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Abstract

Project Code : MRG5380203
Project Title : Piezoelectric and Dielectric Properties of Bismuth Zinc Titanate
based ceramics for high Curie temperature application
Investigator : Dr.Sukum Eitssayeam
Department of Physics and Materials Science,

Faculty of Science, Chiang Mai University

E-mail Address : sukum99@yahoo.com
Project Period : 2 years
Abstract:

Ferroelectric materials with high Curie temperature are highly desirable to
construct sensors and transducers for high-temperature piezoelectric applications.
Among the ferroelectric materials, Bi(ZnysTigs)O5: BZT is considered to be one of the
most promising materials. However, BZT is unstable in its pure form and can only be
stabilized under high pressure or in solid solutions with other perovskite materials. In
this study, two different lead free-based ceramic systems were carried out. Firstly,
the complex perovskite BagoSrg1[Tii (FeqsNbgs)JOs (BST-FN) ceramic system with x =
0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 were synthesized via a solid state reaction method. The
structures of the samples were found to be tetragonal and the tetragonality of which
decreased with increasing the FN content. The dielectric constant and loss tangent
were found to increase with temperature. The highest € was 2941 with the tan 0 of
0.713 forx= 0.2 at room temperature and at 1 kHz. Secondly, The (1-
X)Bag oSro1[Tips(Fer,sNby3)0 2]Os—xBiZny 5 Ti1 205 solid solution ceramics were
synthesized via a solid-state reaction method where x = 0.02, 0.04, 0.06, 0.08 and
0.10. The XRD analysis demonstrated that with increasing BZT content in (1-x)BSTFN-
xBZT, the structural change occurred from the rhombohedral to the tetragonal phase
at room temperature. Changes in the dielectric behavior were found to depend on
the BZT content.

Keywords :  Ferroelectric properties, Lead-free ceramics, Piezoelectric ceramics

nia3UlATIN13 (Executive Summary)

nuwaudnannlun1sinemuidevasenansdulng




1. adudAyuazinuvastdym

s a

v o \a o I asy a & a P & ~

HuRAiinsAunvansnauiledianynin lulaeanissen 18 lnewesd wazluas a3
[1]  asnguitledidnvsniluansifant@lanaumsliih  duReTanausailaeuunias
wduldndundinuna  visenndsnunadundsnulniild  wdsantudladnng

o

NI waviauaudRAuAneg  Yesansiledidnnsneganeiiies  auausaRRIuI

)}

L af s =

Jagnlwdidnninunussgndldnuiuegisunsvany lnslamzegrsBamsinudidnvseiind 3

6 &

a1unsnthunysefusidusunsainduissloviuinune 919wy nseaddsuliaininuilay

*9 9

nszud (piezoelectric transducer) Wigaufia (gas igniters) lulasiviy (microphone) d1lwns
(speaker) ffiudszq (capacitor) 1A38INTIVVU (sensors) wazfItuLs (actuator) usiu

[ = a & a 1 |l [ v I A 2/ s L3 Aa
Tanilwddnnindlvgignihundssgndldauduansnilasaiawuumessevlalng 7%

v Y

gnamaniivialufie ABO, e A Wuleesulunguifivssllunils (mono) vieaeaiiaud

q

(divalent) @ B aeillesaulunguany (tr) & (tetra) w30 vLalaud (pentavalent) Teans
& ve ARY) 1 oA oA v va e
nauillasuanuaulalumsideduetvdeilies  Tngiamgegndilaiinnuaulanisfnwinis

willesouuiadnlululassaianesalndnswiumisleosuuinieusulssaudivesans

s

suindulassasranesalndilsdou (Complex Perovskite) 1w anslunquuesianges
Tawalnnun (Pb(ZrTOs, PZT) tanuwundi@eululoiun (Pb(Mg;sND,5)05 PMN) Landen
Tulowus (Pb(ZnysNb,s)0s PZN) wavianilifialulowus (Pb(NiysNb,/s)05 PNN) tusiu
91n15d1379 wasn1sinudmnsldnulugunsaididnnsetindlunguauduses
fltludisumgligs uadlugunsaididnnsedndluiriesudsineg szuiulsinanudesnsd

wiasslunisldaugunsalinsaaudsunuasnnuduagnssua (transducer) UaglATaINTIATY

(detector) fWhanFasiledidnnintu  zdesamnsavhauldlutenm)ingwuninmy

=

Tufeaendn 300°% lagliiianiswdsunvasaudinialiieieg  Geasngnianldaly

Y

anzkuuilonn ansanwasiaiualnnius (PZT) Wuaisnwansautinlediannsnles den

s
a

duusvansamuliindnaas Jeamginiegiiuszunn 390°% washidrdgAoanunsaniey

Y

o

Peuarldoamaiilumawsedlianin wagans PZT dudllanduussavsluiiBenagaiuigs
N weians PZT Afgadenssiiimsgadendsnunoudiegs duluddesnisldans pzT I
losuusylevigaanizdosinfiguugiiniasindifiesdiu Te wagansianalymiue (PbTiOs: PT) 4

Y Y

floamaiin3asds 490°%% usians PT Wuansiwseuldenunilesainiiaudy anisotropy



% =

g9 Jeiealinnsieans Wy uAAWey (Caldum) w3e @1uNSeu (Samarium) [2-4] B4ns

¥ '
A = a aa

Woansivilandnsdiu o/a lundn uazanaamalesnduiisesnisaulusie

Y Y

A X v O v I PN Y Y] = o 8§ ¥a a
E‘Zﬂ5‘1/|ﬂa']'ﬂil'ﬂusl]umuuua')uL‘Uuaqi‘W‘Uigﬂ@‘Ul‘U@'ﬂHaqsmzﬂq ‘UQ‘Vl']I‘ViLﬂ@@JaW‘UG]@

dwnsen  warlulagiuszuraieunnusewelaiinissasedlusesduindouiuegeun
FuilmAnn1sAuaIITomansuia vt ldnaunuasiledidnysnivans  wasdnsiauds

A v v Y A i 3 = a =~ a °
AUNRDINIT  INNITAUATITIRIUIINUINeaY BT Wudnmiadenniiaiazanuisatinun
WU Pb Tuszuu PZT  lasanillassasiamnediannseindiieaeadiuuin  39ladl

= { 1 sala . < [y I | o &
nsAnwanstungunessendlnand B  Wugiuduegiwunsvans  lesaniznsviny
AsarauvaILi (solid solution)

asaimdsAluloun (BiZngsTies0s : BZT) Wuansniafiaulalutagiu fiesnn

'
=

= a a 1 a a a 1 1 =3 L 1 a P
HATYEUNANAT LLazﬂ’]ﬂﬂVI‘lﬂ@Laﬂ‘Wﬁﬂ‘ﬂﬁx‘i LLW@EJ’NIiﬂG]’]&IﬁWS BZT agiuamazlmaamma

Y

Wosuluansusgns  wisnadesluanneanuduguinty  wialeviduasavaievendy

v

sfuansoug Tun1sAnunIdeinusnlawmuians BZT Jefivdnerans BZT vluarsazans

Yol 2 %se 3 aeAUsENaU (binary and ternary system) WU @nsazanevelesyning
BiZNo < TigsO5 — PBTIO, [5] %58 BiSCO; - BiZny Ty sO5 — PbTIO, [6] Wludiu annnisuaiii
MUl wazUsraunsalndsefinuinnuiansuueuleseululewn  (BaFeysNbysOs

BFN) Humsnisiivhaula esnnddasiladidinvingdlutisgumgiiinhedy Sufeun

= Y 1 | = ° ' Y ¢ =
‘U']ﬂﬂ'ﬁLiENWJ@EJ'NVL@JL‘U‘L!§3LUEJ‘U‘U@QI@E]@U@WQ@]']LWMQ B IUIﬂiﬂﬁﬁqﬁLLUULwaiﬂwalﬂﬂ KN

a v

Wlugnsliainauevesansuszneu Inefidnasiiladidnvsnuszanas 40,000 figaungivies

Y

(%
v o

A998 NIwUIN Wawduans BFN adludsans PZT [7] Tudwsiduivungauay

™D

v wAa a & a a a v
anunsanmunantin1eledidnnsnwazlslsardnnsnle

¥
a v A A

matuAdeiddanuaulafiaginuansnguidians BZT Wugw Jaduansiiliud

a159eM Wnedswnunlessunswinunusdlanvadlassasianassenalnaninay wazn1svinti

[V '
@ [y

<, & Y A aa | o & ¢ o
WUENTaLa18UDILYITINNUETBY “VN‘I/IlIG]zﬂ’JLL@%liJiJG]%ﬂ’JLiJUENﬂUi%}ﬂEJU I@‘EJ‘-US‘VI’]ﬂ"Ii

WibuiieuanURveivaesssuy W ansezanevosudiszning PZT-BZT lunguindinenadu

' ' [
o =

93AUsznou waz BZT-BFN Tunguilifineiuduesduszneu wazdaislasduisiiansn

wisuladauifnuanaseenlianidy Jaduiaianisinetssziinsiauiasnguiledian-

viniflgamgiinias IndauUAmailediann3nifvuiniienduaislungy PZT vie PZN 7



Iiueglutdaguld  FeensagyhlvimuansludiiaudlnihafduinlugnisiaunJannldlu

Y

2N1sgaamMnssudiannsetindsiely

o/

ngUszeeA
2.1@nwnswseanswiinguladagedluleiun WAz bunguilldl

[

gumgiiedgetu  lnemsunuilevsesiludumisTled  uasviliiduansazane
voudaduansaneg

2.2fnw i Tannmsvesranaglassaiiaganiruesvesmazan ses findinTenls

2. 3@nwantAimaladidnmin wislsdidnvin uariledidnninvesansiesfiniimSenls

2. ameuduiudszrinsleulunsinion Tassadigania wia wavasifsneg v
SnfnTels

2 5uilehnasAfeildlumswnslunsansinnsssiuuuea

2.6fnwmanulululalunsiilugnisussandldausiely

521U8uTIY

3.1 AnwAunuasuTTeyaTiAaTes

3 24nie g gunsal

3 3duArzikarAnwantinianien nvesnanessenalndwsingu BZT lnedl
wwmsnsidlessuaslulusumdaeled Jlad wasnisiilnduaisazate

@ 1

Yodaduiunguansinessevlalnaliansnzmi wu BFN uaznquaisinessena

Inanflaseena wu PZT
3.4ﬁﬂwﬁi’wmmiéuaqw\laLLaﬂmﬂa%mammaamﬁLm%‘*amlﬁ A8 X-ray analysis,
Thermal analysis &g Electron Microscopy
3.5ﬁwmiﬁﬁugﬂLLazﬁﬂmmiLm%uma%
3.671N1INTIVAOUAN BULNNNIEAIN LATIAI9aNIA kAL aIAUTENOUNMLANYDIENT
wsfinfiwseals
3. 70599 nausAnanslsdidnnsn ladidnvdnuasiledidnvinvesanswsiniiwdeule

3.88fUnenansAnwIkaraTUNANITITnaenIUTBLELDIIY



3. 913U INANUNDNITANUN

4. uwwunsaniuanuidenaanlasenislundazdng 6 nau
4.1 wausieud 1-6

411 Fnwuariuahsunndeyaiiieates  Tasaziuesfinlunguuesans
TaamaeAtulawum (BiZngsTigsOs : BZT)

412 densyuvasmessevalng  warlesoufivzihlufululassads Fwone
msdelusundaeled vsedled waznsviliduansazansveuds

413  ynmedeurivesasdaimddluloweniifinisiuleseulusumniae
log  wisellunlnednsideluvSuianeg  wazmsvilmduaisazane
NI

4.1.4  Anwdesndsidnalunszuiumsinssunsdaivndenluleiun

415 Anwaudinieenudauvsaaiwseuls  wemteaulvlunislyainuiou

s
a

44' v a aaa ' ¢ a a
dielineiauinUfiseegvanysal uasinnuuiansas
4.1.6  ajunaneuasinuinaendudaiauenugluzunuunisifeusieny
Tufoui 1-6 vesmTIeaziiidwneddgaonisdnwauaiveyanddglunisi

Y

zihudanssuvastaimadanlulawawazlossunazinluduluduriaeles  wasUladi
wingay  waznsibiduansazateveuds FudlaudinersaziiluimunnewazUszandla
a & = o = A aa v & & v ¢ A P
239 NUUTVINNTWSToURBLIIN TR LRI TuTUnaUlazAalin1sAnwINaului
o w A ad a Y] X a & v ~ P A aa
d1fny 9191 IBMTeteN 8nsINsW/asuunll wanlunisuy WWudy iellinaesinidl

a

waituav’ dnuihluwiouduesindely
4.2 uNuUFBuR 7-12
421  Fnwdeyauaziuaiufanis
422 hdeyaildnnnalufonsl 1-6 uWSulgIimawieunsvesan el
nudaimdadlulowaiiolvldteulviiiian
423  Fnwidiauinsvearauaslasaiiganiavessidould 1ae78 X-ray

analysis, Thermal analysis &g Electron Microscopy



4.2.4
4.2.5

aAUTeluTesuUTANeY NilkadolWE LazruIANagsITn

L3

=~ a = A a Ny A
LSYULTYINAIULNDNTANUNW (UN 1)

ludoun  7-12  wssnsisvilidvunenagyinnis@nwisnlsnaiaglunismsouns

a aa o A a LN v o a oo
LSIUNNUNERUADINT IWEJV]aqmqiﬂﬂjUﬂﬂJﬂquUﬁqnl/]ﬁvL@ LLawnﬂﬁamJ‘J’]EJNaVlimwa

WIsuNaUluNSARLNYUN 1

43  wRuULAEUR 13-18

4.3.1

4.3.2

4.3.3

434

435

Tudoud

deyanlianualusieui 7-12 weAuneeldusulannuinig

a a [ ! d' ¥ = J
Wi siinlusyuuaina Auszneulumenisiielesouvesasangg

o 1 | o v <

aslusunuereg waznisvinbduansazaneroaunds

° a avy £ A o & a = = =
Wradindle inFugdiveriduesiin wasfnwiteululunisiiain
917LYU NIINTVU AvetRUuNil LarszevlIawY eliwsiiniidl
ANUVUILUNGS Uagdlinan1uifeenis

o = wa 1 a aa a 14 1 wa a «
MnsAnwantRae veaesiinidwmisula Wy audinianslsdianm
3n wagladidnnsn laeanigyinsAnwmanuduiusvesaudRladidnynsn
Wieuiugaumall waraud wagld Impedance spectroscopy 11%ely
nsesurgmnalaniglnil LazeSurenisiia relaxation

o a A a a a =l ) Y @,
nseduselusewednsnansifulessu niensvilmluaisazany

'
a0

Yeauda NineantRsne senesdnluszuutiug

=

ajunan1sidenaenaudeiausiuy Wielnseuwiiniangalunisinly

a 4

Uszgnd waglTeuseINanuieanI A

13 - 18 YpINFILAUNNUENANWIDNTNAVDINITHTEN  LATNITEID

leoouaslumumiseonazdlen viensvililuaisazansvesds Nlreaudfn1e) 205

finTadndadlulaiualidnagluniwunenn uaglassaiaganimveaesiin iellales

a aa wa ad a da ° P = = - aa
MﬂVl@Jﬁll‘UGWlNI@E]Lam/]im/](ﬂLLa%ﬁﬂiJ’l’iﬂuquUU’izqmﬂmlﬂ LLAELIYULIYINAINULND NI WUN

3

4.4  wRuULieuR 19-24



441  eiuTeransAnwLaragUnanTIdenasnutelausuuy Wileviseny
aduauysal
.42  GouBsmanuiiensafiu
Twfount 1924 ﬁL{]mmaﬁ%aﬁﬂﬂEJmamﬁﬁﬂ‘mLLazaEUmamﬁi‘fﬂmaamu

a

UDLAUDLUY LWE]WTE’]EN']UQ‘UU?!@JU?M LAZISHUIS NN ULNORANUN

5. HaW/ATaSasfiaaaziRuilusasinisseduunnnilundazd
U 1 YaZesiinndraziinu:
Phase transitional behavior and morphology of BZT-based ceramics
Fosansfinninashifiun: Materials Characterization (impact factor =
0.932) %39 Current Applied Physics (impact

factor = 1.291)

Yo1509NANNINVLANUN:

b
<.
N

Piezoelectric and Dielectric properties of BZT-based piezoelectric with

high Curie temperature

Fomsansiinadnasiinam: Current Applied Physics (impact factor =
1.291) "ise Applied Physics A (impact factor
= 1.857)



2

d13U8Y

%

AnANIIUUTENA n
UNANLDNIYIDING Y %
mhagulasens A
GREITARIPYY N
ATUIYAT )
undl 1 unin o
1.1 umi 1
1.2 IngUseafueinIsnaass 1
UNil 2 NEERUATNUNILBNETNNIVINTG 3
2.1 lassadaiuumesenalngd q
22 flwddnnsa 6
2.3 wislsBdnmsn 9
231  oumgligiuaznsiasua 11
232 Inanlsiwtu 12

24  aulRladidnvsn 13
241 mpsiiladidnvsn 14
242  anunusensianateaulnivedladidnnsn 15
243 msgadelutantndidnyin 15

25  &uUszAvsRledidnvian 16
2.6 unnwesnaliiheau 18
27 winwesvnunImaang 19
28  FnsuseAvgiesiin 19
29  NTBUIUNTTUMDS 21
2.10 gunsaiileBianvisn 24

210.1 p3perudaluiia 24



%I

2.10.2 uaAYLBINDT 24

2.10.3 UNIUdMILes 25

2.10.4 AINTIVIU 25

2.10.5 qﬂmaﬁmn%’u Surface Acoustic Wave Sensor 26

211 mumumenaIsiieades 28

unil 3 TumeunsEiuNuSe 34

3.1 asedifildlunseSeuesiin 34

3.2 YasuazgUnsaliililunisiniesnesiin 35

3.3 MsWiEUEIingensTUILMSHALLUUDDN R TLuRa IR 37

3.3.1 NISEIPUNSLYIIEN 37

332 miﬁﬁugﬂmwﬁﬂ 37

3.3.3 MSWITURDS 42

3.4 N1SATIVAOUANURAVDILYTIEN 44

3.4.1 MsATERsemAlansAsULYessEond a4

3.4.2 NSHTIVEOUTDYALNITNARUTIUININT 45

3.4.3 ANTATIVEOUATIUNUILULY 46

3.4.4 n1sesdevaNURn1ainin a4

Ui 4 NAaNMAABILAZIATITANENITNAGDS 53

4.1 WwiinaNsaransvaIass Uy BayxSrx[Tiiy(Fei,oNby /)y ]105 53

4.2 WANASALANEVDIMTITLUY Bag oSro[Tir.(FegsNDys),]O5 (BST-FN) 79

4.3 WsINaN5aran8vaITITEU (1-X)Bag Sty 1 [Tios(FeosNDg )0 2]05 — 84
xBiZNsTiosO5 (BSTFN - BZT)

undi 5 agUnanIINaaauataLauaILL 89

5.1 @junan1ivaasy 89

5.2 UDlAuBLUY 91

LBNE1591999 93



CaN
(el
<.

2.1
2.2
2.3
2.4
2.5

2.6
2.7
2.8
2.9
2.10
2.11
2.12

2.13

2.14
2.15
2.16
2.17
3.1

3.2
3.3

3.4

d13ueysy

LERIlASIAT19vag BaTiO;

wanen1sLasulassainaves BaTios

uandlasaainees BaTio; MUAsuudasmugaumyd

arwdiiussevianguiledidnninuazndudesififuguveanin
GHEGL

wanIUsINgNI98d 2 WUU Ae (a) direct effect wag (b) converse effect Tu

ansileBianyan

nslnanlsiwiuvesfanesfindieairsusingmsainledidnnin

LARIANYILD19BENB3Ta (hysteresis loop) Tuasnslsdianysn

nsnszanglulwanlsiwduvesianladidnnsn

wamamsdnisesalnanieluioasiou wazniendsnslaunsli

FuiuUszuauuLy

wanan1smvuafiavisluasilediann3n

wansAudNRLSTEIn TAsuLasdufiunudiieuiuaud

LAAINTUAET () NM3TUmBTTIELAY (b) YasgavinevesnIBunesag

Budu (0) MIBumestaanans (d) msBumestisgeving

wamansasuudasiiiatudlefinsBunes

LEAILATIATNNNTANIATDINTTURDTY NS VRILYA — L9azgliun

las3a319vesgUnsal surface acoustic wave

WARILIEAAWUY ABO, U843 BZT

LU THLARITURDUNSLASBLRSANTara18T0ITa52UY Bay,SrdTi

WFe1Nby2)1]0s

LHUAMLARSTUABLNTATELRA BagsSto 1[Tis(FeqsNby 5),J0s (BST-FN)

LLmumwme%y’umaumsm%mm (1-x)BagoSrg 1[Tios(FeqsNbg 5)0 2105 —

XBiZnO'sTiO‘_r)Og,

11
13
13
14
17
18
21

23
24
27
30
38

39
40

41



CaN
(ol
<.

3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
4.1
4.2
4.3

4.4

4.5

4.6

4.7

BN

IR IgMNINSIHAa Ll
ulfissivaieviinssaansuasiunuiildainnissn

IR IUARIRAMTINSHBUMES
uanInsUAsuuUassEinseymaluszrisnsadn

GNGECY X-ray diffractometer

LARIAZDS E4980A 20 Hz — 2 MHz Precision LCR meter
LananAUANLazUsTInaNaLilenaaouaTRlaBLEnEnisufUgmgd
wansyavadauantRmslsBianan

wanaeesilelunsinaasiesin

WAn9LA389 KCF S5865 dsy meter

LEASENEUZUDUYINNN Bay xSyl Tipy(FeNby V105N ULazHaInITNT
NIMUARIANUFIRUETEVNI AAamuwiuiuaamgilunsewaa v
NIMBARIANUFITUSTEVIN Aauvemiiugamgdluniswiuaaletig
YOUYIIHN BayySrylTiyy(Fe,,Nby 05 ﬁmuﬂ'mm%uma%ﬁqmmﬁ
1,350°C

=

nsMliansmuduussEnINAATlaBanY3n (€, (n) uarAIN1Tgade

>

Tadann3n (tand) (1) WisuiuaNDvewaIITN BayySrylTiy.

Y(Fel/szl/z)\(]O3ﬁl X:OOO, Y:OOO‘OSO by Step O].O

=

nsmliansmuduussEnINRAANLaBIaNYEN (g) (N) wazrIN1gade

1pBi8nn3n (tand) () Weviuaudveassiiin BayySrylTiy
AFeyNDy )]0l X=0.02, Y=0.00-0.50 by step 0.10

=

nymuansaLdITudsEinsnmslaBlanYEn (€) (n) wazAnsgayde
TaBLanY3N (tand) (v) Wieuiuauare918n BaysSriTiL

AFeyNby )]0t X=0.04, Y=0.00-0.50 by step 0.10
nymuansaLdLTuSsErnsaslaBLanTEn (€)(n) wazAnsgayde
1931830 (tand) (v) WisufuAIuAYewIIIN BayySrylTi,.

AFeyNby )]sl X=0.06, Y=0.00-0.50 by step 0.10

i
a1
a2
43
45
438
49
50
51
51
53
55
56

59

61

63

65



sl i
4.8 67
nskanIAdITUSsEnIeAsiiladidnysn (€) (n) WazAIN1TgEYLAY

19BLEANSA (tand)) WisufuaLAveEI TN Bays STy

49  (Fey,Nby) 07 X = 0.08,Y = 0.00 - 0.50 by step 0.10 69
nLERIANLSLTUSSEIeAAsTlaBIEnMSA (€,)(R) WAZAINTTaRLEY
1931830 (tand) (v) WisufuAIuAvewsIEIN BayySrylTi,.

4.10  (FeyNby,)]0s7 X = 0.10, Y = 0.00 - 0.50 by step 0.10 71
AsLARIANLSUTUSSERIeAAsTLABIEAYSA (€)(N),() wazAInTg
goydeladianydn (tand) (p) WieuivanmgRueussniin BaySrdlTi,

411  (Fey,Nby)J047 X = 0.00, Y = 0.00 - 0.50 by step 0.10 72
AsLERIANLSUTUSSERIAAsTlABIEAYSA (€) N),() wazAInng
goudeladianysn (tand) () Wisuiuanmglueussiiin BaySrlTiy

412 (Fey,Nby )]0 X=0.02, Y=0.00-0.50 by step 0.10 73
nLERIANLELTUSSERIeAAsTlABIEAVSA (M),(3) (€,) wazAInIs
Q@Lﬁﬂlﬂal,ﬁﬂ%%ﬂ (tand) (p) WisuRuAuAveREsIEIn BayySry[Tiy

4.13 Y(Fel/szm)y]Oﬁ?i X=0.04, Y=0.00-0.50 by step 0.10 75
AsLARIAMLdUTUSSEIemAsTlABIEATSn (€) (), (@) wazAIng
goudeladidanvin (tand) (R) WiouRuANuAveLeIIEIN BayySr(Ti.

4.16  (Fey,Nby)]047 X = 0.06, Y = 0.00 - 0.50 by step 0.10 76
nsLERIANLSLTUS ST IemAsTlaBIEnYSA (£) (), (@) wazAng
gudeladidnvsn (tand) (p) \FioufuANAve9IIIN BayySrylTiy.

4.15 Y(Fel/szl/z)y]Oﬁ‘/Nll X =0.08, Y = 0.00 - 0.50 by step 0.10 78
AsLaRIAMLdUTUS ST IemAsTilBEASn (€) (), () wazAIng
godeladidnyin (tand) (m) FioURUANNAYEUETIIN BayySrylTiy.

4.16  (FeyNby)]07 X = 0.10, Y = 0.00 - 0.50 by step 0.10 80
LLamgﬂLLUUﬂmé‘ymLuusuaq%’qﬁtﬁﬂeﬁsuml,%swﬁﬂ Bag 9S04 [Tis-

4.17 (FeqsNbg5),]03 81



CaN
(ol
<.

4.18

4.19

4.20

4.21

4.22

4.23

wansFnATiLanfisvesiin BagoSro[Ti(FeqsNbg s),]0s
wansmEUSsEInAasiiladidnvidnifieuiugamaiivessiingzuy
Bag9S10.1[Ti1 «(Feg sNDg 5),]O0s
wananmdusTEinasiladidnvinifeuivgampiivessiinszuy
Bap 95101 [Tis«(FeqsNDg s)JO3

wanaFnNIaReUTag wavaamuuuileifisuiuyTunm x lu
YU

(1-X)BSTFN - xBZT

LLamgﬂLLuumiL?:&nLuufuaﬁﬁLﬁﬂsﬁsuaat,szmﬁmzw (1-x)BSTFN - xBZT
wanaAAsiuanfivvesissfin (15)BSTFN - xBZT
wansruduiusvesauURladidnniniieuiugaumgliveawslinssuy

(1-x)BSTFN — xBZT

2
NUN

82

83

84

85
86



G‘l']i']\‘iﬁ
3.1
3.2
3.3
4.1

4.2

4.3

4.4
4.5

#13UYANINN

A5 AlNLeS s Ntae3T Mixed Oxide

LY

Tanuazaunsalnldlun1swnieulagds Mixed Oxide

A Al wa
yw3asilanldlunisnsiaavau s
LEAIAIAUAUILUUYBUYIINN BayySrulTiiv(Fey,Nby o ]05 NN1uA1T

a

WIBURNBSNQUNNI 1,350°C whdunan 4 Flualngiigaumilunisiin
& a | o
LAA L UNIALANANINU
WERIAIAUNARIVOUETIEN BayySry[Tipv(FeNby o105 NS
wNTwnesigamall 1,35 °C wrilunan ¢ Hilualpeiigamaiilunism
WAR MR IIEN BayySryl[Tiyy(FeyNb; o]0 Aumananeiy
1 d' a & a 1 [ = a c a
wansAAanladiannin wavAwnmesnisaydaladianvsn w
QUVHNBIVBUYITIAN Bay xSl Tis v(Fe;sNby )05 NAud 1kHz

aqﬂauﬁ’ﬁim&é‘ﬂﬁﬂmaqL%i']ﬁmw‘u Bag oSro 1[Tii(FeosNbos)]Os

wansaudAladidinySnveesniin (1-)BSTFN - xBZT Ngaungiives

34
35
36
54

56

58

82
86



uni 1

UNU

1.1 umi

uumLLmesﬂuwumiﬂawI%Laﬂmﬂ Tuanednissun 18 lnowesd uazlues
1] asnguiledidnninduasidaudRlaaunisldi ﬁuﬁai’a@mmimﬂﬁauwm

N UL dundsnuna  visenndsunadundauliils  wdintudlednig

)}

o

Anuiidy  wasannantBsueieg  vesasileddnvinegwiaiiies  auanunsawauth
TanRladidnvisnunusegndldauiuegraunsvans Tnslanzeddmeiudidnnsetind 3
anunsadnUssiviidug Unsaififuvsslemiinnng ey edeadsunuannuiuay
nswua (piezoelectric transducer) Myaufa (gas igniters) lulasivly (microphone) d1lng
(speaker) faLfiulszq (capacitor) 138395798 (sensors) wazdduld (actuator) Hugu
YanRladidnviznaanlngi ﬂmm‘diuaﬂﬁmmmumiwﬂmamwLLUULW@ii@Wﬁlﬂ@ it
gasmaniinlude ABO; e A iulessulunguiiiiuszquiunila (mono) vi3easaiaud
(divalent) @ B axiilosoulunguan (tr) @ (tetra) o ¥aud (pentavalent) Gsans
nauillasumnualalumsidetuesnsdaides Tnsanzesnsdsldfimualuiifinuniada
loppunnsviailvllassaamefdlndnsaiumidessuninileusulssadfvesas au
Andulassadramesalndfadou (Complex Perovskite)  19u anslunguuesiangasleiun
lyumun (Pb(Zr,Ti)Os, PZT) tanuunii@uululoiun (Pb(Mg,sNb,s)05 PMN) Landsalule-
WA (Pb(Zn,sNb,5)0s, PZN) wazianiiialulawun (Pb(Ni;sNb,/5)0s, PNN) 1Uudy
nnsdsa waznsAinendymnisldnulugunsaididnnseiindlunguanudumes
ldlurrsgampiige wadlugunsaldidnnseindluieiosudsneg aziiuldiaudenisi
winsslunsldaugunsalisdoadsundasmnuinagnszua (transducer) Waglaiasnsrady
(detector) antaniledidnyiniy azfesaunsavinuldlursgamgdfiaduniuiy
fufiogenin 300% TagliRnnisiasuuasandinisliiningg  deansiigminnldanly
anmewuuildud asanweslawalimiun (PZT) Wuasiuansautinledidnvinldd den

U a Qd

duuszavagauliiigenags TgaumginSegiiuseuna 390°%% wariid1Ayfeaunsnniey

]



v a1 v

Peuarldoamgiilumawsenliaain wazans PZT dudlianduussavsluiidenaraiuigs

= (% I

1IN weians PZT Afgadenssiimsgadendsnuroudnegs duluddenisldans pzT I

Qo

losuusylevigeanizdoswinfgamgiiniasindifiesdiu Te wazansiaalimiun (PoTiOs: PT) 9

Y

5

a A

aamniiniasda 490°% usians PT \uansiwsewldennuniliosainiiaudu anisotropy

g}

4 =

3 F99090N15LT0ANT WU LARLEY (Calcium) #58 9UWS8y (Samarium) [2-4] @9nS

e

(% '
A a o a aa

Foasiiiandnsndn /a lundn wazanaamalinsndundesnisauluse

Y

arsnnanunlududutiudruduansnusenaulumeaisezin i liAAuaRuse
dwansey  wazlulagiusguraieunnusewelaiinissasedlusesduindouiuegneun
Flmnian1sAuaIIeransvialrdunlivennuansiledldnysnvail  wazdinsdlauda

Ay v Y A ' 3+ & 2 = A °

AUNABINTG  NNNNSAUANTRILLIN U beeaN B 1udnmadenuilefiazanunsatinun
WU Pb Tuszuu PZT  lasanillassasiamnediannseindieaeadiuuin  39lad
msfnwanslunqunessevialndndl B  Wugiuiuediunsvats  leaewiznisvindu
asaraevaania (solid solution)

asaimdsAluloiun (BiZngsTies0s : BZT) Wuansndafiaulalutagiu fiesnn

=

a1 a a ! A a a ! 1 < L 1 N dl'
fiAngaumgins wazAAsnladidinyiniigs  udegnelsiniuans BZT egluanneliiativsie

Y

WQﬁmﬁumiU%qwé u,m'%Laﬁaﬂuamazmmﬁugqwhﬁ?u vizaudleviiduansazarsveauds
saufuansdue lunisane3fefinuunldiauans 82T Fefltienans BZT vlluansazans
aule 2 ¥39 3 peRUTENBU (binary and ternary system) L% AN5a¥aN8YDILTITENING
BiZNo<TigsO5 — PbTIOs [5] %58 BiSCO; - BiZNng Ty sO5 — PbTIOs [6] Wlugiu annnisuaiii

HUNN  azdsraunisalnidveiruinuaswuiseulesoululaiun  (BaFeysNbysO;

(% '
¥ CY =

BFN) 1Huansufisihaula llesaindeasiladianvinadlutsgamgiiiniieiy Fufinun

= Y i | & = ° ' Y ¢ =
QqﬂﬂqﬁLﬁﬁJQ@?@Eﬂ\ﬂ@JLU‘U?%LUSU%@QI@@@U@?Q@WLW]UQ B IUIﬂiﬂaﬁ'NLLUULW@TE)WﬁIﬂﬂ 4

a v

Wllgnisliainanevesansuseney Inedidasiladianyn3nUszunn 40,000 Ngaumgiies

Y

(%
v o

A998 NIwUIN Wawduans BFN adludsans PZT [7] Tudwsrduivungauay

®D

Y wa a & a a & a (%
gusanauanUanisladidnnsnuazinsisdiannsnla

o
a v A A

manuanATelifadanuaulanssimuasnguindars BZT Wugiu Jaduasilid
a159eM nedswnunlossunsinunusdlasvadlassastanesseonalnaninan wagn1svinld

(% '
Y Y

[ [ LY d' Aa 1 YRS 3 [
WUANTREANYUDILYITIUNUATOU “VIQ‘VIELIGWFI’JLL@%lNNWSﬂULUU@QﬂUi%ﬂ@U 1agagyinnIg

Fg9uatUaANUTal [MRG5380203]



Wi uisuaniRveaivadesszuu Wy asazateveandisszning PZT-8ZT Tunguiidinznnduy
93AUsznau war BZT-BFN Tunguitlufingnuluesduszney wazdsislasduisninansi
= ya wa A ! a £ @ = v 1 a @ oA a o
wissladaudRnuansseenlvainidy Iuduiinanivieiaasinsimuasnquiiledidnm
Sniflgamaiinias TillauUAvmeiledianvdnidvuindieudvanslungu PZT vie PZN il

fuegluldagtuld Feeragvilimuanslvaiiaudflnihafauilugnisiaun Jannldlu

wNseRamnssudianvseiindsely

1.2 IQUszaeAvadlAIanNIg
1. Fnwimswseuansesiingudaiadedlulows wasiaunesfinlunguillyd
a a -dy d‘ o 1Al [ ) Y &
gaumginiady lnenmsunuiezaesludunidlen  uwasvihliiluansavane
@ < 1
o duasane
2. AnwdiauinisvesnalaslaseainaganInvesueINikazan sy in ey
1]
= wa a g a a g a AY a & a A A
3. @Anwautimaledidnnsn  wSlsBEanysn  wariwdlannInvesanswsIing
WW3ebe
4. wanuduiussgnindeuluniswioy lassasigania wa uavaudisnge
YpusinAmseule
5. ietNaid e N A UL N SaNsIvINSIEAUUIUIUG

6.  Anwnanululdldlunsihlugnisuszendldaunely

Fg9uatUaANUTal [MRG5380203]



