viu’]LLu‘UilLLu'ﬂuNaﬂaﬂLN@qu]ﬂuLW@Jsﬂu LUDIRINYUIIULINRA DU UNNEIU (i‘U‘Vl 3.25) e z =

Y

a a

0.1 dAunuiuiugagaitgumgil 1400 °C nAINTUAAKININUNYINGITY YU z = 0.2 Uag

0.5 farumuuiiugeaniigamgf 1350 °C Tnefien 5.64 + 0.02 ¢/cm?® dwSuTunuiidunesuuy
7SS wuingaungd T, lidwmaeraumuutusgsiifsddy wimanumuuiuastuiuiin z
uReuAuEN UL CS (3UT 3.26) Teidle 7 = 0.1 fmnumuiuvugeaniigaumail 1200 °C
TaodiAn 5.81 % 0.07 ¢/cm® Tuvauedl z = 0.2 wag z = 0.5 TawyuuuulndiAssiuluusazgamnd
Jawansliiiuinisiuwesuvy TsS Weidenldgumgitumeti annsndumesdunuliiiang

MLUUELsUMNAUNSTume oM igunesgs 4 la

6.4
6.2 +
6.0 +

& 5.8 + i i 0

E o

O 56 + A\

0 C

PR

2 5.2 _E

8 5.0 -+

Q> ——BTS-BCT; z=0.1
48 1 —8—BTS-BCT; 2=0.2
46 + BTS-BCT; z=0.5
44 +——— L

1300 1350 1400 1450 1500 1550

Temperature (°C)
JUN 3.25 AnuvuIwiureues3inluseuy (1-2)Ba(TigesSng 12)05-zBag 1Cag 5 TiOs Wladuinasuuy

CS Ngaumailunnsineiy

6.0
59 +

5.8 +
5.7 +

56 |
5.5 +
5.4
53 + ——BTS-BCT; 2=0.1
52 —@—BTS-BCT; 2=0.2
51 % BTS-BCT;z=0.5
50 +——t 7+ —t 44—t 4L

600 700 800 900 1000 1100 1200 1300 1400

Density (g/cm?3)

Temperature (°C)

gﬂﬁ 3.26 AUNUILUUVDUYTITNTUTEUY (1-2)Ba(Tig 855N 12)05-2Bag 7Cap 5 TiO5 dleduwmesuuy
TSS lnguusengaungil T, (1500/15/T,/6)
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3.2.3 uan1sanwlaseasnsganiavaandiniidl BaTiy,Sn,0, Wussdusznay

a

Wennsanlaswaseganiaveaesdin (JUA 3.27-3.34) wuid gumgildunessliuy

9
] U
NSTURBTLATUTINN Z dNasavuInkarJUTIBLNTUIRIANsiRE1veE 1wty Aty

] o

dwniulassaiiegania nundnvazinsuinnistasuuliung fie dvwndnuazlng

Urduiuuaziisusiawuunsedmaenluwsiin BaTi,,Sn0;s Wnginsuiivualay Iniseasiiiuy Lie

'
a

disgamgdiuuu CS 990 1400 - 1500 °C Tnefvwalafianuszann 100 pm uazdunudle x = 0.04

9 Y

=

:JL‘%'muaauasiNLﬁulé’%’mﬁqmﬁgﬁ 1500 °C d1n5utws1inluszuy (1-2)BaTiggsSNg.12)0s-
zBag+CagsTiO; LﬂiuﬁgﬂimﬂumﬂﬂauLLazﬁﬁummLﬁﬂauﬁaﬂ%mm 7 Wudy watlvunnlndudle
qmwgﬁ%umai‘qa%uwimﬁmﬁu BaTiL SN0, llofinnsaniunuidumesuuy TS wuinsuiaun
EnaadlofisufunisTumesuuu CS Fauansyiinsdumeduuu TSS annsadudenisTnvonnsuld

WagN15BUMOTLUY TSS awnsaldaamall T, fn Liies 700 °C Aanunsadumesigsiniidlaseasis

‘ﬂl 1 v
ganiauiule

a

31]1’7i 3.27 nene SEM veawsiinlussuy BaTi,Sn,0, Wedunesuuy CS ﬁqmwgm 1400 °C ifle
A1 Sn 7l x = 0.12, 0.08 wag 0.04

;nlﬁ 3.28 nNang SEM weasfinlusyuu BaTiy,SnOs dlofumesuuu CS ﬁqmmﬁ 1500 °C i§le
B Sn 7l x = 0.12, 0.08 uaz 0.04
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g*dﬁ 3.29 neng SEM w9aws8nlusyuy (1-2)Ba(Tip gsSNg 12)05-zBag :Cag s TiOs dlodumesuuy

CS figaumndl 1350 °C ifleidn BCT 7 z = 0.1, 0.2 uaw 0.5

gﬂ'ﬁ 3.30 ANy SEM 2894530 TusEuU (1-2)Ba(Tip 555N, 1,)05-2Bag 7Cag 5 TiOs dlogumesuuy

CS figaumgil 1400 °C wilewiin BCT 7 2 = 0.1, 0.2 uaz 0.5

1500/15/700/6 \iiowis Sn % x = 0.12, 0.08 uaz 0.04
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;ﬂh‘?i 3.32 ANeng SEM a5 inluszuy BaTi,,Sn,O; Wiodumesuuy
1500/15/1200/6 \iouds Sn 91 x = 0.12, 0.08 uay 0.04

;nlﬁ 3.33 A a8 SEM vaaa513nTuszuy (1-2)Ba(TipssSNg1,)05-2Bag CagsTiO; Wiadumasiuy

Tss Inel4idoul 1500/15/900/6 iewdn BCT 1 z = 0.1, 0.2 waz 0.5

gﬂﬁ 3.34 A ey SEM vea51iinlussuu (1-2)Ba(TipgsSNo 1,)05-2Bag /Cag s TIOs Wiedumasuuy
T5s TngldSouly 1500/15/1200/6 oy BCT 91 2z = 0.1, 0.2 uaz 0.5
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3.2.4 Han1sAnwaNdRladlannInvawesiniid BaTi,Sn,0, Wuasrusenau

grusuaranvinielidvinnisdnwiand@ladidnnsn IaetdenTusuniainiiu

vudulndifisaiu wgasas 2 Fu ek unsvhddningaudy dwvinsfnwand@ledidnnin

] a

TnouusA1Aud (0.1 - 200 kHz) wazgauvnil (aauniivias — 200 °C N1ANA 1, 10 uaz 100 kHz)

¥
[ 1 =2

lanan1s3deananduguil 3.35-3.44 laanuin ArasiladidnniniiAnuegiuainud gungl

Y 9

2ounITUABS JULUUNTIITUWNDT wazUTuauiuiy

a

defiarsanaut@ladidinninivuiuaud (3UN 3.35-3.42) wudn leaudiiuay

a a1 PN a a& a 1 a a & a ¥ . . .
wslindlaaanladiannin (€) wazArnisgyidenialadianninluguvesainuieu (dissipation

]
= 2

Y

factor, tand) anas FuasfinfidianunuiwiugaslianAledidnvsnia deil
- FUPNUNTURBSWUU CS WU LlauTuas Sn MAnlusyuy BaTi,Sn,Os HUTuw

a &£ o § v 1 A a & A a & i = a & a q' ~ ! Al
A ilienasiladidnniniiudunazainisgadsladidnninanas lnefiaud 1 kHz Ansiile-
didnvisnasanfioamniidumes 1450 °C wle x = 0.12 lnefiAn € Wiy 22273 wazAn tand Wiy
0.028 ward1n5ulusyuy (1-2)Ba(TingsSNg12)05-2Bag:CagsTiO; wilausunad BCT (2) Mdnasludl
USunanfiudu dwalirnailadiinninanasuazainisagydeladidnvinuuilduiuiu Jaaad
ladianyingeaniigaumaiumes 1400 °C e z = 0.1 lnedlen € Wiy 14129 uagA tand Wiy

0.045 NAUA 1 kHz

o [ a ada 4 a . a1 N a a

- dmsueniniFumesuuu TSS windnlussuy BaTi,Sn0; dAainladianyninas

'
a

NgaumniTumes (T,) 1200 °C Waldial Sn USuage 7 x = 0.12 laeian g Wiy 25969 uagil

[y

tand WA 0.026 1A1MA 1 kHz d19SUTUMUSEUU (1-2)Ba(Tio 55SN0 1,)05-2Bag-Cag s TIO; fiAnAsii
VLmﬁLﬁﬂw‘%ﬂqﬁqmmﬁ%uma% (T,) 1150 °C iowdnU3ua BCT 7 z = 0.1 Taedlan g, wiriu 11569

wagdlAn tand WAy 0.026 N1A1uD 1 kHz wazdwneladinisidu BCT Usuias 0.1 Tua danalu

w3 inTauURladiann3niigandnesidin BaTi,,Sn,05 e x = 0.04 waz 0.08
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8 006 ¢
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Frequency (kHz)
@)
1 QII a a 1 = a a = = o a a
3.35 AAdiladianyisn (n) wagAnisaydeladiannin (v) Wisuweuiuanudvesesinty

S5UU BaTiLSnOs way (1-2)Ba(Ti gsSNo 1,)05-7Bag -Cag s TIOs WiaTumasuuu CS i

9aumgdl 1400°C wile¥ndiAn1ad 0.1 kHz — 200 kHz
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UM 3.36 Apsiiladiénnin (n) wasAnisgadeladannin (@) wWisuieuiuarnudvesesnin
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25000
O .
20000 -+ S * Nt
- ——BTS; x = 0.12
c
£ 15000 4 == BTS; x = 0.08
S BTS; x = 0.04
o —8—BTS-BCT; 2= 0.1
T 10000 e BTS-BCT; z = 0.2
° et BTS-BCT; 2 = 0.5
Q \
—C== —e——
5000 + \
— | ———— #
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Frequency (kHz)
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0.16 4 == BTS; x = 0.12
= BTS; x = 0.08
0.14 - BTS; x = 0.04
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© = BTS-BCT; z = 0.2
“ 0.0 - et BTS-BCT; 2 = 0.5
.%
2 0.08 -
2
8 0.06 -
0.04 -
0.02 -
0.00 ey
0.01 0.1 1 10 100 1000
Frequency (kHz)
)

JUN 3.37 Apsiiladiénnin (n) wasanisgaydeladannin (@) wWisuieuiuanudvesssiiin

BaTi;,Sn,Os g (1-2)Ba(Tipg5SNg 12)05-zBag 7Cag 51105 dlofumasuuu CS ﬁqamm

a

Y

1500°C io¥afiaaad 0.1 kHz — 200 kHz
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UM 3.38 Amaniladdnnin (n) wazAinisagdsladdnnin @) Wisuiisuiuanudveuesndn

BaTi,,SN,05 bz (1-2)Ba(TigssSNg 15)05-2Bag :Ca0 s TiO5 Waduwmasuuu TS Tagldidouls
1500/15/700/6 fla¥aiinnud 0.1 kHz — 200 kHz
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10000 -
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UM 3.39 Armanladdannin (n) wazAinisagdsladdnnin @) Wisuiisuiuanudveuesndn

BaTi,,.5n0; Way (1-2)Ba(TigssSNo 1,)05-2Bag 1Cag sTiO; Wlodumasuuy T5S tneldouls
1500/15/900/6 ile¥aitAanud 0.1 kHz - 200 kHz



30000
25000 - i M . .
———
=¢==BTS; x=0.12
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UM 3.40 ArpsfitaBianyian (n) uazAinisagdsladiannin (@) Wisuileuiuaudveuesndn

