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Abstract

Project Code: RSA5480027

Project Title: Research and development of lead free electroceramics, bioglasses

and glass-ceramics for electronic and medical applications

Investigator : Asst. Prof. Dr. Kamonpan Pengpat
Department of Physics and Materials Science, Faculty of Science,

Chiang Mai University

E-mail Address: kamonpan.p@cmu.ac.th

Project Period: 3 years

Keywords: Glasses, Glass-ceramics, Lead-free electroceramics, Electronic materials,
Biomaterials

This project has been carried out into two parallel topics of 1. Lead-free
electroceramics and 2. Bioactive glasses and glass-ceramics. The works within 3 years
are summarized briefly below.

In the topic lead-free electroceramics, we have continuously developed newly
lead-free ferroelectric materials which were also applied in producing ferroelectric glass-
ceramics. They can be used in many applications such as in electro-optic and solar cell.
The examples of these works are in the topics of “Morphological study of potassium
sodium niobate ferroelectric in silica glass system” and “Materials characterization of
potassium sodium niobate based tellurite glass-ceramics”. Furthermore, we have
published some of related works in the high impact factor in international academic
journals.

In the topic of bioactive glasses and glass-ceramics, we have developed the
properties of bioactive glasses and glass-ceramics from calcium phosphate based glass
systems in both silicon sodium calcium phosphate (SiO,-Na,0-Ca0O-P,05) and sodium

calcium phosphate (Na,0-CaO-P,05) glasses. Examples of these works are in the



topics of “Fabrication of phosphorus calcium sodium oxide glass doped with magnesium
oxide” and “Effects of camphor addition on mechanical and bioactivity of phosphorus
calcium sodium oxide glass”. Apart from these, we have also studied the effect of rice
husk ash as a precursor on properties of glass ceramics derived from 45S5 bioglass®,
which is one of the commercial bioactive glass for bone replacement available
nowadays. We also added some of the electroceramic materials having magnetic
property, such as ferromagnetics and ferromagnetics to our prepared bioglasses for
medical applications. One of the examples is the application in hyperthermia treatment
for locally healing cancer such as in bone. Parts of the results have been published in
international journal with high impact factor such in the topics of “Structural and
magnetic properties of SiO,-Ca0O-Na,0-P,05 containing BaO-Fe,O; glass-ceramics”
and “Fabrication and characterization of ferrimagnetic bioactive glass-ceramic containing

BaFe,O4y".
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A al A& a . .
2.1.3 aniia Indludiann3n (Piezoelectric) [3, 8-9]

= 6 A 6 a . . Y o v 1
Tutl a.7.1880 7097 waz Tuas f13 (Jacques and Pierre Curie) lavinnsdunuin

[ 1 = a A & a d' Y o = =S o 1 Y]
Taquunguiianwindladidnnin anznldvins@nmtinazesnnuaudaszy Wi
lunAnaeizIUsenautBaiae (single crystal compound) UWUTELAN LTU A8aT
(quartz) TIFLUA (zincblende) Waz NIXNAU (tourmaline) #1371 “Iwdley Fan1annnEn

a o , o & wn a P a A a y A =
AINUUAI “ne” asnuaNUd Iwdladlannsn de msifanszua Wi Aldunaniannns
va A = o v a a i 2 A a o o )
lasuusenadaduusinena MlAifiaanuasea (strain) luxdn TaRansaasesaqly
a a s a 1 L . . v Y
lufaniadodnu 13en31 mslwanlsiotu  (polarization) uazlinszualwiraanun
YT UuazL AT IR AN ETBINTINAN- LSl Tuaz LU SHUAINANULATEAN LSy ANt la
lulassssranmolusesizguuiuiugundrdaylunsd@nsand@lndladidnninues
= A o A Y Aa & A ] 2 A & A A
23ud9  WariinIRsan e NANAneINLdY WAnliasddszneumaaiiain uaz
Urznaudinlonau (azaaanivezg) Fusdanudn g denuduiaiatoifiaduszuiundn
(lattice) wiBNANNgANIaNUFNNIATIIENTY WBLEAR  (unit cell) uaziuaauan
anuduldldvasnmsiaudd lwdladidnninluxdn

Wasnanuaunsiaadlasainanaslugnaziaudianuauinasves

N & o R & 2 ! [ 2
sulAniaguuuaasaanin wnuAnaaasulandnidu 32 nqu deuaaslugd 2.4 anu@n

o 1 =

32 ngueInNa1d d 21 mjuﬁi&iﬁaummmaaﬂuﬁnam (noncentrosymmetric) D11

=

[ Ao @ ° v a a A & a = =2 ' a = oA
snwadaynildifadaingnisallndledidnnin Sawuts 20 ngy Bnwilangdud
A A & a a & a o ' \ A A & a
maa"tuuammﬂuvlwaieﬁaLaﬂmnLLm:agiuﬂQuw"Lwaummmadgjuﬂﬂma IWINZLAA
Unngnisaifitasuisedns mylifisuanasvasguinaranduaninzdragaviiliiia
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g W lwaladannin Lﬁaamﬂmaﬂ@mﬁﬁufaqLﬂmmuﬁﬁaummmadquﬁﬂmo GRl%a
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Tnanuasmuafeunvesdszauinuazauaaninainglalwa i auun wiafiond
Aalwan LT mmu@m@hwaﬁaqﬁL‘fluvlw’éimﬁLﬁﬂﬂ%ﬂﬁULWﬂsﬁLﬁﬂﬂ%ﬂ Ao Iaq)
Twaladianninlusuraifalwat lsatudioaiiad  wdaztiaialiusinianadanan

LN



10

32
Symmetry
Point Groups
| 1
[ 21 ) 1
Non-Centrosymmetric Centrosymmetric
~ I - (non-piezoelectric)
4 20 N\
Piezoelectric
| Polarised under stress

[ ICIJ )
Pyroelectric
§ponfuneously Polorisedj

( Subgroup )
Ferroelectric

Spontaneously Polarised
\ Polarisation Reversible )

Oxygen
Tungsten Octahedral f=={ Pyrochlore |
Bronze | ABO3; |
Ceramic
| Perovskites |

|
(BaTiOp={ PZT J={PLZT }={ PT JH{PMN}={(Na K)NGO3)

Ju 24 mmw’an&jwawﬁnmaﬁa@lu 32 ngy [10]

a A & a a & o { Y .
gnwndladiannsniiatuldzesiuy fa wuuiduldwass (direct effect) Waz
wuuRUNaUle (converse effect) GauuuwsnidumTiUdouudainasnunatdunasn
o 1 ] A é] v 1 o o 1] ) 1
IWHn TagnsidaowiilasntfiadwiAgrtasnunindasundaslwan T \WasnIgn
o A a 3 = {J- & a
usdnanszyin wIatianuLaw (stress)  13undsngnisaiiiniudaingnisollng e

BLANVINUULLEUATI LT% LaTaIR L dad I (generator)  &audnuuLLdunIslaan
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WRIINW WA LT WA IuNe azAgITaInunTlaswLlasauwa wIatiaanueIaali

sw Wi aldidn U Sondududsingmsallwgladidnninuuudunay dausaslugy
Q a Q g Qs -5 { a { VK- 73

25 Uaz3zaunITAA IWa IS LT HaA RN UIZAUANNLATYANLAAIINWIINLATY LAY

= A a @3’ 1 1 A9 v = =S A
Lﬂiﬂx’l%&l’]il"llEldl]iz’ﬂq“ﬂLﬂ@]"ll%a%JlﬂiJ’J’]LL‘N‘YII%Lﬂ%LLiG@GWﬁE}LL‘Nﬂ@

{ a J a a a
31 2.5 Yningmsaiiifiaauluss ndladiannin

(M) LYY direct effect (V) LWUL converse effect [5]

N3TUIUNTINGAS (poling)  LHunszuauwnisndramnezvinliiasniwindle

Aa &

RANIN I A nTiaWsIsaLannsn lmzwmmzmumﬂwa'ﬁﬁa@ﬁuﬁ@msm 28A
AULIILNWRWIN AR NRa Y waziAaniTnaar lufaniinasainnigasnaniaaniiay
L% szauanuuTirassN Wi uazgmnpilunislwads uddafisranylunis
ﬁmu@mﬁﬂﬁﬂmaLLazauﬁaﬁﬁmaﬁa@; Lsﬁﬂﬁﬂnﬂ*’nﬁﬂﬁNmmnm%uma%uﬁfmzﬁ
v A A [ a . . 1 a A [l a

aulidlasafwiiaunulunniiana (sotropic) winlufinslwadaaninazluwfou

o ' =2 a e a P a Vv o= o a A
amwLLmﬂLLm:wanﬁ]:mum"lwaIenaLaﬂmna%lLLmnmw muamlug'ﬂ 26 L EIANN

] a A (4 A 3 A a A a A .
mumﬂwaawﬂixiwumﬂmﬂLwaslmwuﬂqmﬁgm"lumuqnmn“ug]i (Curie
a o

temperature, T¢ ) LWiﬂmswa’iﬂﬁlzLﬁﬂamwiwmvljl,sﬁfuﬁLﬁ@ﬁnﬂmﬂwaamam%nﬁga

9 U

namRraNaI (Te)
9 u U
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® +
oo AN
S _+__.
+./._ +./. . ' :L . oling axis poling
—\ ./._ p I I I I polhg & voltage
¥ +\ T oo+ o+ 4
i LILL)
+ i - + _+ 4
v
._

(n) (2)
31 2.6 Talwamolwdiasns (n) nawinnsiwads @) mMenasnslnads [10]

- ﬁa\lﬂ‘szaﬂ‘ﬁﬁlwﬁ‘[ﬁagnﬂ%ﬂ (Piezoelectric coefficient: d,,) [5]
UnngmantlwdladiinnindmnniieeiMiisados 1dun anueIsadnag
(mechanical strain; S) AULAULTING (mechanical stress; T) G R (electric field;
E) wuaznsvialediannsn (dielectric displacement; D) @aifluanusuwusnuennadi

A& a . . T 1 { a Aa a . .
ladiann3n (dielectric constant; ¢ ) Anan nd lodiannsn (piezoelectric  charge

]
1A '

' { ' L. E { I L o en A
constant; d) uazA1AINEAREY (elasticity constant; S°) thasnnidudnIuiuauan L

wilaunuluynfiamna (anisotropy) 289789 IWaloBIANY3IN
T
D=dT +¢E (2.6)
E
S=ST+dE 2.7)

IMNENNNT 2.6 Uaz 2.7 dxinldindnsfilediinnin ) sulanusunug
Auamu Wil (E) nInszdaladiann3n (D) ANULAKTING (S) WaLANNLATHALEING
) %dﬁNammﬂﬁﬂmuﬂuﬁﬂﬁrymﬁﬁL@laﬂuéﬁmaaﬁﬂmaﬁ?ugﬂﬁﬂﬁ'u"lﬁﬁasléf'al,am
12 uaz 3 TeazgaanaadnuARaNIsIwLIILN X v UAZ z AINEIGD AULEwEauEIng
wazanuLasoaian Tuianoauuwinnns x y uas z Gougasaonueiuaie 4 5 uas