UNi 2

mqwﬁLLazwumuLanmsmﬁmmi

2.1 aseadquuusnwasanlalng (Perovskite)

lassasandnuuuimesenalng Wulassadendiaunisniuaiivuu ABO;  figuuuy

¥

= [ a a LYY 1 1 = = A <3 =)
‘W‘LIEWTJL‘U‘UWJUﬂ g AO; LAUNUBDHIINUILUU LL@S&JI@@@‘N B 93vUNALANWANUTEININ

q

wisnaglutesineeennzdnsearateendiay lngUseq O Jwaeusaunislsyy A iviua 4 67
waziiumiaUseq A 28iliUseq O deusauviavia 12 fushaimtvesiin (face center
cubic) warUseq B avgnaeuseumelszy O ¥4 6 67) [8] Asinegelaseaianuuineson

alng 1w BaTiOs

5U 2.1 uanslasasneved BaTio; [9]

=

2 2' U > U a . . oy
NFUN 2.1 looou Ba  way O dwuiusyiu uasiia lattice wuy primitive cell

'
L] Y A

wananldsiisegnananvindunilasw@sauuuinesenalng Wy CaTiOs, SITiOs, PbTIO;

£%
= v a

Wudu [10] lnelunsdl BaTio; wulniswasuwladiaseasiaazdudvaamgl lnels

gaungiainniteumgilas (ngaungiiaived BaTio; ATzl 130 s lgages) e

9 Y 9 Y

'
a o

lassadaluszuuAidn uidloangamgiasausiingd 130 esrnwaded azilassasaduwuy
Wwnselnuea Feaziinlnanlswduniistu [8] Wwenisivdsullasiiinannlooauvaawusey
wazeandiauadeuiillinlilessulnnleuiulessusendiaulnadaiu 1 d uazlossuves

Tnnfleaiiagyianniulessuvesesndiauiieglufinminseiny iliAnnisiisunUasdie



nansslunuans fawandluguil 2.2 Tnendn BaTio, Fnidundniildlunisfnwian

1

U

Ce

3)

=)
8

U

a & a <, AY a & a a =
“UENﬂW?LW%IiE]LﬁﬂVIiﬂ LLﬁ%LUuaﬁWIGUaLaﬂVl'iﬂsljuﬂﬁu\i

U 2.2 uansmsivaenlassaiisves BaTio; [9]

The Ti atam sits in an
actahedran formed from
six O atorns

Dipole mament

()

(f)

()

azh#c
w=fzy

v

()

U 2.3 uanalaseaineves BaTio; MuAsuulamugaumgil [11]

n. lnssasmtniddsudummselnuea

A. lnssaseeasinseudn

2. 1AS9As19mNsEInULa

1. laseaseseuludnsea



Wefiasanlasasne BaTios Ngaumgiisinaqnuinlaseainaves BaTios awiUdeuly
MUl lagi o gaundl 0 e LwaLBea LAseasnavendnziUdguanMmIzlnuea

(Tetragonal) lUiflueasinseudn (Orthorhombic) TasdunulnansvuiuiusyuIuntinves

'
a

LUIMZLEY wazfaamall -90 esmwaided awiUasuluseuludnsea (rhombohedral) lned

wnUINaNINzuenead dawandlugun 2.3

v o a a a I v P ~
aatuluvaegamiianadnn 130 esmgadea Wunalesnouveslnnuileuiet

Y

b4 = Y &( A o 2/ =2 1 [ Y a
AsINansveslasIasandnaduiunseas vinlilassasteveswanldauuing L‘U‘Llﬁ']LﬁGﬂ‘lﬂLﬂ@

Tnanlsiwdunnis [10]

2.2 Wlwdiannsn (piezoelectric)
AladidnnantignAunuilunsausnlae Piere waz Jacques Curie [12] léivinnns
naaeInsaLsnNgIiuAMuduTusresUIngmMsaliledianvsniulassasismen@nine lag

N15IAUsEUURIYRIANTI0E19 (adutiufe tourmaline, quartz, topaz, cane sugar Way

'
= [ 1

rochelle salt) #9UsEAINAILUIHUAULTAAY WOTNTAIAUNTEUIUNTNIOINEAIENT

va o J o 1

Tudagiu audfdindnniendignuuiuwiudt “audiiledidnnin” 131 “fly” (piezo)
1NINABINNTIRANIINET “na” (press) Fauanmiledidnniniadunisintures
anmmslninanusanadilidilusundndaduusamena vlfAnameien (strain) lu
nEnduinn1sdnseeialulufianafeatuioniinisinanlsedu (polarization) warlv

nszudlnieanyn USunauaviasasvingvaanisinallsieduaziusiununinuaseaflasu

=3

< Ayo ! @3 a a a a v [ 2/
LUu‘VliﬂU’NﬁﬂWWﬂ'J'mL‘Uu‘WIGU@LaﬂVliﬂW"U']iﬁﬂ‘lWﬂ']ﬂi%ﬂUIﬂix‘]ﬁiN@%ﬁ]@N“ﬁJ@QNaﬂ

Y

[

wananNNITNITHNINIEANevestlosauniglulasiasiawdn n1sdnanguuestlossuazgninin

(% = A 3

YA MUININTI1UAIEN HANTBIAUTENBUNILATIAT kazUsenaunleloaausaemny

RUBIR |

(% ]
o | =

F19 sanuduinietne wadussuundn (lattice) wireNanfidaniauauuIngisonin

9

niewad (unit  cell) wazidumuananudululdvesnisiaud@nladdnnsnlundn n1s

=f = a =

LUINgUUDINEN TR TANIINANNInsTIRanTaewU Ty 32 nqundn Tu 32 nguasuuaduy

= | aa ¢ I ¢ U O = g
Wan 11 ﬂqmmmammqmiLLUUﬂ‘@@ugﬂaqﬂaﬂiﬂiqmﬁsﬂaﬂﬂujﬂlﬂjaa @Quuﬁ]ﬂllllmﬁ]l‘l/\lﬂq (non-

(3

polar) wawwdn 21 nauilifiavannsuuunaudnaauiInsvemiiewad Tundn 21 nay



| oA vaay a g a = o= I =5
WU Uu 20 ﬂqumLLﬁ@ﬁﬁMU@WI‘U@Laﬂmiﬂ hagan 1 ﬂ@m%ﬂ@§1u53UUQﬂ‘U']ﬁﬂllaﬂUm%le@\‘i

a

aunasllonuiuudnglivansUsngnisalledianyninesnun dwuandlugui 2.4

[

nslifauunsvesgudnarnduanizdrdgvinlifnaniniiledidnnsn Wesin
wsenefibitudandunuuifanunsvesgudnan Juvihlinasinveinisniounvesuszquan
warUszyavaunsaasislalnalnihdunvsensaninialnalsiwduan miilediannsn

\AndulaaasnuuAokuuiduldunse (direct effect) warwuuAnTUlaedau (converse

2
a

effect)  FeAran1siUasuLdandsnunatdundsauluidi Inenisiasunuasiniintud

WAeatunsivdsuwdadnalsiwduiloasgnusainanseyin v3oiinAuLAu (stress)  13en

s

Usingnised

Tindudsngnisaliledidnninuuuidunss kazniswasundsnuluindy

NAIUNALLNYIVBINUNISUASULUAIUUNIA I DL ARANULASER (strain) TuawulwdnAlAgn

W Sendnluvsngmsaliledidinninuuudundu Awandlugud 2.5 wagszaunisinlna)

IslgfuagduiuseAuauesenliinanusanlasu waginsowingveslseniintuiuegiu

Musantmin U unsmasensina 8, 13-15]

' ]
a o v a [

a . < ¥ a a a a a
NI¥UIUNISINGY (poling) tlunszurunsndrAyRagvinbiiinan miledianysnly

wsdinydawlslsBiannsn  luszwinenssuaunisndsTanasiinnisvenefniuiuinny

(%
Y a

aunlniéntes waztAnn1suaialuienIeifaInegeIfianN1antosuiy sEauANl

1Y

wsswesaunliil wareamgilunisindsdutadenddglunisimuanisdafianiauas

'
a a1 a

audAnlavesdan wadnnnuliafidunsendunesudrasiaudaloesiuimiieuiuluyn

q

AiAna (isotropic)  mnlaifinisings  wsdnazludsuanmudinisasndnaziandfnnle
a & a v | o a a a a a ¢ d' 9] a{'
awnnInaguadnaunauansluui 2.6 lwsdinfikiunsindsussleniinnuneiiialdanu

gaungilaiiugamgiia3 (Curie temperature, T, ) szwsiinazideannlnalsiwduilie

=

PNMsindsigungigniteumgiiag (T.)

9



32 Symmetry Point

21 Noncentrosymmetric

20 Piezoelectric

(Polarization under stress)

10 Pyroelectric

Spontaneous polarized

Subgroup Ferroelectric
Spontaneous polarization

Polarization reversible

11 Centrosymmetric

(Non-piezoelectric)

[

Tungsten bronze Oxygen octahedral Pyrochlore Layer structure
PbNb,O, ABO, Cd,Nb,O, Bi,Ti,0,,
Ceramic perovskite
BaTiO, PZT PLZT PT PMN (Na, K)NbO,

3U 2.4 anuduiusseninnguiiledianvsnuasnqueos NiNugIuvesRaNtns  [14]



(M

5U 2.5 uanausingnisal 2 wuu fe (a) direct effect wag (b) converse effect luansiile

aLgﬂW‘%ﬂLﬁ@ i LAAINITVAAT LA i LanINIsv8ne6 [8]

35U 2.6 Mslwanlswtuvesianwniindioasnausngnisaliledianynn

(a) NeuviN1sina (b) S81I19M15tna (€) NMenaInIsina [16]

2.3 wisls8ianuan [8, 14-15]
910 20 Nqu3A (point  group)  vewwANliTauuInTveIAUINAIe (non-

centrosymmetric) Thiutaniladidnvznaziiog 10 point sroup NfiTawaziinlalnaluud

(%
1 a1

Lateaudazlafiussnrsuanuinsgyinazisenarsnquidinlnanlsieduiindulaies

(spontaneous  polarization)  leeudnwmailavilanimdunledidnninia lunsdlls

aunliinguenlussnnnefiagyiliianisvewinmasinalsiwtuiinnisildeundasla

Fg9uatUaANUTal [MRG5380203]
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[

JusunansnguilinlslsBianvn nanfearswslsdianvinnneiadanimduiledianvin
waansileBianvisnlidndusaadanmdunslsdiann3n
lassasrwanuazndnnisnisyiauvesianuslsdianvinladnisesuielay  Safari
et al. (1996) [17] Ine Safari laldidnnamesian wislsdidnvdninduianiifinisuans
wiawlslsdidnvinndanaviemnnitlutimesnsdeunnudusargmumnilutantug Tu
wlawslsBudnnin sdnesdunuuiidanslifihfianmnsoifetulfieuas nnsinalsiedud
wnnimilsuuresnsiaFesiiianaunadeazuandulassaiisvedlamm anminslsdidn-
yEnuanduianiuentazanannisinailseduiiannsadaSesiulnsenitnisdaGes
¢ (awaw) Aisnaiu Tasaunulwihiliannsausuald uasnsususlndvesauuiiingy
aneldaunalaihaeuendmarilsiinsiasulassainae
nanslsBidnninazuaniautfvedlumuigaiu (dipole moment) fausinaglad
auniliiiudfiny anmgraigagudnasszauInvestanlallfegluswmindeniuuseq
auilwasildAnlusudgniunnseglundnluaniugwislsdidnyin wazidedransiislsdidn-
yEmnegluaunilaimouisanauilnihasaudugud uandiduiasmadilud
Aruaaseguda vieuansliifiuirasivariuuansannnilsdidnninlaelddesle
aunalitiudly iWeansslsdidnydnegmeldaunsliiiiusannme fenisvedlnanlsie

& 1

Fuasiudsumufianiwesaunuuioanauulnihanulugug alwanlswtuaglidugud

&

walnanlsieduaziluguddeliauylniluiianiemsedauninddnanlssdulmdugud

&

iliAnn1swaeunds (lag) symindlnanlswdu P Avauu E 1JuisBamneida (hysteresis

loop) Fadudnvazanizvesasuslsdidnvinduanduguin 2.7 [18)

Fg9uatUaANUTal [MRG5380203]
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P,Cim?
0.6

-0.6 " ~

-E;

3 -2 -1 0 1 2 3
field strength, kK\/mm

U 2.7 uanidnwarveeeBane3da (hysteresis loop) Tuansinslsdiany3n [18]

<

N3N 2.7 P, Aedlwanlsiwdununde (remanent polarization) ludnlwanlsie

v

unAvegluszuunslsdidnvsnidiovunvesauiunisuenilugud Javziivisaaiiu (uan

N a 1 = 1 LY . . < | P
V38AU) ANTIAN1989EUY du E. ADA1auuting1a (coercive field) Wueauiniguendl
sodldlunmsindrslianminanlsiwduivwndugud Fwziivvaeswiiu (Linviseau) audia

Yasaninan b ture

2.3.1 auniiasuasnsiudeuns (Curie temperature and phase transition) [19]
msiasundasveanaluaisnslsdiannsn azaannaninuniIsiAnnIsiuasuwlas

vo4lAssasmdn Fudunasnnsidsunlamwesguugivasnisinatlswdunidliives

[y <

an aunQilas (Curie temperature, T.) WWugamiiiiinniswdsuivadaseaiisveuna

3

a = o

a & a . = ¢ 1 wa
INNTIBENYEN (paraelectric phase) Mgamail T > T, Fadanazlivansaudiinisinanls-

Y

wuNAnUuLeals (spontaneous  polarization) lUFunanslsdidnn3n (ferroelectric

[
=1

phase) igaungil T < T, Janiazuanaudflnanlsiwdunuuiintuies uenainiaaningeay

q

s . . ) = a Al oa X a A a
wiins (relative  permittivity) vesdanaziiniswdsuudasuaziiniutuaanfioamgiing

q

al

e Noamaligenitgamgiies lassadramassilaseasiadumsdidnninuazazlaiing
wa < a & a = v a & a a & a
wansanUnulumslsddnninlag eenun alaseadranslsdianvsnaziintuainnisin

Jen wieideguinaluvedassaiamsdidnnin lnenlaseasianslsddnninasdauuing

Fg9uatUaANUTal [MRG5380203]
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'
a o

vadlassasnntesniilaniaiionnsdidnsn Neamgismniaumgieslessuaziinisntiou

Y

Tusunisauna JazihliAalnailswduluuietuesiniu

2.3.2 Inalsitu (polarization) [8, 14, 20]

v v a

delaunulninduyagenin dsegluiineluiagaziinnisideunaznisinanls
wiuazgrinieathlmAntududadiutuauslnih Susgivruavesinuildsunanses
thu Tneuszneulddelmniinneiu 5 Tnuavesnisialnanlseduausofiavesuelde
nmainlnanlsiwduseaudiannseu (electron polarization, &) n1siwanlsiwduseiulooou
(ion polarization, &) mﬂwmlmiﬁi'fw,l,w%%@j (dipole polarization, &4 ) Mslwalswtuves
Uszgeinia LLazLLUUUizﬁg‘ﬁuﬂ’J (space and surface charge polarization, &) LagbWINT
Seaivednarlswduwuunisdangu (orientation polarization, &,) N1stwanlswdu 4 wuu
wsnaziinfigaumgiilifinisiuasuutas Tuvagiinasinanls-eduwuui 5 fuazdinisdnag
wwesiagluiismnanuauulii il Saasdudadiuedmssiuiutugangd Tunis
Usingueanseuaiuiunudl nislnanlsiwduvesianaunsafiaziinnisidsuntasmy
aualalistamuslugaswesrudsann LLazLﬁaﬂmu?{qﬁu nsiwanlsieduayldidunuy

939817010N15:UAs UL UaIUB AN N LAz Tun 19 S I UTNIUNISNTEINEANUDIAN TN DY

' [
a =

lpdudnvinasifntudonuifefiutu wanduzud 2.8)

wnResanasesiin fuszneusenanvuadniififianisesialnasmaiu n1sa
Talnaseeilaiiduseifou dnavinliwsinldanuisonansaut® wazinailadidnnsnle
wilefinsldaunulnilngaly szdunisadredaliunans Ssavildiininalsedy wie
lolnameludlomslfeglufiamdndiAsstu viefismaferiufieniswesaunilnfihdlmid,

W gy 2.9 wiainaninisduiiledidnnin uavantinigluie

Fg9uatUaANUTal [MRG5380203]
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e

@0
i &-C

35U 2.8 nMsnseaglulnanlsiwtuvesianlndidnysn [20]

5U 2.9 uanamsdneslalnanigluiieansnou waznenaenisiiawului [8]

2.4 guURladidnnsn (dielectric properties) [8, 15]

v

aniiianudrdgiluegrsuinlunisanainnssy
lnevaludagladianninazdandfiduawiulniddaiunlnil weezdanuuansisain
awulnihiludediaudfvesnisiiudsz gl Feeuanusalunisiiuuszgluivesans

lpdiann3nilaziSunit armuglin (capacitance) Weovinistiauulniunaisladdn-

Fg9uatUaNUIal [MRG5380203]
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n3n ansladidnnsnazialnanlsisdududedianvindunasinvadlnanlsisdunenianuae

U3ums Badndanisinanlswdugeazdmaliansladdnvindamnnugliihg@uniulnde

v
wa A %

anUAnugIuIeianladianvsnfe
1. Arsiladidnnsn (dielectric constant)
2. anunusenisianatesulniwesladidnnsn (dielectric breakdown strength)

3. msgaydeluantndidny3n (loss factor)

2.4.1 Aasiiladidnyisn [14-15, 21]

U 2.10 fAvUsequruuu [21]

farsandunuuszuauvuuanguileliauuliil £ fafiudszquiurunuaziialszy Q,

¥
[ a a

wazfiyTanladdnvisniinuszy Qu Yagladidnvisnilenuawulvil £ azifinuseqiuii

q q
1%
v a !

Tudnwaedag Bendwialnslsiedu (polarization) laAnuduius
P=qd (2.1)

Mo p = Inslswwdu
q = U9

d = NMINTEINTENINNUTEaULALUTERUIN

'
aa 1

dwsusuiulszqiniiansladidnninfifidanmeeudunng & szl

(2.2)

Fg9uatUaANUTal [MRG5380203]
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INSIRLY ANAaNINgBLAURNSUS oA R laBlannSnazlanaLnT

(2.3)

W C = mug dviheaaeud/ad visennsa (F)
e . -12
& = aNNYUVDIEYYINA (permittivity of free space) = 8.85x 10 ~ F/m
dy PN Y v 1 a a = 1 1 2
A = uivthdnvesunuladiannsn Snuledumsauns (m)

d = AnunuIvesastadannsn dvvieduwss (m)

2.4.2 aramusanisianatedulninvadladidnnsn [20]
Dielectric strength AeUSunamdsunianaunsaiulildnanusedindge vie

LY o

AvasUsInaawlnihasannfandnssnwiaruluawiulild dielectric strength fiviiag

q

o

Gy kv/mm  nsdifanladidnvinldfuanusisdngiigeannifiuniien dielectric  strength
fanazgniinansuarfinislnavenszualnindu niswamatsvestanladidnniniind uld
Fasteluil

Intrinsic breakdown 3191n81dnnseudautieslunaunini erviliiAnlesey
1§ Asfinuanfeduudiinaseuwiivtuinnauusiuesfindsly 19aza1nis 100 MV/m
uaNINTET

Thermal breakdown LWiwﬁmiqmwl,ﬁsmm%auuazmsJmgi?m,mé’auhjﬁu \An
pungiasdurinlfauifnslwifmansly nisifanistanasdeannuieu (thermal
breakdown) aztirlugnsiananeelaih (electrical breakdown) uanainiinisiianis®

YosUszgoinlugnguluesiin nsimateveueiinazduegiuvuinvesgniuvsedniy

nils mngngulvgasiinnisamaneladiedu
2.4.3 nsgeydeTuiagladidnsn [22)
o ] < v Y a&d a a
wasuududunsgymelivesanuieudiedagladianniniinnisinanlsly

awuli dadruveandanuimeluluseniranisndutiveslalnaffienisagyidenidla?

Fg9uatUaANUTal [MRG5380203]
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@inan (dielectric loss) NMsgaydeveandsnuiiesnanaesladendnfenissivensvua

o A

wasn1sdend (friction) vadlalna nsaLdeNinduninsannnsehasiasiindulatosdn

y o

ANuAUUNelihdAas daunmsidendvedlalng asiavuilledinsdnisesiilnivedle

il Y
a A a = 4

adadianudululdenluluanavesansduniduuudadou nsgaydeingaziniuiinnud

Y

YoM ainTuvedialna waliiRedulaevianun wianunsafagvals 1aude nsgeyde

a A 4‘

wiinladey Lasnlalwadinamenindioun uaznianudansgaydeieiaaianlalna

Y

lalaunsapaauile

2.5 duuszansnleBianvian (piezoelectric coefficient) [23]
Usnngmsailedidnvindnsiwesiifetesliun mnuedonidna (mechanical
strain; S) MNULAULT9NE (mechanical stress; T) @uululdn (electrical field; £) wagnns
n3ednladidnn3n (dielectric  displacement; D) Faduaruduiusiuaindiladidnvn
(dielectric constant; &) AasfiAlaBidnn3n (piezoelectric charge constant; d) wazAAeT

=~ | L. E, « | A Y vaay 1A o a
gAnYU (elasticity constant; S) Luaammfﬂummuaq Uamummiumuauﬂﬂunﬂmﬁmﬂ

(anisotropy) vasTanfilaBLanvisn

D=dT +¢"E (2.4)
S=SET +dE (2.5)

Ansiladidnvan (&) dufieuduiusfuaualui (&) msnszdnledidanin )
AN (7 waranuaiendina (S) Falnaunainiiemadudidey wsfweslusu
voafematiugniiulisediay 1 2 way 3 Teazaenadostufienidunuiunu x v uay z
AUAITU AUAEeWENa wazauaSeadeulufiavwnu x y ke z Swuandoansie

fLav 4 5 a6 mmﬁwéﬁ’uﬁmamﬂugﬂ 2.11

Fg9uatUaANUTal [MRG5380203]
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35U 2.11 wansn1sivuaiiamsluansiledidnysn (8]

[ a

FuUsyanonledidnnsn (dss  way diy)  wavduuszansmnusisdng (voltage

coefficient; gs; g3 WAz g;5) wandbiiudansfiwesmeauluivninavesianiledian-

[

VI3NTENINNTNTEIN WaLAUAY WsoAULASEALazauINln Tnafanuduiusaedl

dg-P_S (2.6)
T E

\ o a 3 A

a @ LY a a‘ [ L g.J/
YueNduUseansiladdnvsn (d) Wurduusyansi Muiteuiulunsiiavowisans

Usingnenl Beendussansiledidnvinidamasiuazisaninnldluduvesnsindeuivie

Y
ca v v 6w a

@‘Uﬂim‘m@l@ﬂﬂﬂiﬂqiﬁu ‘L!@ﬂﬁ]ﬂﬂu&ﬂﬂi”ﬁ%ﬁﬂﬁqu(ﬂ%‘lﬂﬂEJ‘EJ\‘]lIﬂ’JWﬂJﬁMWUSﬂUﬁMUﬁ%%W%ﬁI‘U—

3

BANVSNUALAEN NS (&) Faaunns

oo 4 _E_
& T

S (2.7)
D

AduUsEaNSANUANANY  (g) muﬂﬂuuﬁ]uuammmﬂﬁé’ﬂummama fifoInsadng
AnusRdnglunismavauewoauAUlng Moty Wgauia waziesestuiindeaduy

U

AU

Fg9uatUaANUTal [MRG5380203]
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2.6 LLWﬂLﬂﬂ%ﬂﬁlWﬁﬁ@jﬂ?U (electromechanical coupling factor; k) [23-25]
winwasnalwiligaau (electromechanical coupling factor, k) Jueitanunse

1%

wansliifiufsauannsa viieanuldiuiouiiAatuiuianiledidnnin Tasazidudauen
Uszansnnlunisiwasundsnvluasiledidnnsn Iﬂ&ﬂ’liLﬂ?ﬂlﬁJULLUaﬂgﬂLLUUWﬁQﬂ’]U%’]ﬂ
wdsulniluiBundsauna wiolunenduiu wWasuulamdsnunalddundanulaii
Tneenfoan k F9¥nanfianmsvosmsiiauslniy uasfiameesmsiandsunadilioanun
lngA k annsadewmdulmannuwes (k) uazndnvesansiilediannsn wuine k aztos
N1 0.1 wawsfinueviinevazilamunnmesnalniigaiudideutieas (0.4 < k < 0.7)
ﬁm%’ﬂuma‘jmﬁﬂLGTNLﬁm%ﬂmimwﬁmaW%ﬁmgqmﬂ (k £ 0.9) agslsAnuan k azdlan
Uoanin 1 LamaLﬁamﬂm'iLU?{augUwé’muiﬁauyiai Tnganunsanal k lngodengfinssy

Nlinszuaaduve AN IaTRleBLANNSA ¥NN1SIRANSaNLNUT (reactance) S9N

™D

ufiuaud (impedance) Weguiuaud dnvazauduiusuansdagy 2.12 e Fr 1y
dAda o €0 < dda o 3 = Ao o I3 1
AuDduALaudimaauLay £, \Wuanunnduiiuaudgegn Tunsdlvesasnilanwusiluuny
Aa v ¢ ] ] 1 o Y
PunaunduAuina1awINNdT 10 WinresanumuIzunumeiiLys k, viefiusznay

@jﬂ’mizu’m (planar coupling factor) Fanlilaeauns [16]

(2.8)

U 2.12 uamianuduiusseninnsiasuiUasduiivaudiieuiuninug [25]

Fg9uatUaANUTal [MRG5380203]
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2.7 LLana‘i‘Vl’l\‘iQmﬂ’lWL%ﬂna (mechanical quality factor; Q) [25]
FBnslasdrmannilldedurautasslowuu (resonace) vosianiledidnninay
Uszneulusenisinduiiunud (impedance) vaafaniiladidnnIniugadaniiaiud
islonuuvinazngeaniinnuiueudislouuns $reseminemnufislouuwsi (F)  wagaud
woudslouuwi (F)  Samazdusuiluvazdivhnitanufislsuuwivazmileanuiueud
wlasuuidagiledianninazilunuisey winwesmeaunimdana (Q,) azduniseduiy
gnseiNveInNAUNIUReNsELalNin (reactance) don1siNuNIU (resistance) Tu3993
59 A1 Qy @wnsaiunlgeduiuannuunau (sharpness) UasNALSIYLULA WU A1 Qy 1A

LAMIITNALS YL ULNEANULANEIN A1 Qy ANWIIAINENATT 2.13

(2.9)

We  F Ae Aanudslawuunluniiedsed (Hz)
F, B ANuLeUALSlwuunlunuie8sed (Hz)

9 duiauglumileleviu (Q) 109 F,

Db

Zn

C, o Anrugliiiilumievin (F) 307 1 kHz

2.8 35N15UTEAvgUIEN

N13vdunsiseIveasisnulusenIenseseuwsiln wasn1sviugisevees-
<

a o a a so a o v = Y N v
fin maifiunsusgivgiageiindanududeunndadululien fiasdilanmsiuves

NFEUIUNTNNULTENNINUA FsdunoudAglunisuszavsilnelud

<9

msuageesiegnuea  (ballmilling)  Wutwmeuvhanenssaudiduiouwdiasng
perUsznauvawdlmduilemeniuisndeuldfonsuawuulen  (wet-milling) 1ilesanni
ANUTIAGY laRndvnneynavsdnuwazasaInlunskenaIseanain milling media us

gy lrasuulauiivunntumnldnatlunisuntgasunudu

Fg9uatUaANUTal [MRG5380203]
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mMsuwealetl (calcine) Wudumauivinlusssusznavluansuvindunsisen Taenns

wnsruiuvedloseu eaumaiilumsuaaled wazussennia T8vsnasgrundeaudivens

a

dgamgilunisuaaletlgs  Astremafieuisen  wingauiuldagyihlnAanisduwmes

(sinter) AUl uazendensyiliuanvserin mndgamgiilunisuaalatsiniul wasanu
4 aaa ! v < & [ 2/

IavesUisenazanas dwalinisiuiledeaiuvesansiesa

[
Y 2 %

nstugUReaiuasEamilen (binden) WisliasBauiafuldity wasduniunis
fuifalussvienistiugy nssviunmsiieutanlflunsudatudiuingg veasndn 1Hud
nsdngUuUULY MeEn wasmsialiduuiy Dudu vdminnstuguudidahdunudi
e wianil lurhnsliududensiunes Fensvuiunmstunesiinayily dannsidnens
amienoenandinansasihliAngnguluioans nssuiunawBuediosin PZT dua
fmnuadududeusttng iessanenaiimssziveesnlvesansonled (PbO) Migumniige

(1250 919 1300 =)

a

a 5 & g a v
nsnBumesilunszuiunisildgamgig laed 2 suuuu laun

L ASWNBURDSHUUANUEYBILTY (solid state sintering : SSS)

2. MIFunesuuuiliavounad (liquid phase sintering : LPS)

I3
a v [ [

lunsfnwuazideaisiilunsmndumesiuvanuzvesddadunssuiunisms

o A o Y a b4 v [y 1 = b4 v & & a o
ANNTauNYIAnNsassiuseiuegwanna  lnellassasmandureudeniumiunain
nMsAaBUiNEasNYMEA19Y NdnaziieRussoNseiy  fanavitlissuuinuudaunss

[

anysaluaziindsanuanas e1ananlaiinistumes mnefensidagnguiiegszrinsoynia
nausy Inensendemsvaivesesduszneuiildensgfnfunduinnaaulslufmeiures
LNTUANE) Tnenszurunsiiietuluneitnisliauseuuitunuuasgnanuausie
SnunislamernIans 1wy ussenansen araduiidedy  gamnddlilunistuses

seezalum s waesmluiens NS/ vesgungiinld

nemliudy  WieldoamaiilumsBuwmesias  axvhliozmeuinn1sunstuegng

< [J v a d' v ® i = 1o & v ¥
TI0137 vihleunarainnisiwenseriulueunanlauniu tolaglddntudeddiatlunis
wnanidn wilumanduiunisldeamaiilunisendumesan nisunsvetezaenasiduluagng

F19) waldlaanuunne AanusamseuwsinfAdanuudassdunnlaunu
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dndlunsdlves BvSwavesdnilw/as vesgunpiinldlumsendunes nuvess)
lown nMsiiasesialuesiin Welddnsnisanaesgunglednsag wien1sgadedns

A °
NUYANADULIF TN

2.9 N5TUIUNISTUNDS [8]

v v '
fv a = al

MITUROIUUANTULAHIY 3 TNNEIAY Ao NITTUNDIVIISTNAU N1ITULAD TV
NANLALNNITUADIYIGAVINY NTLUITRTURDTHUAZRITUIINNISIUAB UL

v A

e nveteuNIANuTeNdeiukarnsglvesgne dwmiuingiillassafandndedou
wanaragy 2.13 @ uandlaseainegunsasuadinlugauaRiniunseuunstumes 3 4
fanan  dwmiuiagiillasaihanuvedugulsiilasainonasvednremsdunesiuge

na1eiunnA1991ngy 2,13 (o) WJuegunn

5U 2.13 wanan13Bumes (@) NSTUADTYINEU (b) YIGATINIEVDINITTUADTY IS

(©) MITURDTYINAN (d) MITURDTYIEGATINY (8]
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N15unasyasuaY (initial stage of sintering)

N3TURMBIYINTUAUITUTENOUAIENTIALS B IndveseaynA (rearrangement of
particles) wagNARNITAUIATEIUTIUTENINLARZBYNIA YTBNFENTT AD (neck) B84
< L v a S A . | a A
imiludewu lngnmsiuladazfinonnisuns nsvuduutle nslraluunaiainmse
nstvanile dwsussuuranUsznaumeuaNIANaNaziinIAfvTen TR NAnTuN oY
fumsidulavetee ilvauuandivesaulasiiiasmely nsBuwesluriabaziniu
unsieimivesneliiUsyinas 0.4-0.5 wiwesirlleuna  wagdmSussuunaniay
a0 L4 U 6 o U

mnwdulewuussana 0.5-0.6 WUBIRNUNUIRIUNIMGE] Fadlinduiusiunisvag

Wadulsenusosas 3-5 MI0NISHNANNUILULUTENI 0.65 WINUDIAUAUILUUNIG

nug

nN15unasyaenai(intermediate stage of sintering)

NSTUADIYINANILTUAULRINTUITUTNENAA  (equilibrium  shape)  @ea

@ v a '

TN lAANLTRAEIATLITITENIRY  dulavesgngundiiaudeitosiued N3
WaguwUamenigninveteunalunsdumesiuanisgy 2.13 (b) wagdegdlaseaing

NNPANIAVBITTUURISITEUNMSTUmOSTInaniuansiagy 2.14 Fsaziuldinvunnves

Aoalvigfiu USinugnsuarlosas uazanaudnalvetaunInazidiinnaiuunTudsdma

= vV ! a

IinsvadaduiusiuiuTinamesgniuiieeasduveuinsuasisuade i lieunaAnileg
A A o y A iy A Y o IR o § ¥ a

wseisend “insu” Bulawazinsuiegamssiumelulunsudnandsiuasiliinnis
Waguwlasgunsasunadinvaunsy e wazgngusely Msduwesyinansilaziinuulalag

Tdaamunuiian  zfnaunignguasaideseiuwazdugadogniusuwendeonainiudu

(%
= 1

JNIUREIY (isolated pores) M1sUARILlUNITTUMDIYNTUTWINATIFIBUY dawalindny

MULIAIUTZL 0.9 WINYBIAMUNUIRIUNI B
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% N

penetrqtlon 2
fragmentation

i

secnndary
rearrangement
}

U 2.14 uannsidsuuwlasiiinduilelins@unes (8]

ms@umaﬁ’?f'wzgmﬁ'lel (final stage of sintering)

nsiawlasEmRanIAveInsTumetaanell  asilavanvatesuiuy
INTULYNIIAONANTFUULALNITUNIVONINAUTAINVOUINTY  Aeliugniuasdanseaging
flurauinsusaznsmuanmsiulavetnsuls agalsinmudinisdulaveansutiusuiuly

[ = & ! ! 14 v [ o = a '
YounsufAzAdaUMEINIIgNIY  dwalignsuwendmillegludunsy Wansudulndelas
bignsugnuenesnaNngy - Faagihlvianlenmanisgnindeeenluld  Asdumsiiulnves

Y < ! a ~ [ 4 o [ 1% d‘ a
wnsumslasunsmivandueged  wevhlinmsidasnsudululaunnnign mavdeuudas

NNNENNVBIBUNIALUNITUNBSTIEATetandlInsgy 2.15
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5U 2.15 uandlATaas NN NganIATeINIsTLN Y INaNedlYa — Waszgiiul [20]

2.10 aUnsalilaBiany3n (piezoelectric devices) (8, 26-27]

s 6 1

wlwdiannsn tagnihunlduseleviegraninaandlunisussivgaunsalaneg gy

NIUANYES (transducers) wanyiawnas (actuators) guUNIBINTIITUARWELINRN (surface

acoustic wave) 8Un3ainTIadu (sensor) kargunsalaundnununeg

2.10.1 w309ndalnA (generators)
Algddnvsnwafinanunsaviliinanusisdindgs Suilianusznmelnseninsos
il Feanunsainluldidudigauszniel gunsalnisien Jallvuiadn wazlyl

FULDUDNAY

2.10.2 uBANLBLARY (actuators)

miﬁﬂﬁi%?}Lﬁﬂm%ﬂL%i’]ﬁﬂmi%lﬁuuaﬂyl,aLm@%ﬁu WunsaaeantRinlanauye

[
[y a Al

Fanuiadlusuves nadsudyanaliilinaisdunsiasuwauia vieldlunns
muANNsiUAsuLYasiang Ssanunsadluldlugunsainiena taud uazgunsaimanasi
Fosmsanumiugliiuegei nsanuuinasweseined uazgunsaimununsiadenlm
\DudnimamandaiviiliinsiauiledidnyEnuemes Ssilvuiaiidn wasiuszansamly

ninauiies
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2.10.3 unsudaaas (transducer)