BaTi,,SN,05 bz (1-2)Ba(TigssSNg 1,)05-2Bag :Ca0 s TiO5 Waduwmasuuu TS Tagldidouls
1500/15/1150/6 ile¥aiimnud 0.1 kHz — 200 kHz



30000

51

25000 -+
20000 -+

15000 —+

Dielectric constant

10000 -+

5000 -+

—_—
) ¢ ﬁ‘\/
=4==BTS; x = 0.12
== BTS; x = 0.08
BTS; x = 0.04
—=@=—BTS-BCT;z=0.1
e BTS-BCT; 2= 0.2
==t==BTS-BCT; z=0.5
e ——————o—o

0.01

0.06

0.1 1 10 100 1000
Frequency (kHz)

(n)

Dissipation factor
o o
o o
o} I
] ]

o

o

N
I

=¢==BTS; x=0.12
=== BTS; x = 0.08
BTS; x =0.04
—0—BTS-BCT;z=0.1
e BTS-BCT; z=0.2
=== BTS-BCT; z=0.5

0.00
0.01

0.1 1 10 100 1000
Frequency (kHz)

()

JUT 3.41 AasdilaBianysn (n) wazAinisaaydeladidnnin (@) Wisuiisuiuaudvedsiiin

BaTi,,SN,05 bz (1-2)Ba(TigssSNg 15)05-2Bag :Ca0 s TiO5 Waduwmasuuu TS lagldidouls
1500/15/1200/6 ile¥aiimanud 0.1 kHz — 200 kHz
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= LY a
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1®§Lé‘ﬂw%ﬂ%lﬂm§muﬁqqm wﬁﬁuﬂuqmgqqmaaww Tnewsfinuansfinnisilasuulaivasansdi
lﬂaLgﬂ%%ﬂ%uﬁquQﬁ transition 2 9aunQll FefiausnazUsuonianisiasunvaunasin
orthorhombic lUg tetragonal (To.7) wazfinfidgesazuantinisiudsunlanunasin tetragonal lug
cubic (7)) dmdusindivniswidunesuuy S Tusyuu BaTi,Sn,0; ﬁqmmﬁ%umaiﬁmﬁu

wulndleUsunn Sn unTu dewalit T anas dmsSuluseuu (1-2)BaTipgsSNg 12)05-2Bag :Cag s TiOs



53

a 1

WuindoUIunas BCT Winu dawall 7o aadusig uazillogaumaiifumesiiiudu dwalv T, € uag

[

tand ge¥ud1nSuLYs18n BaTi, Sn,0s wag Te anad d1mTuluszuy (1-2)Ba(TiggsSny12)0s-
ZBag 7CagsTIO; WaBuMaswuy TSS Muws1in BaTiy,Sn,Os logamgil T, U dwal T, € uag
tand g9Uu Turaus e i (1-2)Ba(TigssSno12)052BagCagsTiOs AA1 Te WinTulanioy uam €,

wag tand anadileguuniidwnes T, g9y Auwanslunisnen 3.9-3.10

d1msunis@nwigaunginiswasuwdaanawslsdidnnin-ns1didnn3nvesesndin

(Nag 5Ko 5)o.9aLi0 0sNDO5 NUTTdNuzaenrdasiunsfinwandiladidinniniieugamgd
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JUT 3.43 Armsiiladianysn (n) wazAinsgadeladidnnin (@) Wisuiieuivaaumgivesssidn
Tuszyuvu BaTip,Sn0; wae (1-2)Ba(TigggSNg.12)05-2Bag 7Can s TiO; LT uLanshuy CS 7

9aunQil 1450°C Wi dafiAnud 1 kHz



55

A131991 3.9 Arpsitadidanninuazainisgadsladidnvinvesiuaulussuy BaTi,Sn,0; uag

(1-2)Ba(Tigg5SNg 12)05-zBag 7Cag 5 TiO5 FHIUNsENFURBS LU CS ﬁqmmﬁ 1450°C lo

[y

mﬁmmﬁ 1, 10 wag 100 kHz

A (kHz) ans T.(°0) & (T) tand (T,)
x=0.12 < 25 - -
x = 0.08 46 18769.5 0.0412
x = 0.04 74 16239.0 0.0138
: z=0.1 27 11227.2 0.0433
z=0.2 30 8018.1 0.0798
z=05 as 6599.3 0.0254
x=0.12 < 25 - -
x = 0.08 46 18774.1 0.0410
x = 0.04 73 15816.5 0.0277
0 z=0.1 26 10447.9 0.0389
z=02 30 7244.0 0.0851
z=0.5 48 6409.7 0.0198
x=0.12 < 25 - -
x = 0.08 a6 18778.0 0.0409
x = 0.04 73 15223.3 0.0577
100 z=0.1 27 10105.4 0.0382
z=0.2 30 6332.9 0.2421
z=05 as 6246.8 0.0233
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JUT 3.44 ArnsiilaBianyan (n) wazanisagdeladansn (@) Wisuiisuivgumgiiveussiiin

BaTi,,.5n,0; Way (1-2)Ba(TigssSNo 1,)05-2Bag 1Cag s TiO; Wlodumasuuy T5S tneldbouls
1500/15/1200/6 Wie¥afianud 1 kHz



57

A15199 3.10 ArasdladianninuazAinisgadsladianninveuwsifin BaTi,Sn,0s L
(1-2)Ba(Tig g5SN0.12)05-2Bag 7Cag s TIOs NHIUNITHITULADITUUY TSS Naaungdl (T)

1200°C iio¥afiaaad 1,10 waz 100 kHz

Aad (kHz) gns Tc (O € (To) tand (To)

x=0.12 < 25 - -
x = 0.08 a6 19982.1 0.0275
x = 0.04 73 16391.5 0.0212

: z=0.1 27 10999.3 0.0280
z=02 31 7975.3 0.0482
z=05 a3 6788.1 0.0191
x=0.12 < 25 - -
x = 0.08 a6 191523 0.0979
x = 0.04 73 15930.8 0.0546

0 z=0.1 26 10541.6 0.0333
z=02 31 7511.0 0.0984
z=05 a3 6639.8 0.0182
x=0.12 < 25 21064.1 0.4610
x = 0.08 a8 13171.2 0.5865
x = 0.04 73 13786.4 0.3380

100
z=0.1 26 10174.6 0.0850
z=0.2 31 4937.1 0.6968
z=05 aa 6501.6 0.0520

3.2.5 nansanwandaiieledianynsnvauwsiniisl BaTi,,Sn0; Wusssusenau

dnFuandaiieleddnynsnueaesiin BaTi,,Sn,0s wae (1-2)Ba(Tig SN 12)05-2Bag 7

CagsTiO; Wuie ds; HATuediugaumaiduwes nanfldlun1sduwes wassuuuunsBunes

Y 9 Y

é‘fmamlugﬂﬁ 3.45-3.46 lagAaniialadiannsn (ds;) veawsiinlussuu BaTi,SnO; Wag
(1-2)Ba(Tio 55N 1,)05-2Bag -Cag s TIO5 ANIUNITHITUNBSWUY CS ﬁqm‘wqﬁ 1350, 1400, 1450 wag

s

1500 °C Tusguy BaTiy,Sn,05 Wu31 ngaunnddumesiianielediannin (ds;) gegad x = 0.08
InadiaAn 465 pC/N wagdnsusEuU (1-2)Ba(Tip gsSNo 12)05-2Bag Cag s TIOs nundlafielediannsn

(ds3) HeenI52UY BaTiy,Sn,0s 11N laelA1geani z = 0.1 dd1 84.3 pC/N kaghiHIuNTTUNDS
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x =0.04 x =0.08 x=0.12 z=0.1 z=0.2 z=0.5
3unaia1siia

M 15unuSn

M 15w BCT

d3 (pc/N)

;sﬂf/'i 3.46 AALNETYBLENNTA (ds) VW10 BaTi,Sn,0s hae (1-2)Ba(TipgsSNo12)0s -
7Bag-CagsTiO; Wladutnosuuy TSS IngwUsArgaumadl (T,) 1300, 1250, 1200, 1150,
1100, 900 wag 700 °C
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3.3 nan15ANWIYIEAN (Bay,Ca,)(TiypZr,)Os

IgvinsAnw s inluszuy (Bay,Ca)Ti o Zr)0s WiefnwmuSuna Ca uay Zr fiwunzay
Wesnnsiuesifinlusyuu Bag-CagsTiOs ilias15inlussuy (1-2)Ba(TigssSNg 12)0s ~2Ba,
Ca,Ti0; fauvanisluiindilaid F9ldviinisane1seuy (Ba,,Ca)TiLZr)Os tio a = 0.05, 0.2, 0.4;
b = 0.025,0.05 uaw a = 0.05, 0.1, 0.2, 0.3, 0.4; b = 0 I smuaaleifigaumndl 1000 - 1050
°oC 1 uauiu 2 $alus wazmdunesieiiiuanaetu 2 33 #e nsumesuuuund (CS) 7
gaungfl 1200 - 1400 °C \Juraiuiu 2 Falus (Ty/4,/0/0) wagn13BuLnesuuy 2 sunau (TSS,
T/t /To/ty) Imﬂu%’mwmzLmﬁqmmﬁqa (T) 1400 °C uazusialiifios 0, 15 Uit (t,) a1niuan
gauvnTEnuTTigaumail 550-1200 (T,) Wuraiuu 6 Falus (t,) I¥nansidesed

3.3.1 nan1sAnwINgAnssUMSIiawavaaYsfin (Ba,,Ca,)(TiypZr,)OsfAremaianis
LA87LUUYR95dang (XRD)

mﬂgﬂﬁ 3.47-3.48 uansnan A zilaTiadwe st unuesinlussuy (Ba,,Ca,)
(Ti o Zr)05 TN WRBSHUY CS Funaiuininisidsuntasvesfia XRD Ao wWou3ua b
Wity ust a sineiu fiedildRnnisideulunawiuartusegsilasadawuuimesonalng waysl
waflaeaintuile a = 0.4 leRarsaniia XRD iy 20 Uszana 45 - 46° willassairamdnfuma
waszlnuea uniiugns a = 0.05, b = 0.025 uay a = 0.05, b = 0.05 dilAssaiwanuuueesls-
soudn dmsunsdinmsnfumesiuy TSS (3.49-3.50) dunauiuinfinisiwdsuwlamesiia XRD fe
douTunm b Ay us a Ansfiu Wuiﬂﬁm?{aulﬂé’qaguﬁqﬂsﬁmﬁﬂﬁaa wiliifnsiasunuag
Tnssasendn Inelassadrandndinadunuumnsslnueanaziinmadiaos We a = 0.4 Wwiistuiv
Funuiidumeiuuu CS

(110)

111)
(112)
(211)

N
<
e
5,

(002)
(200)

(020)
(220)
(102)

(100)

o

.05, b =0.05

(210)
QD

a=04,b=0

w a=03,b=0

Intensity (a.u.)
*

%

a=02,b=0
DU S fazosp=o
FU D R
T T T T T T T T
20 25 30 35 40 45 50 55 60
20 (degree)

SUN 3.47 sUuuunsifesiuuvesssdiendvesesninlussuy (Ba, .Ca)TiwZr,)0s Wie a = 0.05,

a

0.1,0.2,0.3,0.4; b = 0 kaz a = 0.05; b = 0.05 Lﬁal,m%uma'iwu () ﬁqmmm 1300

Y

oC (¥ LWaﬁaaa)
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)
—
)
S I ~
I - o 3~
g g @ 88§ 8§ 84
= * (SA) N &' =
~ a=0.4,b=0.05
—~
= A [ _
3 a=02,b=005
)
>
=
2 a=0.4,b=0.025
o LA
]
c
a=0.2,b=0.025
a=0.05 b=0.025
1 1 1 1 1 1 1

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

5UM 3.48 ULUUNTIALIULYRISIFDNT VR UNWETIEN (Bay, Ca)Tiyy Zr,)0; Os 1o a = 0.05,

0.2, 0.4; b = 0.025, 0.05 kagyNISENTUWBTHUY CS Tugamail 1300°C ( * afiaeq)

*
Q
1l
I
EN
[on
1l
o

Intensity (a.u.)