6 AUEAU é’ummlugﬂ 27
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su 27 ﬁﬂ‘mwaaLmesmﬁauﬁmaoi’aqvlwﬁlmELﬁﬂw‘%n [8]

Q =) Qr =) =) =) Q a Af 1 g

FUUTEANT IWBlaBLANTIN (dss  WAT  dgy)  WazdNUSTENTANNGIANS
(voltage coefficients; gs3 gs; WAT g1s) LFAIMALAUD NI LA TN19 U N N9naves
i'a@JVLWEImELﬁnw%méﬁﬁﬁﬂ TERINMIVIA LAZAMULAY KIAAMNULATLA LazaWwIN TN

né = > s %] (-3 g
‘D\‘iﬂJﬂ’NﬁJﬁﬂJWWﬁ(ﬂ%@N%
d= =3 2.13
E (2.13)

Q = =) A€ a =) G & 1 Qs =) ﬁgl Q
fmsuandseantindladidnnin ) Dudsndseindimlannulunig

s g: 6 & 1 e a Af a A a a; g: a o
ALappe9nIselngnsol  SeAandsAndlndladianniniunnunaziousiwnlsle
o A A A e o < a & o a £ \ v & o a
dusaimaafauiniagUniaindaimemsdu  BnnadulsEntAnNedAnduuda

>

% v & @ a & a a & a 1 o v 6 g
ﬂ??&]ﬁ&]W%ﬁﬂﬁaMﬂizaﬂﬁvLWE]I‘IT?]Lﬂﬂ“ﬂiﬂi@EW]']Gﬂ']ﬁﬂ']WEJB&JaNWV]'ﬁ () M3

d

€réo

(2.14)

E S
T D

[ Aa ¢§ ] g gj a o v o { kg
fumaulszanTaNNaedng (g) wuazionihanltludusesizandasnig

q

R ANNE AN LN TR DL RWAIAULAWLTING
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g A« [

22 Jaadaninsindnliasazng
- [V Aa & a a [~
2.2.1 mswmm’mqaLanfmmswnﬁ"sﬂnszmua'ﬁ'msa:mﬂmmu,m
% A & a 1 ‘;/ v dl a A & a a
aaqamnimmsmnluﬂqmu LI 0920981T WA LB ANNS NI A NULa
WS IaLAaNnINL I wAan LﬁaaﬁnﬂLﬂumsﬁﬁﬂmauﬂmwL@iumaﬁﬂuVLWﬁhLLa:mmm
i lddszyndlunans g dru dradratu auddlwdlodiinnin  (piezoelectric) Tadu
Unngmsainiagaansnidsuudaindsnuan Wi dundsnuns viennnasnu
g U U U g =) =) =3 a =) { d v
natdunasanw Wil e mﬂm@;ﬁmﬂwaISﬁaLanmmmmﬂﬁoLﬂuﬁaulfﬂmognﬂuwu
& .l & = ¢ o v & &V va ° v & Ao
a6t 1880 lauwasd uaztluas A mamnuun"l@umimmfmgmﬂﬂmmsma o
mmmﬁwmi’a@ﬂwﬁiﬁnﬁLﬁﬂﬂ%ﬂ"l,éfﬁ%%ﬁ]LLa:ﬁmﬂ‘*ﬁﬁ’uamoLLwiﬁmy Tasianizatng
AI U Aa & a 6 J ) UV & 6fa & a 6 a Q
HININOUDLRNNTDUNT émmmmmmﬂszqnm“lmﬂuqﬂmmaLaﬂmauﬂa 211 Y|
VLV\I“W’]LLN@T% (piezoelectric transducer) ﬁ’sﬁgml,ﬁ”ﬁ (gas igniters) VLNIﬂSIWu (microphone)
SRIRLE, (speaker) ﬁ’stﬁuﬂs:q (capacitor) LATIATIVI (sensors) LRZAITULIN (actuator)
& @ g o o o A A & 1 a @ A &
Wuan uaﬂﬁnﬂumgﬂuﬁvl,ﬂlﬁuﬂﬁsaﬁoLmawamammw“nsl LT LATDI0 80T Lning
6 . dld Aa A o AI
JaLaal (ultrasonic motors) nIUsEENTNwlunIvinansin
Taq lwdladianvinnihanldiuegludeiude nawaslawalnniue (ead
. ) 4 < e 4 L aea 2
zirconate titanate) wia PZT  @uilaznuiuasdisznaunan denaldifadyninglae
NITUIBNITNRA LATANT I Lﬁaomﬂaaﬂvlfﬁﬁmamzﬁ'fsLﬂuﬁwiammﬁm:aut,mﬁaw
@Tﬁslm@;ﬁﬁh"?%’mmﬂmjw%ﬂﬁﬁmmwmmuﬁ’mnﬁ%’mLLazﬁ'@uuﬁaq"LwﬁisnﬁLﬁﬂ‘ﬂ%ﬂlﬁ
< Y ¥ a o { =
taaaanaan loauainznd %%a‘[%ﬁmiﬂi:mwﬁﬂuad@Tﬂs:ﬂau‘luﬂimmuas_lﬁq@ F9l1
ﬂagﬁ'ﬂéfﬁmsﬁnmmﬂwmmzumé’aéﬁamwaa‘s:uuﬁmaﬂaéﬁﬁ
Adaa o & & o
1. sevunidagnaan lodiiluase/sznauvan
A £ A o Ada o € = & o
i:uuwmaulas:uummﬂma@muuam'ﬂaaﬂ%@Lﬂuamﬂs:ﬂaumﬂ
A o AAa o 3t = & a wad o o @ 2 o o Aa
Luaamma@;muauﬂaaau (Bi") \uasAszneulauandaguazaioafInUIagnal
< 2+ A A, @ a £ A o . . . P
lasauvasazni (Pb ) Aaddauds=@ntnauaadslWin (an electro-optic coefficient) i
= ° v A Aa & o ' ' o en
GEEREY InavinlmiAas1sdsznauniaqleadne wazdInadan1vlTulIautauesans
a A & a U & 1 a % gﬁ A d' ' v A 6 1 R
Twalodianninlaidwatneg muu%mﬂﬁﬂmuuﬂfmmmamﬂmﬂﬂqﬂ@ﬂﬂmmi
mswﬁnlun&juﬁﬁmsﬁﬁﬁaﬁman"lmﬁtﬂuaaﬁﬂszﬂauwé'ﬂ a1n mﬂumju BNT @93l
en P a Aa en a A& A Ada Ve A @ ' '
FUUANINIIIBLANNINAG LazaNUANI WA sl ann3nNna meum@aﬂmwmﬂuﬂgu
PZT #%3a PMN ﬁiﬁag’luﬂa@'ﬁu 9 LAINIAN IR WATILN UL Y WWolTudTInuan@
Iwaladlann3nuadsns BNT lagiitulun1i@nenuanisnuaadssidanisdasuianid
a Aa & a < dld & 6 [ a 1
IwalaBLanynSnVaIaITaza8VaILTING BNT tHuaddisznaunan a1fiigw a13azans

229uTIIUIZUY (NagsBi os) 1« Me,TiO5 lanfl Me fanilans K, Cd, Ba, Ca, Sc 49
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' = , Ada o a '

[4, 11-17] WUIRITALANHVILTIRAANRAT x 1ANNZEN RINNTUTULURBUAINS
a A & a A & a U 1 1 =3 & @ ' s wa
TwalodiannInuaztwslsdianninle wdag1elsnaaruagsldziuisanawIaNTanig
Indladianninlagenafiazluldnaunusslunga PMN uaz PZT uananniidannids
manq’wﬁ'ﬂwmmsJL%amﬁ?ﬂ‘szﬂawaamﬁ'@aﬂﬂlumi BNT @1%L3% L38813 PbTiO,,
PbZrO, 1udw [18-22] wuindlatdaansazniadluluans BNT  virldananglndls
a a a a QI II | 1 o { v !
alannInuannslsBildnnindntuduetiaann sansni lddszendlglunuindeiu
16 anfiviu @13 BNT + 6.5%Sr uaz 6.5%Pb gnihldszendldidudaanlofing

a . { { & [
nMuadLwe’ (Ultrasonic transducers) fianadgsaule [23]

2. szuundanyinunadoulmasylulaiuailwasdilsznaunan

fa & a A . a ' = | Ada a a
msw\haLaﬂmﬂ‘nmaﬂaaﬂﬂgmmnqmu‘[mmmJIWmesmuVLuIam@
(potassium sodium niobate: KgsNagsNbOs) %38 KNN 1Jwwslsaiannsniidlasiaing
L i 7
iwavana IndLBsgau (complex perovskite) laanalufigaslassashadu ABO, ansiar-
Anlodoulwunsdonlulowe KNN nauldsuwudadlasainvamdnaugungll lag
o guennAvad (25 °C) lasemianAnuas KNN azuuuvaailnsaudn (orthorhombic)
¢ va & Aa Aa { A £ { o
FadautaLunwslyaiannin LLazLﬁaqmungwuﬁﬂixmm 200 °Cc lassgiaiwaas
{ o = en A & Aa {

wWaswldidwnnszlnia  (tetragonal) Sslautiaidmnslsdiannsn wazidaouwliidu
a a . d A ~ wa A & A o @ o
@aiin (cubic) Ngmnniitlazanm 420 “C Tellaudididuwimaidnvinaudiay douaadlu
31 2.8
U

a

I

Jo—n
420

Cubic

31 2.8 usaslavsarndnvaslmdoulnunsdonlulawalutisgunn e g [24]
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Tudl @.¢1. 1959 Egerton waz Dillon [25] l@lSuvinnsansnmeduanya
Iwaladiannin uazladiannInvasandnluizuy KNN Lﬁaﬁﬁ"l,ﬂﬂs:qﬂ@“lffl,ﬂumﬂ
' v a 6 . . S A wa ¥ oa A A & o A
wihsdaanlafing (ultrasonic delay line) Fefiandalumslinuldnanungs Gnnsdaad
a1uu19lwniIin ldls Taglaisuvinnis@anelasnidsutdfawsasazlasluavas
ladsnlulaiwa (NaNbO,) Anaunulnunaidoylulaiua (KNbO,) asudiauas 50 b
v A ¥ U 1 Q [ 1
Annd Youaz 98 laslua SINANIINAa0I bl aIdunNUII8aII8 IR laae s