Alwdianvsnnsuinges Wugunsalildlunisudasdyaraliihluidundinuly

A 1 [ [ a I v = Y =] o ¥ 1 1
JUBUUBWAY Wasuna wasudes udu Jadagiuladnisilvldauediunsvany

nislutuAsnisuh luiduaseetuianisdunuumilordes (ultrasonic vibrations) @ lUle

[

Jugunsaliaiuazein dvinagessainvewnad duvrzuazunesnin vsedanniainu

{ & [

wis Msleunanain aunsalmsidadelsalusu nmearaifagiledidnviznaiunsaiin

[ [
[

Usingnisaluuiunaulananisassdyaranvileides waznssudygrunisazvioulatu
JuAnnIsiUsIngMsaivisasunldUselevi 98190319139l 0909N15IATEEENN 91
nslua TnludnsinszAuIIUeLal T991AuauTRTEIANLLANAINYBINITARDUNVD

desluvaanal wagluania

2.10.4 #77593U (sensor) [26-27]

v o g 1 '

FINI19UNI DU TR UNTAUATIATUA Y 1ad WTaUSHIUNNNENdn199 19

]

gamnll ua @89 w3enna ANuss Anududusiu anduimsuiugesiagyihniswieu

T dudyaaesnvse Usunawednaiilidainnisinludnguuuunils (measurable output)

ARy

anunsatluseaianale dygrunlaeenuianwuwesluinuienaleguiuy N5
1ol Ul $0 RN UALY LaYAIMNNTELYBIUNRRINITIA  A1SHeT LY
a & a a ;24 '3 6 o %3 6 a a @ a

didnn3nsiinuUssendldanulugUnsalisugesasinlaeedausingnisaliledianynsnn
14 lngaziinsuingesvimihiidugunsaifsunndyaramenaifudyaranmliivie
MSenUIngMsalileBildnn3nuuu direct effect 1w dansladiauees (ultrasonic

sensor)  LEANLULLDS (knocking sensors) LWasIAAUAY (Pressure sensor) Lwulgas

a

Jauss (force  sensor) WwuLEasINAULST (velocity  sensor) wuigasinguungll

Y

(temperature sensor) LWULYDINTIIUAAULEDINRY (surface acoustic wave sensor) LU

¥
=3

fu nsihdagiledidnninunldaulueugesastuegiusssurfvenisin Jadagazgn

Y 9

as19lilisUssen s lulua s s T uMUUNAY LALLM O UULYAINAIY
wingauveInstia wasiielildauURvesileueesia W dauustiugige (accuracy)
enoa3da (hysteresis) NAv8IN1INOUAUDY (response) AIulsianIsAsULUad

(sensitivity) SauluBaengnsldau (reliability) 1usiu
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2.10.5 9Un30in3333U surface acoustic wave sensor (SAW) [26]

SAW w3efli3uninadu Rayleich L“fJ‘L!’qUﬂiﬂjﬁmﬁﬁﬂi’mgmiaﬁm%ﬁLﬁﬂ%%ﬂfl’jﬂLLUU
direct uag converse effect Wugunsaifiondelvuansuninszagvomdsnunuudave
pfavestan SAW Wurdunnadufnduuuiinvestan Wedinslidndlaindnlusinums
Suwmoshneansiufames (interdigital tranducer) (#2lln) Tnefiugrugunsaiiiasiinas

WonsosgninmaunueIkarAdUluLAnTINe ndungnasilay SAW azdundau

£%
= U

flnduinain edulnihaiafiiAsTudinegiignusesiledidnyin mufenisdoutens
Iniflweades (electroacoustic) Insgunsal nsudges Tofveanalulad SAW fie [27-28]

1) eduamnsadadnlvludnuazvesnduliimadeazaiunsauaeseonund
fufnvestuanInuazauivoseduasiidvssinm 100 sagduinndy
aduliiuimn

2) ANNEIATUVEY SAW Fzilimnumileuiuludiuvedgegailoyisuiuruinves

a

line  #a3s9%ulne photolithography  way AIMNENINEULAZE1IN delay

anunsafdsludiuugiusesla

¥
fa= A 1

gunsaliifslitnsveamsihudssandldeulunienisdluegiaunn FeUszneusie
frontend uay IF filter, CATV uag VCR dsgunsnimaniasifududsznoululnsdny
Tnsviend Tuadadid Wudu Tunsiudawes SAW asiidrlniihfitusenuitesefutuaumse
UsoomauuarliiAntosinaiidalalih SAW filtter azuUsnavlugensuiwesedades 2 6
LHUAMLARISN WU YDe SAW filter i3] 2 ﬁﬂmmamiugﬂﬁ 216 Tagnsrudweden
doafiansazUaosndsusisUsunainfusnuiasisemsuRees wisnufivaosy

sonuvzliaenndeiudyyunlisugsgnaanduiiedasiunisasieunanainlu
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--ogn--
5

U 2.16 Iﬂi&ﬁ%’lwaﬂqﬂﬂid surface acoustic wave [26]

Tansinegazdnisihuildlugunsal SAW  Teegdusnnilunlenazilunguuasiag
4 U dl

= a o | aa aa Ao oo ° v
WNANLUILA Y ILYU aLﬁEJﬂJIUI@LU@LL@%QLSEJZJIVWHLU@ UBNINNU QllﬂﬁjllsU@\‘] PZT ’Jﬂ@“l/lumﬂmz

faudRnunndreiulngazduegiun1sdnveaTanuaz iAN1998IN1TLNINITLINLVBIATY

W1fmesnazgiINasundmiugunsal SAW Usznauluienaumiives SAW

Usgansnegamaiives delay (TCD) mslwesgaulnihdnawaznsasyidelunisuns

ge

Aa a o A Aa a v X PN |
NUUIUNUDY ﬂaULa‘c’NWN'Ja']u']iﬂﬂﬂzﬂi']\‘mu%ﬁSaqﬂqiﬂmzﬂgmi?QWUlgﬂﬂEJI‘U‘U'NGU'NL'Ja']

TN A vuTTUIURIv kU YD AN wazauuindTuu1eririatazasiatulile

¥
Y] 1 a

unaIninsed RF Woausaduta iy dalu apuilediannsnaziadaulddinduni 81

Y

wiasiidia RF Auaud f o gnliludandalndieilviin periodicitrd  fstuagiinnig

Wasnulamdsnuanwasnuliidudnalugluuuvesrigegaie
(2.20)

o v, Wuanusives SAW uax f, Wumnudfigngudnaavesgunsal AUEITe9

o A o a = o u A

saw  azdutaduddgiiviiniseSuieanudfigudnans Jadenianudidydus Mg

o o

dmsulunsihanldaunfeanulidegungll sndregrsanuiiiatiosnmvesgumngives

'3

ANUDTIAUENaN9UBY SAW bandpass filters Fsaziduiliidulaensaivduuseansidignmgl

9 Y

dwsuanudiasnisinnuvestan ity
a s 1 A Aa 2 a a
WTRasARIVVRIRALIRT k. szaduigluwenveinisisuwlaininuisives

v a

SAW - Faaziinvuilondunfouiuludiiadnauniangninfeusiefauinaunuiug
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¥ v W

U 5 ! a) a a dl a & 1 2 a 1%
an WQUULLE‘W&’J’]E‘W’]NWI"?I@Lgﬂﬂ/ﬁﬂﬂ%ﬂNWUSﬂUﬂau NITTULADIAAIU ks a1u15nedungla

1ng
(2.21)

= & & A a a & = a a &
Wo ve  Wuanusvesnauiidasekay v, uanusivuiaiilulane Tunis

2 Y L

rduusiuA1AIUNINULaUEEn

[y

Uszandldauvesgunsal SAW  Tumniudl a1 k,

)

(bandwidth) fanunsasulakazuSunnvesnisgadevesdnyayinseninadbidnluiuile

gonu1 andunisesunedadiuesauniaiisuiunisagydeveinisunsnaengadngu

YY)

Tifutan uaz n1snses (filter) nsaapdearnnisunsnszaneludnuiseds@aduiadendn

Magesuenisands lnenisnseaevesnduiigaunnsssvemadniazanulisuuvesin Jag

a

Muandasrusznaugriuneiiindanadigesiuiuivduyssdnsigaaamglivenis delay

v = a

Aoy Felagdrunnazminzausenisiunldauinnian AnusTindasy (M3eausa

a £ 9 [ <) & v Y a ! d‘
Sue) v vesdanaziluilsiduluyuveinsdnuasinn1aueinIsuninseatevendu TCD

[ o d‘

Az ludygravesnnudiidendsaziansmalaeniumieiidesainindninlasullases

[
a =

gaumndl warusnandunugiusesfitunldiludiulsenauvesgunsalilazgnesniuy

9 Y

lnganzdiusznaulismenisaivauaamgilun1svinenu dndiuveauauning (fraction

bandwidth) UagnsaadeveIn1sunsnaen (insertion loss)

2.11 NUNULBNEISTINEIVDY

[ a a

aniilgdiannsnisiniildiuegegaunsnaredmiunisuszendldanulugunsel
a @ a ¢ d' A a [ o =
didnmsetnd  wawiasesdlolunsfeunlasdyg  vhunnansuseney 2 vise 3

99AUsENaU (binary and ternary system) vesaswsiiin Jelimgnuduadiulsznouiidfny

v v

lpglanIeg B INIAINAuG Ao Laaweslawnlnniug (lead zirconate titanate) 3o
PZT

laawaslawglnnuun  (PzZT) (8] Wuansiledidnynsnadnisteuyinunlieosig

a1 o

wnsnanglunnsgaavngsy Wesnuansaudinledidnninlad daduussanseaiulni

a a a ad | 1y v d' a v Ao o a I
Wanaas donmgiiesfiasdmaliauisaldnuigumoligeanlad Nddgausanseulaing

]
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wazaamaintdwseuligunntn waweslawalnniue (PZT) dugndsbieglunguueaesi-

Y

P P & I3 P & & a )

finnilassaiuvumeisonalnd  lassafanessenalnduuugauni (Ideal perovskite)
(ABOs) sinuvitlaazmau A uaz oxmay B Wuduniwessuinies dulasasianasson-
alnAuuuidsdou (Complex perovskite) (AA'BB'0) tu ALMUsDt0zAON A WazazAaw B

Jumsegsiuiuvassmedtes 2 smadumsdesnluszgdvuluumsiaed o dums

avmou A uluiieguessiniifivuinenenlaninsiniied a duvisesnou B laswaiianes

9 Y

faa

sondlnaiifinmsfnuiuegunsuanafulassadsiidumisoznoy A Huse® (Pb) 39
anunsainguuuulsdoulsvainvans nedndeufnwandfiledidnnin wavaudmuslsd
dnvsnvesesfinifineruluesdusenaundn  (lead-base) Fsanunsouvsgosennlsidu
wuuUnd  (normal)  SsaudFveassifinuislsadnvsnmnide  avliidsuuasautiniy
audlnth wazwanIuanwes (Relaxor) dsaudfavdsuntasmuninud
wnfinsanaudilasildvesesfinangeslaiunlnmiiun 238lasead1ewuy
wivislnuea (tetragonal) Tneflgamgiiefogivszatni 390° @ [29] Ssgmuvniedil
Wasuulasilessdusznevvesasiasundasilng w ﬁqmm“qqm'}qmm a3 anlges
Tawalnnmusasilassaswdndutuunessondalng fmowaduuuidndsdumaliiuans

[

autAidumsdidnyin Wevinsangamailvivianinenmgia? dnvasvesmioiwades
Wasuwlasluidunuuimnselnuea (Tetragonal)  w3esexludnsea (Rhombohedral) @4
dawalvauiRvoarsindumslsdianvin wagdmudnin andinisiulnivesaniwesie-
il wansatRflaneusnnludadauues 2T ogfil 52/48 e 53/47 Gaeg o

Uinaiidendt vestilvsUnivaunae’ (Morphotropic Phase Boundary : MPB) agdlsh

A1 Luaamﬂms PZT llﬂ']ﬂllﬂ‘i”ﬁ%ﬁlﬂﬂ']Léﬁﬂﬂaﬂﬂ'J‘UV]ﬂ\‘m’]ﬂ usas PZT ﬂJJﬁ]G]LﬁEJMNdﬁ

9

(%
= 1 ¥ d = aa a aa

ﬂ’ﬁﬁji‘gLﬁEJWﬁQJN’WUﬂausU’NQQ bUBIINWTALNDIVAVDIANITVUAU mm@ﬂmj UpNANUAIT

1%

PZT Ssilgamniia3 (Curie temperature :To) fireuinsgs fauddosnisldans PzT Tlésu

Uselomigagrazdoniiigumpifigdndifesty 7o ddddufidesnslumeufod daiuis
HugaBusuvesmaidefagiannanifves PZT fusgneniienans lneduummdng ves
wa1eUsznis Wi n1sieansuariadillulassasn (doped) nsadvansavanevouds
(solid  solution) 3eusinszienisinlmduasifinvesasnan (Composite ceramics)

WaazAeaNURALYeE SN NN LAY D g9 UNN
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1 =3 A 3 U & 3 [ 1Y & 1 Y a
E’JEJ’NiiﬂG]’]ZLI mimaﬂlbﬁmaqmzmLﬂuaaﬂﬂizﬂaumaﬂ%maaﬂszLﬂ‘wu neluin

Yeynwaneusznis Nelunisudnuaznisldeu 1esan

1.

oonlusvosmziilgnszivesn  (Usvan 800 esruwaldua) silvdes
MUANUTIIIMALUNMSIREN  (sintering)  ag1sianuitelisandiunes
drunanvesTanigningnsios
oonlafvasmzisumeldhevlianuansolunsndnslinioudu
(reproducibility) hurlgenn

sonledvewmeindufiv deliAntymuannemsennie FmateUsene
TnlargUssmaavsgoninldiifiutedindmiuuiinaunisldvosns
Uspamianniy LLaﬂuﬁaqﬂ’umﬁjﬁmﬁﬁhLﬂui’mqﬁumiﬂamﬁmﬁ CRNCRH

seilpuraensenigaamnssdlulsemelny

MatunTIdsuazinwdIesTanilediannsn T duansusznauiivasnain

sonlesvotnziy  vie  WillansUszaniilussdusznovlutinaintesiian  Jalused

o o

ddy  wazansatislunisanlymnauannzanmsideanlsavewemly  wazelall

NansEVUReanavinssu Tanfilediannintueunandulngd

Tadn@salyviun (bismuth zinc titanate: Bi(ZngsTios)Os) WIal3undus 21 BZT

Wuansuszneuiledianvsniifilassasanesenalng (perovskite) Mdmududou Tnavaly

asUsenaudedilaseadanuuimesenalndaziianslassasiadu ABO, AagU 2.17

5U 2.17 uanmiigiwaqluu ABO; ¥8d BZT
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Jaivdsdlvmun B27) Wuansuszneuldasnemuialml Adalnslssduves

. . . . o ! 2 ! Q:l
lomau (ionic polarization) 3MNNIFAMIUNINATY 150 pC/cm” wasdmlnsilswtuves
Us¥q (point-charge polarization) MNN1sAIMNNTIgATURIMATINTTIBNUluaTNgY

Y

wossenlalndfifineta wardadadugiu (301 Snvsans BZT dudumsiflassadgania
wuuiymsylnuea Afasadn o/a whiy 1.211 Faduaiinfiadufusinsmenuly
asngunessendlndiing uardafmdugrududiu 301 wiegwlsimuans BZT oglu
anmeliadondonefiumians wiasaiosluannzanudugasiniy viewlevindy
asazanveudsiuduansmessoralndviaduq [31-32] Wy asazanvesufssewing
(X)PbTIO; - (1-X)Bi(ZN 4, Tiy2)05 : XxPT-(1-x)BZT laadinisuususuad x = 0.6, 0.7, 0.8, 0.9
uwar 1.0 wuilassaiemaganavesnsaranevesudsruuilasadauuummsylnuea
wazdiEnaan /a inflgainfu 1.11 7 x wihity 0.6 Fansifsnsan o/a uniailug
Agamin3nass 700 eariwaiea (51 uenandzAnwiansazansveaudsiuiuansly
nauiingifuesdlszneundy Sallmsfnwasazarsvodeiuiuasiliasngi 1o

[

Tnunadeslanenlulown Imaﬁqmmﬁ (1)Ko sNag sINDO3 - XBi(ZNn /5 Ti1/2)O05 @ (1-x)KNN

'
= a

~ xBZT &3 KNN Juansilwdidinninlsansnzmndoamalindas Ussana 420 asrnwadea

)

a &

flaudRnslsddnindia (P, = 33 pC/cm’) 3 mmﬁﬁi%al,aﬂw'%ﬂﬁqwﬁuﬁ’u (ds3 ~ 160
pC/N) usingalsimunismsoy KNN Iﬁﬁjﬂ’NQJMUWLLﬂumﬁ?uﬁ’]lﬁ@Eﬂﬂ losnnsssme
maﬂamé’aﬂﬂaﬂﬁqmm flaq Jadl wnAafasilnduansazaneveaudasywing KNN - BZT
dieflazidumsuiulgsauifvesansiisans wasvilidomduesdnldhetu mnnsfnw
windnlussuuiudnui Tassednaniafinisuasunlamuuimm x fUium x desnt
0.01 9eillassadradueasinsoudn (Orthorhombic) wasiidn x s¥wine 0.01 @4 0.03 1y
wsinavillassadrafusenludnsea  (Rhombohedral)  usiilesnnnindulassadians
nanelumiln silvaudRwisisddnnsnmeluaie [13] wenwdinadasesnusenaunaided
AN ITNAUDIAUTZNBY 11U BISCOs - BI(ZNy,5Tiy )05 — BaTiO; Fanuitluisaind
fpAUsznouvee BT 11nnin 50% avillassasradumessenalnd wazfanuin MPB ves
izuuagjﬁ 5 - 10 mol% BS - BZT ansluszuuilds wanangAnssuanuluinanigesingls

SANMSNENAIE 11BI9INTALTEYD9ATIASIINTHINIUS A site waz B site [6] n15idely
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ALY A-site LazNISIODlUAIUNLY  B-site F9n15130luAWNUIANY 9 LazUSuumng 2y
1 1 wa a & a = ) 1 1 1
danafoanURvesESNsLIBanysn uasnavreINISRIolUAILALIANN 9 W [14]
= o 1 . -] ¥ Y a 4 ! = [ ]
®  M5LABlUALIUI A-site zvinlet aglgUSuNa (Mol %) UeNINNNTI8 MUALLALY
B-site LilafagsnwAnuadasvannanassenalng duroiaidalusinniy A-
site 98l9USINL ~10-15 mol % waLilaLiabusLrle B-site azfasling ~40-
50 mol %
o  m3daludunia Asite AUAMULTIUIATING AAANNUIMUUNIVI U LA
uLiiu U IluNITIHN

o nsRaludunus Assite ENAMUAIUMIUMGINTN  waziun1sunANuSau

[

013!

e  Mm3Foludunie Asite wanguugiias (Curie Temperature :To) WagAASi

a

lpBidnvianiigean

Y

® Mm3Ipludunie B-site Aziiu@uuniias (Curie Temperature To) Wazan

gaungalunisien

asuuiseulesaululaiun (BaFeysNbysO; : BFN) tWuansuileinauls waziitnise

vanengulivinnsAnuiAgiiuansiail 1wy YokoSuka [35], Tezuka et al. [36], Raevski et

1
J Al

al. [37] waz Saha [38] Fewinwildsneadnans BFN Wuansideasiladidnninadlugag

' [
a ¥ U

gamgiininde  wiegalsinulunssuiunswndnansiienaglanuvuudugely - 4
anudndudeddaamglmmidngaunn Ussunas 1350-1400°C Feweldiasniinfidrimsiilo-
didnvisnUszanas 40,000 lumsiiazangamgiiniswndniu nevhluasiinsduaisdily
= Y v & ! ! A a a = A 3 av

wiolvidundnd 1wy anslunguinfevesdiion visewndevigeslss NI98v04 Intatha wag
Anuzlul 2006 [39] Anwin1siieans LiF aalulu BFN Tngyinn1sw3suBrN 21nnseuiun1syi
TiAnUARTe1wewaD (solid-state reaction) WA WANETT LiF fednsdu 1-5%

a |

gt Gasduldihuiinumede LF wasgaumgfinaunaindidvnadenummuiuiy
goawsin Tnedlofiuvsina LF unnfuassiildmanuvunuduanas iesnanniamia
Yoo aantulunsEUNSENTN  SufinTuinnsraeuesens LiF ﬁﬁ@waaummﬁ'
845 °C uarnssHineeeanvedans LiF mﬂgﬂqumil,ﬁymwusuaq%’q%l,aﬂez?%Lﬁulﬁdwms

fogranReulunisileans LiF tu iAnwlavesansfitn BFN issegiufen luflinavesans
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wlanUasulag @eUu uaskan svnansflalaenadeiuiuideves Rama et al. [40] 7

o CY Y

L] a aaa < ! a [ ' ! =3 = a
wieNans BFN Tagnszuiumsiinuisevesveaudadufieniu udeglsinudadidnide
8nndu Saha wag Sinha [41] laldlusunsumeuiiawmes (POWD) lumsiasgriguuunis
Q’lj v s 1 g.J/ = b aa ..
Wenvwresiidiendnuin a1s BFN  duillassasiuwuueuandidn  (monoclinic) 70
asrvdoUanTRladidnninnuI Aasladidnnin (e) wasAgadendladidnyin (tand) 4

AMALTUANUSUIUNNSLED LIF 91918891191nn159nSnavaseuloaay tnendnalnniswns

a

v04 LiF iiludmauinsures BFN fall lussezusnifinnisvasuves LiF figamall 845 °C

Y

wanAansedeufiogssindatiludweunsy  yliusnaveunsull  LiF 9g  uaziin
anionic (F O°) substitution Tu Usgngisadunansiahliannsilnihuesans Tud 2006
Eitssayeam Wazaniy [7] Fainideoidunguusnilévins@nuninsdenesninvesasazas
Youudasening PZT uag BFN Taouussnsnanusening (1-o0PZT-xBFN @aus x = 0.1, 0.2,

0.3, 0.4 waz 0.5 3NNV USuuas BFN BvSnaseautfnienienin audmle-

a

aidnnan wazaudRwlslsBidnvsn Ineidmuusznauiaunsausulgsauifvesesiiin PZT

[ A

= = Ao \ 9 A Yy v & I a 1%
Ao NEJUVLGUWJEJG]‘NGUWUEN X =2 91\‘1LVWJN@VIﬂa’YJM']GZJW\W]u"\]zmubL@]’JN’m’J YNNI BEN 9

[
(Y

| v & < o aa < a e A
N’lummLIJ‘IAI‘IJML’T@WENﬂ’]i‘WGJ,Jmaﬁiu’sﬁLLUUG’liaza’lﬁl“UmLL?N MU ﬂu%ﬂmm’maﬂﬁm

eNU1ES BFN TudSuuutdaasiinluswunuaTlas tiewmuiaudfvaaals BFN sananili

£
=

ansaldanulugamglinnMAulasniavila madadenaisiavinuinauiu BNT qusiaq

v A !

AladaannIsdIAAe  ANLANANNYBISATEEAONYBY cation VBNENTNIALUINENAITIL

o

1nnIlesauluuvsndUsTI 15%

£
[y

manuaATelifadanuaulanesimuasnguindars BZT Wugiu Jaduasilidl
1598 g Sunuilosaunsawiuaelen  wardlonvedlassasiunessenalnanianais
warn1sylmdualsazansveaiesiiuaisdu NandneMuayliingnndussrusenau lag

3gvin1sSeuiouanURveasaodssul W d15asaneveeuwdeszning PZT-BZT lunquildl

' v
Y

neidussduszneu waz BZT-BFN Tunquillufinziuluesduszneu wasdidstasduisn

'
a

ensiwenladauAnuandseanlvaniy Faduiemaniainetsazinisiiauiasngui

leBianninifgamalindas WillaudAvneiledidnvniavuindieudvanslungu PZT 3e

[ '
= o 1 % o =

PZN #ldiuegludagtuld Fsenaagylimuansinifaudlninavudilugnisiauniani

Y 9

Tdlusnsanavnssudiannssiindnoly
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YUNDUNITANLUIIUIRY

Tuunilgnanieunounssiidunuide lunswisusetns wasnsAnuausd
Snunizlowzveaysiin avun 4 svuu laun
® y51iiNaTAraNsvaILIITTUY BaxSry[Tiiy(FeiNbymv10,
® y5NINANTAYANLVBITITEUU Bay oSy 1[Tiy,(Feo sNbys),JO5 (BST-FN)
® W1ANA5ALANEVRILTITEUU (1-X)Bap ST Tios(Feo sNDo s)o 2105 — XBiZNo s Tip 505
(BSTFN - BZT)
FeluemAteiflauiduneunsisesendu 2 dwvdng ldud nswsuwarAnwauives

HNLYIINIZUUANN hag NSeTeNlasANYIauTRveIYsiNIZUURIe

3.1 @15 NTYIun15AS U

A1974 3.1 @15uAdNlEmseus1Inlneds Mixed Oxide

dsiadl gnmaadl wisadian

- WULSERAISUBLUA (Barium carbonate); >98.50 % BaCOs Fluka
- loseusanlan (Iron Oxide) Fe,0s Riedel-de Haén
- Fapponlun (Zinc oxide); 99% Zn0O Sigma Aldrich
- lulaifaueanlan (Niobium oxide); 99.95% Nb,Os CERAC
- lyniflvueenlas (Titanium (V) oxide); TiO, Sigma Aldrich

99-105%
- Ondaeantes (Bismuth Oxide) Bi,O; Fluka
- wastalguaanles (Zirconium (IV) oxide); 99% Zr0, Sigma Aldrich
- uAaLINANSUBLUA (Barium carbonate) CaCOsy Sigma Aldrich
- AnNSaULIBNAISUBLUA (Strontium carbonate); SrCO5 Sigma Aldrich
98%
- Llafiaueanaged (Ethyl alcohol); 99.9% C,HsOH Fluka
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d1sadl gamaall wiafian
- ndlhflaueanesed (Polyvinyl alcohol: PVA) CH5COOH; Fluka
- axalau (Acetone); 99.8% Merck
- 13’“1 DI (DI water)
- H9BEgHUN (Alumina oxide) ALOs Fluka
- AU (Silver) Merck

3.2 Jaquazaunsalildlunisinsauiysaiin

M99 3.2 Tanuazaunsalildlunisnieulneds Mixed Oxide

Yaauazaunsal

- Uninesuun 500 gnurAiguRling
- WNULLKan (magnetic bar)

- myazalindmiurnasneuUn
- FOUANANTAUAULAE

- ASNUAENTTIVIEmEN

- prgiliflauan

- PZUNTITOUAT

- NITYnUAET

- inupansweslaile

_ ipS0enANAISHUY ball mill

- WEUAIUSU (hot plate)

- 1P5lURINeA

- NTEANWNIILUDS 220 400 800 wag 1200
_ ipSostnlndi

_ ipSasdiRInea nARlABUSEM AND

- LWWLNWGW?QmﬂQﬁQQ

[
=

- wiinlavedmsusntugUiduugudnans 10 adwns

Fg9uatUaNyT0l [MRG5380203]
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o

anuazaunsal

v
U =%

- 3099 usUsEUULElRSAN

Y

- WhunaI Y
- NADANYAGIT
[
- 1 TUANYN
- uRUALSU (hot plate)
- LYRNIULNMAN (magnetic bar)
- WNULAUFIUTRITI/SIO,/Si

- P3R9AN90 AR lolA

(%
Y

- insasUgnYueenleduuy PECVD

'
L2

- nsesUgniuilaulane Ti wuvatnmes

Qe

- LATDIAALNUTANDU

- wsanUnlulnsau

A1519 3.3 L1ATD9NAN LY IUNISASIEBUANUR

wrSasilantylun1snagau

- ipdesiuiin¥ediond su D500

- wﬁ'aq L-C-R meter ':;'u Agilent E4980A 20 Hz- 2MHz
-~ \3esinBawne3da model 6093

- ipSesTarndulsyavianleniany3n U 55865 ds; meter
- w3edlnaans (poling)

- LARDIAIUALALANIANE

- LATRIMIUANRUNTLALYAUTELNAHA

¥
[

3.3 N1SMTPULYITIANAYNTZUIUNSHENLUUBIN lATUNDULRED (Mixed oxide)

Fg9uatUaNyT0l [MRG5380203]
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3.3.1 NISLATPUNALYIEN
Tumiasetiavinmsssunaesiinlussuusiieg fasvhnsane feil
® A15AYANVRILIITTUY BayxSry[Tiiy(Fe;,Nb; 105
®  AATANUVRILTITEUY BageSro 1 [Tiy(FeosNDgs),JO5 (BST-FN)
®  A15AYANYVRILTITTUY (1-X)Bag oS [Tigs(FeosNDo s)o 2105 — XBiZNng s Tip sO5
(BSTFN - BZT)
®  F5aauURILTITEUU (1-X)Ba(Zry,Tins)Os-x(Bag ;Cag5) TiO, (BCT-BZT)
FeisnsnaLLULeenleftunewiisn (Mixed oxide) %gumaumm%smmmwﬁmmm’lugﬁ
3.1 - 3.4 InediswaziBunsidl
3311 Buanmstiansseuluusinamuiimualdanaunssiuuy thansivs
GovFesudildadlunseynnanadniiignuawesladoudufueniuea dsazsimihdusn
franszany (dispersion) Tviauansiiwdey
33.1.2 mntniiluulaeades ball milling wielvauinoyniadnasmuiisioans
Junan 24 $alus ansiilduinsesasdudninesmenzunsinsesnditluviinisszine
evNueanensenuSounsouiUALAIIHIY magnetic stirrer UAILALAILSDULETH
ansnsvaneildnusarlilfasiianismnpzney
3313 thansluaufigamgd 120 o uan 12 $alus andutenualiiasden
udnhanslunuaaled wnsfafeulunsmnuealed waaddusud 3.4 wénhasuunld

azduaiiveiluvinisTugusely

3.3.2 msﬁugﬂmiqﬁn

3.3.2.1 thwaesdnfiedeldnddlutiina 1.0 3 uanauiuasazanelndlaia
woanased (polyvinyl alcohol; PVA) fidlanandadu 4% s 1 nessunaduiodentu

3.3.2.2 hansuldluifuilansshnmstugddudaesninfiduunadurugus
nane 10 fiaduns Ineviinstuguieiniesdassuulelnsin (hydraulic  press) SAuuy
fiEnafies (uniaxial pressing) FBusISAUsEINM 25 ke/m” LTukIan 15 Junil

] [
LY

3.3.2.3 91NTUaNsgnTugUseuUTeewdvINITITInLEuEuAuENane waz

Fg9uatUaNyT0l [MRG5380203]
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AumuIAeuN YtunuIeEsddudsergiiunlasld nozgiuinaudiuagnuesde
oraliun mudens PSZT-ZN  naufusuienuuuiasdua ntunaude neezgiiun
FuuueINg PSZT-ZN Bndunils

3.3.2.4 1a1slUNsnBumes (sintering)  wnelaiansgaumniilunisenduines

wanaluguin 3.5 gavnegthansiesiiniiiuniswdinTgeuaudinanen niasandani

Tnldin

s1eauatUaNysal [MRG5380203]
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AUNTT + NITATUIN

y

ATI9asuazaUnIal

A4

LASENEITTZUY BayySry[Tisy(Fey,Nby /) 105
X A9uH 0.00 919 0.10 WNNAUNAL 0.02 wazA1 Y Adws 0.00 A4 0.50 wWinduiay 0.10

A 4

BaCO; + SrCO; + TiO, + Fe,03+ Nb,Os

A 4

Ball mill wuuslen 24 h

A 4

LW calcine 900°¢%
BNTINITVU/A9 10°%/u

y

AATILITNSAY XRD

sU 3.1 WU NLARAITUADUNSLAS URNATALANEVDIRTITLUY Bay 5 SryTipy(Fe, Ny 1105

F1g9uatUaNyI0l [MRG5380203]
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AUNI13 + N1SATUIN

A 4

A3I9Qeasuazaunsal

A4

LASENAITTZUY BayySrylTisy(Fe;sNby /)y 105
X A4uA 0, 0.1, 0.2, 0.3, 0.4 waz 0.5

A 4

BaCO3 + SrCO3 + TiOZ + Fe203+ Nb205

A 4

Ball mill wuuslen 24 h

A 4

LN calcine 1200°%
BNTINTITVU/A9 10°9/u

AAIITINAE XRD

U 3.2 WHUAWLERITUABUNITIRST NN BageSro 1[Tir(FeqsNbgs)JOs (BST-FN)

F1g9uatUaNyI0l [MRG5380203]




a1

#UN1S + N15AIUINU

\ 4

ATIRQEITUAzaUNTal

A4

LASUNEANTIZUY (1-X)Bag oSt 1[Tios(FeosNDg5)0.2]05 — XBiZNngsTio 505
X PGLH 0.02, 0.04, 0.06, 0.08 az 0.10

A 4

BaCO; + SrCO; + TiO, + Fe,0s+ Nb,O5 + Bi,O; + ZnO,

\ 4

Ball mill wuuslen 24 h

A 4

L1 calcine 1200°%
BNIINISIW/A9 10°%/U9

AATIZYNIAE XRD

U 3.3 WRUANLEASTUADUNITIOTINNS (1-X)Bao oSro1[Tins(FeqsNDg 5)o»]O05 —

XBiZn045Tio'5O3

F1g9uatUaNyI0l [MRG5380203]
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gl (%)

M

w292 139

900

100379

30

L
>

nm @ Tug)

5U 3.4 wiskauansgamaiiniswuaaled

U 3.5 wifiuivagNvinisdnasuasiuauilainnisen

Fg9uatUaNyT0l [MRG5380203]
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29 Tus

19T 10 AN

500 f------

L
s

181 @ Tug)

U 3.6 wHerauanIUMInISBHNTURDT

3.3.3 MIWTULADS (Sintering)
NIEUUNSENTWADS  Wunszuiun1sivilinewesansiiegn MiunsTugULEn
Annszuaumswiudy wdnaneduwsiinifianuwdawsme Nvzeegusiuesfiniinisy

sUlile Fadunszuiunsifimsldonmgiige welezneuvesasiinnisunsidimiu vinli

Y = =

Nngeduiaseninseuniansiioginiuanndu Mi5endn Ao (neck) HAumuLiaTwEeee
Tnglunsundunesndiiesanuzaewda (solid state sintering) Wuausouusesnidu 3
1% v A
Seeaeiume
1. szazusninitial stage) WwdAlinsiAinae Junsewinveynia Negfniu
2. szgznanintermediate stage) \UuyraniinisinAnlnsswuula (open pore)
Ingluszevil ppvzlivunalygUu inliian1s1weusievas0uNIALINTY

3. szuzgavng (final stage) IWussazniinisdrialnsauuudn (close pore) 99z

danalviansiegaufinnimvai wagyihlillanuvunuduiiedy qegui 3.7

Fg9uatUaNyT0l [MRG5380203]
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sU 3.7 uananmsiUdsunlasseninteunialusenineniswnin (28]

¥
=

N. ANYULIDIDUNIANNINTONTUFY
. NMsTINMmiuraeunAliAagHIulugIRSuAUNISINK TN

Y e o § v ] a
A. viaaMsEEIngilivuawassUTwesgnTuAsulY

[ 7
v

Malinsiinme Suluinnuazivuialng azteliasiiegedinnuruintukaraLLlse

a X ! a o = a al a & & v o w [
ENHYUUTINATIANUULDN Tm&mqmwgumsﬂumﬁLmsnul,maimu‘ﬂ%ammy LLG]’EJEJNI??]@W&J