(100)
L (110)
(020)
— (111)
>(002)
(200)
(102)
(210)
>m (112)
(211
o
S (042)
o
o
&

20 (degree)

gﬂﬁ 3.49 gﬂqumnﬁmLuu%ﬁaﬁl@ﬂsﬁmaammﬁﬂ (Bay.,Ca )((Tiyp, Zrp)04 dlo a = 0.05, 0.1, 0.2,
0.3,0.4; b = 0 waz a = 0.05; b = 0.05 AWIUAITHITURESLUU TSS Tneldtouly

1400/15/750/6 (*\afiaes)
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(110)

S — —~
N =) =~ o ~

g e ) 88z = 89

= * SN 9 ha

X o A& Aszosebos
| \ a=02,b=0.05

*

=

M Jla=0.4,b=0.025
A a=0.2,b=0.025

a
a=0.05, b =0.025|
T

Intensity(a.u.)

T T T T T
35 40 45 50 55 60

20 (degree)

y
A j
0 2‘5 3‘0

5UM 3.50 SULUUNTIAEILUNYRISIANg VR UWeIENn (Bay, Ca)Tiy Zr,)0; Os 1o a = 0.05,

2

0.2, 0.4: b = 0.025, 0.05 WazyMsETwmeswuy TSS Tukeulu1400/15/700/6 ( * wia

GRY)

3.3.2 HaN1SANYIENUANINI8ATNVBYSI1AN (Ba, ,Ca,)(Ti1,Zr,)05

I9MTIADUAINAUIMULIGIIN (Bay.Ca)Tiyp Zrp)05 IaTuUmasuuy CS aanansly

a )

JUM 3.51 nudnlugrawsnilgannll 1200 °C 91 a = 0.05, b = 0 HAAIUNUILLNEEAUTEUN

Y

5.57 £ 0.09 g¢/cm’ LLazmmwmLniu%t,ﬁwﬁuaaiwimL%ﬁﬁ]uﬁaqmm]ﬁ 1250 °C FafifnAany
MuLUgIEnUTEIM 5.81 + 0.02 ¢/cm® ndsantiumnunuiutusiutudes Wogumgigu
wasgatuaudsgumnd 1400 °C 7 a = 0.05, 0.1 ua 0.2 o b = 0 dAAETULULFEAUTZIN
581+ 0.08 g/cm? luvay#l a = 0.3 uag 0.4 mqmmwuammLﬁaqmmﬁ%umaiﬁmqﬁu U

gauudl 1400 °C fiA1AUNUILULYTENIM 5.04 = 0.03 ¢/cm® 1lB9a1ngauniilun1sguines

9 U

' [
a =

LU E DU TN ANV T UNWIIITUN WAAN TaeNAIANUILILILTLAR AT a = 0.4

eyl 1300 °C fA1AunUILILUTENI 5.26 + 0.06 ¢/cm’iavAsyanaiduisgmnai 1400

(%
[V

hy
Y
fA1AUNUILLLUSENI 5.04 + 0.03 g/cm® Asiu Feaunsoaguladn nsbin Ca TuuSunw

°C
1N (a = 0.4) gdaralinnuvuiuiuanauilegunigunesiiugy TuvugnFuaunidnisnay zr

(a = 0.05, b = 0.05) wuinlugreusniiguugil 1200 °C fieAunuIMUUUTENI 5.05 = 0.19

Y

= a

g/cm’ UagAMNMUILULLANTURE19TIAEIUTMNAT 1250 °C Fadlianunuiwiugeaauszuna

1

5.74 + 0.03 ¢/cm’® naanduANUnUIRIUIRiNTULTeY o iagungildunesgeuauie 1400 °C

fAnANurUILLLgIgaUsEa 5.81 = 0.05 g/cm’

dmfunsdl b = 0.025,a = 0.05,0.2, 0.4 uag b = 0.05,a = 0.2, 0.4 (3Ul 3.52) il

[

US1ey a WiNTUyM IAAIANUUILLUUAaRAY hazkilaNa1saNnTdl b = 0.025 wag b = 0.05 NUSUM a
Wi nudnanuvukduiliAianas uagillegungidunefiiududranunuiniuazlnaineeiy

gnLiungamnil 1250°C



62

6.00
—4—3a=005b=0

- —B=a=01h=0
E 550 _: —l—a=ﬂ.2,b=ﬂ
o
‘E, ' =3z 03 bz0
E | —=a=04 h=0
=]
3 500 - T =@=3=0.05 b =005
3 I
us]

450

1150 1200 1250 1300 1350 1400 1450

Sintering temp erature (°C)

sUN 3.51 HANIINTIADUAIAIUNUILUUVBIT UG IIN (Bay,Ca)Tiyy, Zr,)05 L0 a = 0.05,
0.1,02,0.3,0.4; b = 0 4ag a = 0.05; b = 0.05 NHIUNITHITUABTUUY CS NQUNYI

1200, 1250, 1300, 1350 uwaz 1400 °C

6.5
6.0 1
"E ] > —— ——
Q i
® 55 | e
2 >
b~
(7]
c
g 5.0 -
x
=
m -
45 | —4=a=005b=0.025 —8-3=02,b=0.025
—A—a=0.4,b=0025 —=2a=02,b=0.05
| =%=a=04,b=0.05
40 b—
1200 1250 1300 1350 1400 1450

Sintering temperature (°C)

gﬂﬁ 3.52 AUNUILUUVBITUIUESIEN (Bay, Ca,)Tiyp, Zr,)05 i a = 005,02, 0.4 b = 0.025,
0.05 Wleumosuuu CS shunmm%uma%ﬁqmmﬁ 1250, 1300, 1350 uag 1400 °C
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lonsr9aeuUANLMUILUILIETIEN (Bay ,Ca )T, Zr)05 ANUNSIITUImBsUUY TSS
é’fummﬂugﬂﬁ 3,53 wuiwultuvesnseeudensil e1adnsUasunlasthadnieslne a = 0.2,
b = 0 fANAINMUILLUgER Fe 5.64 + 0.02 g/cmiileldFouly 1400/15/750/6 uihliiuveq
Fuerudlo a = 0.05, b = 005 Funalddrdiamruuiuugaiian Ssdianumuiniuggaussun
5.89 + 0.06 g/cm® wawidle a = 0.4 Tearavuuuliosfian Wufsrdunmsdumesiuu Cs Kufy
Feannsaaguliin msidiu Ca luuSinamnn (a = 0.9) azdssalsinumuuiuananilegumgidy
wesiiingstu Turasituanuiifininiu Zr a = 0.05, b = 0.05) wuirdaauruuiulndiAssiy

'
! )

nneamadl T, lnedAasanfigamail 550 °C HAANUUILINUTEIM 5.89 = 0.09 ¢/cm’

Y Y 9
WaYiNIstUSs U UTENINITUNUNTNGHY Zr (b = 0.05) futununluinisiy Zr

a

| Qy ISP 1 PN Y a U ! J o A 1 PN :
WU FUUILLAIAURUILLUNNALAB Y LLW‘i]%LLG]ﬂﬁ]NﬂUVﬂU‘?ﬁ'NLLiﬂVIQﬂJWﬂlI 550°C u9U

U

fifinsiin zr axdidamuruuiugeaniiunuilifininiy Zr fdemmunutugegaussuu 5.89
+0.09 g/cm’

dlonsrvaeuaumuisdusiinlussuy (Bay_,CaXTiypZr,)05 LﬁaLLUsmqmmﬁ T,
(1400/15/T,/6) wag t, (1400/t,/T,/6) fﬁ’mamﬂugﬂﬁ 3.54 Wuimiajﬁwiﬁhqmmﬁ T, (b = 0.025,
a =005, 02 04u8g b =005 a= 02 04) ieUuw a Wiudu vhlfianumuLduanas wa
dlofiansand b Areiy wuaemumuwuulndReeiy Faanenuiinm Ca () Mivaslufinarils

AMUPUILUUAAAS TUvE Zr (b) lddanasarinnunuinuulussuudl wagnsalwusAian t

]
|

(1400/t,/T,/6) aztiuindouly 1400/0/700/6 adArArumuintuannnindeuls 1400/15/700/6
ﬁﬂﬁﬂﬁa'gﬂlé’dwﬁ a = 0.05, b = 0.025 TuN5zUIUNSTUMBDSWUU TSS LTAIANUNUILUUANIING

FUHBSWUU CS

0.00

) =32 0.05b=0
-
"": —l—a: ':'-1. |J =0
5 0 -
W 5.50 —4=a3=02b=0
b
.véi —}(—a:l:ljlhzl:l
-
< ——az04,b=0
o.o0 A
% s at-H ':'-':'5. |J = (.05
m

450 4
L] a00 00 200 ann 1000 1100 1200

Sintering temperature, T,(°C)
sUN 3.53 HANTIINTIVADUAIAIUNUILUUYDITUIUIIEIN (Bay ,Ca.)Tiyy, Zr,)05 L0 a = 0.05,

01,02 03, 0.4: b = 0 4a¥ a = 0.05: b = 0.05 AHAIUNITHITURBSLUU TSS Taeld

Geouly 1400/15/T,/6
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6.5 i

60 ] ——3a=0.05,b=0.025,-1
- —B—2a=02,b=0.025=15

M * 4 ! ’

E L —— —#—a=0.4,b=0.025,=15
;‘9 55 - ‘=F<!7-I‘ == 0 a=0.2,b=0.05,=15
::%' ==ie=3 =0.4, b =0.05,t =15
g 4%—% O a=0.05 b=0.025,t=0
< 5.0 + O a=0.2,b=0.025,,-0
-_; a=04,b=0.025 =0
@ % a=0.2,b=0.054-0

4.5 - + a=04,b=0.05=0

4-0 | T T T T 1 T T T T 1 T T T T 1 T T T 1 T T T 1 T T T 1 T T

600 700 800 900 1000 1100 1200

Sintering temperature ( °C)

g‘dﬁ 3,54 AYURUILUUTBTUIULLTIEIN (Bay..Ca,)TiL,Zr)05 ie a = 0.05, 0.2, 0.4; b = 0.025,
0.05 uaz@uinasuuy TSS lasuwdsatguvnl T, (1400/15/T,/6) hagiian t

(1400/t,/T,/6)

3.3.3 NaN1SANIIATIAT199aN1AYRINEN (Bay..Ca,)(TiynZry)Os

A SEM Tusui 3.55-3.58 veais1iinluseuu (Ba; ,Ca)Tiy, Zrp)O; 1o a =
0.05,0.1,0.2, 0.3, 0.4; b = 0 k&g a = 0.05; b = 0.05 NHIUAITITUNBTUUY CS NYaunnil 1300
°C way 1350 °C Wulnidle a = 0.05, b = 0.05 wsuilvwnlngNgauasinsulivuindnadiloUsum

a ‘g ISy I a a < 1 [y < 1Y ‘3 a
Y94 Ca WNNNNTU Insuddnvazidunssdimasy vuaanivgUsduiuly vounsuiutniu 1nsull