Tuwlue wazlwunadoslulaiue ﬁﬁmmmmmuLm:ﬁauﬁa"lﬂﬁLﬁﬂﬂ%ﬂﬁaﬁq@aﬂ'ﬁ

U

D

$ouaz 50 laslua la Uﬁqmﬁgﬁlumsmﬁwl,Wa (phase transition temperature)
220 °C uazit 360 °C laswuindumadfonulssaslassgsnnassinsandnloiin
innszlniausznangnunaiaudau Fanavasnstapuulasne s ind 1N INade
mmauauaa@iaﬁaommﬁ'maoi’aqvlﬁa%uﬁﬂﬁ’m agiglsnaunwuitgtaanudn
wislsBianvngn e lillavmaiinssinalndoululowaluaudsioss: 98 laslug
douludl a.a. 1962 Jaeger uaz Egerton [26] lavimsanmsuaziaonuyas
Avzuunstassuadnlodoulnunadonlulaiwa laslditaseaunuunasen (hot
pressing) Tanuiraasarimatessurndnfidanunwiuinldfitesas 99 2a909w
RUUUNING 1) ’é‘nﬁ”'aﬂ'ﬂﬁé’ﬂwm:maﬂmoa%ﬁamaﬁ;amﬂﬁﬁmm@Lﬁﬂ LazIWIUtDe
WNBNeIY Han1INassIwLinafianisnasenisuisarinlwsuianisln e s

A a A a & A A - a i i
s dinlodsaulnunsidoniulaiuaifinuinis lasfid1ainladiannsn (dielectric

PN g a & a a & a . .
constant; € ) 8l 420 uazaanInLANANFLIzENT IWBloBIANNIN (piezoelectric
coefficient, dgs) 31887 160 pCN Naanawvaslmdvnluluiwa uazlwunaidou
Tulaiwan Savas 50 laolua

\ ~ . @ o =2 =2
dounlull a.@. 1965 Dungan W&z Golding [27] bé¥innsanmfsanw
. . . . ¥ o
adrfavadlwanlsioty  wazar lwan lsistuiuuiinduiad (spontaneous  polarization;
a a = =2 \ oA e ' a
P.) vastaninlodsulnunadoyluwlaiwa Sawuinfeanaiuvedladoyuluiue was
A Ao a A o A a A
Tnunadanlwlalwaniasa: 50 lavlug ﬁ]:uamwmmaamaﬂwm%m%mgwq@ﬂa
2 o ' [y ' . ) . @
21 pClem MILANFUINALATILANLARN (coercive field) tn1ny 30 V/mm
gonnlull a.a. 1967 Haertling [28] lavinms@nsfsant@aanudmnsls
A& a A P a v o =2 S o L AN o
slannInvasadnlmasulwunadadlulaiwe laglavinnisdnuisneusuazanile
a A . Ao ! ) a A |
NMIFRNaIDa (hysteresis loop) NoasaIusasazaadlnunaidoylulaiuafuanend
[ ' a a & o { ~ a
A lagwuinfan1siRuTwyadgn Inadtndavadlwailsiotwiia A uUSu1 w09
= & a £ A a a wa A 1 & A & a
Twunadoululaiuani tAatwiasann loaoalulawedauian luiduiwslsaiannsn

HLad lagazuaadruy AL uaun WS II8LANNSN LazWUINaaT I I NTa U LAy
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{ v 1 Q a l-'-§/
Twluue wazlwunsidoylulaiuan Savas 50 lasluaaziarlnan lsiaruwuuuiiaduiad
o 2 : oo d:d
gafigafl 15 pClom” uazidnaniwasniavaslnanlaistunidngan 8 kviem
daunlull a.a. 1971 Jaffe waz Cook [29] le¥inmsdnmslunuazidoaves
snemenTlfsunlasvaslasiasrsvasarsdsznavlmaoulnunatdoy lulaiua 0
dandniasazued Iodowluluwe uaslwunadonluloia dig lutsamnpiiasud
‘31 ] 1
13z -200 “C A handan Uszum 1450 °C I@ULLamaanmlugﬂuuwamwuﬁﬂa
. A v & . Ao } o a a
(phase diagram) TiuaaslilAuinneaawsasazvaslodonlulaiwa waslwunadoy
Tuwlawen Savaz 50 laalua azilassaisvaansiiuaasinsanin lugr9vasgmunnd
aandlszanm -120 °C vlﬂauﬁaﬁqmﬂgﬁﬂszmm 220 °C wazazAan sl fuuuaduad
Tavsganalihiluinnizlnia lumoﬂuaaqnmgﬁﬁuwiﬂi:mm 220 °c  luaudn
qmvm“ﬁﬂ‘i:mm 420 °C LLa:q@ﬁwmzLﬁ@msmﬁmuuﬂawaﬂmaai”wLWa"I,aJLfluwﬁﬂ
anuaen ‘lwﬁawaaqm%gﬁé’m@iﬂizmm 420 °C Vlﬂﬁ]uﬁoﬁqm%{]ﬁﬂizmm 1030 °C
uazazSuAaWaY8I2841A87 (liquid phase) TutisiaunasunaInuaigmniidzanm
1200 °C
waztilaliuuanitlul a.a. 2004 Saito wazame [30] leAnEETUTENEY
lmdsulnunsdonlulaiualuanvacinainvasn13aai3osfmsin (texture ceramic)
a = d = 1 a d' 3 v
aasanstrznaulmauulnunadanlulalue G997nN AN WU INA la a0 L
1 oA a A & a A:lld 1 a (% ada 6 6 a @ A
dautan1slwd ladiannInnaniinisessuarsitindaan loanuuLay uazdafidngs
nIMIMnatanIsaLULNaYananea8 annssdlarinninduasidardnldlulavegss
=Y 1 { { U Qo a Qg a a ~ (=) U {
Pa4LTiin lassansausaddngangavasidudszantindladidanninlin 416 pCN
1 { a a { v =) { { A 1 a {
fnanladilan-nInn 1570 mmqmwgummﬂﬁwnﬂaﬁ 253 °C Sﬁamﬂ@mnmaw@ﬁ
LRAIDANNNY ANLIHaNlnaAssnUaIIUIEnaUaaLTas LA InNILa lwni9niIe
a A
LagALAL
Tua1952821981L6 8904 Birol  Waz Damjanovic [31] lednmansUsznay
= =) U Aad £ Aada 6 6 a d' I3 g;
Tmauulwunadan lulaiuaaedsn1ieisdsindaan loauuuian tNatdwn1Iaatwaa
NMILAIUNNTUTDY LLa:aqidmﬂﬁnﬂmﬂ%mﬂﬁﬂmsﬁ@LLUUﬂ@%@% I@Umﬁymsmqu
Tadu6199 nIaudu uazgunniilunisinuiiniieldldguauianiiniiaiia
AWUUNgs nmIdnsnuaanIaihnmaesseiunwandnlilanunwuiug
K v ' a A v @ P a a a LA
930082 95  VAIAIWRUILUUNIING 1) mﬁlﬂﬂmauﬂi:aﬂﬂwaIsﬁaLanwinagﬂ
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?im:ru,l,ﬁ'ﬂm:uuﬁﬁmagﬁﬂuaaﬂ%ﬁ (TeO,) TalluuriNdantdvasuasn baitduids
v AA & A A A @ v A o =< A & a =2
LEUNa uuﬂamﬂju‘vmmgﬂﬂaLﬂmﬂauwaﬂmaamiLWﬂiaLaﬂmﬂ FILVIRINITD
Uanwininslsdidnvinluwinaglsdinaisaiia 817 LiNbO, BaTiO; uaz KNbO; Uaz
wuhaansndgnuanluuialdswmalnangadszanm 10 lulaswasuazgsildudd
anulale
% 2 Aaa =1 A & a 3 3 g;
uaﬂmnaﬂmmﬂmzuummmmﬂgﬂNanmaamnﬂﬂ‘smanmnvmumuu
wiluszuudusswrsaiinnlsle a9 suniluszuunesne (P,05) WazUBLIA
(B,05) Asunsnldugnuaniwslsdidny3n LiNbO, [37] PbTIO, [38-39] A BiyTisOx
[40] leidudiu adrslsfiananzdanaladn nsdgnudnvasannnslsdidnninasfindnan

v 1
% £ [ v A a

T9du diandaumdugiundsznavlldiseanladnviliiieund (glass-forming oxide)

& &

T9nfa Si0, Pb,0s Waz B,0, LHuditisainslasswnevaslassaievasunanlalunig
s A o v a A \ & wa = o = a
anudn Tz liiAedymninodesaiside Sawidnzaunsalannanvasnainslss
=1 a Y o = ~ 1< { T Y a J v Qs v é v v
LRANINLAENSINGY LARNNIZTWEN b FBINITLAATUIINT NN ALY TIADILTIIRLAS
R Ao v o & A A a
anuwssalunmaugumsannaniidasnislild danudzanm 30 YAruun &
v A 6 (% n? d' =S Aa a n:l' U
iningsasnduineoinnazlgnuinzesannilididnnin Adsznauludan
glass-forming oxide atlulamsaivagud Mlilitianuinduniazdasls glass-forming
oxide MAWANTNlUEN drasnazn aTWSLIBLENNIN PbsGes044 [41] PbsSisO;, [42]
713l glass-forming oxide 71dw89 GeO, uaz Si0, agluasddsznaumaiaiiagudy ludu
wannaWslsdiannInndsznavludruazning saWslsdlannInalsansazniuas
fudsznavlueae glass-forming oxide au s Allunawlasihun@nmw a9 Bi,Ge;04, [41]
LaBGeO, [43] KNbSi,O, [44] uaz LiPbPO, [45] tlueiu
Tudl a.7. 2003 Pengpat Waz Holland [46-47] laeunuuiitaniniysenay
£ A & a 1 . & . .
luamsnanvasanswsdiannininalnide Bi,GeOs T8 GeO, Lilu glass-forming oxide
6 d! 1 v U =Y A& a d'd 1 d' 1 L% =}
Tuasdidsznay SIwudnananInaILAE AW Isaiannsnnia1nis Wi Adaude@
1 Qs 1 2 ¢ & 1 { U s
lasfiangdauniioaln laissu (Ps) agjgadd 14 pClem Faduarnioulanusis
W3ls8an-n3nlaanaly anfi BaTio,  adndlsAauuwiiaiinilaosladainuls
P = . a \ ® & = & a
W{laINKANVBY Bi,GeOs AzbdulaatnITIasnduiuunsannanannuig
fsUsznaunllwunadonlulaiua (KNbOs: KN) 1fuasddsznaunanidu
ﬁ A& a d'd n a A & a A o Y A 6 2
%uﬂumnﬂﬂiaLanmﬂ‘ﬂmuummﬂwaIGﬁaLaﬂmnwgo A lABNANYIERATNIIA
uiE AW IS ANNINRALYIN ﬁﬁmﬁf-ﬁ'ﬂuﬁawaamiﬂgﬂwﬁﬂ KN 8913320y
@199 811 Vemacotola uazaAnize [48] lévimadanwin KN luszuuuiadfiing lasd