2
aa s U

vamldlumsen@umesty  avllanuieddesiued nanee  Weligngiidwnedas iy

Y Y

9¥ABNTBIANTILANNIUNIBE TG Yildaunsawseuesfinldlee Tdanlunsiw
du udlumenduiu dldeamalidumess szvilinsunsiduluegneti uadildaailunis
ENFWmesIUIMINANE  Ndansaiwlenesdnidanuudustuanliguiy - wenanil
% = a  a a R < v a0 w | [ ! a
8951N150u-89 vesgamail Nldlumskndumesiiluladend Ay wuiu Insanizegees
1Y) a 1% a - = A ° v Y = v a Y Y
fumsfinsessnluesiin visensaydearsniitavasumaiiig dauiwieinislddade
o & Lo o a - B % ' - 1% a aa =
aananil auaduladedn 2 e Mindnuudy egramnzay ivellawsiinfliamuning
soly

Wesanluseninanstugansiiegnslun1sidensail lasinsldanswedlaila
weaneged (PVA) Wufiiedszanulunistugy Auiudsiesdiniswnduenes Tnefinsiwiwg

gamgdl 500 C Wunar 1 Flue dieddndtiedszanuileanlulivunneu nsii

=b

a = ady a I3 P - a
gaungivulaufsgamgiinseenisldlumsndunes \eandymiNenaiinunainnis
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= a ! a =) £% [ ¥ aw A1 vo
goude PVA o gaungilged Wumaiingngu (pore) visesesinlusiu lagluanAdeillavia

n51an g1 TITugULaY 1vhnsenTwnesigaumall 1,350 “C

3.4 N3RTFRUANUAYELYI13N (bulk ceramics)
3.4.1 MsAszvnematiansiaguuvesssdiend (X-ray diffraction, XRD)

[

a A o 1Y qy v 4 . .
wadatidunisasageulago1dendnnisiauiluutesssdiend (X-ray  diffraction

A4 o

. a ¢ a o =~ A v I = = o
techmque) L@Jai\ﬁaL@ﬂsﬁmﬂﬂigﬂ‘UUUN’J’JaQ%\TNTﬂiﬂaiqﬂLTJ‘UEUNaﬂ NS EANAMPRIISTINNIIN

[ [ [

pznaunglisziiountanuaziluszuiu (hk) azvilmAnn1snszias (scattering) 199593
¢ a X 9 & o = 3 a & = & o o 6 =2
NBRnTUARINTUSElndaziinnsiae iUl Ingiyuiteuuredsdiendiiaananugn
< (% & - a a v v < v
wLludnualanenuynsyuIulee kavauisanvziansunsnaeaasuiulndolused
o & [ Vi v aa [y v & a a |
Maguu Naganunsansiaaeulaindnnsdulatuunanssuiulawasivsunainle lag
AINANNLAZANNTDITURIUNISIABILULTIYIING Tansudazydinnasdsuuunis
Wenvuidudnvuzanizuanaiiulunudnuuslasiadn nsesiedeuiuaniing
Arog1aiNIunshAalsuNgungd1equIualiaziden 3nTuEINIAI0819INIUNS
a 1% I o i A Y I D o
UASELALALAIUTIAULHLUTIATMBE1e (sample holder) indenssiegaliseulagly
nszandlas drudunuitiiunstuguiiivdaliRmdivesssdndanuseusazaiiaus
LAt TUNUIUAARULHLUTIE5AI8E19 UILHUUTIEaIAIRE1RATUILSEUT oL |d
Tuia3ee XRD (uanslugy 3.9)uasisuviinisnageulaeliyusududl 20 Wity 15° wazyy
v Y (e] & A 1 v v ¢ !
gavine 20 WU 60 AntiunaiandeanuazegluguraInsauENTusTENI1eAIY
W Auyy 20 dwanilauuSeuiiisuiudeyaluuiiy JCPDS  LiensivdeuinawazAdy

a £ Y 1 A a 49! o ' aY v I .
U3gvidveriiegsiiintulaginayy 20 Nlaumen d-spacing 31NNHUDILLUIN

A

d= (3.1)
2sin @

eyl d A9 T2ERIeTEINgTEUIU (d-spacing)

A A9 ANMUNMAALYEITIADNGIUNSAIT (1 = 1.54439 °A)

Fg9uatUaNyT0l [MRG5380203]
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U 3.8 LERLAZEY X-ray diffractometer

3.4.2 N3n32FRUTBYATNIIMARLTIUTUINT
A1398aYNINARILTIUTUING (%  shrinkage) WwTANTINIUNITEATUTULAZNTIN
UM TUIMINITATIIANTUAMILAENTIATUIAEUHIUANGNATG LagANUNUNVBUYTIEN

(d) VINDUNILALVAINITUADTANUAINU DINUUEILIAIUIUAIFUNTTN 3.2 wag 3.3

v=oxr?xd (3.2)

dle L v Ao USinmsweaiwsniin
r Ao SrilvanduruAudnans

d A9 ANUNUIVDUYIITN

S= [Vl —V, }xlOO (3.3)
Vl

= A 1% v oA a < a
¥\ S AB F9YAYVDINITUANIINUIUINTVDILUALY TN

Fg9uatUaNyT0l [MRG5380203]
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v, A9 USU9S9899inNoULKN

v, AD USHIRSURAUYTITNARIEN

3.4.3 NNSASIVEDUAMNAUILUY

1PN UM NYIANTIUNSEHNTUADS UM AIAUNULILLY (density) Menrannis
AMSuNUAveIi1ved Archimedes lagiwsinAwseuladuluiindwdunan 2 $lug Ael3
Thdulueinie warthludaiminludh (W) wazdaluemeavazieon (W,) wailvaulu
P I ) & o S ) Y o '
govansiliunan 24 Falus ntuthindaimvinlueinia (W) waaAIuIumIANNnuILLY

YDUYTILNAIFUAT 3.4

Pe=|——— [XPno (3.4)

Wo  puo A9 ATURUILULTDIUN

0c A9 AURUILUUTDLYIIEIN

W, fAe Wdnveawsidnigeluainie

oY

% a o

W, Ao dmtnvesgsinigslueiniauuzten

2

W3 A9 Undnveassiinataluii

3.4.4 A15M5FOUAUUANGLWAN

A151529@0UANUANIINHI9ZISUINNNNTAS IUTUIN UL ITITNTNIUNITNITUH DS L
YAPIYNTEANYNIIBLWUDS 600 800 1000 ez 1200 TATuIuUaIUsEUN 1 DadlnT way
a & A a a & o a Y =~ o o & A o Iy wa
ATUUEsIInIANLS8U NTUINANUELDIARD wadsnuvinTR e U Rau TR
bl Yszneudy autRladidnninnslsdiannsn Aladianvsn wazduussdndeeiu

InWim1ena saswazduanaluil

Fg9uatUaNyT0l [MRG5380203]
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3.4.4.1 NM395IERUALNURIABIANNSN (dielectric properties) Migaungiiviad

Tunsnsnaeurmmsiladdnnin  wazAnsgadeladidannsn  Tunsveasailldi

[

M3nsadouTigaungiies (uszuna 25° ) awnsameaililngldinios L C R fnes aagy

Y Y

3.11 FegnunsainAianugliih wazanisagdeladianndn (tan ) lugasenud 20 Hz

=).

2 MHz Tpgiiuannnsihduauimegsinsiuaianumukesiduruaudnadlui
DIALAENITNINTIRURVUAT 919 2 A1UYeITuI dguulumiierilinRudasaiu
Auwsdnldfngamall 600 “g Wuaunu 15 wiil dnsmstuamwesaumgll 10 “y/wiil
PNUNTUNUNINTIATANA 1 kHz 10 kHz 20 kHz waz 100 kHz tnevihmsiiudeya
N o = ' = o = ' =

anudar 2 JeyaieldlunismAnade vinsaaduiindranugliih uazAn1sgaydele
a a ! ad o & o [J o ! = a o a

BlanMENANYRANNETAvMUA nduimanNgliaihmssnumataledianysn

I1NEUNTT 3.5

&= — (3.5)

We & fp M@ neaudunwms

A
o))y
©

Arruglii Snbedumie (F)

ANUNUIVRIESIABLENYSA Tvbaduwas (m)

Q.
b
(©)

(% '
A =

a & a a | I3 2
Wuﬂ/]“lla\‘i\lﬂal,am/ﬁﬂ 1UWLUUATINUAT (M)

>
o)}
(O]

1 a1 ! U ’12
ATTINTNYBUUBIEEYLYINIAUAUNINY 8.854*10  F/m

&
o))
©
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g‘d‘ﬁ 3.9 LAAILASEY EA980A 20 Hz — 2 MHz Precision LCR meter

3.4.4.2 MInsadauanUn ladianvsndunnsiugamgll (dielectric constant VS
temperature)

Tunmsnaaosiildnsaaoumnuduiusszaing aesiladinvinioutugungiids
aansasihlmauissgamgifiesiiniamsidsundasnassduszneulaoidle  wsin
Aansasuudaanassduseneututiuaadiladidnnisn (€) auiRnnsasuLUasetg

a

557 uardmaulutsgangiidug ddusniinudazeinasivasgungiivesnsdsula
funnsetuoanty Tnelununaaesildviinisnsiaaeulutisvesguungiisaud Ussanm 30 °
o e 400 ¥ Fedmsnistu/awesgumgiiivszann 5 Cwand Tagldiades
E4980A 20 Hz - 2 MHz Precision LCR meter %'!wiaLéﬁ’ﬂﬁ’wqﬂmuquqmmﬁLLaséqw

Uszanananuandlugun 3.11

Fg9uatUaNyT0l [MRG5380203]
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= wa a a = v a
3‘1.] 3.10 LLﬁﬂﬂﬁ@ﬂ'}‘UﬂuLLag‘Uigu’mNaLWEJ‘V]@?!EJ‘UE?&I"UG]I@EJLﬁﬂﬂiﬂLWﬂUﬂUQﬂJ%QN

3.4.4.3 n15nsadauaNUAnslsdlann3n (ferroelectric measurement)

TusuneaosiidviinisnsedevanTRmslsdidnvinveasiiin PSZT-ZN. fikunng
¥inlnfidonndu svhnsasieaeuanTiveanilssidnvanlagnsieseiainissame
384 WilevhnsAnwdrnudusiusseninsaunulnih waslnanlswduveawsiiin snvadld
nsAnwnsanmaardovedlnalsiwdu (remanent polarization; P,) wazataunulniln
avdavadlnailswdu (coercive electric field; E.) Ingldin3asindamnesda (hysteresis
analyzer) Precision High Voltage Interface %aawmaalﬁaumlﬂﬂﬂﬁqaqmﬁ 20 kV/cm
wandlusy 3.12 Tasnsthdunuiinunisvhdandu holder Satusuagduluthiudalau
Gsilicone  oil) letlesfunisianatemaluii (electric  breakdown) lusudseddagle
awalihaean 3 kv nduiunuazgnideusefuiedoafulsegluiiannsgiu (standard

capacitor) UWAT09 Sawyer Tower circuit (U7 3.12) VTWﬂWiLﬁUGﬁjauua%QUizﬂaulﬂﬁw’N

gao3@a (hysteresis loop) C/V Characterization wag IV Characterization

Fg9uatUaNyT0l [MRG5380203]
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U 3.11 wansyanaaeuanURnslsBianvsn

3.6.4.4 N15ATFBUANGUUTLANSNUBLanNIN (piezoelectric coefficient, dss)
lun1snsivaeuAduysyansiledianynsnveawsniin PSZT-ZN  aansavilalaesy
NNMFUITUNUFIBE1TH WA STNTINA TR TTN1IRURU U 919 2 MI1989TUNUY UINTY
NTzUIUNTINGRAS (poling)  tiellAnnsdaLsuivaslalnalumud wagyinliansiesdn
anunsauanangAnssunisiinauiinledianvsn sinislnaluinduddlaunaamall 60 ©
Tiauulliln de windu 3 kv/mm Wunan 30wl iessdlnaansuansluguil 3.13 9ntuh

=] a 4 o a 1 % o [ Y @ ) 1 a o o (% 1
Wins1dnavinnisinaissuseswaliunauliidunan 24 93lus neufiavdiuninnsinan

SuUsvavsilediannsningldia3os KCF S5865 dss meter (gﬂﬁ 3.14)

Fg9uatUaNyT0l [MRG5380203]
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U 3.12 uanunsasdlalunisinaansiesidn

5 3.13 uanaAdos KCF S5865 ds; meter

3.6.4.5 LLV\InLﬂa%@:ﬂQU‘MW'\L“l‘Nﬂa (electromechanical coupling factor; k)

winimasaaulniingina (electromechanical coupling factor, k) lufnfianunse

1%
= v v

wandbiuianuannse wieanulaseuiiAntuduaniledianvinlunsildsuulas
sULuUndsunnasulnilddundenuna vielunenduiu wWasuuvasnnndanu

naluidunasaulni Tneonfaan k Fepanianavesnisiiauuliii wazfirnisweans

Fg9uatUaNyT0l [MRG5380203]
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Sandsrunailieantn annsamen k lilasandenginssumdliiinszuaaduvosmdnves
asiledann3n vnsinAsuenunud (reactance) wsomdufikaud (impedance) Wisuiu
A Turuidedasdnundulssanigaulilihnadessun () vinisinandufiunudd
AETUTIS 100 kHz - 500 kHz Ingdusugsindiunsindeiiauslui 3 kv/mm
Hunan 30 unit Ine¥aa1nie3es E4980A 20 Hz — 2 MHz Precision LCR meter anntutin
Afldannsiaundunmen k fsaunsi 3.6 [16] e F, Wuaudidufiuudsanuay
F. Wumwindufivnudgean lunsdvesasifidnvasiduukuaunandifiduriugudnans
WINNTT 10 WNYRIRNUNUIUNUMIBAILUT k, 138IUTENRUAAIULTISEUNU (planar

coupling factor)

(3.6)

We  F, Ao mmaﬁuﬁmu%ﬁﬂ?jﬁ (minimum impedance frequency) %38
AND 15laUUU (resonance frequency) Tuniay Hz
Fo A9 AUABUALAUTEIEA (maximum  impedance frequency) %30

a a ¢ . |
AND woURALSIELULG (anti-resonance frequency) Tuniay Hz

s1eauatUaNysal [MRG5380203]
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NANISNAADILAZIATITANANITNAADY

=2

TuunagnannIWanIsNAaBIAZ NS HASILANANITNARDY Wisnlvidanmansnu

Supeunssiunuite Sudwansmeasseandy ¢ @ fo
a1l 1 wsdnansaratevesuieszuy BayxSr[Tisy(FeymNby oy10;
duil 2 Anwiesinansavaneveudessuy Bao.oSro1[Tir(FegsNbg 5)JO5 (BST-FN)
duil 3 wiiinansaratevodaszuy (1-x)Bag oSrg 1[Tig s(Feg sNbg 5)0 2105 —
XBiZngsTipsO; (BSTFN - BZT)

PMNUULINANITNAA bPUNANE R aANUALRUS SEINaRaulunswSsuuauUR

N RRA LRI

4.1 \9IANENTALAYVDILTITEUY Bay o Sryl Tiyy(FeroNb, ) 105
4.1.1 AwazanuwazYa LY ITNNAINITHITUNDS

anwa UTIUaAVUYIIINBa L SH(Tiy(Fe1ND; 105 TNIUN1STUFUABUNNS

Y

s P

dldimndumesfigamgll 1,350°C  laeialuudrezdidnvazidudens vie Aillerdou 3

[
v @

a{' a o Y v A daa  a Y A A Y a
V]QQJ‘V]QN 1,350 C LLa'JT’UZbLWL%iWNﬂWNaLMa@QLGUNVﬁ@HJ?J’JL‘Ullaﬂ‘VN?J

s

NHIINNITHNTUR DS

danalvirnanuwiukazansuasUisuwUay Mmedwwandlugy 4.1

ANWULYDUYTIANADUNITH

ANYULYDULYTIUNAAINITLHN

5U 4.1 UanaanwzUaaYIIENn Ba; xSndTiiyv(Fe;Nby i 0N aUwaEnaan1sin
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4.1.2 HANISHIAMURUILUY

NNITUNYINENBa,SIy(Tiyy(FesNDy 105 AHIUAISHITULABSWAININIAIAIY

a

wuwiulagdsnisunuii lonalilumsed 4.2 wasnsmuansnnuduiusssninsgumgd

Y

TunseuAaloilnawsfin BayySrylTipvFe, Nby 05 AUAUAUILUUALARINAITENUT

WIYBALTIIN Bay xSrlTiy v(Fey/oNby/110s fauanbilugud 4.2 asimiuladn wanliniriunis

a

wWLAalElNg  BayySndTiiy(Fer,Nbyh0sMaamndl 1,000°C  AA1ANRUILLWLYINAY

9 Y
a

5.7838 g/cm” flgannil 1,100°C HAmuvunuvuyindy 57951 g/cm’ figauvindl 1,200°C

U

a1 I 1 U 3 d‘ a a0 1 ! U
UANANUNAUILUULNIAY 5.4409  ¢/cm RS VIRUN 1,3OOOC UATATITUAUILUULNTINY

3 A a i | { 19
4.8629 g/cm” RNWaNIsNAABINUITIgaMAT 1,100°C JAmnuvuwiuiniign wandli

Y

a1 v a o

windngamgalunisiuaaleing BayxSru[Tir(FersNby ]ORN ULNaRDA1AINY

MUMUUYBUBTIN Bay Sl Tiy v(Fey,Nby 21105 NUMSENTuLmo TNyl 1,350°C way

9

gagaumgiilunisiuealednsgenagyiliwsdniamaunuwiudesaiuludie detu

QUUOTIUNITIRIMARAIUNG  BayxSrlTiy v(Fey,Nb; )\ J0sMvisnausian1snun luguidel

& A a o = IS 1 PN
ABNYUNU 1,100 C LBNRINUAIATIIUAUILUUNINIER

A15199 4.1 LEAASANAUAUILUUVDUYIIEN BayySrylTiy(Fei,NDy o) 05 MHIUAISINT

Fuwesnonmgl 1,350°C widunan 4 Filudleedgamaiiluniswnunalytineiunnsieiy

al a U I 3
gaungilunisuaaluinegsidin AANUMUILLY (g/cm’)

BayxSrx[Tir(Fe,sNby 205

1,000°C 5.7838
1,100°C 5.7951
1,200°C 5.4409
1,300°C 4.8629

Fg9uatUALUT0l [MRG5380203]
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E .
S 54- =
=
w52
=
s )
© 50
48 -
4, 6.2
6.0 -
5.8 o——F——0
—~ 56
g _
S 54- =
> l
‘s 52-
o
§ l
5.0 -
48 -
456 -
T 5 T T T I T T . I

T T T T +
950 1000 1050 1100 1150 1200 1250 1300 1350

Temperature {°C)

5U 4.2 nymkansanuduiusseninaanunuktuivgamiluniswnuaalettaves

a

k573N Bay xSl Tizy(FeyoNby ) 105 Aikun1sidumesiigangil 1,350°C

Y

4.1.3 HANTINANIUNAAL
VRIIINAYIINITRTUADTYIIAN Bay St iy v(FeyoNby o)\ ]05 1inn1saugulinga
1y innsinranuadlusudurugugnas inadsiuanalilumsned 4.1 ezl

@A SRIwAalgdRuesdin Bay xSrxlTiyv(FeyNb; )05 figamaill 1,000°C i

a

ANUNAGIVINGU 23.67 % flaamgll 1,100°C dApnunadiiniu 1471 % figaugl

1,200°C fidnanuvadainiu 13.13 % wazfiaamall 1,300°C fiaanuvasiiiu 6.54 %

a

I A [¢] a1 Y I a Y @ 1 a
LLAZNUINNR NN 1,300 C HATATITUNARTIUINNIINER LLﬂﬂxﬂ%LMU’NQﬂJ‘ViQNiUﬂ’ﬁLB\H

Y

[y

uAAlUUNAESIN  BaSrlTiFeyNb i 0s  Ne19AuinanaaInI1urafii9eesiin

I a a

Bay xSry[Tis v(Fey,oNby )\ ]05 Aidunsn@umesfigamg 1,350°C wasBgamaiilunism

Y

4 @ o v a a1 LY} v
waalginsgenagyiliigsindAnnuvadiannanuleag

FIeauaUUaNyUTal [MRG5380203]
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A157197 4.2 WAASAIANUNARIVBUYIIAN BayySrylTiyv(Fe, N 05 MHIUNTHITUADS
famadl 1,35 °C uiluna 4 Piludlnefaamailuniswnaalednaesiiin BaySrdTi,

Y(Fel/sz1/2)\(:|O3 ﬁLLmﬂﬁ’]\iﬁu

gaungilunisuaaluinagsidin . 5 o
ARG RRHY T P VIR VT VARV Ak
BayxSrylTiv(Fer2Nby,h 05

1,000°C 23.67 %
1,100°C 14.71 %
1,200°C 13.13 %
1,300°C 6.54 %

U 4.3 nemuanIANUdNTUETERIN Arrnamadmiivgamgiluniswnuaaletikaves

a

k573N Bay xSl Tiry(Fey,Nby ) 105 Aikun1sdumesiigangil 1,350°C

Y

FIeauaUUaNyUTal [MRG5380203]
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4.1.4 wan15INauvuANIlWRHN
NaN1SNAADIAILLAEI18UNANITRSIdRUANRN e BLanVS A Tunilldldeniwsniing

lpanuefsunsuaaleiigamnd 1,100°C  ip91nwsdniladiAianumuikuiuiin

'
=

ign Famainiaglaamielninnfninesiinfia1a e ML LA RE19INNYIIN1TAN

a

AMUNUIRUULAINUNIITN  BayySrlTiy v(Fey,NDy )05 NHIUNISIBunosNgumgll

Y

1,350°C wvihnsdaianthlniseuiiodrluninnity  (Silver  paste) dmsunisnsiageu

autfnialadiannin lnevinisinlusamgiiviesuazyiinisinlugisgaumgivszana 30°C 1

[

Juiisgaungiivssanas 500°C Falnansil

o dAnsiiladianuinuazaurinnasnisgeydeladianvinfigamgliiesvassndin

Y

Ba1_xsrx[Ti1_Y(Fe1/2Nb1/2)Y]O3 ﬁﬂ’}’]&lﬁl 1 kHz

Fg9uatUALUT0l [MRG5380203]
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A19199 4.3 uanAnaanladidnysn uazaAwinmesnisgadeladiannin a gangiviesves

Leﬁiqﬁﬂ Ba1_X5rxﬁi1_y(Fe1/2Nbl/z)y]O3 ‘I?llﬂ’l’lllﬁd]l 1kHz

Dielectric

Property

Dielectric

Property

X=0.08,Y=0.00 | 2173.131 | 0.032
26 | X=0.08,Y=0.10 | 2717.768 | 0.617
27 | X=0.08,Y=0.20 | 1961.617 | 0.460
28 | X=0.08,Y=0.30 | 1942.327 | 0.363
29 | X=0.08,Y=0.40 | 1381.829 | 1.050

X=0.08,Y=0.50

711.122

s189uatUaNYsal [MRG5380203]
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(¥)
U 4.4 nswluananndiiussenineanasiiladidnvidn (€) (n) uazAnsgaydeladidnvidn
(tand) (v) Fieuiuaudvesesiin BayxSry[Ti;y(Fe;,Nby 105 i X=0.00,Y=0.00-0.50 by

step 0.10

FIeauaUUaNyUTal [MRG5380203]
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91n3UN 4.4 1Aud 1 kHz 9zwudniidadin X = 0.00, Y = 0.30 azdA1nsiiladian-

30 (g) wnfiandadian  2416.043 uazhaziiainisgadeladiinnsn (tand) uniian

YRR

v A Y

WULREINUAD 1.065 WaUSauisunudndiuued X way Y aulaewlaunuwlSeuiigunusn

fiugufidadau X = 0.00, Y = 0.00 Ifimasiiladiannin () wiriu 1717.888 dlA1n1s

goudeladidnnin (tand) winfiu 0.019 agnuinfidadiu X = 0.00, Y = 0.30 azlAAsiilad

[ a ! = a & a A 1
LanNnIn (g, LLﬁxﬂﬂﬂﬂﬁgmLaaimaLaﬂwsﬂ (tan®) NN

FIeauaUUaNyUTal [MRG5380203]
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(n)

(@)
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U 4.5 nauansmnuduiusseninanaadiladidnnin (€) (n) wazAnisgadeladidnvsn
(tand) () WBUAUAMUDVBUYIITN Bayy St Tiv(Fer,Nby o) 1057 X=0.02,Y=0.00-0.50 by

step 0.10
9IN3UN 4.5 NAUd1 kHz 9zwudfidndiu X = 0.02, Y = 0.30 azdAnsiiladian-

=

v3n (€) wnfiandalAn  3001.761 wazhazdiAnisgadeladianysn (tand) uindian

2

WULREINUAD 0.696 WatUSeungunuandIuyad X wazY aulngilintnuusauiisunus

3

' '
1 aa

ugmﬁ fdu X = 0.02, Y = 0.00 NiAmsiiladidnnsn (g) windu 1370.000 d@AAns

e =)

udeladidnn3n (tand) winu 0.021agwulnfidadiu X = 0.00, Y = 0.30 azdA1Asilad

[ a ' = a & a A 1
NN (g,) LLﬁzﬂﬂﬂﬂiq@LaalmaLaﬂMiﬂ (tand) nunNIN

FIeauaUUaNyUTal [MRG5380203]
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. (@)
U 4.6 nluansmuduiussenInaailaBidnyian (e) (n) wazAnisgadeladidanysn (tand)

() Fioufuauiveaesiin Ba1_xsrx[—|—i1_y(Fel/2Nb1/2)\(]03ﬁ X=0.04,Y=0.00-0.50 by step 0.10

FIeauaUUaNyUTal [MRG5380203]
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NJUT 4.6 NAud 1kHz agwuinfidagdiu X = 0.04, Y = 0.10 aefiAmnladian-

a1 I3 a

3N (g) WNNanddian 1095.495 uaghazdiAnisgadeladidnysn (tand) winiu 0.228 e

Y

v o

Wisuisumasiiladiannin (e) Audadiuwes X uasy dussiiAmnniigausainig

2\))}
o

GRS
%o

@
a

Tadanusn (tand) axtiosNNdnaIuuae X = 0.04, Y = 0.50 Lwiﬁé’fqﬁmmsqaglﬁalm& ANSA

I a1 <3

(tand) AUNNINdREILDULATERdIU X = 0.04, Y = 0.00 NlAasntadidnnsn (g) wnnu

1934.774 fiennsgeydaladidinyian (tand) wiriu 0.0242

FIeauaUUaNyUTal [MRG5380203]



65

(n)

()
3U 4.7 nymluansrnuduiusseninaailadanyin (€)n) wazAnsaadeladidnnin

(tand) (@) WisufuauAveuLsiin Ba1_XSrXWil_y(Fe1/2Nbl/z)Y]Ogﬁ' X=0.06,Y=0.00-0.50 by

step 0.10

FIeauaUUaNyUTal [MRG5380203]
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9IN3UN 4.7 fieud 1kHz sznudndadau X = 0.06, Y = 0.20 azdAnsiiladian-

a1

30 (€) wnfigededlan  4503.984 uazfaziiAnisgadeladiannsn (tand) undian

A [ ]

WULREINUAD 0.920 WiswSeuneuniudnaiuved X wazy aulnewlaunuwlSeuiieunus

=

ugmﬁé’mﬁaux - 0.06, Y = 0.00 fidensfiladidnn3n () windu 1750.946 TAnng

i
goudeladidnnin (tand) Wiy 0.033 Rswudiidndau X = 0.06, Y = 0.20 aziiAmsile-
8

[ = ! = a = A !
Bnv3n (e) wazANsgaydeladiannin (tand) Mannnd

FIeauaUUaNyUTal [MRG5380203]
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(%)

U 4.8 nauansmnuduiusseninaaadiladidnnin () (n) wazAnsgedeladidnnan
(tand)(@) WgUAUANUDUDUYITINN BayySrylTiyy(Fer,Nby 057 X = 0.08,Y = 0.00 - 0.50

by step 0.10

FIeauaUUaNyUTal [MRG5380203]
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I ]

9INJUT 4.8 AUl 1kHz agwuinfidadiu X = 0.08, Y = 0.10 asfiAmnladian-

S a

3N (g) wnflandeiian 2717.768 wazhaviansaqudeladidnnsn (tand) windu 0.617

9 Y

v o

diaSeudieumasiiladidnn3n (g) Audadiuwes X wazY duaslidrunniigaudainis
goydaladidnyisn (tand) avteanindndiuues X = 0.08, Y = 0.40 uandaianisgedele-
a a - v = o 1 o - a x a

8Ldnn3n (tand) NunNnIdRdIBULardndIN X = 0.08, Y = 0.00 NdAAINlaBLENN3N (¢

wiriu 2173.131 fidnisgadeladidnyn (tand) wiriu 0.032

FIeauaUUaNyUTal [MRG5380203]
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(n)

(@)

U 4.9 nmluansrnuduiusseninaailadidnyin (e)Xn) uazanisgadeladidnysn
(tand) (v) WgUAUAUDVDUYIINN BayySrylTiiy(Fei,,Nby 057 X = 0.10, Y = 0.00 -

0.50 by step 0.10

FIeauaUUaNyUTal [MRG5380203]
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9INJUT 4.9 Anud 1 kHz agwudfidadau X = 0.10, Y = 0.30 asfiAmnladian-

a1 a0

30 (&) wInAigaTadien 4045917  wazhaziiAinisgadeladiannsn (tand) undian

e

A L2 A

WULREINUAD 1.240 WatUSauisunudndiured X wagY aulnewlaunuwlSeuiieunusi

'
aa

fiuguidadiu X = 006, Y = 0.00 Adeasniladianvsn (g) winiu 2479.425 fiA1n1s
goydaladidnyin (tand) wiriu 0.254 asnuinfidndiu X = 0.10, Y = 0.30 vsdiAaaile-
Bdnn3n (€,) wazanisgaydeladidnyin (tand) Munnnan

ANUANITNAADUIDNIITUAIAITINISABLANNSA N1Aud 1 kHz  veedndlu

@

pepUsEnaufineiuaznuAndmladidnnsn (e) Seldfiuualdundmau maindunaunain

nsuwuuinldanysalluseninanszuiunmsendumes Jadunaliiinnunuinuuresys

g [
[ tY a v I |

finuazdgnsudnuiuanniues wenanddmuineladidnysn selianuduiusivaiainy

a <

NUILUUYDUYIITANTUAD WINNHAIANLRLILLLLIN AxilAlaBlannSn Aasndesind

Y

a

fArAnuruLduley wazannsIn 4.4 - 4.9 dunalainAieailadidnnsn a1 1 kHz 91 X =

ISP

0.00 - 0.10 Tmenfifiay 0.02 Y = 0.00 azdansayduladiannn (tand) Asuiioviinig

Y
1Ua15 Bay,SilTiyv(Fey,Nb; )05 Inedidndau Y = 0.00 - 0.50 lnewiuiiay 0.10 wWilUay
0§ w1 ad a ' = ad a a X i =
aanlaBianysn (e) uagAnsaaydeladidnnin (tand) WsduuazannsmansgeyLde
ladidnvian (tand) dunuirdidnvauzwanaaiunndadiuesduszneutiuferinisgaydela-
81ann3n (tand) axgeundvinslauans  BayySrlTiyvFeyoNby )]0, tnedidndu Y 7
g9y Gamadndunaangnguiieduneluilewsindmaliifndnvuzvesnnuiluin

Trlflifiaanngngudananatiutes (space charge)

=1

1 = a e a 1 4 =] a a a a
4.1.5 ﬂﬂﬂﬂﬂlﬂaLaﬂ%iﬂLLagﬂﬂLL‘WﬂLG\Biﬂ’]iQQJJLﬁEIIﬂE]Laﬂ‘llliﬂ‘VI UNNUEIVDUYI-

9

fin Ba xSyl Tipy(Fer,,Nb, ,)/]05 finaud 1 kHz
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()

(V) ()

v 6 1 1

35U 4.10 nymluansmnuduiusseninaniladiannin (€) n),(v) uazaAnisagdeladian
30 (tand) (M) euiuuniveussIiin BayxSndTiv(Fe;,Nby )\ J0s1  X=0.00,Y=0.00-

0.50 by step 0.10

o |

INFUN 4.10 1AUD 1kHz gnuingaumiiviesdadiu X = 0.00, Y = 0.30 9l

Arsnladianysn (g) Ngananuazavauegiwiolionllogumgigauwagludadiun X =
0.00, Y = 0.00 aswuiilgaumgiing (Curie temperature: T,.) v8usfinaglumyig 120°C 39

adianpsnladannan (e) Useanm 9235.0 elldndiuresesrusynou X uay Y dugamsi

¥ [

'
a

loddnv3n (e) Arggavunmuanmdniudududediy veillunsladals BaySndTi

FIeauaUUaNyUTal [MRG5380203]
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(Fe,sNby»)]0; Ndmdau Y = 0.00 - 0.50 Taewfindiaz 0.10 wWhldagnuinAnsnladiannsa
(&) Ve dinAziNguseny  uwidglifloamglin  (Curie  temperature: TN

<

uenntuuEIAINsgadeladianyin (tand) NzuusiunumailodidnrEn () Nigedu

WULREINUY

(M)

)
U 4.11 n9uuanspuduiussznineanladidnnin (e) n),@) wazAnisgadaladian

3N (tand) (A) WedMaumgliveassalin By SrylTipy(Fer,,Nby ARIO7 X=0.02,Y=0.00-
0.50 by step 0.10

FIeauaUUaNyUTal [MRG5380203]
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a v £

INFUN 4.11 1A 1kHz znudfigumgilviesdadiu X = 0.02, Y = 0.30 2zl

Y
[

Arsntadidnnan (€) Nasfianuarazasuegnaiononnmgliauuasludndiun X =
0.02, Y = 0.00 9¥wuilaangins (Curie temperature:T,) veqwsinegluyia 225°C 3
agdimmsiladianin (€) Usyunad 1161.23  Melldndiuveiosnusznou X waz Y 2us)

' ¥ 77
a = 1 a Y U

| A a a < = A =1
ﬂqﬂQV]VL@@LaﬂVﬁﬂ (Sr) ﬂﬁlzqwummqm‘wqmwLW&J%‘LAL‘UULW&JMU WQUIUﬂWiI@ani Ba1_
5

St Tiyy(FeysNby )\ ]O5 fidadau Y = 0.00 - 0.50 Tnewfinfiaz 0.10 WrlUaznuiimailad

[

W@nmn (€) veuwsiinasiiiugsduises ) uizlioungiias (Curie  temperature:T,)
a £ & v = a & a 2 o i A a g a
AnTu wenanuuudIANsgeydsladiannin (tand) Nazudsiumuansiladidnnin (€)

£%

= L o
WQQGUULGUULWEJ'Jﬂu

(M)

(V) (A1)
U 4.12 n9vuanaanuduiussenineeniladidnnin (n),@) (€) wasanisgadaladian-

730 (tan0) (A) Fioutuauavesesiin Bal,Xer[Til,Y(Fel/zNb1/2)Y]O3‘1‘7i X=0.04,Y=0.00-0.50

by step 0.10
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a v £ 1

mmﬂﬁ 4.12 ﬁﬁ’;m%ﬁ' 1 kHz aswudﬁﬁqmmwaaammu X =0.04,Y =0.10 w3

Y

Q‘

AnsiilaBianin (&) figefigauarazgeiussisdeiioniloguvniigaunarludadiuil X =

0.04, Y = 0.00 9znuinrdigamaiind (curie temperature:T.) voswsnineglugia 110°C Feaz

Y
fifnladidny3n (€) Useanay 8504.08 vialldndiureasAusenau X uag Y duqarnsiila-
a a =3 =2 ad a £ 1 = [y I 1 a [e] [e] 1 Ql'
Slanuin (€) ﬂ%mﬁuumuammwmeuwummnmmiumaqmmm 75°C - 150 C AnAsh

- 1
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Phase Formation and Dielectric Properties
of Ba( oSr.1[Ti;x(FepsNbgs5)x]03 Ceramics
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'Department of Physics and Materials, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand
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In this work, the complex perovskite Bay¢Sro 1[Ti;. (FegsNbys),]O3 (BST-FN) ceramic
system with x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 were synthesized via a solid state
reaction method. The ceramics were subsequently examined at room temperature by X-
ray diffraction using Cu K, radiation to identify the phase composition of each sample.
The structures of the samples were found to be tetragonal and the tetragonality of which
decreased with increasing the FN content. The relative permittivity and loss tangent
were found to increase with temperature. The highest ¢, was 2941 with the tan § of
0.713 for x = 0.2 at room temperature and at 1 kHz.