I 1Y

nsdaseeiiuegimuikiunngdy Wedunnniadanving nudignsulegnszdnnszany usd

Y

(%
[

IUIUFNTUANTREAY UATUINTBITNTWANTRERY Aatuaunsaventidn Ca Wuddudinisinves

a

WNSY kag Zr ibinsudvunaladu d1usussiing a = 0.05, 0.2, 0.4; b = 0.025, 0.05 &nnlA3n
~ I3 A ° a X aa X A a ~ X

NFUTVUIAENAUTDIINT T UM BT g TNV tagilloU3uia a Wudu (b = 0.025, a =
0.05, 0.2, 0.4 wag b = 0.05, a = 0.2, 0.4) LNFULVUIALENA LAANITWUUAININTY LazLilaNAITUN
ASEIN b e (USUe a W) wudn b = 0.05 1n5UaEivuIadnni asiuIioUsunm a wag b
WLTUIZIN AN TUTULIALENAY

lunsalveansBumasuy TSS (SUN 3.59-3.62) WUIVUIAVBWNTULANAS LilaUTunal
Ca LLUINTU T3 a = 0.05, b = 0.05 Fvurnveunsulug gansuiidnvazilunssdmasy

WULREINUNTUIUADSWUU CS L19VN151USUMBUTUNIALNTUYDITUIN UL ANTANIUNTHDULADS
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& i a s o § v = o ' a s
T9a993URUY WU MIWTURDTWUY TSS vIiBuuiivuIansuiinnINIsBumesiuy CS
AMSUTUNUNTIINISNILUY TSS evinisiiaamgll 1400/15/T,/6 Ao 700, 1100 wWinlaindevih
nsiiingaungivunvesnsuliuandaiuanntn widlaiiudsunm a wae b asvinlimnsuivuiegn
a9

WenlsAan 1400/t,/700/6 Tagldvinnsualinoudu two-step sintering AUvINIg
waild 15 widl wuiidsann a uag b nnsdl insuildldvinisuglissivunansuaietesninnsui
vinsuald 15 wift iWesnnnsuiviinisudliidunan 15 il aziinarlunisiedeusiveseyniaiin
[ Aa v LY = ! LY aM MY ! A v = ! LY
Junsunfivwalndifesiu dauandsiuinsuinldlaviinisws wmszinsuiiladuunaiuansdieiu

satudaasUladnudioUsunn a uag b iiinduazyibinsuduadnas n1sFumesiuy

TSS Mdauly 1400/0/700/6 wnsufivunndniign wazdawmanniin1sdumesiuy CS
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a=0.05b=0

a=0.05,b=0.05

ANAAAVING

gﬂﬁ 3.55 A58 SEM 9993uaulgs1din (Bay.Cas)(Tipp Zrp)Os dlo a=005,0.1,02 0.3,04: b

— 0 uaz a = 0.05: b = 0.05 oW1 wAesiuU CS ﬁ@mm:ﬁ 1300 °C
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a=0.05b=0

a=0.1,b=0

a=02,b=0

a=0.05,b=0.05

Aepvh) AARAYIN
gﬂﬁ 3.56 A NE18 SEM U89BUIUIG5IEIN (Bay,Ca,)(Tiy, Zr)O Wio a = 0.05, 0.1, 0.2, 0.3, 0.4;

b=0uaza= 005 b = 0.05 e Funoiuuu CS ﬁqmmﬁ 1350 °C
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, b=0.05

a o A- - ’ -
- ‘Qrﬁ”

(n) () (m)

gﬂﬁ 3.57 N waney SEM U83TuauMeg s iin (Bay, Cau)lTii, Zr)Os dloa=00502040b =
0.025, 0.05 i TWAaTLUU CS WaviNTLUsANQauail 1300 °C (n) wag (v) 1t (A)
AARRYINA
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a=0.4,b=0.05
(n) )] (M)

;nlﬁ 3.58 N WiENy SEM vostuauinegaesiin (Bay, Ca,)Ti,, Zr,)Os Wilo a = 0.05, 0.2, 0.4; b =

0.025, 0.05 tBTFULMBTHUY CS WavN1swUsAIgamMal 1350 °C (n) wag (¥) HIni

(M) NMARRVIG
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a=0.05b=0

a=0.1,b=0

a=02,b=0

a=03,b=0

a=0.05b=0.058

AeYaTh AAGAVIN
;nlﬁ 3.59 AdnY SEM 9938uausiiin (Bay..Ca,)XTir, Zr)O Wlo a = 0.05, 0.1, 0.2, 0.3, 0.4; b = 0
Was a = 0.05; b = 0.05 WiowdumesuuuTsSIneldiouly 1400/15/750/6
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a=0.1,b=0

a=02,b=0

a=03,b=0

a=0.4, b=0

a=0.0.5, b=0.05

AeYarh AAFAVING
SUT 3.60 nmcing SEM 993ua1iw918n (Ba,.Ca,XTi,, Zr)O ke a = 0.05, 0.1, 0.2, 0.3, 0.4; b = 0
Was a = 0.05; b = 0.05 Wiowdumesuuy TS Ineldidouly 1400/15/1100/6
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a= 0.05, b =0.025

A

a=0.4,b=0.05
(n) (%) (m)

;J‘U‘ﬁ 3.61 AMWa18 SEM fuaq%umuﬁaasmwmﬂﬁﬂ (Bay_, Caa)(Tiyp, Zrp)Os dloa =005 02 04b =
0.025, 0.05 WIaLNIRUMBIHUU TSS tngldidauly 1400/15/700/6 (n) wag (¥) Rl (A)
ANAFAVING
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a=0.2,b=0.05

B
Z >

a=0.4,b=0.05
(n) () (A)

gﬂﬁ 3.62 A WENe SEM vestusuiiegaesiin (Bay.Ca)TipuZr,)Os 1iie a = 0.05, 0.2, 0.4; b =
0.025, 0.05 Wiawdwmasuuy TS Taelditouly 1400/15/1100/6 (n) waz (1) Rand

(A) AIARAVING



M19199 3.11 PUIANTUVBALTIAN (Bay , Ca,XTiy, Zr)05 NYIMSNTUmBsUUY CS Naamnd

1300°C uay 1350°C

a

Y

74

U3uad a thag b

YUIALNTU (M)

1300 °C 1350 °C
a=005b=0 240+ 33 271.8+49
a=01b=0 269 +44 198 +4.3
a=02,b=0 10.6 £ 4.3 131+ 3.1
a=03Db=0 28 £ 0.7 44+09
a=04,b=0 1.6 £0.3 1.3+04
a =0.05 b =0.025 7214953 239 +32
a=02b=0.025 73+18 114+ 29
a=04,b=0.025 1.2+0.2 1.6 £0.2
a =0.05 b =0.05 40.4 +5.1 44.4 + 8.3
a=02b=005 46+ 1.4 74415
a=04,b=0.05 16+0.2 1.3+01

AN5199 3.12 VUIALNTUVDNTTIEN (Bay, Ca)Tiv, Zr)Os fivinsndumasuu TsS Tngldidouls
1400/15/550/6, 1400/0/700/6, 1400/15/750/6 Waz 1400/15/1100/6

Y3uad a way b

YUIALATU (M)

1400/15/550/6 | 1400/0/700/6 | 1400/15/700/6 | 1400/15/1100/6
a=0.05b=0 30.7£4.3 - 206 + 2.7 289 +59
a=01b=0 220+ 9.1 - 220+ 6.9 177+ 1.6
a=02,b=0 16.1 £ 34 - 123 £ 0.9 16.9 £ 4.7
a=03Db=0 39+0.5 - 40+0.8 36 £0.5
a=04,b=0 14+04 - 11+0.2 1.3+0.3
a=0.05b=0.05 317+ 2.7 - 40.3 + 8.7 49.5 + 8.8
a =0.05b=0.025 - 120+ 1.8 429 +5.2 413+ 124
a=0.2b=0.025 - 11.7+14 179+ 22 165+ 1.2
a=04b=0.025 - 1.4+ 0.1 21405 13+0.2
a=02b=0.05 - 1.8+0.2 69+14 4.1+0.7
a=04b=005 - 1.5+£01 1.4+ 0.1 1.6 £ 0.1
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3.3.4 Han1sANYIEaNURNBLANNINYa LN (Ba,,Ca,)(TiypZr,)Os
NNJUR 3.63-3.66 wansAnsiiladidnuin (a) wazArgadeladidnysn (b) Wsuiy
AufvestuIUTEin (Ba,..Ca,lTi, Zr)O umsndumesuuy ¢S evinnsiaflgamniives
TnsutsAnudlurag 0.1 kHz - 200 kHz  wudderufidiuanniuasdsnaliaiasiiladidnnin
wavAnsgydeladidnviiniiunliianaduynansiiodns uazilefinnsanansdiladidnyiinuazen

a

msgjzyL?{ﬂlmﬁLé‘ﬂmﬂmaﬂ%umuLﬁa a=005 b=005 nuidainiladianniniisuazilainig
anduladidnvinien wazilefiansaniiviinmu Ca wuineniniidu Ca luudinuiesazdinase
auURladidnvisniia wleusuna a wWisTu (b = 0.025, a = 0.05, 0.2, 0.4) waz (b = 0.05, a = 0.2, 0.4)
auiftuinmnsiiladidnrsnizanasuazisiofansannsdlfl b Aredu (Usana a wirtu) wuiirasiile-
BdnnsnIranasse Uiy

dm3usin (Ba,.Ca)Tivy Zr,)O AHUNSmTwAasLUY TSS (g‘dﬁ 3.67-3.70) il
yhmsiafignmnivesiaouysAinuilutag 0.1 kHz - 200 kHz wuindlernufifiunntuagdsnalif
Arnsiiladidnnsn way zrn1sgeydeladidnniniivuilivanaslunnaisiegiguieaiy wazile
farsanarnsiiladidnnsn LLavmmﬁamasﬂmaLaﬂmﬂw a = 0.05, b = 0.05 wufiArasiiladidny
3ndin uas ﬂmiamaalmat,aﬂmﬂwm wazilofinnsaniivsinn Ca wuindunuiegasiniiiy
Ca TuUsinaesadmaneauUaladidnv3niia Wousunm a Wfisdyu (b = 0.025, a = 0.05, 0.2, 0.4)
way (b = 0.05, a = 0.2, 0.4) AziudnAAsladLlEnnSnavanasuaziiiofiansunsdli b Areduy

(USHaw a i) wudndl b = 0.05 AnasdilaBidinyisnazasndt 9 b = 0.025
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9aumgdl 1300 °C 1lo¥aiiAmA 0.1 kHz - 200 kHz
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9aumgdl 1350 °C 1lo¥afiAuA 0.1 kHz - 200 kHz
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wuu TSS Taelddeuly 1400/15/1100/6
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A9 (USUN a i) nudnazyinlieaiaailadidnnsnanaawdudendu Weausuiuans a wag b

Wty azdualiaimailadidnynsniinnisilasunlad 399USUNMa7T a wag b Aeiu aziaiaf

[y

willouiu fe ffiAAnTu 1 fin Inegausnransiniianisiuasuuvasnnmama selnuealuwa

A0n Feaungiluniswdsundaaatl Sondy guugiies (T Fenlugugiinlirailadian-
b

9 Y Y

a1 |

V3NAER LagkllaUsuaans a way b Wiiuay gaunnil Te dimanas WRAMSULYSIANEe a = 0.05, b =