USumdaniasnintasas 36 laolua WazdIT89wNuLANINTlRUSu mue95R0N
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aoninTasas 20 laolua LazAIAIBANEIUIZRINRI INUNELTaNaan lo6 (K,0) ¢e
lulaifonaanlad (Na,0) iy 1 da 1 azvildnaauuiigasnamusininn adnalsf
el FAaNEN KNbO, USunmdanazaashiifiusasas 36 laslua twauddywing
v v d'n:l a Aaa v d‘y = v A d.l'

waanuiisnlugasuiiNlvsanadainidesd winndsldiduas Na,0 e ldunu
K,O Tuu9sn titasanla@ouidunandna Sswuinlodausunsawnui lnunasdey
ldtiefasaz 50 laslua uazanansndgnuanvasasazanovaudlnunsFonladonlu
lawua (K,Na)NbO; 'l

o & A A2 A A Y o A a & a

91 luuddpitelanuanlanazansuianinwslsddnnsn lavas
o =2 o 2 o A P a & Ada
rmsfnmaiudslunisaivqunisanedn vasudianidnnilsdildnninluszuunand
glass-forming oxide ag}'luaaﬁﬂsznawaamu%lﬂsaLﬁﬂw‘%ﬂaguﬁa 2819L7% Bi,GeOs
PbsGe;04, nialuizuunluil glass-forming oxide atjluaidlsznay afiigu LiNbO,
wia KNbO;  lapazfiinisaiuguaiudsdne g Nfinadesuiavesnin anfi asddsznay

=Y Q l-'-§/ =) {

naadl gaunndl dansiuaszesgungdl uazszpziailunanndn  wazfiadan
witsdnlnggvliiniseAdnelwFesvesnavasaanlsas g @aN1IAIVANNIIAN
R & A \ A = A A9 e X A X A v & 2 A
NAN FsRaNUawlaNzdnETaIRlAAnTIH9n Bea1vvsdasdanwanadluluisasvas

Aa

n 1 p) b n

9

adtetuluuimil innzgunpiiniedariilunsifaiiefietu Alanudidyde

D

MIANWANLT W HII0IN BONINUBUEGI92RNIANEBIFVLAAN 9 DoIWALTNAND
w3onla nalunismenmw nauss nMIWHN wazdniwavesrwavasnanluuiaeni

NADRNUGAING

2.3 un7 (Glass)
2.3.1 hgnuvaun? (definition of glass)
wihdadaqadmgusiants uazlunmemanizgeaaidsdauialaglunguas
\wdn wanniininmmaasuanguwenssiinaliuiidudnanusniivasaans
I . . . & & & A v A 7 A o (Y
HANINVAILTY (solid) VaILAa7 (liquid) LazUAE NIHLIEINNLAITILNILNAN HULAFL
~ 1 1 I = A ~ < e A U d' [ d' £3 [
vasudaund laidanudundnnilonvesudonild nauiilasiaienladaiiiasasany
o o v & A a a Y aa
lovsasivaseana asusasliiiuluzy 2.9 SudSpuifivulassafauuusasfid (wo-
dimensional structure) 321319 (n) lasIaNINANVRIENITAN (silica) WiadAnaula
. o o v Aaa . A o
panboa (Si0,) waz (1) lANEIasmgIuVIUiITAN (siica glass) T9dsznaveay
azaaNveIdAnan (Si) uazaandiau (0) NTesdnuwatne liibuszidouunuga (random

disordered arrangement) A9%LA39UTENOUAIHINUAVDINIVBILT ILAZVDILARTD Lae)
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wANENMWLTILNTILTING (mechanical rigidity) tiilawuasudy Laln133e9a1vad0zaA0N

%%aimaqmwmﬁjwmﬁam DILNRIILLEY

(M) NANBAN (2) WABAN
51 2.9 mafSsuifisunuuitaedlasianeuuuseslifues (n) NANTAMN waz

@) uMITanN [USudfswann [24]]

lunsensisasvasnmsvinlimiiauna (glass formation) a13nTaiansan lalasisn
NNINABUAIVBINANVDIVAIUTS AaurunInlugl 2.10 TIugasfan1TuandlIves
WuBz (bond dissociation) lanan (3u 2.10(n)) ldTuanuiauaunmuiiuaasnaif
gaunnigd (3U 2.10(2)) wazilavasnanugniliiduatanemaii (fast cool) azna
azgnaanivedlusnuzuuylifsndouniawuugy (U 2.10(a)) auldauninFeeds
navlhduniniauysol (perfect crystal arrangement) ladudu danuazianldindadnd
sandansiliifauiiannivasufoaaniadnaa (cooling rate) lasnivalw
YaanadLiualatnedn g vialoanmaiuaidn ezasnluvaanaidlananaznavan
a o o \ I A A R Aa o A o A A &
F83aINUa LD Iz DU VLN LT UNANNUNWAIIIRERIE (free energy) @nNige Il

v A a A o A oo & o A o a @
lavsaiatoingald lusmeiinslddannandudaniezlidasnimaisedzes

A o & = o & v A & o o A o a ' A
azaautianaulhdundn asmuuiidaduisgedugunindsnudaszginivionina

a 7 ' 2 & a & as
Laﬂﬂiﬂqﬂqm%Wﬂﬂ’]aﬂiuaUﬂ’JT]Jﬂ\‘lNﬂﬂﬁ]\'jLﬂ@"ﬂuvL@ﬂuﬂimu
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Ell 210 ﬂ']Wﬂ']iL%Uﬂgh"llaﬂazﬂal]“lla\‘]NaﬂLLﬂzﬂqiﬁﬂﬂé]"}Tﬂ\‘]ﬂz@lau"ﬂﬂﬁuﬁ?%g\‘]"ﬂqﬂﬂqi
o v & o o = A v
V]WI%LU%@]'JGGLLUU"UF] (slow cool) LAazLULLIT (fast cool) "iﬂﬂ"lla\'il,%ﬂ'u&la‘l@]su

AnuTaw [Usutlaswann [49]]

aghglsnanu 5'&@1LL@ia:mﬁmﬁaﬂ%ﬁ'@ﬁmﬂﬁuﬁaLﬁ"aﬂmyvl,ﬂl,ﬂw,lﬁa wiaiag
s IS ImIoTIMANa N 817 M lWiialanzedmgn (amorphous metal) 19
goaldsanmadudnsnnlutsdmaseaadosdaind  lwsmenisniautiodn
it (easy glass) FaIMFEANMILEUGIRES 0.1 A9 1.0 p9rTaTuadaIuAriniu

o A x> & iR o & o= o & A A A
LLﬂ’J‘ﬂLiqlﬁﬂqu(ﬂﬁLL@]@]ﬂ@]’]ﬂiiW"ﬂuﬂquﬂﬂﬂﬁﬁ'ﬂ"gUu% Nmuﬂi:ﬂalm’]ﬂm&l‘ﬂ
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o A 4 A an ¢ A A = ' £ | aan <
fAyngadansy (sand) FINAATANAU LA AN LTARIBLIUNDNALNIRIITNTRINI LD
LL@iﬁ"L;iﬁ‘i']LﬂuﬁLLﬁmﬂ%ﬁm:ﬁaﬂﬁamLﬂumuﬂsznaUﬂé'nLawavlﬂ Lﬁadaﬁﬂluﬂﬁ]"gﬂuﬁ
= v v a J a 10 4 v ana 1 v
NMMINRALA LERAINRANLTRANINTD W a8 U THA kI e a9 TR N LI BN FULALA L6
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v & L [l =3 [ =3 - e A o v
T dnaa19370152 ama%nmuluﬂaguumswwmmaamﬂTuf[amma6] M lwz1u1Tn
NAALA2 ldNnN1TaNFzENTRI L8 (vapor deposition) lasnszuIniloalaa (sol-gel
processing) UBIFITALANY (solution) KIBNNTANLTIFRIATEW (neutron irradiation) '11/e
o A & =2 & o = SENEY & a o & A ae . .
Tagiidundn 1dudu wananiudinsuandudnazidussaliunid (inorganic
A t:l' ] [ . n:? a v dl =
substance) 11378 a13h il lany (non-metallic substance) Ve HLINRINITDNAALAINLTN

a a6 . v o v a0 = A a A
F1IDUNIY (OrganlC SUbStance) VL(ﬂLLa’J LLa::LLﬂ’J‘YWI’]&l"I’aJ"IﬂIa‘MzﬂﬂaﬁULﬂuLiﬂdﬂﬂ@]L&la
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vAa A o & 2 o« v o . a a o , o a
lintnsuin duivdsduldadnidaauwisrnmanmaaiivasiag lisansnhunfionw
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fewiddmadellil
- \iaail (Shelby)(a.¢. 2005) [50]
ﬁmmLﬁudﬁuﬁmﬂﬁﬁ@ﬁé’ﬂwmzmww:ﬁmﬁauﬁ'ua%i 2 Tafa
1. fmsdoasvesozaanluszasdm (a short range, periodic atomic
arrangement)
2. ﬁwqammmmﬂmLWamaoLLf‘T’sﬁ%uagjﬁ'unm (time-dependent glass
transformation behavior) éfaazLﬁ@%ulumaqm%Qﬁ%ﬁm FUNAWIN

v mnTudadiwguadun (glass transformation region)