Keywords Lead-free piezoelectric; phase transiton; barium strontium titanate; barium
iron niobate

Introduction

Non-lead dielectric and piezoelectric ceramics have been of much interest for replacing
the lead compositions that causes environmental pollution nowadays. A few potential
systems of lead free materials are ABO; perovskites based materials. Recently, giant
dielectric constant (¢;) has been reported on certain composition of ternary perovskite
based BaFe(sNbys503; (BFN) of certain compounds compositions. For instance, several
researchers, such as Yokosuka [1], Tezuka et al. [2], Raevski et al. [3], Saha and Sinha
[4, 5], Intatha et al. [6, 7] have reported that the BFN-based electroceramics exhibit a
relaxor behavior by showing very attractive dielectric and electrical properties over a wide
range of temperatures. However, the dielectric loss of BFN ceramics is high. In order to
decrease dielectric loss, some dopants or solid solution were added into BFN ceramics.

Barium strontium titanate (Bay Sr;.TiO3) is a solid solution family composes of barium
titanate and strontium titanate with its Curie temperature covering over a wide temperature
range. When strontium atoms were introduced to A site of perovskite barium titanate matrix
replacing barium atoms, the phase transition temperature of paraelectric to ferroelectric
decreases and the phase transition behavior changes from sharp to diffuse [8, 9].

This study has been focused on the solid-state preparation of complex perovskite
BagoSrg 1 [Tijx(FegsNbgs)s]O3 ceramic system, with particular reference to the effect of
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the composition on the dielectric behavior and phase evolution of the ceramic, with the
aim of achieving low loss while keeping high relative permittivity. The dielectric properties
against temperature and frequency were also studied.

Experimental

Polycrystalline samples of Bag ¢St 1[Tiix(FeosNbgs)x]O3; (BST-FN) were prepared by
solid state reaction method. The oxides and carbonate powders of BaCOs, Fe,03, StCOs,
Nb,Os and TiO, were mixed in corresponding molar ratios by ball milling in a bottle of
ethanol for 24 h and dried at 120°C. After that, all powders were calcined at 1200°C for
2 hours. After completion of the process, X-ray diffraction measurements were performed
with a PAN analysis x-ray diffractometer using CuK,, radiation. All patterns were refined
by the Rietveld method for phase analysis. For the dielectric measurements, the reground
powders were pressed into discs with diameters of 10 mm and typical thicknesses of 2 mm.
All samples were sintered at 1350°C for 4 h. After sintering, silver paste was applied to both
sides of the samples. The relative permittivity and dielectric loss of the sintered ceramics
were measured as a function of temperature with an automated dielectric measurement
system. The system consists of a LCR-meter and environment controlled chamber, both
temperature and dielectric properties were measured and recorded by a computer. Changes
of &, and tand at room temperature were also measured at 1 kHz and 1IMHz.

Results and Discussions

Figure 1 shows the XRD patterns of BagoSrg 1[Tijx(FeosNbgs)x]Os (BSTFN) sintered
ceramics with x = 0.00, 0.10, 0.20, 0.30, 0.40 and 0.50. After refining by the Rietveld
method, the peaks were analyzed according to the Inorganic Crystal Structure Database
ICSD No 67520 and 43622. The phase of all compositions are perovskite phase. The results
indicated that changes of the lattice parameters of the BSTFN ceramics were observed
depending on FN content. Tetragonal phase was observed for x = 0.00 sample. The lattice

Figure 1. X-ray patterns of BST-FN ceramic.
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Figure 2. Lattices parameter of BagoSro[Tiix (FegsNbgs)x]O3 system.

parameters of the ceramics were calculated by the refinement method. The cell parameters
and tetragonality (c/a) obtained for each BSTFN composition is given in Fig. 2. The result
of the cell refinement showed that the BSTFN system with x = 0.0 sample is a single
tetragonal phase. It can be seen that the c/a lattice parameter showed little change with
increasing FN content. However, the tetagonality(c/a) of the samples with x > 0.3 slightly
decreased. These results are in accordance with the peak splitting in Fig. 1. The value of the
c/a parameter decreased from 1.0085 to 1.0017 when the FN content increased from x =
0.0 to 0.50.

The temperature dependences of the dielectric properties at 1 KHz for Bag ¢St
[Ti; x(FepsNbgs)x]O3 ceramics are shown in Fig. 3 and Fig. 4. Both the relative permittivity
(er) and dielectric loss (tan §) values increase with temperature. The relative permittivity
at room temperature of the FN doped BST ceramics increased with increasing FN content
up to x = 0.2. After that the relative permittivity decreased drastically. The dependent of
relative permittivity on temperature phenomenon is similar to that reported in previous
work, where the concentration of Fe>* ions is known to be very sensitive to temperature,
and it increases as temperature increases [10]. It is known that the co-existence of Fe2t
and Fe*" ions on equivalent crystallographic sites can give rise to an electron hopping
conduction mechanism. Due to the finite hopping (or jump) probability of electrons, this
conduction mechanism tends to come into effect only at lower frequencies. An alternative
explanation is related to disorder in the B-site cations of complex perovskites, as suggested
by Majumdar et al. [11].

The dielectric loss is low at room temperature and increases with temperature as shown
in Fig. 4. In the FN containing ceramics, the dielectric loss was found to increase with
increasing FN content. The increasing of dielectric loss may be due to possible mechanism
for oxygen vacancies in structure involves the electric conductivity. In this latter case, the
mobility of the oxygen ion may be induced, causing the increase of conductivity reflected
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Figure 3. The relationship between relative permittivity and temperature.

by the dielectric loss results. This mechanism would account for the increase in dielectric
loss with increasing FN content.

Change of the relative permittivity and loss tangent against frequencies were also
measured at room temperature and tabulated in Table 1. In this work, the frequencies of
1 kHz and 1 MHz were employed due to equipment limitation. At 1 kHz the highest
relative permittivity was found at the BSTFN ceramic with x = 0.2 (g, = 2941). For other
compositions the ¢, values dropped but still in the same order. The loss tangent values are
lower than 1 except that of the sample where x = 0.4. For measurement at 1 MHz, the ¢,

Figure 4. The relationship between dielectric loss and temperature.
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Table 1
Relative permittivity and dielectric loss at room temperature
Relative pemittivity Relative pemittivity
Sample (1 kHz) tan & (1 MHz) tan §
X =0.00 1998 0.018 1813 0.0143
X =0.10 2225 0.325 1541 0.0045
X =0.20 2941 0.713 504 0.0736
X =0.30 2186 0.432 259 0.3266
X =040 1778 1.006 227 0.6177
X =0.50 2626 0.446 123 0.4270

value decreased with increasing x. Considering the loss tangent data between 1kHz and
1 MHz (Table 1), it can be seen that the loss tangent values at high frequency decreased
rapidly except that of the composition where x = 0.3, 0.4 and 0.5. Further attempt should
be carried out for other compositions in addition to obtaining the better values of relative
permittivity and dielectric loss.

Conclusion

The effect of FN addition on the structure and dielectric properties of BagoSrg
[Ti; x(FepsNbgs)x]03 (BST-FN) system was investigated for various chemical compo-
sitions. The BST-FN (where x = 0.0 to 0.5) ceramics were prepared by mixed oxide
method. All samples were identified as a single phase with a perovskite structure. Lattice
parameters of the tetragonal phase were found to vary with chemical composition. The
tetragonality, c/a decreased with increasing x which is indicative of tetragonal symmetry
by Rietveld method, while sintering temperature was kept at 1350°C. The result shows that
the dielectric permittivity of BST-FN slightly increased with temperature, the loss tangent
was higher than 0.3 at low frequency where x is higher than 0.1.
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The (]-X)Baagsr().][Tl.().g(F€1/3Nb2/3)().z]O_g—XBl.Zn]/Z ﬁ]/g 03 solid solution ceramics were
synthesized via a solid-state reaction method where x = 0.02, 0.04, 0.06, 0.08 and 0.10.
The structural and electrical properties of these ceramics system were investigated
as a function of the BZT content by X-ray diffraction (XRD) and dielectric measure-
ment techniques. The XRD analysis demonstrated that with increasing BZT content in
(1-x)BSTFN—xBZT, the structural change occurred from the rhombohedral to the tetrag-
onal phase at room temperature. Changes in the dielectric behavior were found to depend
on the BZT content.

Keywords Lead-free piezoelectric; phase transiton; barium strontium titanate; barium
iron niobate; bismuth zinc titanate

Introduction

Complex perovskite piezoelectric ceramics have been widely used for various electronic ap-
plications, such as capacitors, sensors, actuators and transducers because of their excellent
dielectric and ferroelectric properties. However, the most of commercial piezoelectric ce-
ramics are containing with lead compound for example, lead titanate, lead zirconate titanate
and lead magnesium niobate. Due to environment concern, lead free piezoelectric ceramics
received much attention over the few years. Barium strontium titanate (Ba,Sr;4TiO; or
BST) is a solid solution between barium titanate and strontium titanate. Barium titanate is
ferroelectric material with a curie temperature of 120°C, while strontium titanate is a para-
electric material at room temperature [1]. The ferroelectric transition temperature of BST
can be changed by varying the Ba/Sr ratio. Solid solutions with x = 0.2 to 0.5 are normally
used to shift the transition temperature to, or just below, room temperature. These materials
have unique combination of large dielectric constant, high tenability, low dc leakage, low
loss tangent, and stable operation at high temperature [2, 3].
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High dielectric constant (&) has been reported for complex perovskite BaFey sNbgsO3
(BFN). For instance, several researchers, such as Chung et al. [4], Wang et al. [5], Raevskite
etal.[6],Sahaand Sinha [7], Intatha [8, 9] have reported that the BEN-based electroceramics
exhibit a relaxor behavior by showing very attractive dielectric and electrical properties
over a wide range of temperatures. Recently, Bochenek et al. [10] has reported that BFN
ceramics has both ferroelectric and magnetic properties like PbFeysNbysO3; ceramics.
However, high tan § still was the main problem of BFN.

Bismuth zinc titanate [Bi(Zng sTio5)O3; BZT] is a new lead-free polar compound with
a calculated ionic polarization of over 150 uC/cm?, the largest calculated point-charge
polarization of any previously reported Pb or Bi-based perovskite [11]. However, BZT
is unstable in its pure form and can only be stabilized under high pressures or in solid
solutions with other perovskite end members [12]. Recently, it was shown that the addition
of BZT is effective in enhancing the tetragonality and increasing the transition temperature
of PbTiO3 ceramics [13, 14].

An aim of this work was to find the new lead free piezoelectric system and improve the
dielectric properties of lead free piezoelectric ceramics BST by study the solid solution of
(1-x)[BST-BFN]—xBZT ceramics. The small amount of BZT was used to partially substitute
BST-BEN. The influence of BZT addition in the phase transition and morphologies of BST-
BFN ceramics was investigated. This work may provide an alternative approach for the
development of lead free piezoelectric ceramics.

Experimental Procedure

In this study, the ceramics in system of (]—X)Bao_gsl‘().l [Tio_g(Fel/3Nb2/3 )0'2]03—XBiZl’11/2
Ti;» O3 were synthesized by the conventional mixed oxide method. Reagent grade of metal
oxide powders were used in this work, where x = 0.02-0.10. The starting powders were ball-
milled for 24 h. The mixed powders were then calcined at 1200°C for 2 h with heating and
cooling rate of 10°C/min. Subsequently, the calcined powders were pressed into disc shape
and sintered at 1350°C for 2 h with constant heating and cooling rate of 10°C/min. Phase
formation of the samples was studied by an X-ray diffraction (XRD) technique (Philips
X-ray diffractometer). For electrical properties characterization, the sintered samples were
ground to obtain parallel faces, and the faces were then coated with silver as electrodes. The
dielectric constants and dielectric loss of the sintered ceramics were measured as a function
of temperature with an automated dielectric measurement system. The system consists of a
LCR-meter and environment controlled chamber, both temperature and dielectric properties
were measured and recorded by a computer.

Results and Discussions

The (1-X)B&0_9$I‘0.1[Tio_g(F61/3Nb2/3)0_2]03—XBiZH1/2Ti1/203 ((1—X)BSTFN—XBZT) ceram-
ics when x = 0.02, 0.04, 0.06, 0.08 and 0.10 were calcined at 1200°C and sintered at
1350°C. Figure 1 shows the relationship of density and shrinkage against x content of the
ceramic sample in (1-x)BSTFN-xBZT system. These results showed that the maximum
density increased amount of BZT was added. Maximum density of (1-x)BSTFN-xBZT
was found at x = 0.10. These is 97.8% consistent with previous reported [13, 14]. In the
same way, phase evolution of (1-x) BSTFN-xBZT ceramics of each x content was investi-
gated by XRD techniques. Figure 2. shows the X-ray diffractograms. The XRD results was
refined by Reitveld method base on three structure of tetragonal, rhombohedral, and cubic
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Figure 1. Shows the effect of composition on the density and volume shrinkage of ceramics.

phase. The peaks were analyzed according to the Inorganic Crystal Structure Database. The
results indicated that change of crystal structure occurred as a function of (1-x)BSTFN-
xBZT compositions. Rhombohedral phase appeared as x = 0.00. Mixed tetragonal and
rhombohedral phases began to occur at x = 0.02 and gradually transforms to tetragonal
phase when x content increasing, as can be seen at (002) and (200) peaks. The lattice
parameters of the two co-existing ferroelectric phases in the ceramics were calculated
by the refinement method. The cell parameters and tetragonality (c/a) obtained for each
(1-x)BSTFN—xBZT composition is given in Fig. 3. The result of the cell refinement showed
that the (1-x)BSTFN-xBZT system having BZT content in the range x = 0.0, where the
ceramic has single phase rhombohedral symmetry, for higher x values, the cell parameters
are dependent of the BZT content. The value of the c/a parameter increased from 1.000
to 1.006 when the BZT content increased from x = 0.0 to 0.10. At higher x values the
parameter (a) of the rhombohedral (1-x)BSTFN—xBZT phase slightly decreased.

Figure 2. X-ray patterns of (1-x)BSTFN-xBZT ceramic.
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Figure 3. Lattices parameter of (1-x)BSTFN-xBZT system.

The dielectric constant at room temperature of the (1-x) BSTFN-xBZT ceramics are
shown in Table 1. The dielectric constant at room temperature decreased with increasing
BZT content up to x = 0.04. After that the dielectric constant increased drastically. The
maximum dielectric constant was 5947 at composition x = 0.04. The variation of dielec-
tric constant and dielectric loss as a function of temperature is shown in Fig. 4(a) and
(b) respectively, for various x contents. The results indicated that the tan § values were
below 2 from room temperature to 450°C, beyond such temperature, higher tan é values
were obtained. The dielectric constant of (1-x)BSTFN—xBZT ceramics increased with in-
creasing temperature and BZT content and became broad curve from x = 0.02 onward. In
normal dielectrics, the dielectric constant increases with temperature monotonically while
in ferroelectrics a sharp peak is observed at the transition temperature. However, in the case
of relaxor ferroelectrics a broad peak in the permittivity vs. temperature plot, with large
frequency dispersion is observed. This broad anomaly known as a diffuse phase transition
is believed to occur due to the dynamics of the polar domains in the relaxor material [15].
This anomaly is also seen in the temperature dependence of the dielectric loss. The sys-
tematic increase in dielectric constant with BZT content is likely to be due to the increase
in conductivity of the samples. It is possible that the concentration of Fe?* ions in the
sintered BSTFN ceramics could be highly sensitive to sintering temperature. As is widely
known, the co-existence of Fe’* and Fe’* ions on equivalent crystallographic sites can

Table 1
The dielectric properties of (1-x)BSTFN—xBZT ceramic at room temperature.
X content Dielectric constant (1 kHz) tand (1 kHz)
0.02 5417 0.412
0.04 5947 0.731
0.06 4105 1.022
0.08 2151 2.259

0.10 3277 1.632




Downloaded by [Chiang Mai University] at 22:40 25 June 2012

174/[380] Sokum Eitssayeam et al.

Figure 4. The relationship between dielectric properties and temperature.

frequently give rise to an electronhopping type of conduction mechanism, which, owing to
finite hopping (or jump) probabilities, tends to come into effect at lower frequencies [9].

Conclusions

The effect of BZT on the structure and dielectric of (1-x)BSTFN-xBZT system was in-
vestigated for various chemical compositions. The (1-x)BSTFN-xBZT (when x = 0.02 to
0.10) ceramics are prepared by a mixed oxide method. Lattice parameters of the tetrag-
onal phase and rhombohedral phase were found to vary with chemical composition. The
evolution of the tetragonal phase, (200)/(002) transformed to a single peak (200) which
indicating rhombohedral symmetry with decreasing BZT content. The result shown that
the dielectric properties of (1-x)BSTFN-xBZT ceramics depend on composition. The
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broadness of dielectric constant peak increased and maximum dielectric constant decreased
with BZT content.
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The method of thermal annealing was applied to B, Oz doped BaZr.9;Ti 9.9303 ceramics.
The modified ceramics were prepared via a solid state reaction method. The samples
were sintered at 1250°C for 2 h, and then followed by the thermal annealing at 1000°C
for 4-16 h to improve their electrical properties. The ferroelectric properties were
slightly decreased. However, an enhancement of piezoelectric properties was observed
after annealing, especially for 8 h annealing. The results were discussion in term of
composition variation after annealing.

Keywords Ferroelectric properties; piezoelectric properties; annealing

Introduction

It is known that Pb(Zr, Ti)O3 (PZT) is one of the most widely used ceramics in many
electronic devices due to their superior electrical properties such as piezoelectric and
ferroelectric properties. Unfortunately, they are not environmentally friendly due to the
toxicity of lead oxide, caused by lead loss at high temperature of processing. Thus, the
search for alternative lead-free piezoelectric and ceramics has been an interesting area of
research as a replacement for lead-based ceramics such as PZT. Recently, barium zirconium
titanate (BZT) was proposed as an interesting lead-free piezoelectric and ferroelectric
material [1-5]. The BZT with the formula Ba(ZrTi; )O3 can be formed by substitution of
Zr ions at the Ti site (B-site) in the BaTiOs lattice [2]. However, the sintering temperature of
BZT is quite high. Therefore, it is interesting to lower the sintering of BZT by adding some
sintering aid such as B,Os3 [6, 7]. In the past, many workers have focused on decreasing
the sintering temperature and improving the electrical properties of BaTiO3; and modified
BaTiOj; by adding some sintering aids. Properties of B,O3 doped BaTiO3 has been reported
by Qi et al. [7]. Electrical properties B,O; doped BaTiO; were found to improve after
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dopping. However, it is believed that heterogeniety in composition and microstructure
still occured after sintering. To ameliorate this effect, post sintered annealing is effective in
decreasing heterogeniety in composition and microstructure as a result in further optimizing
the electrical-properties [8, 9]. In this work, the method of thermal annealing was applied to
B,0O; doped BZT ceramics. Effects of annealing time on the ferroelectric and piezoelectric
properties of the ceramics were investigated.

Experimental Procedure

BZT powders with a stoichiometric composition of Ba(Zrg o7 Tig.93)O3 were prepared using
a solid-state reaction method. Reagent grade of BaCO3, ZrO, and TiO, were used as
starting powders. The starting powders were mixed then calcined for 2 h at 1200°C.
B,0Os (1 wt.%) was added and mixed to the calcine powder. The obtained powder was
pressed at into cylindrical pellets. The green pellets were sintered at temperatures ranging
from 1150-1300°C for 2 h. The densest ceramics were annealed at 1000°C for 4-16 h.
Phase formation was characterized by X-ray diffraction analysis (XRD). The densities of
the samples were measured using the Archimedes method. Microstructural evolution was
investigated using a scanning electron microscopy Piezoelectric measurements were carried
out using an impedance analyzer. P-E ferroelectric loop was determined using a Sawyer
Tower circuit.

Results and Discussion

In order to find the optimum conditions for producing the modified BZT ceramics with the
maximum densification, the modified BZT ceramics were sintered at various temperatures
ranging from 1150-1300°C for 2 h. The ceramic with a maximum density value of about
5.660 g/cm® was obtained from sintering at 1250°C, for the annealing process. Fig. 1
shows the density values as a function of annealing time. The density value increases from
5.660 g/cm? for the as-sintered sample to 5.710 g/cm? for the 8 h annealing sample, and
then slightly decreases to 5.695 g/cm? for the 16 h sample. The shrinkage profile which
is also shown in Fig. 1 exhibits a slight increase from 13.10% for the as-sintered sample
to 13.74% for the 16 h sample. This result suggests that sintering was nearly complete
when the sample was sintered at 1250°C for 2 h and the longer annealing time allowed the
sintering process to continue until the process was completely finished [10].

Figure 1. Density and linear shrinkage as a function of annealing time for the modifiled BZT
ceramics.
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Figure 2. Room temperature XRD patterns of as-sintered and annealed ceramics.

Phase evolution in the as-sintered and annealed samples was investigated using XRD
with the results illustrated in Fig. 2. The XRD results show that all samples exhibited a
solid solution with a perovskite phase. All of diffraction peaks correspond to a pure BZT
phase. Sharper and higher intensity in XRD peaks was observed for the 4 and 8 h samples.
This implied a higher degree of crystallinity in these ceramics [11].

Polarization-electric field hysteresis measurements were performed at room tempera-
ture. Fig. 3 displayed the ferroelectric hysteresis loops (P-E loops) of the modified samples.
All samples show a ferroelectric behavior. However, the hysteresis loop became slimmer
after annealing. Values of remnant polarization (P;) and the coercive field (E.) as a function
of annealing time are shown in Fig. 4. The values of P; and E. decrease from 8.1 uC/cm?
and 2.7 kV/cm for the as sintered sample to 9.8 C/cm? and 1.9 kV/cm for the 16 h
sample, respectively. Further, the annealed samples exhibited unsaturated hysteresis loops.
A previous work [12] suggested that the unsaturated hysteresis loop could be associated
with a high leakage current. To check this possibility, the leakage current densities of the
samples were determined. Fig. 5 illustrated a plot of leakage current density as a function
of applied voltage and annealing time. Higher leakage current densities were found for the
longer annealed samples, as expected. This result may be due to a formation of oxygen
vacancies which occur for the longer annealing [13].

Figure 3. Polarization vs. electrical field of the modified BZT ceramics annealed at various annealing
times.



Downloaded by [Chiang Mai University] at 21:49 25 June 2012

B,0;3 Doped Ba(Zr,p7Tip.93)O3 Ceramics [297]/91

Figure 4. Variation of remnant polarization Pr and coercive field Ec modified BZT annealed at
various times. Inset shows value of Ry, versus annealing time.

To check the quantification of changes in the hysteresis behavior, a parameter called
squareness (Ryq) was determined following expression [14]:

P, Piige
Ry = — +
Yoh R

)

where P jg. is the polarization at an electric field equal to 1.1 times of the coercive field.
The Ry, values as shown in the inset of Fig. 4 are in the range of ~0.6254-0.7743. The
slightly change in Ry indicates that the quantification of hysteresis loop is slightly changed
after annealing.

Figure 6 illustrated the values of the piezoelectric coefficient a function of annealing
time. The piezoelectric coefficients were found to improve significantly after annealing.
For the as sintered sample, the coefficient d33 was 278 pC/N. This value is close to the value
reported previously [6]. The 8 h annealed sample has the maximum d3; value of 297 pC/N,
which is considered as high value for lead-free piezoceramics [15, 16]. A plot of coefficient
g33 versus annealing time is also shown in Fig. 6. The coefficient g3; was calculated as the
following equation [17]:

ds3
£0Er

2

833 =

Figure 5. Current density vs. voltage of the modified ceramics annealed at various times.
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Figure 6. Piezoelectric coefficients of the modified BZT ceramics annealed at various times.

where g is permittivity of free space, ¢, is dielectric constant. The g3; value increased from
15.5 x 1073 Vm/N for the as sintered sample to 17.9 x 10~> Vm/N for the 8 h sample,
and then decreased to 17.1 x 1073 Vm/N for the 16 h sample. This trend matches that
trend of the d3; value. Value of ¢, at room temperature as a function of annealing time is
shown in the inset of Fig. 6. The trend of ¢, was consistence with the trends of d3; and
g33. Therefore, annealing also improved the dielectric behavior of the samples. Comparing
Fig. 1 and Fig. 6, it can be seen that the density is an important factor in the higher
piezoelectric and dielectric properties of the samples, i.e. higher density results in higher
piezoelectric and dielectric properties.

Generally, ferroelectric domains are easier reorientation under applied electric filed as
results in a lower coercive field. Therefore, the increase in d3; value in the present work
may be due to the low E, value which enables an easier poling [18]. Further, grain size of
the samples in this work was found to increase from 21.2 pm for the as sintered sample to
27.8 um for the 16 h annealed sample. Therefore, the increase in ds; value in the present
work can be link to the low E, value which in turn relates to the increase in poling efficiency.
It is also believed that the increase in degree of crystallinity and chemical homogeneous
in the annealed sample can also relate to the improvement. In the case 16 h annealing,
however, the reduction density may cause a deterioration of the piezoelectric properties.

Based on the present data, the annealing is a simple and effective method for the
improvement the piezoelectric properties in the modified BZT ceramics. This method may
assist to improve the properties of other BZT based ceramics.

Conclusions

The effects of annealing time on ferroelectric and piezoelectric properties of the modified
BZT ceramics were investigated. The longer annealing time resulted lower ferroelectric
properties, but the optimum piezoelectric properties were achieved for 8 h annealing. These
results suggested that thermal annealing is an effective and simple method to improve the
piezoelectric properties of the modified BZT ceramics. It also may be a good method to
enhance the electrical properties of other BZT based ceramics.
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Barium zirconium titanate powders were prepared by conventional ball milling and
vibro-milling methods. Barium zirconium titanate ceramics were fabricated from the
obtained powders. Properties of the ceramics were investigated. The vibro-milling ce-
ramics showed a better dielectric constant and relative tunability. It is proposed that
the better densification and degree of crystallinity for the vibro-milling ceramics are
responsible for better ceramics properties.

Keywords Vibro-milling; Dielectric properties; Relative tunability

Introduction

Barium titanate (BaTiO3) is a prototype of ferroelectric (FE) materials. This material
has a perovskite ABOj structure. Because of its high dielectric constant, BaTiO3 and
BaTiO; based ceramics (modified BaTiO3) are widely used as a capacitor [1-3]. BaTiO3-
based ceramics are also used in several types of electrical devices, such as sensors and
multilayer capacitors. It is reported that properties of BaTiO3 and BaTiO3-based ceramics
depended on many factors such as microstructures and dopants [1-3]. Therefore, many
investigators have extensively studied the parameters that affected on the behaviors of the
BaTiO; and BaTiOs-based ceramics. Furthermore, these materials contain no lead oxide
therefore BaTiOsz-based materials may be the promising candidates for environmental
friendly ferroelectric or piezoelectric materials which are the currently interesting research
topic [4, 5].

One of the most important BaTiOs-based ceramics is barium zirconate titanate
(Ba(Ti;xZry)Os, BZT). However, pure BZT ceramics have lower electrical properties than
many lead—based ceramics. Various approaches have been reported to improve the electrical
properties where doping is one method used to obtain the high electric properties of these
ceramics [6]. It was proposed that properties of BZT ceramics depend on its microstructure
[6, 7] which can be controlled by processing. Many reports suggested that vibro-milling
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method is an effective method to produce a fine grain ceramic powder, resulting in an
improvement of ceramic properties [8]. In the present work, effects of vibro-milling on the
microstructure and dielectric property of BZT ceramics were investigated. The result were
discussed and compared to the ceramics prepared by a normal ball-milling method.

Experimental Setup

Metal Oxide of BaCO3, TiO, and ZrO, were used as the starting materials. The metal oxide
powders were weighed based on the stoichiometric formula of Ba(Zrg23Tip77)O3. The
starting powders were mixed in isopropanol. Two milling process techniques, conventional
ball-milling and vibro-milling methods, were performed in this experiment. The obtained
products were dried, ground using a mortar and pestle and then sieved before calcining for
2 hat 1250°C, with a heating/cooling rate of 100°C/h. The calcine powders were mixed with
3 wt.% polyvinyl alcohol (PVA) binder. The obtained powders were pressed into disc-shape
pellets with 10 mm in diameter. The green pellets were sintered at temperatures ranging
from 1350°C to 1500°C for 2 h. Phase formation was characterized by X-ray diffraction
analysis (XRD), using a diffractometer with CuK,, radiation. The densities of the samples
were measured using the Archimedes’ method with distilled water as the media. For the
electrical measurements, fired-on silver electrodes were applied to the pellets which had
been ground to a thickness of 1.0 mm. Dielectric measurements were carried out using an
impedance analyzer (HP 4192A LF) over the range of 1 kHz to 1 MHz and temperatures
from —40 to 80°C.

Experimental Results

Results of XRD diffraction for the samples prepared by conventional and vibro-milling
methods are shown in Fig. 1. The XRD result showed that both samples have a pure
perovskite phase, i.e. there was no evidence of impurity product or raw materials in the
XRD patterns of both samples. Sharper and higher intensity of most XRD diffraction peaks

Figure 1. XRD patterns of Ba(Zr(3Tip77)O3 ceramics prepared using the conventional ball-mill and
vibro-milling methods.
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were observed for the vibro-milling sample. The full width at half maximum (FWHM)
of the (110) XRD peak for each sample was determined. In general, the degree of crys-
tallinity can be related to the FWHM of the XRD peak. A lower FWHM value implies a
higher degree of crystallinity. In this work, the FWHM was determined to be 0.3088 and
0.2727 degree for the conventional and vibro-milled samples, respectively. This suggests
a higher degree of crystallinity for the vibro-milling sample. In addition, the density value
for the vibro-milling sample was 5.964 & 0.018 g/cm? which was higher than that obtained
from the conventional ball-mill sample (5.887 % 0.022 g/cm?).

The dielectric constant and loss tangent as a function of temperature of the materials
are illustrated in Fig. 2. The temperature dependence of the dielectric constant depicts a
weak relaxor behavior for both samples. The values of loss tangent were lower than 0.08,
over the measurement temperatures, for both two samples. It should be noted that the vibro-
milling samples had a higher dielectric maximum at the transition temperature (7, ~ 20°C)
with maximum permittivity value of ~14,600 (at 10 kHz) while the conventional sample
exhibited a rather lower dielectric maximum value (~11,200 at T, ~ 20°C).

Figure 2. Dielectric properties versus temperature of Ba(Zrg 23 Tig77)O3 ceramics at various frequen-
cies, prepared by (a) conventional ball-mill and (b) vibro-milling methods.
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For normal ferroelectric materials, the value of dielectric constant above T, obeys the
Curie—Weiss law. In case of relaxor ferroelectric materials, however, a simple quadratic law
can be used to describe a second order relaxor ferroelectric, i.e. the &, versus 7T relationship
follows a function with the additional variables y and §,[9, 10]

en _ L (T =Tu(HY

& 262 )

where ¢, is the maximum dielectric constant, ¢, is the dielectric constant, y is the degree
of dielectric relaxation and 8, is the diffusiveness parameter of the relaxor ferroelectric [9,
10]. When y = 1, Eq. (1) expresses Curie-Weiss behavior, while the equation for y =2
describes the ideal relaxor behavior with a quadratic dependence. The value of y and §,
can be calculated from a plot of log(i—': — 1) versus log(T — T,,). The parameters §, and y
were 16.98 £ 0.01 and 1.79 £ 0.01 for the conventionally milling sample and 14.28 £
0.01 and 1.77 £ 0.01 for the vibro-milled samples, respectively. The higher &, for the

Figure 3. Capacitance as a function of applied voltage at various temperatures for Ba(Zry 3 Tip77)O3
ceramics, prepared by (a) conventional ball-mill and (b) vibro-milling methods.
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conventional samples indicates a more diffuse phase transition. In addition, the values of
y were unchanged, suggesting that the degree of dielectric relaxation was same for both
samples.

Plots of capacitance as a function of applied voltage at various temperatures are
displayed in Fig. 3. The measurement was conducted across the transition temperature,
over the temperature range —40 to 80°C. Higher tunability was observed for the vibro-
milling samples. Generally, the relative tunability (n;) can also be defined as [11]:

n,(%) = —C(O)C_(OT(E) x 100 )

where C(0) and C(E) are the capacitance at zero and the higher electric field, respectively.
In this work, the C(E) values were measured for applied voltages up to 1.5 kV. Plots of
n; versus temperature are shown in Fig. 4. The general trend indicates that vibro-milling
sample exhibited a higher relative tunability through the measurement temperature. It
should be noted that the relative tunability was higher at 7,, for both samples. This feature
was also observed in the work done by Tanmoy et al. [12].

Based on the results, the improvement of the dielectric properties in this work can
be related to the better densification of the vibro-milling sample. Normally, high density
of ceramics can reduce the effect of porosity on weakening dielectric constant. The lower
density ceramics (the conventional ball-milling samples), normally have more open pores.
Subsequently, theirs dielectric constants would be decreased. And the higher degree of
crystallinity for the vibro-milling sample may be another reason of the improvement. The
higher crystallinity ceramics show that they have lower defects in microstructure. In general,
more defects in poor crystalline is a reason for decreasing of the dielectrics constant. The
phenomena of higher dielectric constant with the higher crystallinity should be explained
by the removal of the obstacles that prevent the growth of microscopic polar regions.
Therefore, the vibro-milling method is a simple and effective method for fabrication of
Ba(Zr(3Tip77)O3 ceramics.

Figure 4. Relative tunability versus temperature for conventional milling and vibro-milling samples.
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Conclusions

This work, we reported the properties of Ba(Zr(»3Tig77)O3 ceramics which their powders
were prepared by conventional ball milling and vibro-milling method. The vibro-milling
method produced a higher density and degree of crytallinity, comparing to the conventional
sample. Further, the vibro-milling ceramics exhibited a higher dielectric constant (at 7',)
and relative tunability. The better results for the vibro-milling sample were related to its
densification and degree of crytallinity. The present result suggested that the vibro-milling
method may be an effective method for fabrication of other ferroelectric lead free ceramics.
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Dielectric Characteristics and Tunability of Barium
Zirconium Titanate Ceramics Prepared by Two-Step
Sintering Method
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Barium zirconium titanate ceramics with a composition of BaZr;Tip9303 were syn-
thesized using a modified two step sintering process and the dielectric and mechanical
properties of the ceramics were investigated. The modified sintering helped to improve
the sinterability of the samples resulting in a high ceramic density. Improvements in
the dielectric constant, dielectric tunability and hardness values were also observed.
The enhancements in dielectric and mechanical properties were directly related to the
improvement in densification of the samples.