Y
0.05 #n1sidsundas 2 90 laggausnidunisiasuasinessissendnluidumnsslnuea
(Tor) wazgail 2 1Wuniswaswnaanwnszlnuealuilumidn (T) luvued@ueude b = 0 9l
nswasuilaiiesgaien A Wasumanneassinuealuiludidn (To)

a
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A15197 3.13 Apsiiladidnninuazangadeladidnvsnwazanngiind (To) veawsnlin

a

(Bay_, Ca XTiyy, Zrp,)O dlowndumesuuu CS ﬁqamm 1350-1400 °C fiA214d 1 kHz

Y

@jm‘ﬁ T (°Q) &, (max) tané (T¢)
a=0.05b=0 104 8259.9 0.0078
a=01,b=0 103 10432.5 0.0121
a=02,b=0 100 74721 0.0087
a=03b=0 97 2411.9 0.0073
a=04,b=0 87 2326.1 0.0060
a=0.05b=0.05 90 7904.0 0.0157
a =0.05b=0.025 104 11717.7 0.0107
a=02b=0.025 105 7876.5 0.0140
a=04,b=0.025 96 3176.9 0.0095
a=02b=0.05 90 8517.3 0.0133
a=04,b=0.05 94 3069.9 0.0087

=] ! A a a ! = a & a a A a
19199 3.14 ﬂ’]ﬂ\‘i‘ﬂlﬂaLaﬂ‘ifﬁﬂLLﬁ%ﬂ’]QQJ,LﬁEJVLQGLﬁﬂ‘ﬂ‘iﬂLLﬁ%QﬂJ%ﬂuﬂJﬂi (TC) YDAYINUN

(Bay.Ca,)Ti_nZr)05 Wedumasuuu TsS Taglddouly 1400/15/950/6 7i a2sd 1 kHz

gasil Tc (°C) £, (max) tand (To)
a=005b=0 94 10901.7 0.0047
a=01b=0 91 11090.1 0.0099
a=02b=0 89 9927.2 0.0096
a=03b=0 92 5921.6 0.0117
a=04,b=0 9 3318.7 0.0061
a =005, b = 0.05 96 14540.2 0.0095
a = 0.05, b = 0.025 119 12352.4 0.0153
a=02b=0025 116 9633.2 0.0106
a=04,b=0025 103 3094.1 0.0076
a=02b=005 102 9327.8 0.0114
a=04,b=005 93 3388.6 0.0174
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3.3.5 nan1sAnwauURneledilannnvaaysiin (Ba,,Ca,)(TiypZr,)0s

AA157197 3.15 uansApsiiielaBiannin (dss) veussiin (Bay,Ca,)(Ti nZr,)0s

al

WUIIFUIULED a = 0.05, b = 0.025 NNIUNITHITULWBTUUY CS TR dyy NUINTGRA IAEd

AT 223 pC/N WaBumasianmgil 1300 °C LUALAUTUNUTHIUNSNIBUADTUUY TSS

Y

=

WUIuIlINYeIAT dss UANNTIaRT a = 0.05, b = 0.025 Tuyngamgiivesnsinduwmes Fliien

ds; 11091gA A1 dys AU 219 po/N - kagduduile a = 0.4 1A ds; Uesiiaaluynaamgilunis

WIRULNDS 19019 U09UN91nTUULED a = 0.05, b = 0.025 dn15udy Zr askuilabunISmIRu

a ol

¢ a ° v AY va = Y o )~ v o o !
Lm@i%qm‘ﬁﬂm@nﬂﬂ V]']I‘WSUU\T']UV]VLWQJGUUWWLﬂiumlﬂaLﬂﬁJ\?ﬂu HNTIAINLIYINIVDILNTUNUBY I

Y

giane dwalinisinadstuaud wonand dunalanin A1 ds; anasdloUSuna Ca 50 Zr Windu

A19199 3.15 ArAsivileladLlannsn (dss) Vauasniin (Ba, .Ca,)(Tiyp, Zr,)0s WaTumasuuu CS way

TSS
Qmﬁ?‘i ds3 (pc/N)

cs TSS
a =005b=0 164 148
a=01,b=0 149 137
a=02,b=0 135 128
a=03b=0 113 117
a=04,b=0 78 79
a =0.05b=0.025 223 219
a=02b=0.025 143 199
a=04b=0.025 80 108
a=0.05b=0.05 209 174
a=02b=0.05 144 132
a=0.4b=0.05 83 133
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3.4 §an1sANYIYSIAN (1-2)[0.95Ba(Tig 9,5N0.08)O3 — 0.05BagesCag o5 Tio o752 0.02503]-
z(Nag 5Ko.5)0.94Li0.06NDO3
Tovhnswseuwsidn  (1-2)[0.95Ba(Tig.055N0,08)035—0.05BangsCao os Tio 97521 0.025051-z(Nag s
Ko s)ooaLio0eNDOs 1ilo x = 0, 0.05, 0.10, 0.15 waz 0.20 seianausenlmuuuildtiumly Tnevh
LAY Ba(Tip,SNg.0s)05 (BTS) Viqmm:ﬁ BagosCag o5 1097521002505 (BCTZ) g (Nag5Kq 5)0.0a
Lip.0sNbO3 (NKLN) ﬁqmmﬁ 1200 °C, 1000 °C way 850 °C mud1du tHunaiuiu 2 Flus wazin
FuwmeimeTsaunns1siu 2 38 Ao msBumesuuuUnd (CS) Aigamndl 1350 - 1500 °C WHurauy

2 319 (T/4,/0/0) waznISTUABSUUY 2 Juneu (TSS, Ty/t/T z/tz)IG]EJIuGZj"J\‘iLLSﬂ%LmﬁquﬂuﬁEﬂﬂ

(T}) 1300-1500 °C uazusiidly 15 wait (t,) 9ntuangumaiinuaundigamail 400-1200 (T,) Wy

Y

v

AU 6 TN (t,) lanan1sIdenaedl

3.4.1 nan1sAnYINgANSSUNSIAWEVRRYsIEN (1-2)[0.95Ba(Tip 9,5N0,08)05 —

va9598ens (XRD)

= o a (3 a 14 a dy v a 4 !

Wevhnslmghesiinaiginaiansiiediuuvesisdiond (XRD) wuin sUwuunns
WIBumeslinangslitsdAnnelasead1awanvasesiin (1-2)[0.95Ba(Tigs,SNe.0s)05—0.05Bages
Ca0>05Ti0'975Zr0>02503]—Z(Na0'5K0'5)0'94U0'06NbO3 LLG]Iﬂ’]iLaiI NKLN VTﬂﬁL%SWﬁﬂﬁIﬂiﬂﬁ%’NLﬁuﬁ’lﬁﬂ ﬁ'\‘i

nandluguil 3.75-3.76
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gﬂﬁ 3.75 NANTIATITNLASIAS19A8 XRD voaas13in (1-2)[0.95Ba(Tiy.055N0 08)Os —0.05Bas
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0.95Ba(Tig.925N0 08)03 —=0.05BaggsCag o5 To.075Z10.02503] (z = 0.0) odumasuuu CS (n)

ey TSS (V)
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1400 + 0.10
1 0.09
1200 ]
1 0.08
8 ]
2 1000 - 1 0.07
8 ]
n 1
2 200 - 1 0.06
o ]
o - 0.05
L 600 - 1
5 T 0.04
Q@ ]
© 1 1 0.03
2 400 ]
- + 0.02
200 - T Pt N rmore ]
Nl as T oo
0 . . . VY 0.00
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Temperture (°C)
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1200 + 10 kHz
i ceeeee 100 kHz 1 008
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c 800 - [ 008
o
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2 600 |
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A 400 :
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a 1 PN a a 1 = a & a a [ a a
;J‘IJ‘VI 3.100 ﬂ']ﬂﬁ‘VIlﬂ’e]Lﬁﬂ‘V]iﬂLLagﬂ']ﬂ'ﬁEjﬁUuLﬁﬂlﬂ@mﬂ‘miﬂL‘VIUUﬂUQMﬂQN‘ZJ@QL‘(IT]NﬂiHi%UU
0.8Ba(Ti.925N0,08)03 =0.05BagesCag o5 To.975270.02503] = 0.2(Nag 5Ko 5)o.04Li0.06NDO3 e

Fumoskuu CS (n) way TSS (@)

Dissipation factor

Dissipation factor
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a

=] ! = a & a ! = a & a a a
M19190 3.18 mm‘mlmaLaﬂmmLasmmsqmLaalﬂmaﬂwsmmzqmmqu A3 (TC) VBIYINUN

Y

(1-2)[Ba(Tig.925N0,08)03 - (Bag.95Can 0s)(Tin.9752r0.025)03] — z(Nag 5K 5)0.0aLin.0sNDO3 Bk
Fumosuuy CS finuid 1, 10 way 100 kHz

403 A14D (kHz) T. (°C) €, (max) tan O
1 36 11460.09 0.0275
z=0 10 36 11022.34 0.0255
100 36 10618.53 0.0286
1 33 1629.65 0.575
z =0.05 10 29 2079.98 0.1205
100 < 27 - -
1 < 26 - -
z=0.10 10 < 26 - -
100 < 26 - -
1 34 1258.18 0.0109
z=0.15 10 36 1236.33 0.0113
100 36 1213.53 0.0172
1 36 1171.88 0.0095
z=0.20 10 34 1152.45 0.0125
100 36 1129.72 0.0194

o ' a a @ a ) a a & a A a a
MN1914941M 3.19 mm‘mlmaLaﬂmmt,agmmsqmLaalmmaﬂmmmgqmwgmqi (TC) VILYINUN
(1-2)[Ba(Tig.92,5N0,08)03 - (Bag.95Cap 05)(Tig.0752r0.025)03] = 2(Nag 5K 5)0.94Li0. 0sNDO3 Bk

FUmoSWUU TSS M1A1uA 1, 10 wag 100 kHz

ang A2148 (kHz) T, (°C) €, (max) tan &
1 49 16255.32 0.0196
z=0 10 49 15739.2 0.0275
100 49 15114.45 0.0559
1 < 29 - -
z =0.05 10 < 29 - -
100 < 27 - -
1 < 26 - -
z=0.10 10 < 26 - -
100 < 26 - -
1 31 1292.66 0.0121
z=0.15 10 33 1269.83 0.0118
100 33 1244.23 0.0176
1 a2 1150.08 0.0152
z=0.20 10 42 1149.85 0.0193
100 41 1150.15 0.0142
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3.4.5 namsanwauUainelediannsnvaawsiin (1-z)[0.95Ba(Tiy9pSNg 0s)O5 ~0.05Bages

Ca.05 Ti0.975Z0.025031-2(Nag 5Ko 5)0.94Li0.0sNDO3

dSuauUiieledannsn (ds) ¥0uws1inluseuy (1-2)Ba(Tiye,SNes)Os —
0.05BangsCag.05 Tio 975210.02503) — (Nag sKo.5)0.0aLi0 0sNDO3s WUINEINITATAAT o35 I¥ansdumy 7 <
0.10 dwdunsalfumosuuu CS uazinldnn z iilodunasuuu TS IneilAgaan 583 pCO/N Lile
Fumosiuu CS e 2 = 0 seiliosrntusuiifia NKLN Sgamgfiediisn Jehliliannsolnadld
Fanandlupsed 3.20

A15797 3.20 ApsTluiteleBLEnmSn (ds3) V9WUNU (1-2)[Ba(Tig.025N0,08)03 -(Bag.95Can.0s)XTin 75

Z10.025)03) — z(Nag 5K 5)0.0aLi0.0sNDO3 PHIUNIBURBSUUY CS way TSS

d33 (pC/N)

ans
&S TSS
z=0 588 142
7 =0.05 75 65
7z =0.10 72 70
z=0.15 Tnalyla 70
7 =0.20 Tnalaile 70
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3.5 NAN15A5IE0UIAUITTNBUNIBATvLYs1NTnT e A laeldwallAN1SAASIZIAe SadLland
LUUNSZRNUWAIIU (EDS)