=S Yo A 3; v 1
1129 A lRERenuau e sauiain
“YagudIaamgIu (an amorphous solid) 71 liifin1a5evaIvasasaauuyUsIIUs:
URAUSIIMAANgAnTIunuLavinazauna’
a :?d L % a ‘3’ v a A 6 a A 6 .
nnfienafdsaannallai wiifeluldannasefiunid a38un3d (organic)
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51 2.11 waﬂszwumaaqmwgﬁ@imauﬁaﬂmaam‘maawmaﬂummﬁmlﬁ’; ISR
270 [50]]
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=3 [ £ Af | [} AA ] [
31U 211 ugeuivtensudassuasunsdusisvasgmwnninuandrenunis
=2 . . & @ A a & Aa ' A A Aa
ANWAN (crystallization) vasvasudslasnily Niiadw wm qmvxgwmi@m%m wian3en
ﬁudm’gwaaumm (melting point, T,,) %4 @18ANNI MstddsuudastSunasny
AA Aa A [ A o A o A as o A,
amwnnidnganssumlawnumatdfsundasiownalnuamnni Tunsdlinsunuain
1 { s v L= QI/ g; a L g t::l 4:3/
YILAAIFINUNN LB IFTUANNTEUITVINBAIRUAAE NIUSHIATUATLOUNAT AL ALY
a v e dl a 1 v A&
AN TA Y mmwxl"lugﬂ 2.11 12189 WA0NANIBANTAY Aaunalnazanay
=2 2] =g a A < = o & & A
ITIIANNDNLNAITY T A0 TBDIRAdzS N Asuan ULl w0 IUdd Lazt 1D ILTI%U
=3 dl a A L= | [~ a l;/ 1 % o 1
mMIanuan MadfsuulaisdTuinasrateuratlvesansnaziiadwatsaunaunuuy sl
! { . . é =) J QII > g;
faLiav (discontinuous change) TIILLNAVL Th VANRDULRRIUULEY NAIIINUBNIT
Wasuudasfazisudiatediiain auntznigunniaaadtigmnniiias (room
AV v= & & AA K . = Y o v & @
temperature) wazansh benaziduvasudininan agnslshianu mmaammgnm‘lmwm
a9 lapnlaifinsanudn o 9a T, veanarznauduvaunaiidndiniady (super-
cooled liquid) NIANUNAAFI (high viscosity) T9 a4 Ntk MsiAsuLlasvalaunal Wi
YSunasazidulduuudaiitod (continuous) AUNT=NILNBNITIINITUURILWRUBILAR
. dl v A A 04 a a J 1
(glass transformation range) ﬂ’mllaU%LLﬂadmadLa‘u,‘naﬂmf;l‘i_lﬂ‘i_lqm‘ﬁfq}mzm@muama
o o o o A . A & o a
19 Fanalananuswresnsiwidionldannsrsvesnarfiwaruuuelad
<= A v AV vw & AN A = . . A A
IUNITYIDIUANTHDY g5 bantduvaauden linan (non-crystalline solid) #3aL3an
a [ d £ < s g; { v Aa v %]
NwaNedInhIfa “Un” Hed aInumItUfsuulaimeanusauwesnmanaunInung
a 8 & o 2 A = o = = v A A
Wanan3sdrsnulasdwds azdulaanmsnansduvasudsuuuuiinsdfouulas
atnddatitad lapsramsudadinguasunlasidusisutasernitennuidusasnaiuas
I { = J = v 5 g; %3 a
vaiudsninaduluuSinmlng 9 IANBDNLARITVEIANT AIUU UNINYIANFATIINLN BN
a a ﬁ dl a 1 a A = . . ; dll v [
hgnuamngidminnisaninamngiWanw (Fictive temperature; T) YN lTunuaig
NI WRTAILND mﬂﬁaﬁgmwmammaum’lmaammLsumm@m LASLFURUNE
YDILFWNTINVDILND T qmﬁgﬁﬁma Imaaé‘mmamﬁ”’m:mﬁauﬁumaammﬁa%islum';z
auqa (equilibrium liquid) Gan% uiadrRanufizilanaisnuandranu at1elsf
= o, & o A A o Py A Aaa a4 o ! A& v A o
audsudnaziduumsiatasinu udadgmngInanwnein nafatduunanla
M lrutiualasludaTisiNa1eanu a1f wuuth g (slow cooled glass) #3auuy
= = v o Ada o A A a o , ) A A =«
3719137 (fast cooled glass) ﬂﬁ]:vlﬂLLﬂ’JY]&ILﬂuﬂﬂﬂ%ﬁﬂﬂ‘iu’]@‘iq&m’]El(il’]dﬂ%l%ﬂﬁj@ GA[SIEA
o v o A& o . ) a a - o ' v A & .
navnlALMNLEua8819T1 9 Hanuaiias (stability) Tulassadraannninuiifiduadneg
< A v a X o A = \ AV 9 a
319132 maamnmmﬂauﬂamaaLLmmmuluanwmmLﬂumwaaqmﬂgﬂulmqmwgu
1@qmwgﬁ%ﬁa wilNaauFzaInlunTiTineNNnNNzay ﬁaﬁmsﬁqum%gﬁms
wUadLWauaIuna (glass transformation temperature; T, %38 glass transition tempera-

J ¢ a W 1 =Y { v ~a a v
ture) U %oqm%nﬂmonmaﬁaqm%gwﬁLauﬂﬁmaaﬂmLﬂi’]zﬁmamwmau (thermal
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analysis) %38LFWNIINVBINITVLILAINIIANNTEW (thermal expansion) VaILAINTNT
dl ') & a dll a v dy a
wasuudasiuies Sineazdualuitesvesgmngiimaudaadaasuiiiazeiunsluun
CERR
® o v
- WA IRLBLOATILONEIWITUUN (ASTM Standards for Glass, ASTM
standard no. C 162-92) [51,52]
Yo A v v dq,“ v A a g 6 a A 6 A v
lalddnfiennvasumliasit ‘umfeanfanmsiansaiunidvasnmaandsle
° v & o = & & .. . A 2 _
anldiiudmasniuaniwudainis (rigid condition) laalifimianwdn

2.3.2 ﬂﬂﬂﬁtﬂidﬁ%’wwadﬂ'}‘uﬁﬂLLﬁ”J (Structural theories of glass formation) [50]
{ v U & x| = = QI =)

lun1sfinsieslassaisvesuiidaduizgadugiun (Suannisnarsanng
NUFIRYBIANEATNIIG U U VAINTI (solid  state) a9 “uiaNldrIndsznaunisia
WM UAULANRANRBIYJUAN TN UFDILAI Wt MarausNTaNUgIKUIINY I
wihannnisesuislautfmiliounuluszaunie Seagullddetsiesngauiianniaes

A v A A [ \ = A o ] ° v A & o A
wisiiilassainnmilounu atilifianaldnmanunit dlawinduizgndnen
v Ao a o . & P & ..
lassganiinisisoeaiesraduszifsuduasen (long range, periodic structure)
dlaupaInan JssuIndlassssanizarle asunluuniaziinisedungng ey
AnsatasnumIm ldiiauma
A a \ A A a A € . o ' o

naejuiniuuazirafigadennujuesinasiar (Goldschmidt) lunldagudn uria
Aa Il ' & = a a Aa 1 & o @
nfigavednsdedu M0, SslunsRasadausnedianudt eanlodfisansadld
Aautildanldandiuiaiiozasuvaslesaunin (M) nueandiau (0) fa Ru/Ro ot
Tug14 0.2 §19 0.4 aednatseanloaursrianuaadliluansnen 2.1 Wasnnaanain
Satlazmanlusi9289 Goldschmidt RuualiufizndalosauuinNasusausiaandian
loaau 4 @ lugtveimsandouanin (tetrahedral) vhlwianzadiihuiimasunlszney
luarelasauaiiaivinnunazinlimiauiale dawinuiteenlodurssia a1l Tanew
aanbua (Si0,) Lasuituaanlaq (Ge,05) uaz Naawaszaanlud (P,05) JoanaIn
Ru/Ro aglutaft smunsnheanlodaindnldildifauidisdiuesldiduadneg

a & A & o Aad
LLQZLSUﬂQaﬂVL‘IT@]L%a']uQ']WQLNQT’U@\TLLﬂ’J (glass former) NabLeo-d
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M58 2.1 saNEIuIANezaay R/Ry 28dean ladnidunainasuaiuni [53]

Compound Radius Ratio (R,/R,)
SiO; Rs:Ro = 0.39 Ai1.4 A = 0.28
B,0, OR.:R,=0.20A 1.4 A ~0.15
P20s Rp:Ro = 0.34 A:11.4 A= 0.25
GeO, . o

Rge:Ro = 0.44 Ai1.4 A = 0.31
BeF,

Rge:Rr = 0.34 A:1.36 A = 0.25

NNATW 2.1 zduldieanladifounnafiafidn Ry/Ro aglutisvaslnasiion
& o & o & ¢ A AR o o o Aa o
nivue  snviuluseusanlos (B,05) adniuaan kraaiaidsiaunainsuiifilaseasnsg
1 [ 4 ¢ a A ~ a a o o 1 1 <3
dvanwalwaieanlodriiadug  Seneanduaazaiuisluritedaly  adhdlstanw
suyAguasinasiariiignianaly asdoainadsda LU

1. fauydguigndas duimasundsznaudinlessunilasasfiudw iy

WUUNTIRR BN FRINNIuNa R Ta AR auia I
2. lifidretunsegritatanii viluleeasaumsuitduuuunsanaouaninds

aas eI ldAaunia

aanwlull a.¢e. 1932 aA13URLTW (Zachariasan) [54] IIWAWINGBTLaT0Te
1 v £ J & I a v
wuuguradlanaiuiiuen sadunsvssanungejesdnasiiarliaseuaguuin
AI &, a 1 d a g . .
5931 lagwwenenuatuneinlesauniiaalnaasaiuti (coordination number) Lan1e
Avinunetszianunanzanlulassaisvasutn lagdaniiasisn (Warren) (9.4
1933) [55] @ L THANIINARBIGIUATLRENUUYRITIFENT (X-ray diffraction) TILLEIH
a a K oAl a ad A A a
noefuasmasusw Mdsan lainmadunngeiiin noeijiesatisvassiaiy s
Waz28%13% (The Zachariasen-Warren network theory) waz lananadunnuidugruils
lunsafnsuuudraesveuiiiuatenieeniga
A v = I L v o L g % ] dq’
lozmanSoaruldaingudresanduidadanyasde Ui
1. undananifanasannm i linandinnasuidnalasatrisiaiiiacl
Iﬂioai”wﬁmaﬁ'uﬁﬁuﬁ'ﬂmaﬁwmi@%@q@ (close-packed structure) &I
y N A ¥ o 2
lawsaivusndanuaziialudnfionisannand (recrystallization) 8nase
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A ] v Aaa cg’ v % dl dl v dld
2. @3at1svasnmdfinafazdsznavlddrslaseaiensandsuaninninng
A 1 A & A % [ 9 KX Aaa 1 1 1 dy 1 A
\Taudafyuna® asenulasiaianandinudlasiianinsiazlddaiiias
LRSENANATLANaUNLUBINENTAM
3. nSetneresumdanadazitenvenedaiiiasliduuuy 3 88 lasfingdnssa
wissaslansaamleniuyniiams ilkaudfedne g aasuiafianudu

lalamsalln (isotropic)

% 1 A . A A v ¥ Aaa o AKX Aaa
mamwadmimaﬂmmad SIO4 Y]iﬂl,‘ﬁaU&Jﬁ‘ﬁ%’]luLLﬂ’]‘ﬁﬂLﬂ@]ﬂ‘UNaﬂﬁﬁaﬂ’]LLﬁ@N
"L'S’Lugﬂﬁ 2.12

(a) (b)
sy 2.12 maiewlesnad Si0, NISRRLNENIN lag ® = Sanau (Si) Az 0 = PaNTLAH

(O) [53]

(a) v&anlaseans (building block) 2849 Si0, fidn1ssasesdnuudIng lu
NANTANN (SiO,) (sluﬁf:ﬁl,ﬁmaaﬂ%wu 3 @0y §INBANTAUMIT 4 22
moag}iuuﬂ%amﬁﬁﬂauamau)

(b) usanlasains (building block) B89 Si0, AFnMTI3sdrainslilusadoy

luurigana (Sio, glass)