Keywords Two step sintering; dielectric property; mechanical properties

Introduction

In the recent years, several lead free piezoelectric ceramics including the BaTiO3-based
ceramics, Bi-based perovskite, and alkaline niobate peroskites have received consider-
able attention from many researchers due to their high electrical performances as well as
an environmentally friendly nature leading to their use as a replacement for lead-based
ceramics such as Pb(Zr,Ti)O3(PZT) [1-3]. Among the BaTiO3-based ceramics, barium zir-
conium titanate (BaZr«Ti; xO3, BZTs) ceramics are of particular importance for electronic
devices and have been heavily investigated for many years [4-7]. The BZTs ceramics
can be obtained by the substitution of Zr ions at the Ti site (B-site) of BaTiO3 lattices.
Phase transition temperatures of BZT ferroelectrics occur for rhombohedral to orthorhom-
bic (T3), orthorhombic to tetragonal (T,), and tetragonal to cubic (T.) phase transitions
and are strongly dependent on Zr concentrations. Previous reports, the concentrations of
Zr in range 0.065-0.085 exhibit the highest dielectrics constant at T, (~100°C) and phase
transition temperatures are T3, T, around 25°C, 68°C respectively [5]. This material has

Received June 20, 2010; in final form July 19, 2010.
*Corresponding author. E-mail: rujijanagul @yahoo.com

[333]/127



Downloaded by [Chiang Mai University] at 21:51 25 June 2012

128/[334] C. Kruea-In et al.

a perovskite-type structure and beneficial electrical properties such as a large dielectric
constant and high dielectric tunability [4, 7].

Recently, many authors have reported that properties of BZT ceramics can be improved
using dopants [8, 9]. However, it is known that the properties of many ceramics are also
influenced by the techniques of sintering. Therefore, various techniques have been reported
such as rapid-rate sintering, rate-controlled sintering, and two-step sintering [10, 11]. The
two-step sintering method is interesting because it can achieve a high ceramic density and
produces small grains with low grain growth rate [11]. Generally, the two-steps sintering
consists of two main firing steps i.e. firing until the ceramic has a density reaching >70% of
the theoretical density(the first step) followed by firing at a temperature lower than the first
step approximately 100-200°C at a suitable dwell time(second step). This method has been
applied to some ferroelectric materials resulting in improved electrical properties [12]. For
the BZT ceramics, it has been reported that the electrical properties depends on grain size
[13]. Where a finer grains result in a lower dielectric constant and tunability. In this work,
we modified the two steps sintering to synthesize BaZr 7 Tip 9303 ceramics which are in
high dielectric constant range. For the modified sintering, sintering at 7; = 1450°C for 2 h
was performed to prevent the existence of fine grains. The ceramics were then fired at 7, =
1250°C at various dwell times. The effects of dwell time at the second step of the sintering
process on the ceramic properties were investigated. Investigation of a suitable dwell time
condition for the two-step sintering method was carried out.

Experimental Setup

BaZrg07Tip 9303 powder and ceramics were prepared using a conventional solid state
reaction. High purity metal oxide of BaCOs3, TiO, and ZrO, were used for the ceramic
process. The powders were mixed and calcined at 1200°C for 2 h in air. The calcined
powder were then pressed into pellets and sintered with the conventional and the two-step
sintering processes. For the conventional method the ceramics were sintered at 1450°C
for 2 h. For the two-step sintering, the samples were sintered at 7; = 1450°C for 2 h
and then fired at 7, = 1250°C for 2-8 h, followed by cooling to room temperature.
Organic impurities were eliminated by firing the green pellet samples at 500°C for 2 h
for all samples. Phase formation was characterized by X-ray diffraction analysis (XRD),
using a diffractometer with CuK,, radiation. The densities of the samples were measured
using the Archimedes’ method with distilled water as the media. The linear shrinkage was
evaluated the dimension of samples from before and after sintering by standard test method
ASTM designation: C 326-82. Microstructural evolution was investigated using a scanning
electron microscope and the grain size was determined by using the intercept method.
For the electrical measurements, silver electrodes were applied to the pellets which had
been ground to a thickness of 1.0 mm. Dielectric measurements were carried out using an
impedance analyzer (Agilent 4192A).

Experimental Results

The Results of the XRD examinations of the ceramic samples are shown in Fig. 1(a). Both
the conventional and two step sintering methods produced a perovskite phase. The two
steps sintering resulted in an increase of the intensity and a decrease of full width at half
maximum (FWHM) of the XRD peaks. The XRD intensity of (111) peaks from various
dwell time samples are shown in Fig. 1(b). Theirs FWHM are slightly decreasing, those
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Figure 1. (a) XRD patterns of the samples for various dwell times at 75.and (b) XRD of (111) peak
of the samples. Inset shows the FWHM depend on 7>

being 0.41, 0.35, 0.33 degree for the dwell time 0, 2, 4 h, respectively. However, the value
of FWHM is 0.38 degree at dwell time 8 h. From FWHM evaluation, it indicate that the
4 h dwell time (the 4 h sample) has a minimum FWHM implying the highest degree of
crystallinity among these samples, as mentioned by Cullity [14].

Density and shrinkage of the samples are shown in Fig. 2. The density increased from
5.71 g/cm? for the 0 h samples (dwell at T, for 0 h) to 5.83 g/cm? for 4 h samples then slightly
decreased to 5.82 g/cm? for the 8 h samples. The linear shrinkage increased from 13.8% for
the 0 h sample to 14.1% for the 8 h samples. These results reveal that densification of the
ceramics could be improved using the modified two steps sintering. The microstructures
of the selected ceramics are shown in Figs. 3(a) and (b). No fine grains were found for all
samples. A slightly increase in grain size with the dwell time, suggests that grain growth
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Figure 2. Density and linear shrinkage as a function of dwell time at 75.

rate is low. This is due to the effect of the low temperature at 7,. Grain size as a function
of the dwell time at 7> is shown in Fig. 3 (c).

Figure 4 shows plots of the dielectric constant at room temperature as a function
of frequency over a range of 100—-1 MHz. An increase in dwell time at 7, produced an
enhancement of the dielectric constant. All samples exhibited a frequency independence
of the dielectric constant over the frequency range 100-1 MHz. The maximum dielectric
constant was recorded for the 4 h samples. The highest dielectric constant is most likely
due to the higher density for the 4 h samples. Fig. 4 also shows loss tangent value as a
function of frequency. The increase in the dwell time at 75 has no effect on the loss tangent
value, though it should be noted that all samples reveal low values of loss tangent. For the
4 h samples, the loss tangent values were less than 0.02 over the frequencies 100—1 MHz
which are reasonably low and suitable for capacitor applications.

To study the dielectric tunability behavior, the dielectric constant under high applied
electric field was determined. The dielectric tunability behavior of the samples is illustrated
by the dielectric constant versus electric field curves at room temperature shown in Fig. 5.
The dielectric tunability can be defined as the ratio of dielectric constant at zero field to
its dielectric constant at an applied electric field (Eq. (1)) [15]. The relative tunability is
defined as the ratio of the change in dielectric constant between the result after an electric
field is applied to the dielectric constant at a zero field (Eq. (2)) [15].

&0
n= (E) @€))
_ e(0) — e(E)
n,(%) = —5(0) x 100 )

where £(0) and e(E) are the dielectric constants at zero and the higher electric field,
respectively. In this work, the e(E) values were measured at £ = 2.0 kV/mm. A plot of n,
versus the dwell time at 75 is displayed in Fig. 6. A high relative tunability was observed in
the present material (64.5 < n, < 72.0%). The modified two steps sintering was also found
to improve the tunability with a limit at the 4 h dwell time at 75. The tunability increased
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Figure 3. Microstructure of BZT07 ceramics fired at 75 for (a) 0 h and (b) 4 h, respectively and (c)
grain size as function of dwell time at 75
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Figure 4. Dielectric and tangent loss (tand) at room temperature measured at various frequencies.

from 64.5% for the normal sample to 72.0% for the 4 h samples, and then decreased to
66.4% for the 8 h samples.

Venkatesh et al. proposed that tunability is proportional to the nonlinear coefficient 8
and to the square of the electric field (at low field) which can be written as [15]

n =~ 1+ 3pB(c,e(0) E? 3

The parameter B is an important parameter for tunable applications, since it controls the
tunability of the sample. Therefore, we can predict the tunability by using this parameter.
The typical values for 8 depend on the materials. Such as 2.8 x 10°J.C™*m™ to 4.6 x 10°
J.C~* m™ for potassium niobate tantalite sintered via hot press and cold press techniques

Figure 5. Dielectric constant-electric field curves at room temperature of the samples.
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Figure 6. Tunability and relative tunability as a function of dwell time at 7, of the samples. Inset
shows the values nonlinear coefficient (8) as a function of 7.

respectively [15], and 13.4 x 10° J.C~* m~> for potassium niobate [16]. The values of 8
of the samples are shown in the inset of Fig. 6. The value of 8 decreased from 2.75 x 10°
J.C~* m~for the normal sample to 1.90 x 10° J.C~* m™ for the 4 h two step samples, but
increased to 2.53 x 10° J.C~* m™ for the 8 h two step sample. This result suggests that
this parameter can vary with processing parameter such as the dwell time at 7.

In this work, the mechanical hardness property was investigated because it is important
from the application point of view since this determines how resistant the ceramic is to

Figure 7. Knoop hardness versus dwell time at 7>.
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fracture or microcracking when they work under the large electric fields. The result of a
Knoop hardness measurements is illustrated in Fig. 7. The Knoop hardness values increased
with increasing dwell time up to 4 h and then decreased. The improvement in hardness
value for the 2—4 h samples in the present work is most likely related to changes in density,
i.e. the higher density results obtained from the higher hardness sample. However, courser
grain for the 8 h sample may result in the drop of hardness value [17].

Conclusions

Barium zirconium titanate ceramics were synthesized by the modified two steps sintering.
By varying the dwell time at 7, at the second step of the sintering, the optimum dwell
time to obtain the improved dielectric and mechanical properties was found to be 4 h.
It is proposed that the improvements in the measured properties are due to the modified
two steps sintering process which produced a higher density ceramic. However, further
refinements in the relationship between dwell time at 7; and the temperature 7> should be
attempted to clarify these results over a broader range of parameters.
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Abstract

The incorporation method was employed to produce potassium sodium niobate [KNN] (KqsNagsNbOs) glass
ceramics from the KNN-SIiO, system. This incorporation method combines a simple mixed-oxide technique for
producing KNN powder and a conventional melt-quenching technique to form the resulting glass. KNN was
calcined at 800°C and subsequently mixed with SiO, in the KNN:SiO, ratio of 75:25 (mol%). The successfully
produced optically transparent glass was then subjected to a heat treatment schedule at temperatures ranging
from 525°C -575°C for crystallization. All glass ceramics of more than 40% transmittance crystallized into KNN
nanocrystals that were rectangular in shape and dispersed well throughout the glass matrix. The crystal size and
crystallinity were found to increase with increasing heat treatment temperature, which in turn plays an important
role in controlling the properties of the glass ceramics, including physical, optical, and dielectric properties. The
transparency of the glass samples decreased with increasing crystal size. The maximum room temperature
dielectric constant (g, was as high as 474 at 10 kHz with an acceptable low loss (tand) around 0.02 at 10 kHz.

Keywords: potassium sodium niobate, nanocrystals, ferroelectric, glass ceramics

Introduction

Potassium sodium niobate [KNN] (K, 5Nag;NbOj3)
which has a complex perovskite structure was first
reported in 1960 by Egerton and Dillon [1]. It also has a
high curie temperature of 420°C, piezoelectric constant
(d33) of 80 pC/N, and coupling factor coefficient (k) of
0.35. The crystal structure of KNN is dependent on the
temperature [2], where an increase from room tempera-
ture to 200°C causes an orthorhombic-tetragonal phase
transformation, and when the temperature is higher
than 420°C, the tetragonal phase changes to a cubic
phase or becomes paraelectric.

The phase diagram of (1-x) KNbO3-xNaNbOj3 by Jaffe
et al. [3] shows that the morphotropic phase boundary
of this system occurs at an x approximately 0.5, at
which the two orthorhombic phases separate. The as-
fired ceramics from this system were found to posses
the maximum piezoelectric value even though it is still
far from that of the lead-based materials, such as PZT.

* Correspondence: kamonpan.p@cmu.ac.th

'Department of Physics and Materials Science, Faculty of Science, Chiang
Mai University, Chiang Mai, 50200, Thailand
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@ Springer

KNN has recently been subjected to intensive studies as
a promising lead-free ferroelectric to replace the toxic
PZT.

Ferroelectric glass ceramics were first developed in
order to combine the electrical properties of ferroelec-
tric crystals and the transparency of a glass matrix,
which makes them suitable for electro-optic applications
especially electronic parts, such as electro-optical, high-
power lasers, optical integrated circuits, adaptive optics,
optical resonator, microwave, and pyroelectric devices
[4,5]. KNN ferroelectric glass ceramics have been inves-
tigated and attracted much attention since the 1970s [6].
Many research projects have reported that the main
problem producing KNN glass ceramics concerns the
difficulty in generating the crystallization of the glass
ceramics with a pure KNN phase. A secondary phase
always occurs in the heat-treated samples.

In this work, the incorporation method was integrated
into the glass-ceramic fabrication process. This method
modifies the production process by aiming to crystallize
only the KNN single phase and reduce the chance of
any unwanted second phase which frequently occurred
in the conventional method. In this method, starting

© 2012 Yongsiri et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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powders of simple oxides were mixed to form glass
batches which could then be subjected to a heat treat-
ment schedule for crystallization, as described in the
report of Prapitpongwanich et al. [7]. They also reported
that a glass ceramic containing a single LiNbO3 phase
was achieved in the LiNbO3-SiO, system when using
the incorporation method. In addition, they were able to
make nanocrystals of LiNbO3; with improved dielectric
property and higher transparency.

In this work, KNN powders were first prepared by cal-
cination, then mixed with SiO, in a Pt crucible, and
melted at a suitable temperature. The quench and heat
treatment processes were then followed by the crystalli-
zation of the KNN crystals, respectively. Here, we report
on the physical and electrical properties of the prepared
KNN glass ceramics generated using silicate glass modi-
fied via the incorporation method. Phase identification,
thermal analysis, and microstructures of the prepared
glass and glass ceramics were also investigated by X-ray
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diffraction [XRD], differential thermal analysis [DTA],
and scanning electron microscopy [SEM], respectively.

Materials and methods

Figure 1 compared the conventional glass-ceramic
method and the incorporation method. In the conven-
tional glass-ceramic method, all simple oxides of a
desired composition were melted before being subjected
to the heat treatment method for crystallization, while in
the incorporation method the calcination or mixed-oxide
method was first employed to synthesize the KNN pow-
der before mixing with the glass former oxide which in
this case is SiO,. To prepare (K, 5NaysNbO3) or KNN
powder, starting powders (purity > 99%) of K,COs3,
Na,COs3, and Nb,Oj5 were first mixed to form the KNN
phase. All compositions were mixed for 24 h, using a wet
ball-milling method with alumina balls in a polyethylene
bottle. Then, the powders were dried for 24 h and cal-
cined at 800°C in ambient pressure for 2 h. The X-ray

Figure 1 Comparison between the conventional glass-ceramic method and the incorporation method.




Yongsiri et al. Nanoscale Research Letters 2012, 7:136
http://www.nanoscalereslett.com/content/7/1/136

diffraction technique was then used to analyze the phase
of the calcined powder. Then, the prepared KNN pow-
ders were mixed with SiO, in a KNN:SiO, ratio of 75:25
(mol%) using a mortar. Next, the mixture was melted in
an electrical furnace at 1,300°C for 1 h. The melt was
then quenched between stainless steel plates at room
temperature. The prepared glasses were subjected to a
heat treatment schedule at the crystallization tempera-
tures ranging from 525°C to 575°C in order to form the
glass ceramics with the desired crystal phase. These crys-
tallization temperatures were determined from the DTA
trace (Du Pont Instrument, USA) of the as-quenched
glass. The density of the glass and glass-ceramic samples
were measured employing Archimedes method. The
XRD (D500 type, Siemens, UK) and SEM (JSM 6335F
type, JEOL, JP) techniques were used to investigate the
phase composition and to observe the microstructure of
the glass samples, respectively. Two parallel surfaces of
the glass ceramics were polished and sputtered with gold
as electrodes for the electrical contact. The room tem-
perature dielectric constant (e,) and dielectric loss (tand)
of the glass ceramics were measured at various frequen-
cies from 10 kHz to 1 MHz using a precision LCZ meter
(E4980A type, Agilent Technologies, Malaysia).

Results and discussion
The XRD pattern of a calcined KNN sample (Figure 2)
displays the diffraction peaks of the KNN perovskite
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phase, together with an unknown phase. The unknown
phase here was K,;NbgO,; (JCPDF 31-1060), which may
have occurred from compositional fluctuation during
the calcination process. This is in accordance with
results reported in the study of Egerton and Dillon and
Bomlai et al. [1,8] that the alkaline carbonate precursor
was sensitive to moisture, leading to difficulty in obtain-
ing a KNN single phase when using the conventional
mixed-oxide technique.

The resulting glass product was light yellow transpar-
ent and mechanically robust. To prepare the KNN glass
ceramics, many past research projects have used less
than 30 mol% of SiO, because it produces a suitable
ratio to exhibit transparent regions, therefore, 25 mol%
SiO, was chosen to prepare the glass in this work
according to Yongsiri et al. [9] However, it has also
been reported that the KNN glass with a low content of
SiO, possessed low mechanical strength.

The thermal parameters such as glass transition [T,]
and crystallization [T.] temperatures of the prepared
glass were obtained from the DTA trace as shown in
Figure 3. The T, and T. in this system were found to be
at about 508°C and 648°C, respectively. The KNN glass
was then subjected to a heat treatment schedule at var-
ious temperatures from 500°C-648°C to study the crys-
tallization behavior of this glass system. It was found
that the glass ceramics subjected to the heat treatment
at temperatures higher than 575°C were opaque, while

Figure 2 X-ray diffraction pattern of KNN calcined at 800°C for 2 h.
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Figure 3 DTA trace of the as-quenched glass.

the lower T, gave highly transparent glass ceramics.
Further investigation has mainly concentrated on those
transparent glass-ceramic samples heat treated at lower
temperatures.

The appearances of the prepared glass ceramics are
shown in Figure 4. The transparency was found to
decrease with increasing temperature of heat treatment.
Figure 5 shows the optical transmission spectra recorded
at room temperature of the glass and glass ceramics heat
treated from 525°C-575°C. The as-quenched glass is opti-
cally transparent with nearly 80% transmittance. The

transmittance of the heat-treated glass ceramics decreased
greatly with increasing heat treatment temperature, while
the absorption edges were found to shift toward higher
wavelengths. This indicates the change in color from light
yellow to brownish yellow of the corresponding glass cera-
mics. The low transmittance of the glass-ceramic samples
may be attributed to the light scattering due to the occur-
rence of crystals in the sample with sizes larger than 200
nm [10]. Considering the refractive index of the as-
quenched glass which is approximately 1.65, and the KNN
crystal which is in approximately 2.2, this difference is

HT at 525 °C

HT at 550 °C

Figure 4 Appearance of the glass-ceramic samples at various heat treatment [HT] temperatures.

HT at 575 °C
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Figure 5 Percent transmittance of glass-ceramic samples at various HT temperatures.

another factor causing the light scattering at the crystal
and glass matrix interface, giving rise to the low
transparency.

Figures 6 and 7 show the XRD patterns and density
values of the resulting glass and glass ceramics. As can
be seen from the XRD patterns, the samples heat treated
from 500°C to 550°C have an amorphous pattern, while
that of the 575°C sample contains diffraction peaks of
KNN with a highly amorphous phase, giving rise to the
lowest transparency of this sample. In Figure 7, the as-
quenched glass had the lowest density of about 3.67 g/
cm?, and the heat treatment caused a general increase
in density. It can be assumed that the higher density of
these glasses ceramic resulted from the growth of the
KNN crystals during the crystallization treatment.

SEM micrographs of the glass ceramics are shown in
Figure 8. These micrographs show a bulk crystallization of
the KNN phase with a rectangular shape occurred in the
glass matrices of all heat-treated samples. Even though,
the amorphous XRD patterns were observed in the glass-
ceramic samples heat treated at temperatures lower than
550°C, it is clear from the SEM result that crystallization
of the KNN phase occurred in all temperatures lower than

the observed T. of 648°C from the DTA trace. It is likely
that the incorporation method using 75 mol% of calcined
KNN powder melted together with 25 mol% SiO, of glass
former initially stabilized the KNN nuclei, and then, when
this glass was subjected to the further heat treatment pro-
cess, the additional heat was sufficient to generate the
crystal growth of the KNN phase.

The average crystal sizes observed from the SEM micro-
graphs are summarized in Table 1. From the micrographs
of the samples heat treated at 525°C and 550°C, the KNN
crystals were rectangular in shape and were embedded in
the glass matrix with random orientations. The diagonal
values (D) of these crystals are approximately 117 + 8 nm
for 525°C and 145 + 18 nm for 550°C, which is less than
200 nm, and therefore, affected less light scattering than
that of the larger crystals from the glass-ceramic samples
heat treated at the higher temperature of 575°C. The cross
sections of the KNN crystals in the glass-ceramic samples
heated at 575°C have a different morphology than other
samples. These crystals lost the rectangular shape and had
an average size (D) of about 330 nm.

Considering previous works of Petrovskii et al. and
Zhilin et al. [11,12] which studied the phase separation
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Figure 6 XRD patterns of glass-ceramic samples at various HT temperatures.
A\

Figure 7 Density of glass and glass ceramics versus HT temperature.
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Figure 8 SEM micrographs of glass-ceramic samples at various HT temperatures. (a) at 525°C, (b) at 550°C, (c) 575°C (10,000x).
. J

Table 1 Summary of crystal morphology and crystallite sizes

Heat treatment temperature: (°C) Shape Average crystalline size (nm)
L
4 —p
|
525 D | L=272+224
I " D=117+8
L
A——l
1 |
550 ! D | L =285+ 234
| ; D =145+ 18
il L .
D
575 L =450 £ 61
D =330 + 28

D, diagonal values, L, length.
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Figure 9 Dielectric constant (a) and dielectric loss (b) of glass-ceramic samples at various HT temperatures.

and crystallization in glasses of the Na,O-K,O-Nb,Os-
SiO, system using the conventional glass-ceramic
method, the high temperature of about 700°C was used
to precipitate a high-niobate phase which caused small
angle light scattering. By using the incorporation
method, a lower temperature of 525°C could be used to
promote crystallization without any trace of a secondary
phase.

The relationship of the dielectric constant (¢,) and
dielectric loss (tand) of the glass ceramics with various
heat treatment temperatures at 10 kHz to 1 MHz are
illustrated in Figure 9ab, respectively. It can be seen that
the dielectric constant decreased with increasing heat
treatment temperature. The maximum dielectric con-
stant was found in the glass-ceramic sample, heat trea-
ted at 550°C, which is as high as 474 at 10 kHz with
low value of tand = 0.02. Considering the SEM micro-
graphs from Figure 8, the sample heat treated at 550°C
has higher amount and larger size of KNN crystals than
that of the sample heat treated at 525°C, leading to a
higher value of dielectric constant of this 550°C heat-
treated sample. However, heat treatment at higher tem-
perature such as 575°C caused the reduction in dielec-
tric constant. This may be due to the increase in oxygen
vacancies in this sample during heat treatment at the
temperature near T. of 648°C, at which the high growth
rate of KNN crystals occurred. This may attribute to a
high atomic migration in the samples heat treated at
575°C, which in turn generates large amount of oxygen
vacancies and voids in this glass-ceramic sample.

The overall dielectric loss values of all glass ceramics
were low, between 0.014 and 0.023 depending on the
frequency. This KNN glass ceramic is a promising lead-
free ferroelectric glass ceramic which may be applied to

many applications replacing other materials, such as
LiNbO3 and BaTiOj3 glass ceramics which have lower
dielectric constants. However, further investigation into
such properties as the nonlinear optical effects should
also be carried out.

Conclusion

This research shows that heat treatment temperature
plays a significant role in controlling the microstructure,
crystallite sizes, and crystal quantity of the glass ceramics.
Highly transparent KNN glass ceramics can be obtained
using the incorporation method with a low heat treat-
ment temperature of 525°C-550°C. The dielectric proper-
ties of these glass ceramics are improved, while the
transparency value dropped with an increase in the heat
treatment temperature. The maximum dielectric con-
stant obtained for these samples was 474 with a low loss
(tano) of 0.02 from the glass-ceramic sample heat treated
at 550°C, however, this sample also had the lowest trans-
parency. The optimum values of the dielectric properties
in this work promise a bright future for this KNN glass
ceramic in electro-optical applications.
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Abstract

A new composite system, Ba(Zrqg7Tin93)O3 (BZT93) ceramic/NiO nanoparticles, was fabricated to investigate the
effect of NiO nanoparticles on the properties of these composites. M-H hysteresis loops showed an improvement
in the magnetic behavior for higher NiO content samples plus modified ferroelectric properties. However, the 1 vol.
% samples showed the optimum ferroelectric and ferromagnetic properties. Examination of the dielectric spectra
showed that the NiO additive promoted a diffuse phase transition, and the two phase transition temperatures, as
observed for BZT93, merged into a single phase transition temperature for the composite samples.

Keywords: ceramics, composites, magnetic properties, electrical properties, microstructure

Background

Ferroelectric materials are widely used in a broad range of
applications, especially in the design of electronic devices
such as non-volatile memory, capacitors, transducers,
actuators, etc. [1,2]. Barium zirconate titanate (Ba(Zr, T1i; )
O3) [BZT] is one such interesting ferroelectric material due
to its high relative permittivity, which makes it a very
attractive material for use in capacitor applications such as
boundary layer capacitors and multilayer ceramic capaci-
tors [3-6]. Furthermore, BZT for some compositions exhi-
bits high ferroelectric and piezoelectric properties. Due to
the environmental concern, this material is also beneficial
since it is a lead-free material.

Recently, much attention has been paid to multiferroic
materials because of the coexistence of ferromagnetic and
ferroelectric ordering at room temperature. However, mul-
tiferroic materials which exhibit both high ferromagnetic
and ferroelectric properties are very rare. This is because
ferromagnetic materials need transition metals with
unpaired 3d electrons and unfilled 3d orbitals, while ferro-
electric polarization requires transition metals with filled
3d orbitals [7]. An alternative way to obtain high
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@ Springer

ferromagnetic and magnetic properties is to produce com-
posite materials which contain combined ferroelectric and
magnetic phases. These materials are called multiferroic
composites, and many authors have fabricated and
reported the properties of multiferroic composites [8]. In
this work, a new system of multiferroic composites was
fabricated. The BZT in the composition of Ba(Zrg o;Tig.93)
O3 (BZT93) was synthesized and used as matrix for the
composites. NiO nanopowder with a particle size of
approximately 100 nm was added to BZT93, and the
mixed materials were sintered at various sintering tem-
peratures to form the composites. Properties of the com-
posites were then determined and reported.

Methods

The composites were prepared by a conventional mixed-
oxide method. BZT powder was prepared based on the
stoichiometric formula Ba(Zrg 7 Tig.93)O3. The raw metal
oxide, BaCOs, TiO,, and ZrO, were mixed and calcined at
1,200°C for 2 h. Different volume ratios (0, 1, 2, and 3 vol.
%) of the NiO nanoparticles (Sigma-Aldrich Corporation,
St. Louis, MO, USA; with a particle size of < 100 nm)
were mixed with the BZT93 powder and then milled for
24 h. The ball-milled powders were pressed into a disk
shape and then sintered at temperatures ranging from
1,250°C to 1,450°C for 2 h. The densities of all the disks

© 2012 Jarupoom et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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were determined after sintering using the Archimedes
method. Phase formation of the sintered ceramics was
investigated by X-ray diffraction [XRD] technique. The
magnetic properties were measured using a vibrating sam-
ple magnetometer of the Lake Shore Model 7404 (Lake
Shore Cryotronics, Inc., Westerville, OH, USA). The ferro-
electric properties were performed using a Sawyer-Tower
circuit. Relative permittivity and tangent loss were mea-
sured as a function of temperature using an LCR meter.

Results and discussion

Densification and phase formation

In this study, a range of sintering temperatures was used
to fabricate the tested composites to determine the opti-
mum sintering temperature which provided the optimum
properties. For pure BZT93 ceramics, the optimum sinter-
ing temperature was 1,450°C, while for the BZT93-NiO
composites, 1,300°C. This lower sintering temperature is
due to the mismatch between the different components,
leading to an inhibition of the sintering ability. The opti-
mum sintering temperature samples were selected for
characterization. The phase formation of the pure BZT93
ceramic and composites sintered at an optimum sintering
temperature was determined using the XRD technique at
room temperature. The XRD results are shown in Figure
1. For the pure BZT93, the XRD pattern corresponded to

Page 2 of 6

a pure orthorhombic perovskite phase [9,10]. In the case
of the composites, the XRD peaks at 26 ~ 37° and 44° indi-
cated an impurity phase. The impurity peaks were identi-
fied as NiO, corresponding to the JCPDS file no. 044-
1159, confirming a formation of the composites.

Magnetic and ferroelectric properties

Figure 2 shows the M-H magnetic hysteresis loops of the
samples measured at room temperature. The 1 vol.% sam-
ple exhibited a weak magnetic behavior. However, an
improvement in magnetic properties was clearly observed
for the composites containing NiO > 1.0 vol.%. The values
of the coercive magnetic field [H.] and remnant magneti-
zation [M,] of the samples are listed in Table 1. Figure 3
shows the P-E ferroelectric hysteresis loops (at room tem-
perature) with different NiO contents. The shape of the
hysteresis loop for the pure BZT93 ceramics indicates a
normal ferroelectric behavior. For samples with higher
NiO concentrations, however, the hysteresis loop became
more slanted. Furthermore, a lossy capacitor hysteresis
loop was clearly observed for the 3 vol.% sample. This may
be due to the NiO additive producing a higher electrical
conductivity or higher leakage characteristic in the sam-
ples. The ferroelectric properties such as remanent polari-
zation [P,] and coercive field [E.] are shown in Table 1.
Based on the results, the 1 vol.% samples showed the

Figure 1 X-ray diffraction patterns of pure BZT93 and BZT93/NiO composites.
.
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Figure 2 Magnetization (M) vs. applied magnetic field (H) of the pure BZT93 ceramic and composites.

optimum properties combining between the ferroelectric
and ferromagnetic properties (M, = 0.02 emu/g, H, = 4.51
kOe, P, = 13.1 pC/cmz, and E. = 9.9 kV/cm) of this com-
posite system. These ferromagnetic and ferroelectric prop-
erties were considerably high for single-phase multiferroic
materials [11,12] and other multiferroic composites
[13,14].

Dielectric properties and phase transition

Figure 4 shows plots of the relative permittivity and loss
tangent as a function of temperature at various NiO con-
centrations. Two phase transition peaks in the permittiv-
ity curve were observed for the pure BZT93. The relative
permittivity and loss tangent curves for the pure BZT93
ceramic are similar to those reported in a previous work
[8,15]. Furthermore, all samples showed a weak fre-
quency dispersion of the relative permittivity. However,

Table 1 Unit cell volume, magnetic, and ferroelectric
properties of BZT93/NiO composites

NiO  Unit cell volume M, H. P, E. oy
(vol.%) (A3 (emu/g) (kOe) (uC/cm?) (kV/cm) (°C)
0 6505 0 0 159 57 392
1 65.26 002 451 13.1 99 525
2 65.30 084 351 148 127 533
3 65.31 28 333 231 164 583

M,, remnant magnetization; H,, coercive magnetic field; P,, remanent
polarization; E, coercive field; d,, diffuseness parameter.

an obvious change in the relative permittivity curve was
observed when NiO was added to the samples. The tran-
sition temperature [7,,] at maximum relative permittivity
(&, max] decreased from 105°C for the pure BZT93 cera-
mics to 60°C for the 1.0 vol.% sample, then gradually
decreased to 57°C for the 3.0 vol.% sample. Moreover,
the maximum relative permittivity decreased from 12,000
for the pure BZT93 ceramics to 3,200 for the 3.0 vol.%
samples. In addition, the two phase transition tempera-
tures merged into a single diffuse phase transition at
higher NiO contents (Figure 4d). To check the effect of
NiO on the degree of the diffuse phase transition, diffuse-
ness parameter [J,] was determined using the following
expression:

€r,max (T - Tm)z
—/ = = eX -_ 1
o p( 2,2 1)

The value of 6, was determined from a plot of In (&, max
/e,) versus the (T - T,,)* [16]. The values of d,as a func-
tion of NiO content are shown in Table 1. The parameter
0y increased with increasing NiO content, confirming that
the addition of NiO promoted the diffuse phase transition
of the composites.

Huang and Tuan proposed that Ni ions could substitute
the Ti ions in BaTiO3 lattices [17]. It has also been
reported that La®>* doped at the Ti site of BaTiO5 ceramics
exhibits a change in the transition temperature as well as a



Jarupoom et al. Nanoscale Research Letters 2012, 7:59
http://www.nanoscalereslett.com/content/7/1/59

Page 4 of 6

Figure 3 P-E hysteresis loops. (a) Pure BZT93, (b) BZT93 + 1 vol.% NiO, (c) BZT93 + 2 vol.% NiO, and (d) BZT93 + 3 vol.% NiO.

pronounced diffuseness transition [18-22]. The La ions are
effective in breaking the long-range order and produce Ti
vacancies. This breakage of long-range ordering leads to a
reduction of the ferroelectric characteristics and enhances
the diffuse phase transition. In our present work, unit cell
volume was calculated from XRD diffraction patterns, and
the calculation result is listed in Table 1. The calculation
result indicated an increase in the unit cell volume after
adding NiO. This increase may be due to the Ni ions sub-
stituting the Ti ions (at the B site). Therefore, substitution
of the Ni ions at the B site may result in breaking the
long-range ordering, resulting in a reduction of the ferro-
electric behavior with the transition becoming more dif-
fuse [23]. Further, with increasing NiO content, the
structure of the composites became more heterogeneous.
This may contribute to the diffuse phase transition of the
samples. From Figure 4, the increase of loss tangent with
NiO content implies a higher electrical conductivity of the
composites. However, the highest loss tangent in the pre-
sent work was lower than 0.035, indicating that the

present composites still have a potential for capacitor
applications. This result also supports the reason for the
presence of the lossy capacitor hysteresis behavior of the
composites.

Conclusions

In this work, the properties of BZT93/NiO composites
were determined for the first time. X-ray diffraction
results revealed the presence of NiO particles in the
composites. The additive of NiO nanoparticles enhanced
the magnetic behavior. The increase of loss tangent
affected the ferroelectric hysteresis where a lossy capaci-
tor hysteresis loop was clearly observed for the sample
containing high amounts of NiO. However, the 1.0 vol.%
samples showed the optimum magnetic/ferroelectric
behavior. In addition, the additive also promoted the
dielectric diffuse phase transition behavior while loss
tangent values were still low. These characteristics of
the composites may make them have potential for many
electronic applications in the future.
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+ 2.0 vol.% NiO, and (d) BZT93 + 3.0 vol.% NiO.

Figure 4 Relative permittivity and loss tangent as a function of temperature. (a) Pure BZT93 ceramic, (b) BZT93 + 1.0 vol% NiO, (c) BZT93
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In the present work, the posted sintered annealing method was applied for B, O3 doped
Ba(Tig9Sny.1)03 ceramics. The ceramics were fabricated via a solid state reaction
method: sintered at 1350°C for 24 h followed by annealing at 1100°C for 4-32 h.
Many electrical properties of the ceramics annealed at various annealing times were
investigated with a variety of methods. Annealing for 4 h produced a sharper phase
transition with high dielectric constant. The high dielectric constant of 27,000 was
recorded at ferroelectric to paraelectric phase transition temperature of 38°C. This
sample also showed a high dielectric tunability of 70%. Ferroelectric performance of
the sample was also improved. The improvements in electrical properties were related
to the chemical homogeneity of the sample after annealing.