9N5U7 3.101-3.104  uansmsilaszviesAUszneumaaiveawsfinfiwionlaluszuy
Ba(Ti, Sn)O5—(Ba ,Ca)(Ti, Zr)Os—(Na, K, Li)NbO3ﬁmuﬂ'mm%uma%uw CS uag TSS aay X -
ray -mapping Lilegninszaefivessigluasietns nuinsgnndiinsnszanesessainiane
Jatuny uarliviinasuaniined 3.21 Sssduldhuinuseildnsdiunesuuu €S
way 7SS Talwihdu vailifosngampinazinanlunsdumesunnsieiu uonand aannsduan
wt%  wesAmamguivesesduszneumaaiveasinin wuidildileiisufuaniamguiie
nafudntios neikiesenAEsuYes Ba war Ti dnsdeusiuiu (over lap) Saoravilinns
AnTgiidsiinueanaindeuaindimsaziy

A519dl 3.21 U'%mmﬁmﬁﬁiumié’aasmL%iﬂﬁﬂ BaTin,9,5N0.0503, Bag7CagsTiOs,
(Bag.sCao»)Tip.0sZr0.05)05 wag 0.5BaTipgsSNo 1,05 — 0.5 Bag7CansTiO; Walk@uwnas
WuU CS thag TSS

v - U3110u519 (Wt%)

Adeg1aLYIdn - - o o =
BaTig0,SN0 0505 — CS 720 | 241 3.9 - -
BaTiy0,SN0,0s05 — TSS 725 | 222 53 - -
Bag:CagsTiOs - CS 55.8 | 37.7 - 6.4 -
Bag;CagsTiOs — TSS 60.6 | 306 - 8.8 -
(Bag5C0.2)(Tio 05Zr0.05)05 — CS 66.6 | 25.7 - 4.9 2.9
(BapsC20.)(Tio 0570.05)05 — TSS 66.1 | 26.1 . 47 29
0.5BaTig555N0.1,05 — 0.5 Bag-Cap sTiO5 — CS 673 | 258 38 31 :
0.5BaTig565N0,1205 — 0.5 Bag,CagTiOs — TSS 685 | 24.1 4.4 3.0 -
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BTS3-C1400

(n)

BTS3-T900

T
100m [ 9 0 1 12 ke

Sn Lo

- um
f 100um !

()

gﬂﬁ 3.101 gULmums’imswﬁdaaﬂiwmawwﬁuﬁ' (X -ray mapping) U84FuNULYIIHN
Ba(Tiy 9,5M0,08)05 (M) CS @y (1) TSS
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BC0.3T-T750

T
12 kev|

()

¥ '

U 3.102 sULUUMTATEdBINTIARNEIT (X-ray mapping) YesTuIITITIN
Bao7CagsTiOs (n) CS wag (V) TSS
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BCTZ-C1300

=

)

Ul 3.103 sUuUUMTIATIEsIdRINTIARNIENUT (X -ray mapping) YosTUILLI TN
(Bag §Cag 2)X(Tip052r0,05)05 (1) CS wag (V) TSS



W ers-05eCT-C1400

B

i
Sn
ca

BIS-0.58CT-1900

;nJ‘T/'i 3.104 giJqumﬁmiwﬁdmﬂiﬂmawwﬁuﬁ (X -ray mapping) Vst uaLLs1En
0.5BaTigggSNo.1205 — 0.5Bay ;Cag 51105 (1) CS wag (W) TSS
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3.6 naaasUszendldiwsinieladidnniniiwiealdluaunsaididinnsetindegiedng

Fovhmsuszendwsdinfinienldlagliisasedieine dauansluguil 3.105 nuin ilelsiuse
Auiesdin awnsainausedng v fiatuld Tneausnsindasiidniutudieliusanauas
Uaeeesrarileaiuszoznaiuiu Jannsaasuliinesiinfvienldannsailulssgndliiiy
nuaResldierefuinsveneduguiimvay

Sample

JUT 3.105 1vsegshwdmsunadeusdnifisleBidnniniiwseule



4. a3UKaEINTAINANTTIVY

TuanAdeilldvihnsfnunszuiunswiouuarauiivesiangiieledidnvsnliasnziudu
aeAUsgnaulusyuu Ba(Ti, Sn)Os — (Ba, Ca)XTi, Zr)O; — (Na, K, Li)NbO; lagvinnrsdne
Reoulauazfiulsne senisiaua lassasnsgania autainienienmuaglviveawsiiin Al

1)

Anwgamngidunesd JULUUNTWITWReS kaziarlun1sunduinesvedysiin
(Nay K, Li,NbO; dlo x = 05 waz y = 0.06 AonsAnE lassai1egania aulds
yemeniazlii TnswnBunesiigamaiiang 9 fe 1100 - 1160 °C Hunan 2
Falus d1msun1s3uLmesuuy CS uag T1/10/1020/6, 1160/t,/1020/6,
1100/10/T,/6, 1160/10/1020/t, uaz 1140/10/1020/t,
Anw19vsnavesUSuaFLANYeLYsN BaTi,,Sn,Os ilo x = 0.04, 0.08 uay 0.12
bae (1-2)Ba(Tip g5SNg 12)03-2Bag 7Cag 3 TiO, dlo 7 = 0.1, 0.2 waz 0.5 dlowdunes
WUU CS figamgdl 1350 - 1500 °C Wunanuu 2 $alus uazdumosuuy 1SS Taeld
Gouly 1500/15/T,/6 \ilo T, wihiu 700-1300 °C (T,)
AnwdnSnavesUsinaiinvenesiin (Ba,,Ca, )T, Zr,0s Wie a = 0.05, 0.2, 0.4;
b = 0.025, 0.05 wag a = 0.05, 0.1, 0.2, 0.3, 0.4; b = 0 WawFWABTLUY CS T
gmumgil 1200 - 1400 °C 1Hunatum 2 $alus uazdumosuvu TS TngldFouly
1800/t,/T,/6 \§io t, Wiy 0, 15 W1¥t waz T, wiru 550-1200 °C
ANYIBNTNAVIUSUIUARNVD LY TN TUTEUY (1-2)[0.95Ba(Tig9,SN0.08)05
0.05BasCa0 05 Tio0752Z10.02505~2(Nag sKo s)o.oaLio osNDO5 1518 x = 0, 0.05, 0.10, 0.15
way 0.20 Wiawdunasuuu CS Viqmmﬁ 1350 - 1500 °C tJurianunu 2 $alus uay
Fuwmosuuu TsS Iaelddeuly T/15/T,/6 e T, wiafu 1300-1500 °C uaz T,
WNAU 400-1200 °C

HaIINNNTITEaTULad audinianienin nmsiiawla lasaasiagania wagaudinialnii

=
4

Wuegiuguuuuniswuaalel gamgiigunesiariiailun@unes vlauasuTunudusiun

WnasllegelitudAty Aiseaziduanalil

1)

185930 (Nag sKo s)o.0aLi 0sNDO5 SlAT9@319KANKU orthorhombic wazdimladiaosin
Sadglunnansfiogng Funuiidumesuuu TS finsurundnasdilefouiunis
Fuimesuuy €S Faanshmsduaesuuy TsS awnsadudsnisiaveansuld Ty
Tassadaganiaiiaiansuasivunninsulszann 2.5 pm woluiegaileduimes

eleuly 1160/10/1020/6 wsniinfifianunuiwiugeasiiandfladiinninia fe

4

a

WNUNTUADIWUY CS el 1100 oC dmTulsdinigumeoswuy TSS el T,

Y

=3

= 1160 oC (T,/10/1020/6) %30 t; = 10 W¥ (1160/t,/1020/6) AeiAn5geyldeniy
Tadidnn3ntesndn waziilowdsan T, (1160/10/T,/6) Wuin AINTSgydenslo-

Bidnv3niesiign e T, = 940 °C wenandmsTumesiagld T, Aidias fie 1140
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oC llaaudiladidnnsndisneniinisld T, = 1160 °C Tnsaasdiladidnn3nilan
anas Lﬁal,ﬁmqmmﬁ T, way T, miilesannsiutuvesunnsy Tuwned 7o
flnanas wag T, sty Wewiuna ¢, uas t,

w5180 BaTi,,Sn0, TlAs1E519NENLUL tetragonal Tuwilduudsuudadasasng
wanu Cubic 1o x = 0.12 FuruiBumesuUy TSS fnsurumdnauiediouiu
ASTUABSUUL CS  WABBUIMUALAY Bag-CansTiO; HuunaLnsuldnningusy

v 1
A a =

BaTi;,Sn,05 Wsfinfifiauvuiuiugeazdauifladiann3nia fe Jusunidusnes

a

wUU CS Viqm‘wm 1450 °C il x = 0.12 Ipeflen € Wiy 22,273 wazdl tand

Y

WINAU 0.028 AANND 1 kHz  dnsuesifinidumasuuu 1SS Iaglddeula

1500/15/1200/6 1o x = 0.12 §f €, Wi 25,969 uazilan tand wiriu 0.026 9
prwd 1 kHz dmsugamgil T fieanas leviina x anndu dwdulussuy
(1-2)Ba(Tig ssSN0 1,)05-2Bag 1Cag sTiOs WU ToUsINa BCT (2) Wiudu dewald T,
qa%mﬁmﬁaa anURuielaBLanyn (dss) aeaanulunsd x = 0.08 Tnedian 465 pC/N
lownBwneduuu €S war 447 pON  lewndumesuuu 1SS dmfussuy
(1-2)Ba(Tig.855N0 12)05-zBag 7Cag 5 TiOs WUINHAT ds; UWo8nINSEUU BaTi,Sn,O5 110
TnefiAngeandl z = 0.1 §lf1 84.3 pC/N lewBumosuuy CS wazdi z = 05 il
71.7 pON dlown@umasiuu TSS

W318N (Bay,Ca,)TiypZr,05 HlAT9as19aniuy orthorhombic AsLAN Ca vinlinns

LU RI8E19 gunniTunesuazvuanIuinas luvaeinsiu Zr dewa

'
=

nsuiivualadu gaumll To anauio a waz b WNTW Faw513N (BagesCagos)

'
P

(Tig.975Zr0.025)05 wansauUANSINANANan Ao ds; ~233 pC/N Waduimesiuy CS

q

L"?Ii’]ﬁ ﬂIUigUU (1‘2)[095 Ba(Tio‘925ﬂ0‘08)03 —O 05 Baogscao'os—rio‘97SZr0_02503:|—Z(Nao_5

Ko.s)ooalioosNDOs  A15LAN (Nag sKo s)o 0alinosNDOs Ik S1ANHLASIAS1INAN LU

a

AN AAMUNUILUY VUIALNTULALRUNAT T anad dswalesfinluszuud
andAlnT LR urogelsAnIn w180 0.95Ba(TigssSNees)Os  ~0.05Ba0ssCao os
Tio 97527002503 (z = 0) LLamauﬁ’aLﬂEJI%SLﬁﬂw%ﬂﬁﬁﬁthﬁ’;ashmmswﬁm%mlﬁ
Ao dys ~588 pC/N wleTumesuuu CS

dmunsinuigamgiimsiasuila wuin 7o %uaaiﬁ'wﬁmazﬂ%mmﬁa@mﬁLamq
U Ao 7o fuunldufindulussuy (1-2)BaTio gsSo 15)05-2Bag-CagsTiOs Lilo z 17n
i Tuvaedt 7. Suwnlduanaaddewdu Sn, Ca, Zr way (Nag sy sosslio sNDOs Batlu
nsBuduidududluunmuiidiumiees A way B site 203lAs3a3ne perovskite 184
aseen uay gamndl T Ngaitganuluasineg19luszuy (NagsKos)selioosNbOs
Inedrnasseann 402 °C
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6) dnSvanvafieledidnnsnvesrsiniiaiouls wuin dss ﬁﬁw%uagjﬁ'wﬁmaz
Usinadiauiiduadly Tassa$endn Aanamuindy uarlaseaiagania lng
W AATUIEUU 0.95Ba(Tin 055N 08)03 —0.05Bag95Ca0 05 Tio 97521002505 UA diss Qqﬁqﬂ
fio 588 pCO/N shililosnnanumuiudugauaslasiaisaniafiuiuiazaiiaye
1niign
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Abstract