28

= o A > 1 a = [ gd o & '
TAANVIURLETULIL UL UDNIN ﬂ’J’]&Jﬁ’]&I’]iﬂl%ﬂ’]iLﬂ@LﬂiE]“ll’]El%llﬂ’J']&l’qT]Ll]%@]aﬂ’]‘i

dldifauty  wazngeRasannguiduduiioanunsaaioslassainenazrinldiie

A Y g
LAV VBIELLNA @ﬁ@]avLﬂu

1.

panBlanaraandad llaIRuwIznU laaauuInAnndn 2 69 LHasantnTuan
LKA 2 ﬁ]ﬁ:Lﬂ%ﬂﬁﬂ'ﬂﬂ'&ﬂﬁﬂ%’ULﬂﬁw&ﬁ;mmiwﬁuﬁwaa AONTIAU-la0 0%
UIN-00NTLIU é’aaﬂ'wlﬁuymzmnﬁuﬁ: 0-si-0 lul#Tarunainnany
g: ;3’ ] o v Aa I A ] U t:ll = Qs Qs '] dl
nanazluaursarinlwiAaduiaIadngvasuninSosaanwuuu lidatiag
(non-periodic network) vl,ﬁ'é’\‘igﬂ 2.12(b)
pandlannasnsevlosanuiniaiadnedadlidiiwiwios g Uszanm 3 fiv 4
araay
panFlanIzdadLondanyu (comers) VBINTURRDUNAUWI (polyhedra)
1 g’ 1 [} { v o v [ { =y &’ =4
wintulalsnvay (edges)  waznin (faces) vinlikiaSadnsfiiaduidn
lassasuuuitla (open structure)
asi'mﬁaUﬁq@guﬁamwaaaaﬂ%wm:ﬁaagﬂL%auTUaLﬁaﬁ%:ﬁﬂﬁLﬁ@
A 1 aa

LAIDIBLUY 3 U@

6 £ a J Y& d' U g: £ g 1
aan lwavaduiaziadwlandailauiinug dsznavldmasasiuvaslonan
UInFaniIgINgNae NN NFI8BNTLIARLULENLWALY (friangular) #38
LUDUNITIARINTRIN

v dl dl v v dl ] Qs ﬁl ] Q dl
TSN TIAR LN RRUNLE LA TI R UURN UL R RSN LERZ a1 XL TaNAaNWA
&‘mwhﬁfu
aandlanuNInIzITaudany laaauuIniAIaae (network cations) 2 GILAY

Tiadewusznulasauuindueg deld

v d g Ao \ & @ & A Aa o
LLﬂ’J‘Y]Lﬂuﬂgﬁ]ﬂiu%'ﬂﬂuuﬂizﬂau@’lUaaﬂvlagﬁ@ma\']vlaaauu']ﬂLﬂsamqEl WNI@?G@?’]\‘]

A [} [ =) d' d' v [ Aaa
WUURINAREY LEuluTauaan loq (B,05) KIaUUUNTILARINRANN 174 SRnaula-

aan bue (Si0,) Lasiuiiiuvaanlad (GeO,) uazWaaWaiaaan lod (P,0s5) tudn

a L vAa A 6 2 P [ PN a P & &
‘ﬁ’]ﬂ’]LiUﬁL‘ﬁ%Ud"L@]@W&IWLNEJLLWS“IJS%J]GY]@’]QQJVLW&JL@N LWE]L‘]J%W%E’]W’I]QG

wuusaasfnsulassaisauia (the models for glass structure) NI3BNNWIMNG M

. T v @ v AL o A a Y o ] a &£
Lﬂ%amﬁﬂLLuuq&l@Gﬁﬂa’]’nﬂLLa’J“]J’]\‘J(ﬂu Gﬁdauﬁ%idLLa’Jﬂ’]’ﬂLLuuqu (randOm) Lﬂ(ﬂ"llu&l’]ﬁ

RRILNIZTANTIELTU  LAAITaNg BJUe9 w1 ua3IuInImMaufia3a9100 Mg % (the

vitreous network theory) [50]

¥

nouidng SnuarangedvainsiliiauiIAug RN TIIN TRV INUDE

slu"i'a@]' aIndag9da LT
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1. NOu)YaIaluna (Smekal) (.71, 1951) [56]
Y o v a & 'Y < Y Y AA o
uiaunsarinldiiatuldanvesnaandsUsznavludmonuseNiansme
{ ') a £ o A
wwznagriunatzning Auszlaniauduignd (purely covalent)” uaz “Wusslaaadin
o £ L d o oy
UIgND (purely ionic) maammnmmqmm"lﬂu
- WuslesafinuIgnTUsnaainansmzianizradfianiy (direction
characteristic) fanwizgnsznauludrawuszniianuulesaiings 39
1 v £ dl I A 1 v
Tdaunmasielassasiduaeansla
o ¢ a £La v A o o AA ' =< |
- wunzlaviauduIgniluwiliunzadayuiusznfiduiuen 391
sanTaaaasatnsnuy lidaiiasvasuia el
aeuumInazilwifiauda (glassforming  substances) lduuazdasaglu
UszinneesasUsznavefiunis (inorganic compounds) NUsznavludswuszniiainy
Julesafnuredinuazlaiandluuisain wieenatdua1sUsznavefiunidnie
Aa A 6 . = o % I .
817U92naudwNIY (organic compounds) sﬁom’lﬂmam’mmugﬂisﬁ (chain structures)
dowuszlanaudmolugnlousziuszuinaa$inad (van der waals) zwinimyld
2. NOBJUaIaUAUIIID (Stanworth) (.61 1950) [57]
guanIssianuneneuNrlTunIAnuaINwEZNaN (the mixed bond
concept) lagNduLUUINRBITBIANMILIANIZVBI loaanu19&% (partial  ionic
character model) 7a4Wa&4 (Pauling) lunisduunsan’ladaanidu 3 ngy laslddugn
yasan 1w Iniauvaslesanuan (the electronegativity of the cation: E.) wazLiha 3N lu
nydiitlosauaufasanTiauiane 398 1NT0 AN MIAN1ZV09 o8 o RNULULANEI
(fractional ionic character) YBINWTLIZNI4 besauuLInny laaauay (the cation-anion
bond) lumdanguaanladidoanidu 3 nquasii
nga 1. Wawwadia3alny (Network formers): iulaaauuanfiairanusziu
2aNTlanaILANaNBILIANZLLULIANEIwN A InalAssnuSesas 50
& o a <) v v Y Q Q
Fzaantavin ledaduunalamaaiaiuies
f9A1081989 Tanaulaaanlos (Si0,) lusanaan bwe (B,O5)
WoaWatsaan e (P,0s) waztaasuiiunaanlod (GeO,) tudu
Nax 2. Bwnal@dn (intermediates): 1ulaaauuinfaranw Indraudinin
& A & v o @ o a v &
wWalnasiaTadnodniay Teazasnuszuuulaafinlaaninnaiuas
L3878
6 P ° v a v v o o '
aan loduaslaaausiai iaunsariliifiauiiaroariuies ue

aldununlasawuinvadloaausihawatyasiadatngluunigIn Las
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2

Lﬁaamn"l,aaaumﬁ@ﬁﬁawﬂ'aa%ivhmmas:m'm"l,aaaumﬂmaa
WatnasnyinlwiiauidoaNuad LLa:"l,aaauﬁﬁmwmﬂﬂaaaﬁﬂgd
INLas ligNIaLRawIa8a N Nl lasaushaidtalsonin
a Ada = ' ' A A
AUNaNAEN TIuLaINTeningnaerIanInand

ngu 3. AaaLLs (modifiers): WulesauurinildranwlWilraudiann way
gInwszuuy laaafinnuaandanlaaun wazluaruisnvinline
LAIAILAINLLDS

& a A ° oA o Y A f
aanloauaslananshaiazvinlvnaaulslasigsisnIatnagvas

v A a & & A
LLﬂ'J‘YlLﬂ(ﬂ&ﬂﬁ]’]ﬂaaﬂvlsﬁ@"llﬂdwﬂLNﬂiLﬂia"lﬂfJ

3. MOwHvasTu (Sun) (A.A. 1947) [58]

18991NANNUTILTIVBINUTE (bond strength) ananTasan L Iuinmuaily
Asiwsanudelunisildifanda drldauiiveldudsin aauudsussvasnus:
FadUNNIIATILUEN (reorganization) 284laTIRIIHINUAINRBN (melt structure) Tuhiln
1AT9RIKAN (crystalline structure) =39S lATNLAIRANLEUAIRI AN
) o vV a v Ddg
Ty liiiaut laauu

A A i g = Y PN v o A o

lunsdiianizit anuudsussnuszaansafonulafe nasundasnisle
MIUANA2 (dissociate) aanloaliiluazaanvasadntsznavlugniusuia (gaseous
state)

{299NAIINNNNINARBIVBINRINURTINTINAINUA LAV A UTETZW I
lossnvannulesousunsnue aInua10NUUTILIIVINUTLLALY (Senge) IINFAAY

FuMIh 2.14

Eq

Ssingle = ~ (2.14)

lagn E;  fewssnulunsuanaiuaswuse (dissociation energy)

N ﬁaﬁwmuﬁuﬁ:s‘mdwﬂaa aummm:‘laaauaum AINUD UI%E}%@ LT

a120:19 N = 4 109918 la1g iU un A8 g FRUNU0IGRINAAILEAI L1

A A Ao ) ' > >
U7 2.13 Balidwuiuszazninaleaauuan (Si) fu'leaauau (0) iy 4
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E‘.IJ 2.13 #in alasaluUNITIRAsNERINV0ITR NG

mﬂfmmsﬁmaa%’ummmﬁwmeaaﬂvLsmﬂl,@Tmﬁaumaammmﬁﬁ%aLLﬁanﬁju

&) ' 6 A ' a Ada v o = C2
aantiln 3 ﬂqmaavl,aaaumaawamaimiamw AWNaNADN LazAIaaLlT DILNIN
° i g [ aev o o (4 .. . | @ '
LLuumaaamﬂ@ma@numammmi@ gUseRUNID (empirical  observation) L@ ENVLSJ

a v ] t-‘-§/ d YV A o v Aa v Y Aa
mmsnwgaﬂmmoﬁﬂm L‘ﬁal"ﬁa'ﬁﬂ’]Uﬂﬁz‘].l’l%ﬂﬂﬁ“llﬂdﬂ’]iﬂ’]l%Lﬂ@]LLﬂ’JvL@]’i]iG

4. nuvasIaigu (Rawson) (9.6, 1967) [59]

Lmvl,@‘ﬁm:ﬁﬁﬁsﬁuauaummﬁ%ﬁﬁ'zymaaqm%{]mmmmﬁmawaomﬁ uazle
Lauammﬁ@L'ﬁmﬁuLamlul,%aamaaqm%gﬁé'oﬁﬁa