Keywords Dielectric properties; ferroelectric properties; annealing

Introduction

Barium stannate titanate; Ba(Ti; xSny)O5 is one of an important ferroelectric materials
[1]. The transition temperature from a ferroelectric (FE) to paraelectric (PE) phase of
Ba(Ti;«Sny )O3 can be varied by Sn concentration [2]. This material exhibits a high dielec-
tric constant for 0.10 < x < 0.20 compositions [3, 4]. For some compositions (x > 0.2),
it shows a relaxor ferroelectric behavior [5]. A diffuse phase transition has been observed
due to a partial isovalent substitution of Ti** by Sn** [6]. Recently, the dielectric constant
of Ba(Tip9Sng )O3 system can be enhanced by adding B,O3 in some concentration. In-
creasing B,O3 concentration has a strong effect on the dielectric phase transformation [7].
However, it is believed that chemical heterogeneity in ceramic can occur after process-
ing, which may reduce the optimal properties. To reduce this effect, thermal annealing is
an effective method for decreasing chemical heterogeneity and in further optimizing the
electrical properties. Many authors have studied the effect of annealing temperature and
time on dielectric and ferroelectric properties in various perovskite type ceramics such
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as; PZT-PZN [8] and PZN-PT-BT [9]. In this work, we applied this method to B,Os3-
doped Ba(Tip9Sng, ;)O3 ceramics system. It is expected that the annealing treatment should
produced an improvement in densification and the electrical properties of this ceramics.

Experimental

Ba(Ti; xSnx)O3 powders with a stoichiometric composition of Ba(Tig9Sng ;)O3 were pre-
pared using the conventional solid-state method with reagent grade BaCO3, SnO, and TiO,.
The starting powders were mixed and milled in isopropanol for 24 h using a zirconia grind-
ing media. The mixture was dried at 120°C and calcined at 1300°C for 2 h. B,O3 powder,
equivalent to 1.0 wt%, was then blended to calcined powder. An organic binder of polyvinyl
alcohol was also added into the mixed powders and then ball-milled in isopropanol for
24 h. This slurry was dried at 120°C and sieved to form a homogeneous powder which
was pressed at 100 MPa into 15 mm diameter pellets. The obtained pellets were sintered
at 1350°C for 4 h. After sintering, the ceramics were annealed at 1100°C for 4-32 h. X-ray
diffraction technique was used to observe the phase formation before and after annealing.
The density of the sintered ceramics was measured using the Archimedes’ method. For the
electrical characterization, fired-on silver electrodes were applied to the pellets which had
been ground to a thickness of 1.0 mm. Dielectric measurements were carried out using an
impedance analyzer over the range of 1 kHz to | MHz and temperatures from —20 to 100°C.

Results and Discussion

The XRD patterns for the ceramics annealed at various times are shown in Fig. 1. The XRD
results revealed that all samples exhibited a solid solution with a perovskite phase. There
was small amount of impurity product in the XRD patterns for the annealed samples. Fig. 2
shows the variations of the dielectric constant as a function of temperature in the frequency
range of 1 kHz to 1 MHz for the present ceramics. The dielectric data revealed that the
annealing has a significant effect on the dielectric constant. The values of the dielectric
constant at the dielectric peak (&, max) as a function of annealing time are shown in Fig. 3. An

Figure 1. X-ray powder diffraction patterns of BTS10-1wt% B,0; at room temperature as a function
of annealing time. Impurity phases are indicate by ().
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Figure 2. (a)-(d) Variation of the dielectric constant and loss with temperature and frequency for the
ceramics annealing at various times.

improvement of dielectric constant was observed. The value of &, max (at 1 kHz) increased
from 13,800 for the as-sintered sample to 28,100 for the 4 h sample and then decreased
with further annealing times. Loss tangent as a function of temperature and frequency plots
are also illustrated in Fig. 2. The loss tangent behavior did not change significantly with
changing annealing time. The loss tangent decreased with increasing frequency. However,
the values of loss tangent were lower than 0.10 for all sample between —20°C to 100°C.
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Figure 3. The maximum dielectric constant and transition temperature of BTS10-1wt% B,0; as a
function of annealing time.

A plot of transition temperature (7,,) versus annealing time is shown in Fig. 3. The
T,, at the dielectric peak increased from 35°C for the as-sintered sample to 42°C for the
16h annealed sample and then decreased to 37°C for the 32 h annealed sample. Further,
the as-sintered sample showed a diffuse phase transition. After annealing, however, a sharp
phase transition was observed especially for the 4 h annealed sample. In order to measure
the degree of the diffuse phase transition (in contrast to sharp phase transition), diffuseness
parameter (§,) was determined using the following expression [10]:

€1, max (T — Tm)2 1)
=exp | ——
5 P22

where &, 1S maximum value of the dielectric constant at 7, and ¢, is the dielectric
constant of sample. The value of §, can be obtained from the In (&,,,,/€,) versus the
(T - T,)?*curve [11], as seen in Fig. 4. This value is valid for the range of (&,4/¢,) < 1.5,
as shown by Pilgrim et al. [10]. The values of parameter §, at various annealing time are
displayed in the inset of Fig. 4. The §, was laid between 8 and 15°C and the lowest value
of §, was observed for the 4 h annealed sample, indicating that annealing for 4 h promoted
a sharper phase transition in the ceramics.

The Capacitance (C) versus applied electric field (E) plots for the ceramics annealed
at various temperatures are shown in Fig. 5. High tunability was observed for the present
ceramics. Generally, the relative tunability (#,) can be defined as [12]:

<C/‘r(o) - Sr(E)> % 100

&r(0) @

n (%) = (
where €,(0) and &.(E) are the dielectric constant at zero and applied electric field E. Plot of
n, versus annealing time is shown in Fig. 6. The values of n, were in a range of 60-76%,
and the 4 h annealed sample showed the highest relative tunability (~76%).

Polarization hysteresis (P-E loop) measured at room temperature were performed using
a Sawyer—Tower circuit. The ferroelectric hysteresis loops for as-sintered and annealed
samples are shown in Fig. 7. The result revealed that all samples exhibited a ferroelectric
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Figure 4. Quadratic dependence of temperature on logarithmic dielectric of the samples at 1 kHz as
a function of annealing time.

behavior. The values of remnant polarization (P;) increases from 1.6 uC/cm? for the as-
sintered sample to 4.3 uC/cm? for the 4 h sample and then slightly decreases for the
increased annealing time of 32 h. There was systematic dependence of the coercive field
(E.) on the annealing time. And, the values of E. were in the range of 0.3—1.4 kV/cm.
Values of P; and the E. as a function of annealing time are displayed in Fig. 8.

In the present work, the density of the samples was also determined. The result is
shown in Fig. 6. The density increased from 5.3889 g/cm?® for the as-sintered sample to
5.3900 g/cm? for the 16 h annealed sample then slightly decreased to 5.3895 g/cm? for
the 32h annealed samples. It should be noted that the density for the 4 h annealed sample
was 5.3899 g/cm?® which is comparable to the value of the 16 h annealed sample. Hence,

Figure 5. Capacitance-applied voltage characteristics of the ceramics annealed at various times.
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Figure 6. Relative tunability and density as a function of annealing time of the samples.

the improvement in densification is not an important reason for the improvements of the
electrical properties.

It was reported that adding of B,O3 in Ba(Tip9Sng )O3 resulted in the improvement
in dielectric constant [13]. However, the addition may case a chemical heterogeneity in the
samples since Ba(Tip9Sng ;)O3 has a complex structure, comparing to BaTiO3 (a prototypic
ferroelectric material). Therefore, it is believed that the decreasing of chemical heterogene-
ity in the samples after annealing may be a main reason for the improvements in many
electrical properties for the present work.

Figure 7. Dependence of the polarization versus electric field (P-E) loop of the samples.
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Figure 8. Variation of remanent polarization, P, and coercive field, E. of ceramics annealed at
various times.

Conclusions

The ceramics of Ba(Tip9Sng ;)O3 doped with 1 wt.% of B,O3 were fabricated by a solid-
state method. The ceramics were annealed for various times. The improvements of many
electrical properties such as dielectric constant, tunability, and ferroelectric were observed.
Itis proposed that the improvements can be related to the decrease of chemical heterogeneity
in the samples after annealing. This method may be an effective method for improving the
electrical properties of other lead free ceramics.
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Glasses have been formed from PbO-Bi;0,;-GeO; system by conventional melt-
quenching method. The glasses were melted in Pt crucible in an air atmosphere.
The resulting glass pieces were subjected to the heat treatment schedule at various
crystallization temperatures. The glass and glass-ceramics samples were then investi-
gated by XRD and SEM spectroscopy. The dielectric and ferroelectric properties were
also measured. Moreover, DTA analysis has been used to examine the crystallization
temperatures of glasses. The controlled heat treatment process has been applied to
the crystallization temperatures and glass-ceramic samples were obtained. The XRD
showed that the crystals of ferroelectric phase, hexagonal Pb;Bi,(GeOy4);;PBG, were
precipitated in the glass matrix and this is the dominant phase in the region of 34.50
mol% PbO : 11.49 mol% Bi, O3 : 54.01 mol% GeO, on the heat treatment temperature
at 527°C. The dielectric constant (¢,) and P-E loop of Pb;Biy(GeOy); glass-ceramic
confirmed that this material may have high possibility to be ferroelectric at room temper-
ature with coercive field (E.) of 30.9 kV/cm. However, the remanent polarization (P,) =
1.36 wC/cm? is rather small, therefore it is quite difficult to confirm that the P-E loop is
the feature of truly ferroelectric, it may represent a lossy capacitor behavior.

Keywords Pb;Bi,(GeOy);; Dielectric properties; Ferroelectric hysteresis loop; Glass-
ceramics

Introduction

Ferroelectric materials are used world-wide in many applications of electronic devices as a
result of their specific properties, such as their large piezoelectric values, particularly near
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the transition temperature, which make them usable as transducers. The first Multilayer
Ceramic Capacitors (MLC) were made from polycrystalline BaTiO3 (Barium Titanate),
which has become the basic ceramic dielectric capacitor in various forms made by sintering
routes [1, 2].

However, some researchers have attempted to make transparent ceramics with ferro-
electrical properties for which such a sintering method is not appropriate. Therefore, the
glass-ceramic method is of interest. Glass- ceramics have several advantages, particularly
the fact that they are made from a pore free precursor glass and have good thermal,
mechanical and electrical properties. It can be seen that glass-ceramics have a unique
combination of properties. As a result of this, they are able to replace the traditional
materials in applications where the requirements of better cost and improved performance
are needed.

Recently, many researchers have been interested in the glass-ceramic method and have
attempted to open up entirely new fields. Unfortunately a number of applications still wait
for industrial exploitation [3]. One of the interesting phase is Pb3Bi,(GeO4)3:PBG which
was first reported by Otto and Lierheim [4]. They found that the crystal may be ferroelectric
because the cations of Pb>* and Bi** have asymmetric coordination which can possess the
electric dipole moment in the molecule. Moreover, the composition of this phase already
contains a good glass former of GeO, which should ease the preparation of the PBG based
glass from the stoichiometric composition 3PbO.Bi,03.3Ge0O,.

This project is aimed at investigating the electrical properties of glass-ceramics formed
from the lead bismuth germanate system at various heat treatment temperatures. The glass-
ceramic method has been used to prepare the sample and devitrification of the glass is being
studied by X-ray powder diffraction analysis. The thermal behavior has been examined
using differential thermal analysis (DTA). SEM analysis is used to confirm the crystallinity
information from XRD of the heat treated samples. Measurement of ferroelectric property
of the glass and crystalline samples has commenced.

Experimental

Materials Preparation

The PbO-Bi3;0,-GeO; glasses (34.50 mol% PbO : 11.49 mol% Bi,O3 : 54.01 mol% GeO,)
were melted in a Pt crucible at 1000°C placed in an electric furnace at air atmosphere
for 15 mines using reagents of red lead (Pb;Oy), bismuth oxynitrate (BiONO3.H,0), and
99.999%germanium dioxide (GeO,). They were quenched between stainless steel plates
at room temperature. The thermal properties of selected samples were investigated using
differential thermal analysis (DTA) with a stanton redcroft DTA model 673-4, employing
a heating rate of 10°C min~' and with quartz as the reference. The resulting glasses were
subjected to heat treatment schedules for crystallization at temperature ranging between
500-608°C with heating and cooling rates of 5°C min~! and 10°C min~"! respectively and
with 4 h dwell at the crystallization temperature.

Materials Characterization

X-ray diffraction (XRD: Siemen D-500) experiment was used to investigate the phase
composition in the glasses and glass ceramics. Scanning electron microscope (SEM: JSM-
6335F) was used to observe the microstructures of glass-ceramic samples. The room
temperature dielectric constant (¢;) and loss (tand) of Pb3Biy(GeOy4); glass ceramics were
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Figure 1. DTA trace of PBG glass.

measured using LCZ meter (Model 4276A, Hewlett Packard) at 10, 100 and 500 kHz,
respectively. The room temperature ferroelectric properties were examined using a ferro-
electric tester (RADIANT TECHNOLOGIES INC.) at 50-90 kV/cm.

Results and Discussion

The DTA trace of the resulting glass is shown in Fig. 1. Two exothermic peaks at 527°C
(T¢p) and 608°C (T,) were observed. This may imply that there are two phases obtained at
the two different temperatures. The glass transition temperature: T, is found at 408°C while
the melting temperature (Ty,) is found at 757°C. This glass has density value of about 6.84
g/cm?. In addition, the softening temperature (Ts) observed in the DTA trace is equivalent
to 488°C while the crystallization temperature is as high as 650°C. Therefore, it is difficult
to form a desired shape of glass-ceramic without distortion.

Glasses were subjected to the heat treatment schedules with the temperature ranging
from 500-608°C based on the observed T¢; and T¢, from the DTA trace (Fig. 1). Density
values and XRD patterns of the resulting glass ceramics are then obtained and illustrated in
Figs. 2 and 3, respectively. From the density data, it can be clearly seen that the precipitation
of crystals in glass enhanced the overall density of the glass ceramics, especially for the
glass-ceramic sample heat treated at 527°C. It can be noted that the glass ceramic samples
heated at 500°C and 527°C contained only single phase which was Pb3;Bi,(GeO,4)3;:PBG of
JCPDS file No. 00-0341021 with hexagonal structure and residual glass in the amorphous
background. However, the crystallinity of the PBG crystals was found to enhance at higher
heat treatment temperature of 527°C. This temperature corresponds to the peak of T¢; from
the DTA trace, implying that the exothermic peak at T¢; is attributed to the crystallization
of PBG phase.

The higher heat treatment temperature of 550°C resulted in the precipitations of four
secondary phases, including Bi;Ge; Oy, Bi,GeOs, Pb;Bi,GeOg and PbGeO3. This may
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Figure 2. Density of PBG glass ceramics subjected to various heat treatment temperatures.

be due to the compositional fluctuation from the thermal vibration of atoms near Tcy,
causing the transformation of PBG crystals to the more thermodynamic stable phase such
as BiyGe;Oq; at high temperature. It can be clearly seen that the amount of BiyGe;O1,
increases in the glass ceramic sample heated at the peak temperature (608°C), and become a
major phase while that of the PBG phase decreases dramatically. This may be assumed that
the transformation from Pb;Bi,GeOg to BisGe; O, nearly completes at the peak of Tc;.

Figure 3. XRD patterns of PBG glass ceramics subjected to various heat treatment temperatures.
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Figure 4. SEM micrographs of PBG glass ceramics subjected to various heat treatment temperatures:
(a) 500°C, (b) 527°C, (c) 550°C and (d) 608°C.

However, small amount of other phases, such as Pb3Bi;GeOg and PbGeOs still remains
in the glass ceramic heated at 608°C, while that of Bi,GeOs disappears. This is probably
explained that the Bi,GeOs phase is a metastable form at 550°C and could not be retained
at higher temperature. This particular phase was reported elsewhere [5, 6] as a metastable
phase among other bismuth germanate compounds in the Bi;O3-GeO, binary system.

The cross sections of the PBG glass ceramics at various heat treatment temperatures
were clearly revealed in the corresponding SEM micrographs as shown in Fig. 4. The
surface crystallization of the single PBG phase was observed in both glass ceramic samples
heat treated at 500°C and 527°C, while the higher amount of residual glass was found
in the lower temperature sample than that found in the higher temperature one. This is
consistent with the density data and XRD result where the sample heated at 527°C has
higher density value and better crystallinity than that heated at 500°C. The glass ceramic
samples heated at higher temperature of 550°C and 608°C, contained high porosity and
non-uniform crystals within the glass matrix. This explains the drop of density values of
the related samples. The brightest phase may be attributed to the Bi;Ge; Oy, phase as its
amount was found to increase when the temperature increased from 550°C to 608°C. More
careful study such as high resolution energy dispersive analysis (EDS) will be needed in
order to confirm this hypothesis. However, no evidences of other secondary phases was
observed in the corresponding SEM micrograph due to a small amount of those phases
existed in the glass ceramics.

The dielectric properties in terms of dielectric constant (&,) and dielectric loss (tand) of
all glass ceramic samples are illustrated in Fig. 5 and the dielectric values were compared
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Figure 5. Dielectric constant (&,) and dielectric loss (tand) at various frequencies ranging from 1-100
kHz of the PBG glass ceramics.

with their densities in Table 1. It is found that the maximum dielectric constant with low
dielectric loss was achieved from the glass ceramic sample heated at the peak of T¢;
(527°C), implying that this PGB phase has high potential to be ferroelectric. In order to
prove that hypothesis, the polarization-electric field (P-E) hysteresis loop at 5 kV/cm of
this sample was measured and the result is shown in Fig. 6. The result shows a rather lossy

Figure 6. P-E loop of the PBG glass cramic subjected to heat treatment at 527°C.
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Table 1
Density and dielectric properties of PBG glass ceramics
Heat treatment temperature (°C) Density (g/cm?) &; (Troom/1 kHz) tan &
PBG glass 6.71 35.12 0.0537
500 7.05 42.21 0.0614
527 7.21 76.63 0.0389
550 6.82 30.57 0.0394
608 6.76 25.48 0.0384

capacitor behavior, which is difficult to confirm the ferroelectric property of this PGB phase.
However, this may be due to the small amount of the PGB phase present in the bulk sample
used for the ferroelectric measurement as this glass ceramic contains thePGB crystals
mostly in the surface area. It may be possible that during electrode preparation, the PGB
crystals on the surface might be polished away, leading to the decrease in ferroelectricity
of the measured glass ceramic bulk. Thus, to prove the ferroelectric property of this PGB
phase, single crystal sample may be needed. The further study in distributing the crystals
homogenously throughout the bulk glass matrix may be of particular interest.

Conclusions

Glass-ceramics embedded with Pb3;Bi,(GeO4);3:PBG crystals were successfully fabricated
by the glass ceramic method. Heat treatment temperature played an important role in
controlling both amount and type of the crystals precipitated in the bulk glass ceramics.
Surface crystallization of the PBG crystals gave the difficulty in preparing the bulk pieces
with homogenous distribution of the crystals throughout the bulk. This resulted in the lossy
capacitor behavior of the P-E hysteresis loop of the glass ceramic sample having even the
largest amount of PBG crystals. However, the maximum dielectric constant of this sample
may imply that this PBG phase may have high potential to be ferroelectric, but further study
is needed to confirm this hypothesis.
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To study the effect of thermal annealing on the electrical properties of lead-free Bi;GeOs

ferroelectric glass ceramics, the glass ceramics with composition of Bi,GeOs were
prepared by the conventional melt-quenching and heat-treatment methods subsequently.
Glass ceramics of Bi;GeOs was produced by subjecting the glasses from BiO, 5-GeO,-
BO; 5 system to the heat treatment schedule at 475°C for 18 h. After that, the resulting
samples were separately annealed at 275 and 375°C for 4, 8, 12 and 18 h, respectively.
The important properties of the annealed Bi,GeOs glass ceramics such as physical
properties, phase formation and electrical properties were then investigated. It was
found that the annealing treatment played an important role on electrical properties
of these glass ceramics. The XRD patterns confirm the secondary phase of Bi;Ge;O,
co-existed with Bi;GeOs which increased at higher annealing temperature and time.
This caused a change in density and related electrical properties of the Bi;GeOs glass
ceramics. Both annealing temperature of 275 and 375° C with various times can improve
dielectric properties and ferroelectric behavior of the resulting Bi,GeOs glass ceramics
when comparing with that of un-annealed sample. The optimum annealing temperature
and time for the improvement of dielectric properties of Bi;GeOs glass ceramics was
found at 375°C/12 h, where the maximum values of the dielectric constant (¢,) of 246 and
low dielectric loss (tand) of 0.024 were obtained. Moreover, the ferroelectric property
of all annealed glass ceramics exhibited the slim P-E loop and P, values which slightly
increased with increasing annealing temperature and time. However, the P-E loops are
not the feature of truly ferroelectric, it may be represent a lossy capacitor behavior.

Keywords Bismuth germanate; lead-free glass ceramics; ferroelectric property and
thermal annealing
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Introduction

Nowadays, ferroelectric glass ceramics, having properties between glass and crystal, have
shown great potential in electroceramic design, preparation and application. Their lower
temperature preparation and more homogeneous mixing of the ferroelectric and glass phases
make them useful in low temperature co-fired ceramics (LTCC) and conventional dielectric
ceramic devices [1]. Thus many new glass ceramic compositions are intensively studied
and developed.

Bismuth germanate glass ceramics, especially Bi,GeOs phase, is of particular interest
because of its good electrical properties and it is also an environment friendly material
[2-6]. Moreover, the Bi,GeOs phase having a high probability of being ferroelectric as it
exhibits a slim hysteresis loop with low remnant polarization as reported by K.Pengpat and
D. Holland [7, 8]. Recently, the Bi,GeOs glass ceramics with larger dielectric constant and
lower dielectric loss were observed when crystallinity of the glass ceramics enhanced as
reported by previous works [9, 10]. However, comparing with many ferroelectric materials,
the electrical properties of these materials were still low.

In the order to improve the electrical properties of Bi,GeOs glass ceramics, thermal
annealing was used as many reports confirmed that the annealing method could enhance
electrical properties in various perovskite type ceramics [11]. Therefore, the influence
of thermal annealing parameters, including annealing temperature and time on physical
and electrical properties of Bi;GeOs glass ceramics have been investigated, reported and
discussed in this work.

Experimental Procedure

The ternary glass with composition of 60 mol% BiO; 5: 20 mol% GeO;: 20 mol% BO; 5
was used to prepare Bi,GeOs glass ceramics following our previous work [9]. The starting

Figure 1. Density of the Bi;GeOs glass ceramics annealed at 275 and 375°C with various dwell-
times.
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Figure 2. XRD patterns of all Bi,GeOs glass ceramics annealed at (a) 275°C and (b) 375°C with
various dwell-times.

materials of bismuth oxynitrate (BiONO3.H,0), puratonic germanium dioxide (GeO,) and
boric oxide (B,O3) were appropriate combined and conventional melted in a Pt crucible at
1075°C in an air atmosphere, using an electric furnace. The melts were held at the melting
temperature for 15 min and then were quenched between stainless steel plates at room
temperature. After that, the resulting glasses were subjected to heat treatment schedule in
order to form Bi,GeOs phase at 475°C for 18 h using heating and cooling rate of 5 and
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Figure 3. The average crystallite size of the Bi,GeOs glass ceramics annealed at 275 and 375°C at
various dwell-times.

10°C/min, respectively. The Bi,GeOs glass ceramics were subsequently thermal annealed
at275 and 375°C in an electric furnace under controlled heating and cooling rate of 5°C/min
with dwell time for 4, 8, 12 and 18 h.

The bulk density and phase formation of annealed glass ceramic samples were inves-
tigated by Archimedes method and an X-ray diffractometer (XRD), respectively. From the
broadening of X-ray diffraction peaks of Bi,GeOs phase, the full width at half maximum

Figure 4. The dielectric constant (¢,) and dielectric loss (tand) at room temperature of Bi,GeOs glass
ceramics at various annealing times.
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Figure 5. Temperature dependence of the dielectric constant (¢,) of Bi,GeOs glass ceramics annealed
at (a) 275 and (b) 375°C.

(FWHM) values of each intense diffraction peaks of (311), (621) and (332) planes were
measured by using computational analysis based on a Gaussian fit and the average crys-
tallite sizes (diameter, d) were calculated by conventional procedure using the Scherrer’s
formula d = 0.91/8 cos 6 where  is the wavelength of X-ray radiation (Cu Ko = 1.5406A),
B is the FWHM values of the peak at 26 [12]. For measurement of electrical properties, the
two circular surfaces of the annealed glass ceramics were polished and coated with silver



Downloaded by [Chiang Mai University] at 22:42 25 June 2012

Lead-Free Bi;GeOs Ferroelectric Glass Ceramics [551]/163

Figure 6. Hysteresis loops at room temperature of un-annealed and annealed Bi, GeOs glass ceramics.
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Figure 7. Room temperature (a) remnent polarization (P,) and (b) coercive filed (E.) at various
annealing parameters.

paste as electrodes for electrical contact. The room temperature dielectric constant () and
dielectric loss (tand) at 1 kHz of annealed Bi,GeOs glass ceramics were measured using
LCZ meter. Temperature dependence of dielectric constant of these samples was observed
by using LCR meter at 1 kHz. Finally, the ferroelectric hysteresis loops were measured by
using a ferroelectric tester at room temperature.
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Results and Discussion

In order to clarify the effect of thermal annealing parameter on the densification of Bi,GeOs
glass ceramics, the un-annealed and annealed Bi,GeOs glass ceramic samples were
measured by the Archimedes technique, using distilled water as the liquid medium and
their density data were illustrated in Fig. 1. It can be clearly seen that the higher annealing
temperature is, the lower density values are observed. Moreover, the density values of these
glass ceramics were found to increase from ~7.72 to ~8.16 and ~7.92 g/cm? for the glass
ceramic samples annealed at 275 and 375°C for 8 h, respectively when compared with the
un-annealed sample. However, when the annealing time was higher than 8 hours, the den-
sities of the annealed glass ceramic samples were dropped with increasing annealing time.
This may be probably due to the formation of extra network consisting of tetrahedra and
octrahedra germanium coordinated by oxygens [13], leading to the increasing of oxygen
vacancies in these glass ceramics.

Phase formation study of the Bi,GeOs glass ceramics annealed at various temperatures
and dwell-times was carried out by XRD and their diffraction peaks are illustrated in
Fig. 2. For the un-annealed glass ceramic sample, the only orthorhombic Bi,GeOs phase
was observed (JCPDS file no. 036-0289) in the XRD pattern while the major phase of
orthorhombic Bi,GeOs and the secondary phase of cubic BiyGes; O, (JCPDS file no. 034-
0416) were found to exist in both XRD patterns of the annealed glass ceramics at 275
and 375°C. Moreover, the amount of Bi;Ge;Oy, started to increase with longer dwell-
time. Considering the theoretical density of the pure orthorhombic Bi,GeOs phase and
cubic BiyGe3; 0, phase from the JCPDS data, it was found that the orthorhombic Bi,GeOs
phase has higher values (~8.14 g/cm3) than that of cubic BisGe;O, phase (~7.11 g/cm3).
Therefore, it clearly confirms the decrease in density values of the annealed Bi,GeOs
glass ceramics at higher annealing temperature and dwell-time as mentioned above. The
broadening of X-ray diffraction peaks can lead to the average crystallites size embedded in
the glass ceramics. The crystallite size of the Bi;GeOs phase of each annealing condition
was estimated using the Scherrer’s equation [12]. The FWHM (full width at half maximum)
values of the observed X-ray peaks of (311), (621) and (332) planes were measured by
using computational analysis based on a Gaussian fit. After that, the Scherrer’s equation
was used to calculate the average crystallite size of Bi;GeOs crystals in all annealed glass
ceramics and plotted versus annealing time as shown in Fig. 3. It can be clearly seen that
the crystallite size increases gradually with increasing annealing time in both glass ceramic
samples annealed at 275 and 375°C. Furthermore, the overall crystallite size of the Bi,GeOs
crystals in the glass ceramic samples annealed at 375°C is higher than that of annealed at
275°C. This implies that the annealing conditions in both temperature and time affected the
growth of Bi,GeOs crystals in the glass ceramics. This difference in the average crystallite
size after annealing may play a more important role in the variation of ¢, values and the
appearance of ferroelectric behavior [14].

The experimental on dielectric measurements at room temperature of Bi,GeOs glass
ceramics with various annealing temperatures and annealing dwell-times are graphically
present in Fig. 4. It can be clearly seen that the dielectric constant (e;) values at room
temperature of Bi;GeOs glass ceramics annealed at 375°C are higher than that of Bi,GeOs
glass ceramics annealed at 275°C and then the values of dielectric constant dramatically
increases with increasing annealing dwell-time. This result has a good consistency with
the result of the average crystallite size of the Bi;GeOs phase as described before. The
maximum dielectric constant values of the annealed Bi,GeOs glass ceramics were found of
about 200 at 18 hours and 246 at 12 hours for the annealing temperature of 275 and 375°C,
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respectively. The considerable increase in ¢, values of the annealed samples may not be
only due to the densification of the samples, but also the re-orientation of Bi;GeOs crystals
distributed homogeneously within the bulk glass matrix and the increase of the average
crystallite size of the Bi,GeOs crystals at higher annealing (375°C). Moreover, the presence
of cubic Bi4Ge; 01, phase coexisting in the bulk glass ceramics as confirmed by XRD results
may play a more important role in controlling the ¢, values of the glass ceramics. On the
other hand, the larger dielectric loss (tand) was observed at higher annealing temperature
and found to increase gradually up to the annealing time of 12 hours, above which it
decreases with increasing annealing time. This can be related to the density which found to
decrease, indicating higher amount of Bi;Ge;O1; existing in the bulk glass ceramics, when
the annealing dwell-time was higher.

Figure 5 shows the temperature dependence of the dielectric constant (&) of the
annealed Bi,GeOs glass ceramics with fixed frequencies at 1 KHz. The overall dielectric
constant values of all annealed samples were found to increase with increasing measurement
temperature. For the room temperature up to 250°C, the dielectric constant values slightly
increased while they rapidly increase at higher temperature. However, the phase transition
temperature of all annealed Bi,GeOs glass ceramics were not found due to the Bi,GeOs
single phase has a higher phase transition temperature of more than 527°C [7], as the
measurement was limited by the limitation of the equipment.

In order to study the ferroelectric properties of all annealed Bi,GeOs glass ceramics,
the measurements of polarization hysteresis were performed at room temperature using
a Sawyer-Tower circuit. The plots of the polarization versus electric field (P-E) loops at
room temperature of all annealed samples in Fig. 6 display the slim loop with low remnant
polarization (P;). Moreover, it can be clearly indicated that annealing parameters in both
temperature and dwell-time have improved the ferroelectric properties of Bi,GeOs glass
ceramics as can be seen in Fig. 7. The results represent the increases of remnant polarization
(P;) and coercive field (E.) in P-E loop with increasing annealing temperature and dwell-
time. However, the P-E loops of all annealed Bi,GeOs glass ceramics are not the feature
of truly ferroelectric, it may be represent a lossy capacitor behavior which caused by the
effect of low dielectric constant of residual glass matrix.

Conclusions

To study the effect of thermal annealing parameters on the properties of Bi,GeOs glass ce-
ramics, the samples have been prepared by conventional quenching, heat treatment method
at 475°C for 18 h and then subsequently annealed at various temperatures and dwell-times.
It was found that the thermal annealing promotes the phase formation of the Bi,GeOs phase,
leading to the alteration in their density and electrical properties. The dielectric constant of
these glass ceramics were greatly improved while dielectric loss degraded with increasing
thermal annealing parameters. The best dielectric properties at room temperature were
found at 375°C/12 h, exhibiting the maximum values of the dielectric constant (&) of 246
and low dielectric loss (tand) of 0.024. Finally, the P-E loops of annealed Bi;GeOs glass
ceramic were obtained. The P, values were found to improve with increasing annealing
temperature and dwell-time, but the P-E loop may not represent the truly hysteresis loop as
it is more to be a lossy capacitor.
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In this research, the fabrication of glass ceramics containing ferroelectric KNN crystals
has been carried out in aluminosilicate glass system by using conventional mixed oxide
technique in alumina crucible. Alumina was chosen to increase mechanical robust and
the stability of KNN glass ceramic in ratio 0, 5, 10 and 15 mol%. The received glass
ceramics were all transparent. The glasses were subjected to heat treatment processes
at the temperature between 600 and 700°C in order to form the glass ceramics with de-
sired crystal phases. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
techniques were used for phase identification and microstructural studies, respectively.
The bulk crystallization of KAISiO; phase was observed in the glass ceramics with heat
treatment temperatures from 600 — 675 °C while KNN phase started to appear at higher
temperature of 700°C. The glass ceramic containing 23.75 mol% SiO;, possesses the
optimum values of dielectric constant (¢.): ~260 and low dielectric loss (tand): ~0.02
at 10 kHz in room temperature.

Introduction

Ferroelectric glass ceramics have long been studied as alternative ferroelectric materials for
decades, because the combination of electric property of ferroelectric crystals and trans-
parency of glass matrices. This combined property makes them useful in many applications
especially electronic parts, such as electro—optical, microwave and pyroelectric devices.
The varieties of ferroelectric crystals: for examples, BaTiO3, PbTiO3, LaTiOs, Pb(Zr,Ti)O3,
(St, Ba)Nb,Og, LiNbO3, KNbO3, NaNbO; and BiGeOs [1-11], were introduced to merge
into many of glass systems. Among them, Nb,Os based ferroelectric crystals are of partic-
ular interest, because of their good nonlinear photonic properties [11].
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Figure 1. Ternary diagram showing 4 glasses from KNN-SiO,-Al,O; system and the table of
chemical compositions.

Potassium sodium niobate (Ko s5Nags)NbO3 : KNN solid solution has been recently
subjected to intensive investigation as a promising lead-free ferroelectric [12]. Because
of the increased environmental awareness, lead-free materials have become the most at-
tractive material for electrical utilities, which promises environmental friendly products.
This brought out the original idea of combining the KNN crystals in some selected glass
systems.

In this research, the fabrication of glass ceramics containing ferroelectric KNN crystals
has been carried out in aluminosilicate glass system by using glass ceramic method in alu-
mina crucible. Alumina ratio of 0, 5, 10 and 15 mol% were added in to the (K 5Nagy 5 ) NbOs3-
Si0,-Al,0; system. Heat treatment process was used for controlled crystallization in tem-
perature range of 600-700°C for 4 h. The crystallization in the resulting glass ceramics
was studied by XRD and SEM. Dielectric property of the glass ceramics was studied and
reported.

Experimental Procedure

KNN based glass ceramics were prepared by conventional melt quenching technique. The
oxide powders of K,COjs, Na,CO3, Nb,Os, SiO, and Al,O3 were mixed according to
the glass formula as shown in Fig. 1 in an alumina crucible. Then, the prepared mixtures
were melted in an electric furnace at 1300°C for 1 h with heating rate of 10°C min~".
The melts were then quenched between the stainless steel plates at room temperature.
The resulting glasses were subjected to the heat treatment schedule between 600—700°C
for crystallization. Density values of the prepared glass and glass ceramic samples were

measured using Archimedes’ method. The X-Ray Diffraction (XRD) and Scanning Electron
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Figure 2. Variation in density of quenched glasses C1-C4.

Microscopy (SEM) techniques were used to investigate the phase formation and to observe
the microstructure of the glass ceramic samples, respectively. Two parallel surfaces of
the glass ceramics were polished and coated with silver paste as electrodes for electrical
contact. The room temperature dielectric constant (¢,) and dielectric loss (tand) of the
prepared glass ceramics were measured at various frequencies from 10 to 1 MHz using an
LCZ meter (HP4276 A).

Results and Discussion

The resulting glasses prepared from (KysNags)NbO3-SiO,-Al, O3 system with various
contents of alumina ranging from 0, 5, 10 and 15 mol% were transparent and mechanically
robust. All glasses were subjected to the heat treatment schedules at the temperature ranging
between 600-700°C for 4 h. The transparent property of the glass ceramics depended very
much on the heat treatment temperature. It was found that the transmission of light tended
to decrease with increasing temperature. The highest heat treatment temperature of 700°C
resulted in the opaque samples in all conditions.