(Nag 5K0.5)0.94Li0.06NbO3 lead-free ceramics were prepared using two different sintering methods: a conventional sintering (CS)
and a two-step sintering (TSS) techniques. Different sintering temperatures were considered to optimize the density,
microstructure and electrical properties. For CS, the grain size of samples sintered in this method increased continuously with
the density decreased. By TSS the sample initially heated to 1160 °C, highest density (97%) was achieved after holding at 980
°C for 6 h. SEM micrographs revealed that two-step sintering decreased the grain size from 7.0 pm to 2.5 um compared with
conventional sintering, as the result of a lower holding temperature. Moreover, the volatilization loss of Na and K elements
could be inhibited by two-step sintering. XRD results indicated that the secondary phase formed in all samples but it decreased
after increasing of CS-sintering temperature. It was also obtained that the two-step sintering improved electrical properties of
samples. The Curie temperature (T¢) increased with increasing of the holding temperature. Sample with the optimal sintering
process: T1=1160 °C, t4=10 min, T, = 940 °C, t, = 6 h, excellent properties of dielectric constant (¢;) = 530, dissipation factor
(tan &) = 0.02, Curie temperature = 388 °C, and piezoelectric charge constant (dz3) =168 pC/N were achieved. © (2014) Trans
Tech Publications, Switzerland.
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Abstract. (Nag 5K 5)o.94Li19.06NbO3 lead-free ceramics were prepared using two different sintering
methods: a conventional sintering (CS) and a two-step sintering (TSS) techniques. Different
sintering temperatures were considered to optimize the density, microstructure and electrical
properties. For CS, the grain size of samples sintered in this method increased continuously with the
density decreased. By TSS the sample initially heated to 1160 °C, highest density (97%) was
achieved after holding at 980 °C for 6 h. SEM micrographs revealed that two-step sintering
decreased the grain size from 7.0 um to 2.5 um compared with conventional sintering, as the result
of a lower holding temperature. Moreover, the volatilization loss of Na and K elements could be
inhibited by two-step sintering. XRD results indicated that the secondary phase formed in all
samples but it decreased after increasing of CS-sintering temperature. It was also obtained that the
two-step sintering improved electrical properties of samples. The Curie temperature (7¢) increased
with increasing of the holding temperature. Sample with the optimal sintering process: T;=1160 °C,
t;=10 min, T, = 940 °C, t, = 6 h, excellent properties of dielectric constant (€¢;) = 530, dissipation
factor (tan &) = 0.02, Curie temperature = 388 °C, and piezoelectric charge constant (d3;) =168
pC/N were achieved.

Introduction

In recent years, sodium potassium niobate (NagsKosNbO3;, NKN)-based lead-free piezoelectric
ceramics have been widely studied to replace Pb-based ceramics as being more environmental
friendly [1]. However, pure NKN ceramics are difficult to densify by normal sintering due to the
high volatility of alkaline elements at high sintering temperatures, and so the NKN ceramics exhibit
poor piezoelectric properties (d33 ~80 pC/N and k;, ~36%) [2].

The two-step sintering has been reported for preparing another ceramics to obtain fully dense
nanograin ceramics because it suppresses grain growth in the final stage of sintering [3]. This
special sintering process could be seen as the heating rate-controlled sintering and the low-
temperature sintering process. It can eliminate the pores and reduce the volatilization of the low-
melting-point substances [4]. Microstructures as well as electrical properties of NKN ceramics are
extremely sensitive to sintering temperature and also the sintering time. Zhao et al. reported the
piezoelectric coefficient of ~268 pC/N can be achieved by optimizing the sintering temperature of
LiTaO;-doped NKN ceramics [5]. In the present work, a study concerning the sintering of
(Nay sKo.5)0.04Li90sNbO3 ceramics was carried out using the conventional and two-step sintering
methods, and the effects of sintering condition on the phase structure, microstructure and electrical
properties of (Nay 5Ky 5)0.904L19.0sNbO3 ceramics was systematically investigated.

Experimental

(Nay sKo.5)0.94L19.0sNbO3 (NKLN) lead-free ceramics were prepared by a conventional solid-state
reaction process using two different sintering methods: a conventional sintering (CS) and a two-step
sintering (TSS) techniques. The starting materials were Na,COs (99.9%), K,CO3 (99.0%), Li,CO3
(>99.0%) and Nb,Os. The powders in stoichiometric proportions were thoroughly mixed and ball-
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milled in ethanol for 24 h using zirconia grinding media. After mixing, the slurry was dried and
calcined at 800 °C for 2 h in air, then re-milled and dried again. The obtained powders with 3 wt%
PVA binder were pressed into disc-shaped pellets of 15 mm in diameter at 100MPa. Sintering of the
green bodies was carried out by CS and TSS methods. The CS was carried out at 1100 — 1160 °C
(Ty) for 2 h (t;) in air with a heating rate of 5°C/min. For the TSS, the sintering procedure was
programmed from the first-step sintering temperature (T;) with a rapid heating rate 10 °C/min, then
held for 10 min (t;), and then rapidly cooled to a lower second-step temperature T, at 20 °C/min.
The temperature was held at T, for 6 h (t;). The symbols ““T;/t;/0/0°" and ““T,/t;/T/ty>” were used to
indicate for conventional sintering and two-step sintering, respectively.

The phase structure of the samples was examined by the X-ray diffraction (XRD, X’Pert MPD,
Philips) using CuKo radiation. Surface morphologies of sintered specimens were observed by a
scanning electron microscope (SEM, Quanta400, FEI). The bulk density of sintered samples was
determined by the Archimedes method. Silver paste was coated on both sides of the specimens after
firing at 600 °C for 10 min to form electrodes for the dielectric and piezoelectric measurements.
The dielectric constant as a function of temperature of the sample was obtained by using a high
precision LCR meter (LCR 821, GW INSTEK). Piezoelectric properties were measured using a
piezo- ds3 meter (YE2730A d;; Meter, APC International, Ltd.).

Results and discussion

Figure 1 shows the XRD patterns of the NKLN samples sintered under CS and TSS conditions.
Both the samples displayed a similar pattern to that reported previously for orthorhombic NKN-
based ceramics [6]. It was also found the secondary phase of a tungsten bronze phase (e.g.,
KsLisNb;¢O30) formed in all samples but it decreased after increasing of CS-sintering temperature.
In addition, the positions of the diffraction peaks of the ceramics slightly shifted to higher angles
with increase of temperature T; and T,. Therefore, the geometrical distortion of the ceramics was
induced by sintering at high temperature.

(110)
(110)

(110)

1160/10/1020/6

‘A /\ ‘ \1160/10/900/6

Intensity (a.u.)

1160/120/0/0

1100/120/0/0

20 25 30 35 40 45 50 55 60
20 (degree)
Figure 1. X-ray diffraction patterns of the NKLN ceramics sintered under CS (1100/120/0/0 and

1160/120/0/0) and TSS (1160/10/900/6, 1160/10/120/6) conditions (* = K¢Li14Nb;cO3p).

The SEM micrographs of the samples sintered under CS and TSS conditions are shown in Figure
2. All compositions showed secondary recrystallization and the grains were generally rectangular in
shape. For CS-samples, the microstructure became denser and the grains size was much larger (up
to 7.0 um) when T, increased from 1100 to 1160 °C. The reduction in grain size can be observed in
the microstructure of TSS- samples. It is revealed that the two-step sintering had an evident effect
on grain size reduction, as a grain growth inhibitor. A fine-grain microstructure can thus be
obtained using two-step sintering with average grain sizes ~2.5 um for sample with 1160/10/1020/6
condition. Thus, two-step sintering method avoids undesirable grain growth and provides a finer
and uniform microstructure, which is an attractive feature for the processing of electroceramics.
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The densities of the NKLN samples sintered under different condition are shown in Table 1. For
CS, the highest density (4.256 + 0.01 g/cm’) was obtained for the samples with 1100/120/0/0
condition, equivalent to the relative densities of 94%. Further increasing sintering temperature to
1160°C led to the decrease of density, which was due to the volatility of K;O and Na,O in the
ceramics for high sintering temperature. The sintering of NKLN ceramics was much improved for
two-step sintering, and the sample with 1160/10/980/6 condition demonstrated the highest density
of 4.375 g/em’, which corresponds to 97% of the theoretical density. This result indicates that the
two-step sintering process is effective for the densification of lead-free NKLN ceramics, despite no
smtermg addltlve and cold isostatic pressing are used.
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Figure 3. Temperature dependence of dielectric constant for the
NKLN ceramics sintered under CS (a) and TSS (b) conditions.

Figure 2. SEM m1crographs of the NKLN ceramics
sintered under CS and TSS conditions.
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The temperature dependence of the dielectric properties for the samples sintered under CS and
TSS conditions measured at 10 kHz is shown in Figure 3, and Table 1. The two phase transitions,
corresponding to the orthorhombic to tetragonal (7p.7) and ferroelectric tetragonal to paraelectric
cubic (7¢) phase transition, are clearly observed. It was found that the 7.y and T¢ of the CS-
samples showed composition inhomogeneity with increasing sintering temperature T,. After
sintering by two-step sintering, the 7.7 shifted to higher temperature. The 7¢ value of the TSS-
samples also increased slightly from 387 to 395 °C. It is obvious that the & of the NKLN ceramics
decreased after the sintering temperature T; and holding temperature T, increased. This is due to the
increase in grain size.

The piezoelectric property of poled NKLN ceramics is shown in Table 1. The two-step sintering
method greatly enhanced the piezoelectric properties of the NKLN ceramics. The best property with
a dz; value of 168 pC/N was obtained in the composition with 1160/10/940/6 condition. It is
believed that the observed high piezoelectric property should be ascribed to the high density, and
good electrical resistivity of the ceramic. The CS-samples showed the lower value of the d3; value.
It may be partly caused by the volatilization of alkali elements during the high temperature
sintering.

Table 1. The density, & and tandat room temperature (RT) at 10 kHz, orthorhombic-tetragonal
polymorphic phase transition temperature (7¢.7), Curie temperature (7¢) and piezoelectric constant
(d33) of the NKLN samples sintered under CS and TSS conditions.