MIRABULARING AN NFITANAINWUINLANBINBFDNITA IR UTE VDS
syLsznauLanaanaIniu (bond disruption) MMNNIIMIN AR TG aeundariliagy
@31 “TaqNfianuudiuiirasnuszi@nIgs (a large single bond strength) waziigmnnil

o . & ¢ v Aa

NINABULAAIGT (low melting temperature) aztduwaluainna (glass former) NANIN
5’&@;ﬁﬁmwLL‘E@LLiwaaﬁuﬁzLﬁmgomﬁauﬁu LL@iﬁqmﬁgﬁmwaaummgoﬂdﬁ”

RANNNRTWEIINGIIIN ’s'a@;ﬁﬁmml,vﬁaLLiaWuﬁzgaLﬁagnmawLtazﬁﬂﬁlﬁu
A9 AANIZLIRNIIFIRNNIANNANTIENASI  addlsAaIusaTanlaizsuin fﬁfg@

o & a ° 'y [ = ° o o o
vmaummmaa’sa@uugamu"l,ﬂmﬁmﬂ%ﬁwmmumﬂ FI VN AN UL UANNTZAANTZY
28NNNNK LﬂuwaﬁﬂﬁmamaﬁamﬂNﬁﬂsﬁw"l,ﬁmﬂﬂ'jmﬁLLﬁa%aauﬁqm%Qﬁ@huazﬁ
WRIIWIbB NI
& ° o o caa o A W va

miﬂi:ﬂqﬂ@LLuumaawawuﬂuaanvl,émwu"l,aaaumﬂml,@m Tai'lésunns
mau%’uﬁauazvlﬁﬁaQmﬁm@umﬂﬁfﬂ LEENNNIDUNLUUIN8 09U 89N TN H R N1 e

a 6 . . 1 I A o v A % A % €d'd v
W@INIz2aIUBsNean a6 (boric oxide) ItHuainvinldiiauiinIauiiwawasnaunle
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dy A = .
wannnitlaiimivssvauiwansdns lluszuuamsdsznauwnsng (binary compound)
é Y o o 1 o Y a
wiaaIdsznaulaimg (temary compound) &vldvinnsrunaanadisrasnsviliiie
widluszuuansUsenauinanit LLa:wudﬁdauﬂs:ﬂauﬁlﬂﬁmuwaugmﬂaﬂ (eutectic
. & A | 6 v Aa =
mixture) m‘lm:uum‘sﬂs:ﬂauwnm@gmamiﬂizﬂa‘u"lmm@l wduwwaluaiuning a9
UnngmsatisunsanuldesasslunsudadaqeeninEondt ‘wavesgmnniuuins
waaua2 (liquidus temperature effect) (9“1'aﬂﬂi‘ﬁﬂﬁlﬁ(ﬂLLfT’J“lJa\‘]izilJilJﬁ’]iﬂ‘jzﬂﬂUﬁ’Naﬁj"
lasfinaidvluszunuaafovezgliug - (CaO-ALO;)  luvTmilndyaginndnidu
Q 1 A Iq/ U a g:
A20819RWINTUNITONIBINABATI
AINNENINITIA% LA ¥TT9uIN (previous theories) AziAW
aulaluisasvasnnuennitevasmsrliiiauiivasasdsenauas g lasawizean loa
& “ A 1 d o 1 { o Y a
Fanineaaasliutgausng aulanazduunngusaseanlodiaaunsauviliiie
uwildanialifatneladhe Sefmunsaagdldlasrud
- Wawasunad ‘Good glass former AassUsznauniasinawla s Avi
IAAauiszninensidualasaniumnaendiudannsiiuainyiu
NAa1d (a moderate cooling rate)
- Wawasufnlai@ ‘Poor glass former Aaansdsznauniaminaula g Nvi
A AARAITER I TLEUAIRINNUILTINA NGB ATINTLEUALN
= ] ¢ o Aa
ManINvesnaaiuiIng
1 1 6 £ ¢ 5 =) :’ v tﬁl ] = L
- lalewainasui ‘Non-glass former fasiuniiviaand lizInunsatiualad

v =) & v v Y [l Y s ~ L dl =1
uaiaduui et ldlasanmsduainisnng

noeluiaatuldasznini Tagnnaliiasusarlfifeutalddaannti

Tdduiinaentiualndlaas19siatsiiiosnaNaznantasInisaaLsuaaEn
. . & % Aa o A s 1 I a A a &’ =S
(reorganization) tidulassafeniinsiasesaadraiussidounifedulunsanadn
(crystallization) 14%4L84 é’aﬁuﬁwmmaaﬁfﬂ"iwmma@]i{ma@“f’]uLLﬁﬂuﬁm‘;ﬁ‘uﬁaLﬂﬁUuﬁnﬂ
‘ﬁ]:ﬁﬂﬁ’?ﬁ@]‘Lﬁ@LﬂuLLfT’JVLﬁashdei (What will a material form a glass?) Uil ‘azdaevin
v & o & ' R a A =2 o .

I Taquiudiiniinitsazniniasinsanwinld (How fast a material must be cooled
to avoid crystallization?) Yinl#ihlugnauglnififuinuaaunamaaizainisvildife

7



33

2.3.3 AUNAAIAAIVDINITLAAUN? (Kinetic of glass formation)

v

nugaaiaainmiildifauiiaszninitizgnnaiiesunnildifaudald 6

o v & o o < A a 4 = o & a SR o
ﬁ’]&]’]sﬂﬂ’]l%LU%@]')VL@'P]87\15’3@LijwaﬂﬁlzﬁﬂﬂLaﬂdﬂ’]i@ﬂNaﬂ @Guuﬂq‘]ﬂ’gufﬂdlﬂ

=}

o o . \ s
AMUEIATYTEINS LN LUNITANKEN (crystallization) 289813 Do IwNIITINNTZLINANT
RAQRDINTZLIUMITITILNUAD

1. ManaiadaaNan (nucleation)

2. madulavasnan (crystal growth)

K2 v A a ' A A A < KR Aa A
mIanuanaasnInsdnguasinedssieniazimaduladuninffvwman
RINTNATIIA LG (detectable size)
- MAARIARYANAEN (nucleation)
maiaiiafeandnutseanidugassiananae
a A a =3 a . . A A A Aa
1. ﬂ’]iLﬂ@]WJLﬂaﬂaNaﬂﬂgugu (primary nucleation) TNAaNIRVDINITLNG
A a = a AN @ A = = ' = . &
mmaﬂamannﬂﬂsmlmwuwvluﬂs:ﬂauvlﬂmﬂamimﬂuwaﬂagﬂau gsutvnantdusay
riatanfe
Aa A a =3 I d? a 04 . ¥
- ManNedAfgINANLUULTKLBLA8INY (Homogeneous nucleation) 814
=3 a a A =1 t-ﬂl a ‘:§/ c; c:l'd ] 4:{' 1 & dy a > > :’
mmsm@mmaﬂawaﬂmﬂ@mﬂ,@Uaaﬂuagﬂauﬂvlmﬂmuammnuﬂum
WINRON
a a a =3 & & a o .
- mafadiedsananuuuldiduitadoanu (Heterogeneous nucleation)
a .:3’ dl dﬂ; ‘ﬂld [ t-ﬂl 1 & d‘y = o Q :’ £ a C™
m@mumauamwagﬂauﬂvlmﬂumammﬂuﬂuml,m’maau 917 NILA
(furnace wall) Feudaniaaufiliazans (insoluble inclusions) lutinuma

Aa

WRON RIDUNNTZNINWAID|T (free surface)

a Aa

2. mafiadiafoanann@uni (secondary nucleation) AiansNAWANYINg

q U
[l Aa v A A v a a a IS

aglmzuuwaumm mmwaaﬁammaﬂanmgmavlﬂ
a

LqumwLLam"nﬁmaamnﬁ@ﬁuLﬂamvl,ﬁl,mmvl,ﬂugﬂﬁ 2.14

Rrimaryinucleation

‘ meteroeneoustnicleation

Ju 2.14 WHBAWLEAITHATBIN TR AIARUFNEN (nucleation) [U5Ua1n 60]
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dltz‘lp a a a a = a o 1A = c!ltg’d

lunthzfinanwnzmaieindvandndgunll  uazdriuiedosluniide

a a = A 1 a a .

fefuswaInan  (crystal  nucleus) Tuuandsldanfiaefosuasazaey  (atomic

nucleus) fiiuinaaule g lilimsfefiiafoananus? duinaaunwiialinaiaday
naetduwuna

= d' a a a =3 o % A [ 6
lunisfinenFasnisiiadnfsanangslianusuanlvisossasansiianis
. P a a a a Py (& 6 A ]
(terminology) NlTlunsaBunaisaswesiedos uazmsldayansol (symbol) wianae

(unit) Auanarenuldlunisfoudaziay agndlsnaumsiiafiafuanansuduaInns

2
%

NAWILARYANIINAN (a spherical nucleus) NUTAN (1) YJIuag (V = 57‘[7"3) WK

Q { & kg a v :/ v
nynan (A = 4mr?) aauraslugdd 2.15 Selunfiauydliveunarfoiuiinaey
AIBUATNFUHNFVDILTI-VBILHAAT (Solid-liquid interface) NABRINFURNTIZTRINNIILARY

NANWAZINULAIRRDNTLLE

o =3 { =) J
31 2.15 wwurnesinduaninnsananfiiaduluve e [61]

TN AL ARURNANTY 22XLATAIVININUFITRANAINIR NG aFIUNITLAG
leun
1. LAI84TINNURAWNAANRAT (thermodynamic barrier) F91AET0INTUNAINU
a { { { a =) a J
3832 (free energy) MaunlUluszuuilaimaAaillaRuaLAa%
ay
- ¢ o . x4 .
2. LAIBIVINUIBNAFANAS (kinetic barrier) LAAUWLHBININNANNABINT LN
a ~ A o o o ' ' ' A A o P’ A
NILARAWNVBINIAWIANITIALSLIA bl LT a9919 Lwamwaml%mimﬂmaaa%mw
=) J v { ]
Huseifisy wendn) tiadulaannvaanan ldiluszideou
MBI WL RIRAITHAVDINRIN I UTULAD
1. Lﬂ%aamnﬁ’uqmﬂwama@%

2. WRINWAWAI (surface energy)
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MIal3s9alTadasnaNluiaf gz lAna s D a32189USN10T (volume free

| ¥ A a R 1 i a £

energy) 8RR LANRINBABRIVBINTAARINTNEFLAN (@ new interface) AN
(% g: (% Aa dl Aa g; a = s
ANUBNRIINUBRIZNLNUNININRUA (the overall excess free energy) azfiandullas

aumIn 2.15

AG AGsurface + AGvolume

AG

4
Amrog + Enr3AGV (2.15)

Tasn AG @awssudaszNnidfsulidariinodsunas

Og;  AOWRINUNINARINRUKE (the interfacial energy)