Figure 2 shows the variation in density with alumina content of the quenched glasses
and Fig. 3 illustrates the density values versus heat treatment temperature of all conditions.
It can be clearly seen that the density values of all heat treatment samples are higher
than that of the quenched glasses and the amount of added alumina has insignificantly
affected the density of the quenched samples. In Fig. 3, it is seen that the density tend
to increase linearly with increasing heat treatment temperature in all conditions (C1-C4).
The maximum values of density were found in the glass ceramic samples subjected to heat
treatment at 700°C.

Figure 4 shows the example of XRD result of the glass ceramic samples with the
amount of alumina equal to 10 mol% (C2), after subjected to the heat treatment at various
temperatures. The XRD results of other conditions: C1, C3 and C4, were found to exhibit
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Figure 3. Density of glass ceramic samples subjected to heat treatment at various temperatures.

similar trends to that of the C2 condition. It can be found from the XRD result that
the glass ceramic samples subjected to the heat treatment between 600-675°C contained
only one potassium alumino silicate phase (KAISiO,). Moreover, the crystallinity of this
KAISiO, phase increases with increasing heat treatment temperature as the intensity of
the corresponding diffraction peak increases. The possible explanation is that at higher

Figure 4. XRD patterns of glass ceramic sample with 5 mol% alumina (C2) subjected to heat
treatment at various temperatures.
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Figure 5. SEM micrographs of the glass ceramic samples subjected to heat treatment at various
temperatures.

temperature the growth rate is high which enhanced the growth of KAISiO; crystals in the
glass matrices. However, the proper thermal analysis such as differential thermal analysis
(DTA) is needed in order to clarify this point. Additionally, the glass ceramic samples of all
conditions which subjected to the heat treatment at 700°C contained the perovskite sodium
potassium niobate ((K,Na)NbOj3: KNN) phase. This explains the maximum density value
of all samples heated at this temperature as the KNN crystal has higher theoretical density
than that of KAISiO,.

The effects of glass composition and heat treatment temperature on the characteristic
of crystallization in the glass ceramics were investigated by SEM and the results are shown
in Fig. 5. The bulk crystallization were started to appear in the glass ceramic samples heated
at 600 °C and higher in all conditions, confirming the existence of the KAISiO, crystals
embedded in these glass ceramics. The crystals become more rectangular in shape with
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Figure 6. Dielectric constant (¢,) and dielectric loss (tand) of C2 glass ceramic samples subjected to
heat treatment at various temperatures.

higher heat treatment temperature of 650 °C. In all conditions, the glass ceramic samples
heated at 700°C contained the noticeable nano crystals of less than 100 nm dispersed
homogeneously throughout the glass matrix. This may be resulted from the phase separation
of high-niobate phase regions at high temperature. This phase separation was more stable
during 4 h period of heating time and become crystals during crystallization process when
the samples were cooled to room temperature. This is consistent with the work done by
Petrovskii et al. [13] who studied the phase separation and crystallization in glasses of the
Na,0-K,0-Nb,05-Si0, system. They reported the crystallization in high niobate phase
regions resulted in the formation of the microinhomogeneous structure in their electron
micrographs of the sample heated at 700°C for 1 h. In our work, considering the XRD
results and SEM micrographs of the samples heated at 700°C, it may be assumed that the
nano crystals observed in the glass ceramics could be identified as the KNN phase.
Dielectric constant (g;) and dielectric loss (tand) at various frequencies of C2 glass
ceramic samples subjected to heat treatment at various temperatures are shown in Fig.
6 and the inset of Fig. 6, respectively. These C2 glass ceramics of all conditions were
chosen to represent the optimum dielectric properties found in this work. It can be clearly
revealed that the maximum dielectric constant was obtained from the glass ceramics heated
at 700°C. This result confirmed the existence of perovskite KNN phase in these glass
ceramics. The overall dielectric loss values are pretty low and lied between 0.01-0.05
depending on frequency. The maximum values of dielectric constant (g,): ~260 and low
dielectric loss (tand): ~0.02 at 10 kHz in room temperature, make this KNN glass ceramics
a good candidate among other ferroelectric glass ceramics, such as LiNbO3 and BaTiOs.

Conclusions

Glass ceramics embedded with KNN nano crystals were successfully fabricated from the
(Ko.sNag 5)NbO3-Si0,-Al, 03 glass system with a wide range of Al, O3 concentrations from
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0-15 mol%. However, the crystals of KAISiO, phase were found to co-precipitate along
with the KNN phase in the sample heated at 700°C. Further study should be done in order
to fabricate the glass ceramic containing only perovskite KNN phase. This may be done
either by careful control of heat treatment method or by changing based glass composition.
The optimum values of dielectric property in this work, promise the bright future of this
KNN glass ceramic in electro-optical applications.

Acknowledgments

The authors would like to thank the Thailand Research Fund (TRF), Office of the Higher
Education Commission (OHEC) Thailand, National Metal and Materials Technology Cen-
ter (MTEC) and Faculty of Science, Chiang Mai University for financial support. P. Yongsiri
would like to express her thanks to the Thailand Graduate Institute of Science and Tech-
nology for financial support.

References

. A. Herczog, J. Am. Ceram. Soc. 47, 107 (1964).

D. G. Grossman and J. O. Isard, J Am Ceram Soc. 52, 230 (1969).

S. W. Lee, K. B. Shim, K. H. Auh, and P. Knott, Mater. Lett. 38, 356 (1999).

M. S. Al-Assiri, M. M. El-Desoky, A. Al-Hajry, A. Al-Shahrani, A. M. Al-Mogeeth, A. A.

Bahgat, Physica B: Condensed Matter. 404, 1437 (2009).

. A. Tarafder, K. Annapurna, R. S. Chaliha, V. S. Tiwari, P. K. Gupta, and B. Karmakar, J. Alloy.
Compd. 489, 281 (2010).

. Xu. Wang, X. Yao, and Hiroshi Ishiwara, Mat. Sci. Eng. B. 137, 278 (2007).

. P. Prapitpongwanich, R. Harizanova, K. Pengpat, and C. Riissel, Mater. Lett. 63, 1027 (2009)

N. F. Borrelli, A. Herczog, and R. D. Mauer, Appl. Phys. Lett. 7, 117 (1965)

M. M. Layton and A. Herczog, Glass Technol. 10, 50 (1969).

. K. Pengpat and D. Holland, J. Eur. Ceram. Soc. 23, 1599 (2003).

. J.S. de Andrade, A. G. Pinheiro, I. F. Vasconcelos, M. A. B. de Arau’jo, M. A. Valente, and A.
S. B. Sombra, J. Phys Chem. Solids. 61, 899 (2000)

12. Y. Saito, H. Takao, T. Tani, T. Nonoyama, K. Takatori, T. Homma, T. Nagaya, and M. Nakamura,

Nature, 432, 84 (2004).
13. G. T. Petroskii, V. V. Golubkov, O. S. Dymshits, A. A. Zhilin, and M. P. Shepilov, Glass Physics
and Chemistry, 29, 243 (2003)

—SvoNa v R

—_



This article was downloaded by: [Chiang Mai University]

On: 25 June 2012, At: 22:39

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Ferroelectrics

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gfer20

Phase Evolution and Dielectric
Properties of Barium Zirconate Titanate -
Barium Iron Niobate Ceramics

Uraiwan Intatha  , Haswipa Maimon ® , Sukum Eitssayeam ° , Tawee
Tunkasiri ® ® & Gannaga Satittada

& School of Science, Mae Fah Luang University, Chiang Rai, 57100,
Thailand

b Department of Physics & Materials Science, Faculty of Science,
Chiang Mai University, Chiang Mai, 50200, Thailand

Available online: 27 Jun 2011

To cite this article: Uraiwan Intatha, Haswipa Maimon, Sukum Eitssayeam, Tawee Tunkasiri &
Gannaga Satittada (2011): Phase Evolution and Dielectric Properties of Barium Zirconate Titanate -
Barium Iron Niobate Ceramics, Ferroelectrics, 416:1, 1-7

To link to this article: http://dx.doi.org/10.1080/00150193.2011.577655

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.




Downloaded by [Chiang Mai University] at 22:39 25 June 2012

Ferroelectrics, 416:1-7, 2011

Copyright © Taylor & Francis Group, LLC
ISSN: 0015-0193 print / 1563-5112 online
DOI: 10.1080/00150193.2011.577655

Phase Evolution and Dielectric Properties of Barium
Zirconate Titanate — Barium Iron Niobate Ceramics

URAIWAN INTATHA,'* HASWIPA MAIMON,!
SUKUM EITSSAYEAM,? TAWEE TUNKASIRI, '
AND GANNAGA SATITTADA!

ISchool of Science, Mae Fah Luang University, Chiang Rai, 57100, Thailand
’Department of Physics & Materials Science, Faculty of Science, Chiang Mai
University, Chiang Mai, 50200, Thailand

The structural and dielectric properties of (1-x)BaZryoTip. ;O3 (BZT) — xBaFeysNby 503
(BFN) ceramics system were investigated as a function of the BaFe(sNb, 503 content by
X-ray diffraction (XRD) and dielectric measurement technique. Studies were performed
on the samples prepared by solid state reaction for x = 0.2, 0.4, 0.6 and 0.8. Maxi-
mum density of the ceramic was obtained at 1450°C for every mixing conditions. The
evolution of the tetragonal phase, indicating phase transition from cubic to tetragonal
with increasing with BFN ratio. Lattice parameters were found to decrease with the
BFN content. The dielectric properties of (1-x)BZT — xBFN ceramics were studied. It
was found that the dielectric constant and broadness of their peak of these ceramics
increased with increasing BFN contents, with the dielectric loss measured at 1 kHz
was shown lower than 2.00 at working temperature ranging from room temperature to
400°C.

Keywords Lead free piezoelectric; dielectric properties; phase evolution

Introduction

The studies of lead based ferroelectrics with A(B’|xB”x)Os;—type perovskite have at-
tracted much attention because of their excellent dielectric and electromechanical prop-
erties. However lead-free compositions in these families will be more interested due to
obvious environmental concern in the future [1-4]. BaTiOj3 is the most widely used fer-
roelectric materials. It is the most important material for multilayer ceramic dielectric
[5]. However, the dielectric constant of BT is rather low (1700) at room temperature [6,
7]. Many researchers have added some ions such as Fe, Ti, Zr, Nb and Mn to increase
the dielectric constant and decrease the Curie temperature of the material. Substitution of
Ti*+ with Zr** exhibits several interesting features in the dielectric behavior of BaTiOs
ceramics. Zr/Ti ratio is important in BZT system and a 0.9/0.1 ratio is known to have
good bulk properties [8, 9]. Recently, high dielectric constant (g,) has been reported for
ternary perovskite BaFe(;sNby 503 (BFN) of certain compositions. For instance, several
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Figure 1. Shows the effect of sintering on the density of ceramics.

researchers, such as Yokosuka [10], Tezuka er al. [11], Raevskite ef al. [12], Saha and
Sinha [13, 14], have reported that the BFN-based electroceramics exhibit a relaxor be-
havior by showing very attractive dielectric and electrical properties over a wide range of
temperatures.

However, the evident effect of the BFN on the BZT ceramics prepared via solid state
reaction, the phase evolution and behavior of electrical properties of dense ceramic bodies
of materials obtained by the solid state reaction are not clearly understood. Therefore, in this
work we decided to prepare (1-x)BZT — x BFN (x = 0.2 to 0.8) ceramics. Phase evolution
microstructure and dielectric properties were studied extensively.

Figure 2. X-ray patterns of ceramic at maximize bulk density condition.
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Figure 3. Lattices parameter of (1-x)BZT — xBFN system.

Experimental

The BZT-BFN ceramics used in this study are prepared powders with a conventional
mixed-oxide method. The (l—x)BaZrO,gTi0,103 - xBaFeo.5Nb0,503 ((I—X)BZT - XBFN)
powders were first prepared by mixing the starting materials BaCO3(>99%), ZrO,(>99%),

Figure 4. SEM micrograph of (1-x)BZT — xBFN system sintered at 1450°C.
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Figure 5. Hysteresis Loop of (1-x)BZT — xBFN system.

TiO2(>99%), Fe;03 (99.9%) and Nb,Os5 (99.9%) powders in the desired mole ratio, (X =
0.2, 0.4, 0.6 and 0.8). These powders were ball-milled for 24 h in polyethylene container
with zirconia balls. Ethanol was used as a milling medium. After drying at 120°C, the
mixed powders were then calcined at 1200°C for 2 h with heating and cooling rate of
5°C/min. Subsequently, the calcined samples were pressed into disc shape and sintered
at various temperatures ranging from 1350 to 1450°C depending upon the compositions.
The samples were heated for 2 h with constant heating and cooling rates of 5°C/min. The
physical characteristics of the ceramics were then determined with the following proce-
dures. The densities of the sintered ceramics were measured by Archimedes method. The
phase formations of the calcined powders and sintered specimens were studied by an X-ray
diffractometer (Philips model X-pert) at 40kV and 30 mA in the 26 range from 20 to 60
degrees with step scan of 0.01°. The microstructure was examined by the scanning electron
microscopy (Jeol SEM model 6335F).

For electrical properties characterizations, the sintered samples were grinded to obtain
parallel faces, and the faces were then coated with silver paste as electrodes. The samples
were heat-treated at 750°C for 12 min to ensure the contact between the electrodes and the
ceramic surfaces. The dielectric constant and loss tangent of the sintered ceramics were
measured as a function of temperature at 1 KHz with an automated dielectric measurement
system. The capacitance and the dielectric loss tangent were determined over the temper-
ature range of 30 and 450°C at the frequency 1 KHz. The polarization vs. electric field
hysteresis loop was measured using a Sawyer-Tower circuit at temperatures between room
temperature and 220°C.

Result and Discussion

Fig. 1 shows the relationship of density against temperature of the ceramic sample in (1-
x)BZT — xBEN system x = 0.2, 0.4, 0.6 and 0.8. These results showed that the optimum
density depended on sintering temperature. Maximum density of (1-x)BZT — xBFN was
found at 1450°C for x = 0.2, 0.4 and 0.6, at 1400°C for x = 0.8. These are 6.24, 6.12,
6.11 and 5.88 g/cm? for for x = 0.2, 0.4, 0.6 and 0.8 respectively, comparable to the
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Figure 6. The relationship between dielectric properties and temperature.

theoretical value of BZT 6.06 g/cm?® and BFN is 6.51 g/cm’. In the same way, phase
evolution of (1-x)BZT — xBFN ceramics of each sintered temperature was investigated by
XRD techniques. Figure 2 shows the X-ray diffractograms of the highest density ceramics.
The results indicated that change of crystal structure occurred as a function of BZT-BFN
compositions. Mixed tetragonal and cubic phases began to occur at x = 0.8 and completely
transforms to paraelectric cubic phase when x < 0.2, as can be seen the merging of (002)
and (200) peaks. Neither BFN nor other impurities were detected. The lattice parameters of
the two co-existing phases in the ceramics were calculated by the refinement method. The
cell parameters and tetragonality (c/a) obtained for each BZT-BFN composition is given in
Fig. 3. The result of the cell refinement showed that the (1-x)BZT — xBFN system having
BFN content in the range x = 0.2 has single phase cubic symmetry, with cell parameters
dependent on the BEN content. The value of the c/a parameter decreased from 1.00173
to 1.0000 when the BEN content decreased from x = 0.2 to 0.8. At higher x values the
parameter (a) of the cubic PZT-BEN phase slightly decreased from 4.052 —4.031 A. These
values are comparable to that in the Inorganic Crystal Structure database ICSD No. 43622
(a =4.045).
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The SEM micrographs of the (1-x)BZT-xBFN ceramics were shown in Fig. 4. It can
be seen that the small addition of BEN of about x = 0.2 causes significant decrease on grain
size and reaches minimum of about 1.15 um at x = 0.8. The hysteresis loop measurement
of the (1-x)BZT-xBFN as shown in Fig. 5. The typical ferroelectric hysteresis loop could
only be found in the samples of x = 0.8 and beyond this morphotropic phase boundary the
lossy capacitor type loops, indicating non-ferroelectric ceramic were obtained.

The relationships between dielectric properties and temperature are shown in Fig. 6. It
was clearly shown that the relative dielectric constant depends on temperature measured at
1 KHz on the ceramic sample of (1-x)BZT — xBFN system. The broadness of the dielectric
constant peak increased with increasing BFN content but with quite high dielectric losses.
Comparable to the previous study by S. Eitssayeam et. al. [15], the high dielectric constant
was found over the wide range of temperature. The dielectric constant and dielectric loss
of BFN ceramics were found to decrease for a given frequency. Furthermore, it was seen
that the role of BFN affected the dielectric properties of samples.

Conclusions

The effect of BFN on the structure and dielectric of (1-x)BZT — xBFN system was in-
vestigated for various chemical compositions. The (1-x)BZT — xBFN (when x = 0.2 to
0.8) ceramics are prepared by a mixed oxide method. Lattice parameters of the tetragonal
phase and cubic phase were found to vary with chemical composition. The evolution of the
tetragonal phase, (200)/(002) transformed to a single peak (200) which indicating cubic
symmetry, while optimum sintering temperature was standing at 1450°C. They were iden-
tified as a single BZT phase material with a perovskite structure having the symmetry from
tetragonal to cubic when the ratio of BFN increased. The broadness of dielectric constant
peak increased while the dielectric loss was still high.
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The structural and electrical properties of (1 — x) BaTiO3; — xBaFe, sNby O3 ceramics
system were investigated as a function of the BaFe, sNb sO; content by X-ray diffraction
(XRD), dielectric and ferroelectric measurement techniques. Studies were performed
on the samples prepared by solid state reaction for x = 0, 0.2, 0.4 and 0.6. The
XRD analysis demonstrated that with increasing BFN content in (1—x)BT-XxBFN, the
structural change occurred from the tetragonal to the cubic phase at room temperature.
Changes in the dielectric, ferroelectric and piezoelectric behavior were then related to
these structures depending on the BFN content.

Keyword: lead free piezoelectric; dielectric properties; piezoelectric properties

Introduction

Barium iron niobate (BaFe( sNbg 503: BFN) has been much scientific attention because of
its giant dielectric constant over wide range of temperature and frequency, which makes it
potentially useful for important applications in microelectronics and memory devices, as
the dielectric constant of a material ultimately decides the degree of miniaturization [1].
BFN was first synthesized via solid state reaction technique by Saha and Sinha in 2002 [2].
After that, several researchers including Yokosuka [3], Tezuka et al. [4], Raevski et al. [5],
Saha and Sinha [2, 6], Intatha ez al. [7, 8] have reported that the BFN-based electroceramics
exhibit a relaxor behavior by showing very attractive dielectric and electrical properties
over a wide range of temperatures. However, its high dielectric loss still exists considerable
problems of these materials.

BaTiO; (BT) is known as a very useful ferroelectric material, especially in capacitor
applications. BaTiO3 undergoes a series of structural phase transitions as a function of
temperature, from an ideal paraelectric cubic perovskite structure to the ferroelectrics
tetragonal (120°C) and rhombohedral (—90°C) structures [9]. The high dielectric constant
(on the order of 10%) in BaTiO; stems from the presence of permanent electrical dipoles
inherent to the crystal structure. However, the dielectric constant of barium titanate rises
sharply with temperature, exhibiting a peak at the Curie point (T¢ = 130°C), beyond which
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it falls hyperbolically, following the Curie-Weiss law [8]. Since ferroelectric devices are to
be used over a wide temperature range, pure barium titanate cannot be utilized for practical
applications [10]. It must be modified with various additives, giving rise to solid solutions
of varying temperature characteristics, tailored to the application [10—12].

Therefore, the modified solid solution method of (1 — x)BaTiO; (BT) — xBaFe 5
Nby503 (BFN) system when x have been varied between 0.0 to 0.6 mole were studied in
order to develop the properties of both BFN and BT based ceramics.

Experimental Procedure

The (1—x)BT-xBFN ceramics used in this study are prepared as powders by a conventional
mixed — oxide method. The (1—x)BaTiO3;—xBaFe;sNby 503 ((1—x)BT — xBFN) powders
were prepared by mixing the starting powder materials BaCO3 (>99%), TiO, (>99%),
Fe;03 (99.9%) and Nb,Os (99.9%) in the desired mole ratios, (x = 0, 0.2, 0.4 and 0.6).
These powders were ball-milled for 24 hrs in polyethylene container with zirconia balls.
Ethanol was used as a milling medium. After drying at 120°C, the mixed powders were
then calcined at 1200°C for 4 h with heating and cooling rate of 5°C/min. Subsequently, the
calcined samples were pressed into disc shape and sintered at 1350°C for 2 hrs with constant
heating and cooling rates of 5°C/min. Phase formations of the calcined powders and sintered
specimens was studied by an X-ray diffractometer using CuK, radiation (Philips model
X-pert) at 40 kV and 30 mA in the 26 range from 20 to 60 degrees with 0.01° steps. For
electrical property characterizations, the sintered samples were ground to obtain parallel
faces, and the faces were then coated with silver paste to form electrodes. The samples
were heat-treated at 750°C for 12 min to ensure the contact between the electrodes and
the ceramic surfaces. The dielectric properties and the electromechanical coupling factor
of the sintered ceramics were measured with an automated dielectric measurement system.
The system consists of an impedance/gain—phase analyzer (Solartron model SI1260) and
a tube furnace; both furnace temperature and dielectric properties were controlled and
recorded by a computer. The capacitance was determined over the temperature range 30°C
to 200°C at the frequency 1 kHz. To measure relevant electric properties, the prepared
ceramic samples were polarized in silicone oil bath at 50°C under 3.0 kV/mm for 15
min. Samples were left at room temperature for 24 hrs after poling, and the piezoelectric
measurements were measured using a piezoelectric-ds;-meter. The electric hysteresis loop
was measured using a Sawyer-Tower circuit.

Results and Discussion

The XRD patterns of the sintered (1 —x)BT—xBFN ceramics are shown in Fig. 1. It is seen
that the (1—x)BT—xBFN system formed a series of continuous solid solutions of perovskite
structure without any trace of pyrochlore phases. For x = 0 (pure BT) the X-ray diffraction
pattern shows (002)/(200) peak splitting confirming its tetragonal symmetry. By increasing
the BFN content, the intensity ratios of the (002)/(200) peaks tend to increase. The X-ray
diffraction patterns of ceramics with high BFN content showed the co-existence of both
tetragonal and cubic phases. The lattice parameters of the two co-existing phases in the
ceramics were calculated by a refinement method. The cell parameters and tetragonality
(c/a) obtained for the (1—x)BT-xBFN compositions are given in Fig. 2. The result of the
cell refinement showed that the cell parameters of (1—x)BT — xBFN system depend on
the BFN content. The value of the ¢/a parameter decreased from 1.09 to 1.00 when the
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Figure 1. XRD patterns of the (1—x)BT—xBFN ceramics.

BFN content increased from x = 0 to 0.6. At higher x values the parameter (a) of the cubic
BT-BEN phase slightly decreased from 3.990-4.020 A. These values are comparable to
that in the Inorganic Crystal Structure database ICSD No. 43622 (a = 4.045). However,
high resolution XRD analysis is necessary to detect the possible superposition of phases
and to restrict the range of compositions for better characterization of the BT-BFN system
in range of structure change.

The relationships between dielectric properties and temperatures are shown in Fig. 3. It
was clearly shown that the relative dielectric constant depends on temperature measured at
1 kHz on the ceramic sample of (1—x)BT — xBFN system. The broadness of the dielectric
constant peak increased with increasing BFN content. Since the Curie temperature for
all of investigated compositions decreased as expected from 135°C to below 35°C. Not

Figure 2. Lattices parameter of the (1—x)BT—xBFN ceramics.
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Figure 3. Temperature dependence of dielectric constant of the (1—x)BT—xBFN ceramics.

only the Curie temperature decreased, but also the maximum dielectric constant increases
from ~7,200 to ~9500 for BT and 0.4BT-0.6BFN respectively. Furthermore, it was seen
that the role of BFN affected the dielectric properties of samples. To further understand
the dielectric behavior of the (1—x)BT — xBFN system, the permittivity of a first-order
normal ferroelectric can be described by the Curie—Weiss law and a second-order relaxor
ferroelectric can be described by a simple quadratic law. This arises from the fact that
the total number of relaxor contributing to the permittivity response in the vicinity of the
permittivity peak is temperature dependent. The relative permittivity can be calculated via
the following equation:

tn oy, T =Tu(H))

e(f, T) 2682 M

where &y, is the maximum value of the permittivity at 7 = T,,(f). The value of y is the
expression of the degree of dielectric relaxation, while § is used to measure the degree of
diffuseness of the phase transition. In a material with a “pure” diffuse phase transition,
y 1is expected to be 2 [13]. For (1—x)BT — xBFN compositions, the diffusibility (y) and
diffuseness parameter (§) can be estimated from the slope and intercept of the dielectric
data shown in Fig. 4, and tabulated in Table 1. The 0.4BT-0.6BFN ceramic has a large
y value (1.82), confirming that it is a relaxor behavior. The values of y and § increase

Table 1
The dielectric and piezoelectric properties of (1—x)BT—xBFN ceramics.
T. (°O) Emax 8 Y d33 (pC/N) k(%)
BT 135 7,383 —12.26 1.14 154 26
0.8BT - 0.2BFN 98 9,520 —13.41 1.40 108 22
0.6BT — 0.4BFN 69 9,034 —13.60 1.41 105 21.5

0.4BT - 0.6BFN 32 9,505 —15.63 1.82 — —
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Figure 4. Plots of In(! — L) vs. In(T — T,,) for the (1—x)BT—xBFN ceramics.

€ &m

with increasing BFN content, confirming the diffuse phase transitions in BT-BFN solid
solutions. The piezoelectric constant ds; and the elctromechanical coupling factor k, are
shown in Table 1. The d3; and k, decrease with increasing BFN fraction up to x = 0.6,
which show the maximum values of 154 pC/N and 26% at pure BT. It should be noted that
BFN addition in BT showed the improvement only dielectric properties. The hysteresis
loop measurement of the (1—x)BT—xBFN is shown in Fig. 5. The shape of hysteresis loop
is similar to one of pure BT. The hysteresis loop with x up to 0.4 are not typical, because the
external electric field is not sufficient to saturate the polarization and with the composition
beyond this indicating lossy linear capacitor behavior. This is consistent with the XRD,

Figure 5. P-E hysteresis loops for the (1—x)BT-xBFN ceramics.
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dielectric and piezoelectric results. The optimum mole ratio of (1 —x)BT—xBFN ceramics
was found at a composition x = 0.4. However, in order to confirm the morphotopic phase
boundary of (1—x)BT—xBFN ceramics may require farther study in more details.

Conclusion

The effect of BFN on the structure, dielectric and piezoelectric properties of
(1-x)BT-xBFN system was investigated for various chemical compositions. The
(1—x)BT-xBFN ceramics were prepared by the mixed oxide method. Lattice parame-
ters of the tetragonal phase and cubic phase were found to vary with chemical composition.
They were identified as a single BT phase material with a perovskite structure having the
symmetry from tetragonal to cubic when the ratio of BFN increased. The broadness of
dielectric constant peak increased and Curie temperatures showed a tendency to decrease
with increasing BFN content. However, a piezoelectric coefficient d3; and k, decreased
with increasing BFN content. The optimum mole ratio of (1—x)BT—xBFN ceramics was
found at a composition x = 0.4 where at higher value of x the minimum c¢/a and lossy linear
capacitor hysteresis loop behavior were obtained.
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Pbolggs}’o‘]2(270'54Tl’ol44sb0.02)(1_y) - (Zﬂ]AngZ/j))-Og ceramics where y= 0.00-0.10 were
prepared by a solid state reaction method. Doping of Zn and Nb (co-doped) at B-
site produced a phase transformation from tetragonal to rhombohedral phase. Highest
piezoelectric coefficient d33 of 632 pC/N was recorded for the y = 0.04 sample. The
piezoelectric result was correlated with the phase formation and the ferroelectric prop-
erties. Dielectric constant and loss tangent slightly increased with increasing the co-
doped content. However, loss tangent values were less than 0.06 for all samples. These
results indicated that the piezoelectric and dielectric properties of the ceramics could
be improved by the co-doping.

Keywords B-site doping; piezoelectric; ferroelectric

Introduction

Piezoelectric and ferroelectric materials are widely used for various devices, including
multilayer capacitors, sensors, transducers and actuators [1-3]. For many years in the
past, Pb(Zr,_,Ti, )O3 (PZT) was reported to host exceptionally high dielectric and piezo-
electric properties. The excellent properties were observed for compositions close to the
morphotropic phase boundary (MPB) which locates around PbTiO3:PbZrO3; ~ 1:1 and
separates the Ti-rich tetragonal phase from the Zr-rich rhombohedral phase [1]. Therefore,
many commercial PZT ceramics are designed in the vicinity of the MPB with many doping
schemes in order to obtain superior properties [3].

Several investigators have reported the properties of PZT or PZT based ceramics with
cations substituted on A and B-sites. For example, Zheng et al [4-5] reported that Sr-doping
at A site of PZT ceramics resulted in a higher dielectric and piezoelectric properties than
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*Corresponding author. E-mail: sukum99 @yahoo.com
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pure PZT. The substitutions of Sr also produced a shift of the MPB composition towards the
tetragonal phase and reduced Curie temperature. For B-site doping, such as Nb doped PZT, it
was reported that Nb doped help to promote domain wall motion [5-7]. The Nb doping pro-
duces an enhancement in resistivity of PZT [8—10]. Furthermore, the Nb was added in PZT
system to improve the densifications of ceramics [11]. In the present work, effect of Zn and
Nb (co-dope) at B-site on dielectric and ferroelectric of Pbg ggSro 12(Zro.54Tip.44Sbo.02)(1-y)
— (Zn1;3Nby3); O3 ceramics were investigated. Many electrical properties such as dielectric
and piezoelectric properties of the ceramics were reported for the first time.

Experimental

In this study, the ceramics in system of Pbo,ggSI'()V12(ZIQ_54Ti0'44Sb0.02)(l_y)(zn1/3Nb2/3)yO3
were synthesized by the conventional mixed oxide method. Reagent grade of metal oxide
powders were used in this work, where y = 0.00-0.10. The metal oxide powders were ball-
milled for 24 h. The mixed powders were then calcined at 900°C for 2 h with heating and
cooling rate of 10°C/min. Subsequently, the calcined powders were pressed into disc shape
and sintered at 1225°C for 2 h with constant heating and cooling rate of 10°C/min. Phase
formation of the samples was studied by an X-ray diffraction (XRD) technique (Philips
X-ray diffractometer). For electrical properties characterization, the sintered samples were
ground to obtain parallel faces, and the faces were then coated with silver as electrodes. The
dielectric constants and dielectric loss of the sintered ceramics were measured as a function
of temperature with an automated dielectric measurement system. The system consists of a
LCR-meter and environment controlled chamber, both temperature and dielectric properties
were measured and recorded by a computer. The ferroelectric properties were measured
using a Sawyer Tower circuit. The electroded specimens were poled in a silicon oil bath at
60°C by applying a dc field of 3 kV/mm for 30 min. After 24 h ageing, the poled specimens
were characterized for piezoelectric properties. The piezoelectric coefficients (ds;) were
characterized using a KCF S5865 d3; meter.

Figure 1. XRD patterns of PbygSro 12(Zros54Tig44Sbo.02)(1-y)(Zn13Nby3)yO3 ceramics where y =
0.00-0.10.
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Results and discussions

The XRD patterns of the ceramics are illustrated in Fig. 1. The XRD result revealed that
all samples exhibited a pure perovskite phase. The XRD patterns for the y = 0.00-0.04
samples showed a splitting of the (200) peak, while the y = 0.06 —0.10 samples exhibited an

Figure 2. Room temperature polarization vs electric field hystersis loops for PbgggSrg 2
(Zro.54Tio.44Sbo,02)(1-y)(ZH1/3Nb2/3)yO3 ceramics.
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Figure 3. Variation of remnant polarization P, and coercive field E. of PbggsSro 12
(Zr.54Tig 44Sbg.02)(1-y)(Zn13Nby/3)y O3 ceramics. Inset (A) shows value of Ry, inset (B) show value of
d;3 and g33 as a function of y concentration.

ambiguous splitting of (200) peak. Generally, the single peak of (200) reflection indicates
the rhombohedral phase, whereas it splits into two peaks for the tetragonal phase. Therefore,
a phase transformation from tetragonal to rhombohedral phase occurred with increasing y
content (Zn and Nb co-doped).

The hysteresis loops (P-E loop) of the samples are shown in Fig. 2. All samples show
the ferroelectric behavior. It seems that the hysteresis loop became slimmer with increasing
the co-doped content. Ferroelectric properties such as saturate polarization (P;), remanent
polarization (P,) and coercive field (E,) are shown in Fig. 3. Values of P, and E, tend to
decrease with increasing the co-doped content. It should be noted that the y = 0.04 sample
showed a slightly increase in P, compared to the y = 0.02. This suggested that the y = 0.04
samples should have better piezoelectric properties.

Figure 4. Dielectric constant (&,) and loss tangent (tand) as a function of y concentration.
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In order to check the quantification of changes in the hysteresis loop, Haertling and
Zimme [12] derived a relationship between saturation polarization, remanent polarization,
and the polarization beyond the coercive field through the equation:

P n P ke

R., =
P P,

(D
where Ry is the squareness of the hysteresis loop, Py is the saturate polarization, P, is the
remanent polarization, and P g, is the polarization at an electric field equal to 1.1 times
of the coercive field. The Ry values as shown in the inset (A) of Fig. 3 are in the range of
~1.02-1.49. A higher co-doped sample showed a lower value of Ryq, suggesting that the
co-doped produced a slightly change in the hysteresis loop of the ceramics.

Piezoelectric coefficient d;; and piezoelectric voltage coefficient g3; as a function of
the co-doped content are shown in the inset (B) of Fig. 3. The coefficient g3; was determined
via the equation [13]:

dz3
Eotr

83 = 2)
where ¢ is permittivity of free space, &, is relative permittivity. The values of ¢, measured
at room temperature are illustrated in Fig. 4. The y doping was found to have an effect on
the piezoelectric coefficients. The value of g3; slightly decreased from 31 x 107> Vm/N for
the y = 0.00 sample to 26 x 1073 Vm/N, but subsequently more gradual decreased to 17 x
1073 Vm/N for the y = 0.10 sample. However, the piezoelectric coefficients d3; increased
with increasing y up to y = 0.04 and then decreased for further increasing y. It should be
noted that the y = 0.04 ceramic has a d;3; value of 632 pC/N, which is considered as high
value for piezoceramics. The higher ds3; value may be due to the larger P, value in the
y = 0.04 sample which enhances the piezoelectric properties [14]. Further, coexist phase
between tetragonal and rhombohedral phase in the y = 0.04 sample may be an important
reason for the higher ds; value.

Figure 5. Leakage current density as a function of voltage for PbygsSro 12(Zro 54 Tio.44Sb0.02)(1-y)
(Zn;;3Nby3), 03 ceramics.
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The dielectric constant and loss tangent at room temperature as a function of y content
is displayed in Fig. 4. The dielectric constant and loss tangent slightly increased with
increasing y content. However, the loss tangent values were lower than 0.06 for all samples.
Fig. 5 illustrates an influence of co-doped content on leakage current density (J-V curve)
of the samples. It seems that there was no systematic change for the J-V curve with the
co-doped content. However, the y = 0.00 and 0.04 samples showed low leakage current
density values, indicating that these samples have high resistivity.

Conclusion

In the present work, we reported the effects of Zn and Nb co- dope on the properties of
Pby 83Sr0.12(Zro.54 Ti.44Sbo.02)(1-y) — (Zn13Nby/3)yO3 ceramics. The ceramics were prepared
by a solid state sintering method. The co- doped helped to promote a phase transformation
from tetragonal to rhombohedral phase. Some electrical properties were enhanced after
doping. Higher piezoelectric coefficient d3; was obtained for the y = 0.04 sample. Since
the ceramics have a complex structure, it is believed that chemical heterogeneity still present
in the sample. Further work such post-sinter annealing should be attempted for the ceramics
in order to obtain the better result.
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