Samples Sintering Density &, RT tand, rr Tor Te ds;
condition (g/cm’) (°C) (°C) (pC/N)

CS-sample 1100/120/0/0 4.256 486 0.031 132 402 129
1120/120/0/0 4.162 431 0.033 121 396 116
1140/120/0/0 4.014 416 0.232 142 401 114
1160/120/0/0 4.018 340 0.217 167 380 95

TSS-sample 1160/10/900/6 4.260 519 0.029 125 387 163
1160/10/940/6 4.280 530 0.021 126 388 168
1160/10/980/6 4.375 433 0.017 130 391 150
1160/10/1020/6 4.258 520 0.031 132 395 145

Summary

Two-step sintering method was successfully applied to improve density and piezoelectric property
of the NKLN ceramics. Results show that an orthorhombic phase appeared in all samples. The
density, microstructure and electrical properties of the ceramics sintered by conventional and two-
step sintering techniques were obviously dependent on sintering temperature (T, T;). The final
grain size of the samples sintered by two-step method was ~ 2.5 um, while it was ~ 7.0 um for the
conventional sintering. The two-step sintering also enhanced electrical properties of samples. The
T¢ increased with increasing of the holding temperature T,. The sample with the optimal sintering
condition: T;=1160 °C, t;=10 min, T, = 940 °C, t, = 6 h displayed excellent overall properties: €, =
530, tan 6= 0.02, Tc =388 °C and d3; =168 pC/N.
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Abstract. In this work, the (Ba;.,Ca,)(Ti;.,Zr,)O; lead-free ceramics were prepared by the two-step
sintering method, and effects of Ca and Zr contents on phase structure, densification,
microstructure, and electrical properties were investigated. It was found that all samples showed
orthorhombic phase. The highest density of 5.84 + 0.01 g/cm’ was achieved in x = 0.05, y = 0.05
sample. The average grain size, phase transition temperature, dielectric and piezoelectric properties
significantly decreased by introducing of the Ca/Zr content. The ceramics with a small amount of
Ca and Zr maintain good piezoelectric properties, and a lower dielectric loss. The composition with
x =0.05, y=0.025 demonstrated optimum electrical properties of d3; ~211 pC/N, T¢c ~ 119 °C, & ~
1788, and tand ~ 0.04.

Introduction

Ferroelectric materials have been extensively studied for application in electronic devices. As
environmentally friendly materials, lead-free piezoelectric ceramics are of potential interest as
alternatives to lead- based piezoelectric ceramics. Barium titanate (BaTiOs) is one of the most
widely studied lead free piezoelectric materials due to its excellent dielectric properties [1].

It is known that the doping is an effective way to improve the material performance in
electroceramics. The substitution of Ba by Ca in the BaTiO; perovskite results in an improvement
in the temperature stability of piezoelectric properties for many practical applications [2]. In
addition, Zr-substition at Ti-site has been found to be an effective way to decrease the Curie
temperature and improve the dielectric behavior of BaTiO3 [3]. Liu and Ren [4] also reported a Ca
and Zr co-doped BT system with extraordinarily high d3; (~ 620 pC/N), which can be comparable
with PZT.

The two-step sintering as a pressureless sintering technique has been used for preparing another
ceramics to obtain fully dense nanograin ceramics because it suppresses grain growth in the final
stage of sintering [5]. This special sintering process is the heating rate-controlled sintering and the
low-temperature sintering process. It can eliminate the pores and reduce the volatilization of the
low-melting-point substances [6].

In general, the two-step sintering technique is effective not only to densify the ceramics, but also
to decrease their sintering temperatures. In the present work, the sintering of (Ba;.,Ca,)(Ti1.,Zr,)O3
ceramics was carried out using the two-step sintering method, and the effects of Ca and contents on
the phase structure, microstructure and electrical properties of (Ba;..Ca,)(T1,.,Zr,)O3 ceramics was
systematically investigated.

Experimental

(Ba;.«Ca,)(Ti;.,Zr,)O3 (abbreviated as BCTZ: x = 0.05, 0.2 and 0.4; y = 0.025 and 0.05) lead-free
ceramics were prepared by a solid-state method. Raw materials were BaCO; (99.0%), CaCOs
(99.0%), TiO; (99.9%) and ZrO, (99.0%). All powders were weighted according to the
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corresponding chemical formula of BCTZ, and then were ball milled in alcohol using zirconia balls
for 24 h. BCTZ powders were first calcined at 1050 °C for 2 h. The obtained powders were mixed
were ball-milled again for 24 h, dried and then mixed with a polyvinyl alcohol (PVA) binder
solution. These powders were uniaxial pressed into disk samples with a diameter of 15.0 cm at 100
MPa, and then were finally sintered by a two step sintering method as described below: firstly, the
samples were heated from room temperature to a high temperature T; (1400 °C) with a heating rate
of 10 °C/min, held for a short time (t; = 15 min), and then rapidly decreased to a low soaking
temperature of T, (700-1100 °C) at 20 °C/min, and held at T, for a long time (t, = 6 h) to ensure
enough driving force for grain boundary diffusion to realize a desire final density and while to
inhibit the migration of grain boundary for controlling the grain growth. The symbols “T;/t;/To/t;”
are used to indicate two-step sintering condition.

The crystalline structures of the ceramic samples were characterized by a Powder X-ray
diffractometer (XRD, X’Pert MPD, Philips) using CuK,, radiation. Scanning electron microscopy
(SEM, Quanta400, FEI) was employed to study the surface morphology of these sintered ceramics.
The bulk density of sintered samples was determined by the Archimedes method. Silver electrodes
were fired on the top and bottom surfaces of these sintered ceramics for electrical properties
measurements. The temperature dependence of the dielectric constant of these sintered ceramics
was measured using a programmable furnace with a high precision LCR meter (LCR 821, GW
INSTEK). After poling under dc field of 2-3 kV/mm at 50 °C in a silicone oil bath for 25 min, the
piezoelectric constant ds3 of these poled ceramics was measured using a piezo-ds3; meter (YE2730A
ds3; Meter, APC International, Ltd.).

Results and Discussion

Fig. 1 shows the X-ray diffraction patterns of the (Ba;_.Ca,)(Ti.,Zr,)O3 ceramics with different Ca
and Zr contents. The compositions with x < 0.4 showed a single phase perovskite structure with
orthorhombic symmetry (PDF card #81-2200) and no impurity phase was found within the XRD
detection limit, indicating that Ca>" and Zr*" have completely diffused into BaTiOs lattices to form
solid solutions in the studied composition range. However, the extra peak of CaTiO; (PDF card
#82-0232) was appeared in the x = 0.4 composition. Thus, it was not possible to obtain pure
perovskite phase with x = 0.4. With increasing Ca content from 0.05 to 0.4 mol. the diffraction
peaks shifted to higher diffraction angles, since the substitution of Ba”" sites (1.35 A) by smaller
Ca®" (r=1.00 A) would distort the crystals of BCTZ [7]. Increasing Zr content from 0.025 to 0.05
mol. the diffraction peaks shifted to lower diffraction angles, since the substitution of Ti'" sites
(0.67 A) by larger Zr'* (0.72 A) would expand the crystals of BCTZ [7].
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Fig. 1 X-ray diffraction patterns of the BCTZ ceramics (* = CaTiO3)
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The SEM micrographs of the as-sintered surface of BCTZ ceramics sintered at 1400/15/700/6
condition are shown in Fig. 2. It is clear that the average grain size decreased with the increasing of
the Ca and Zr contents. This revealed that the Ca®" ions enter A site and substitute for the Ba>" ions
and Zr*" ions enter B site and substitute for the Ti*" ions, leading to a decreased grain size to about
2 um at x = 0.4, y = 0.05 sample. It suggested that a reasonable addition of Ca/Zr contents to
BaTiO; solid solution ceramics can modify the grain size of the sample. Fig.3 shows the
microstructures of the ceramics sintered at 1400/15/1100/6 condition. The grain size of all samples
was smaller than the sample sintered at 1400/15/700/6 condition. It is reported that the grain size is
strongly dependent on the sintering methods, and also the sintering temperature and soaking time
[8] such as if T, is too high, grain growth still occurs in the second step. This reduction in grain size
is due to the addition of Ca/Zr content promoted liquid phase at higher soaking temperature, T».

Fig. 3 SEM micrographs of the BCTZ ceramics sintered at 1400/15/1100/6 condition.

Fig. 4 shows the dielectric constant of BCTZ ceramics as a function of temperatures at 1 kHz.
The BCTZ ceramics exhibited two obvious polymorphic phase transitions corresponding to the
orthorhombic—tetragonal (7p_r) and tetragonal-cubic phase transitions (7¢), presenting a normal
ferroelectric behavior respectively. It was observed that 7oy and T¢ shifted towards lower
temperature with an increase in Ca/Zr contents, Table 1. This phenomenon has been found in other
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compounds such as Pb;_,Ca, TiO; and CaTiO3 doped (K sNags)NbOs [9-10]. However, Zhu ef al.
reported that the T of (Ba, Ca)(Ti, Sn)O; samples was increased from 58°C to 64°C by adding Ca*"
ions from 0.00 to 0.06 [2]. The x = 0.05, y = 0.025 sample showed the highest 7¢ of 119 °C. The
maximum dielectric constant (&, ,.c) Was also observed for ~12000 in samples with x = 0.05.
Further increasing x content, the &. .., significantly decreased to lower value of ~3300 for the x =
0.4 sample. At room temperature, the dielectric constant (&) was significantly improved by addition
of Zr content, however decreased by addition of Ca content. The improvement of & is due to the
highest density (Table 1) and there was no affect from the & of BaZrO; (& < 100) [11]. The tand of
the BCTZ ceramics also tended to decrease with increasing Ca/Zr content in the studied range and
the maximum value was <0.03 until temperature of ~150 °C.

The piezoelectric property of poled BCTZ ceramics is shown in Table 1. The two-step sintering
method greatly enhanced the piezoelectric properties of the BCTZ ceramics at lower sintering
temperature, T, of 700 °C. The best property with a ds; value of 211 pC/N was obtained in the x =
0.05, y = 0.025 composition. Further increment of Ca/Zr content, the ds; gradually drop to 108
pC/N for x = 0.4, y = 0.025 sample. It is believed that the observed high piezoelectric property
should be ascribed to the high density, good electrical resistivity of the ceramic. Meanwhile, Zhang
et al. reported the enhancement of piezoelectric properties of (BaggsCagos)(T11..Z1r,)O3 ceramics
synthesized by the conventional solid-state reaction method could be achieved by sintering at 1350
°C and optimizing Zr content in the range of 0 <x < 15 at.% [12].

Table 1, The density, & and tand at room temperature (RT) at 1 kHz, Curie temperature (7¢) and
piezoelectric constant (d33) of the BCTZ samples

Samples Density (g/cm’) &, T tand, rr T ds;
(°O) (pC/N)
a=0.05,b=0.025 5.794 1788 0.0406 119 211
a=0.2,b=0.025 5.495 950 0.0361 116 199
a=0.4,b=0.025 5.150 942 0.0096 96 108
a=0.05,b=0.05 5.839 1861 0.0335 103 147
a=0.2,b=0.05 5.538 1371 0.0234 102 132
a=04,b=0.05 5.158 1288 0.0113 93 133
= =+ =x=005,y=0025 e N B
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Fig. 4 Temperature dependence of dielectric constant for the BCTZ ceramics
Summary

The (Ba;.Ca,)(Ti1,Zr,)O3 lead-free compositions were successful fabricated by two-step sintering
method at lower soaking temperature, T, of 700 °C. Addition of Ca and Zr contents affected to
phase behavior, density, microstructure and electrical properties. All samples showed the
orthorhombic phase at room temperature; however the secondary phase was found in the x > 0.2
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samples. The highest density of 5.84 + 0.01 g/cm’ was achieved in x = 0.05, y = 0.05 sample, and
then gradually drop to ~ 5.15 + 0.01 g/cm3 for samples with x = 0.4. The increment of Zr content
enhanced densification. The average grain size and phase transition temperature significantly
decreased with increasing of the Ca/Zr content. The best property (ds; ~211 pC/N, Tc ~ 119 °C, & ~
1788, and tano ~ 0.04) was obtained in the x = 0.05, y = 0.025 composition.
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