AGyo1ume U5 ouTuay (a negative quantity) thasannmsiaeuiwsiduly

aungadineslulawlin lwsaen AGgyrrqce UFHNMITRLIN (a positive quantity)
A o o ! o a A A & [ a a o
LAz aTNNNIETIINIINTERIINAINWI R TR w U Nanuanuamavasidafogaz la
g { é ~ L g a { { 1 { 1
ﬂ‘mW(ﬂ{iEﬂﬁ 2.16 Sﬁaa:muvl,mﬁwmmuamzﬁLﬂfﬁ'ﬂuvl,ﬂfﬂ:mu'g@gaq@ﬁ r* lasSanin
#lndeaInga (the critical nucleus)

Y o ¢ @ A a A > & A
dneuiusves AG drvvwevasiiueloa 7 uazlildnrinugud (sun1af

2.16) 3zleaunsn 2.17
AG

ar
A
d—i = 8nrag + 4nr?AGy, = 0 (2.17)

0 (2.16)
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31 2.16 nyszninasdrszNwapwlylumafafiedeanin (AG) mu

VWAVIRIARLE (17) [61]

dl o v v g dl
L&lﬂ‘ﬂﬂﬂ’]ﬂmﬁ&lﬂ’ﬁ‘ﬂtvl,(ﬂ rec @IRUNIIN 2.18

—20

* sl

r =—— 2.18
G (2.18)

WAzINENNIN 2.17 waz 2.18 ldrmasdaszilfouluneingd (AGcpip)

AIRNNNTN 2.19

3 2

l6mo 4O GIT
AG i = SL=—5 2.19
CTit ™ 3(AGy)? 3 (219)

a

Ynevesthafeainga 1T ﬁ]‘;l,ﬂummﬂﬁﬁwﬁqwLﬂu"lﬂvlﬁ*’naoﬁamﬁﬂmaﬁm
(a stable nucleus) I@Uﬁl

r> 17" uiefvsaiios wazaziimsidvladely

r< 7 {uiesesiliiaios (unstable nucleus) UazaATAEWIBTELAE

we'ly (dissolve or evaporate)
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1 =3 g; = a = a =) 1 I3 =3 a

atndlsianuuenTsenalanuauanlunmssenfiuafoainduduuila (embryo)
16 wazanleezunsuvasndsnudsznudowld U 2.5) auduldilidnisetulu
BaSinmpaswainw  AG g Didlumaifeieisasios amuisdinisldaannis
a a i @ a d d o = o
\afiafaandn (the nucleation rate, 1) unuwasnudaszMufewld 49 [ Adasiuwiu
a a ai a J 1 ﬁ 1 1 a2 <
BnfusiifaludenianinonandedSunasnnied

lunedfid I szmansomldmnndandinszninsanuidudusasinios
(concentration of nuclei) dialaaMInuaNlFlunIzUIUNIINIANUTRLLLURD AN
(isothermal heat treatment) th qm%{]:flmmﬂwﬁﬂ (crystallization temperature)

a v v = J o v L =Y

dmndusuhaniaduvannnmivi e snainaing Mngunniinilaga
WRBNAAY (T,) GIUNIIANBITaINMIMaanuiIgiklUNHaasgmnnddanaiia
a a a a ol o o 1 A =
tndsalufianenngunnlgeldd dadradnsainnlugdn 2.6 usaatiaununn
W laazunIuresaa M RiailnRuaNan (nucleation rate) wazaamnsiaulavas

LY 4
WAN (crystal growth rate) VaIWILNIRRDUAL 9

Metastable Zone of Undercooling
-

Growth Nucleation

ALY ——>»

| |
I |
| I
| 1
| |
| |
1 |
| |
| |
| |
| |
1 |
| |
|

T, T
m <«—— Temperature 2

>

31l 217 wsvavgnniea anmsiaiiedsawaznsidulavaInindniuiiuiinaay [50]

fd)}

nn3UN 247 aniuldindeudmasugniolingunnlgend1 T, szl

/=)

Y
| a a A a & \ = aA Y o v & @
LLWJI%&IWJ‘;&Iﬂ’IiLﬂ@WJLﬂaﬂmlu af;n@vlﬁﬂ@n&ll,l]au’]LLﬂ'ﬂgﬂqﬂqlﬁLﬁuﬂﬁﬂﬁuqﬂam%ﬂ

9
v 1 { g =) d ] o va ‘3/
$aondn T, azindasundasnasnudsszradssuuniiazinldiaeduaaiosau

2D

1 ~ dl a QI v v J o YV v o v
aE]']\jvlfiﬂ@]']NLNaqmﬁﬁuLiuLmqlna Tm &l’m“ﬂuﬁ]z‘ﬂ"llﬂﬂ’] AGV uaﬂa\‘]uqﬂe] ‘Yﬂl‘ﬁ”lluﬁ(ﬂ
a a I \ o P oo , &
madu’lLﬂﬂ&lﬁlﬁmvmulaﬂuaﬂ’]\‘]&l’]ﬂ @\TLLﬁ@\TIuﬁNﬂqsw 2.5 LL@]Luad‘ﬂ’]ﬂﬂ’J’mu’]QZLﬂuﬂlad
A _a a PN \ & Ao K o P a_ a a & @
ﬂ’]iLﬂ(ﬂu?LﬂﬂUaﬂlVIfyﬂJ']ﬂe] Wb ABaLUIN "ﬂ\‘]ﬂ\‘]vlllilﬂflilaﬂ@lu']Lﬂaﬂﬁiuu’]uﬂa%aaw 1343

A; A dll a °| 1 1 dll Aa °| dll 1
AN 2FARNAY) mamaqm%gwaﬂmmmﬁ T LL@LNBQM%QN@IW&GNWL?BUQ a1 AGV W

q u
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PN J Ao Aa a a * = £ ] = o.
WWadw lusaensaddiafoainga (1) aaad TINNWLIT arR1Tadadasdszanm 20-
30 WluLNGAT ﬁﬂﬁmmuw:Lﬂumaamnﬁ@ﬁaLﬂﬁﬁagawaﬁa:ﬁﬂﬁﬁ@ﬁamﬁﬂaﬁ

mmmmaﬁﬁ'@ﬁ‘hmﬂﬁluﬁﬁ WAIRABN INNNNENINTT @T%%x‘]ﬁ’] WInfdeuanIved

KAWL U T (degree of undercooling, AT) "I,@Tﬁamml,mﬂsmmaaqmugﬁszij Th
a a ':’ v A' a a { a o ¥ v & ﬁ
Augunpiiniuinaeniuiieiiefssiaunniadwinld dousasldidwdulauns
o a . d A
\@08728IMTEUGILIAE (metastable zone of undercooling) lugd#l 2.17 T3 AT anail
A laaaud 1 a9rmanii 200-300 asenfidlule
{ ¥ [y o v & o o ] ! A & @
Wauinaesugnviliiiudasdinirvevavveslounaiioszainmsidudd
009 1A309TIINUGUANWAFAEAT (thermodynamic barrier) R lwanny
= =) 1 é/ 9’9/ g’ U g: nl { g;
Wafiafeailagsdn vanandaiuiinaeutuianuniadiiaTaInuua1Inig
. . . ‘al 1 v o v a =3 I U J 0/
WUNAEFAT (kinetic barrier) Ssddnasasrinlinmsifiadiedomduldlainets san
A a a = & ' = A A o ' = s A o A
mufafiaioslsgiiuadrnaiiulegmnnldias adslsfionn Wuinmududdn
Y, & A - y c e 4 &
anunitavasiuiinasuazgalnilegmnnlanas Saazlinarmlniniasnusnims
6 1 é’ o & =31 v [ a a a J ' %
wuNamMaasia1gIIu dsuuaziuldirdanninieiiiadssazinlygregigaudian
o A ) 'Y & A o =2 A o A
dasauddndrlndgudiiogmunguaadannieniaiuaadlugin 2.17
dll [ a =3 v
luisasvasdanmsdulavesndn (crystal growth) ladmsnoawlilunsas
MEITIMIEN9Yg  Wnae  denuandnenwldaunalnuesmidvlavasndnsiiad g
saulnguiaznanisluzdvassunuazuuuitaaimiadiasas agnglsfianuuuy
o d 1 { 1 v s L a d 1 %
FaasninengaslfmuafoAiINUEaTMTAAKAD  DIE1NNINNANTINITERINEAT

miLauI@maowﬁﬂﬁuqmﬁgﬁﬁmﬁqul,ﬂvlﬁé'agﬂﬁ 2.17

2.4 UNNBIINN

@) A
2.4.1 aNATHAVILANBIIAN [62]

= & ni v A v =S 2 = A £ 2 d' a

lua(ﬂ@]Lﬂu‘ﬂ“fli’mﬂu@]’]’]LLﬂ’)ﬁ’]&l’ﬁﬂ@lﬂwaﬂvl,ﬂ‘ﬂ’m&lﬂﬁimE]ﬂl“ﬁﬂ’)’]&liauﬂQEWVSQ&J
URZIZHLIANNANIZRY UaHd 1 NIIWAIWI T UL TAN LA TN AN 1a
° @ { o o A { &< o fa £ ')
A lwnszuawn 1IN g LA IR NI TS U UL AN L RN R U LU AN FWNITZNT
1 a g { U a U o a J £2 a a a

lus9aiaadnTan 1950 uianinlanafiuiadudr8nuLdyIIaLAnLAs aka
8@ (Stanley Donald Stookey) [63] 1inU3z@ng1n78143N1 ANLTHNAD T (Coming
glass work) UTENRAauiIslng NlddunuuiiRiaunleuaudfvassninniad
a ' o A & = o A & o Adad o & M o
Sondwmioniin sgnidwininsmaataumiaiinie e Tuaanusnivwn L la
Januswlalulnin v1nnn Lmﬁmwaﬂaﬁﬁ]:ﬁwmqmauﬁ'&%aLLaamaaLLﬁaﬁaﬂﬂﬁ
mﬂwﬁmlaamgmﬂLﬁusluuﬁ“’sLﬁamumaﬁ’mmwmﬂ Tagwaanltuniszuua N NG
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mmlumimaamﬂwﬁﬂmaamgmﬂLﬁu L H09IINATENNITONAUIAMUNWNUG AL AT
wi'ler Iuﬂﬁiﬂ@aaaﬂnaﬁfua@ﬁﬁ]ﬂ%mw%aumﬁaqm%nﬂﬁumu%’mﬁﬂﬁaﬂﬁai.li:mm
450 a3araldua lwn1 1l Ta RN TN FaIHIBLRID AT M LaLAa L6 Lad2e
m’mﬁ@wamlumsﬂ%‘uﬁoqﬂﬂsrﬁ m"l@i"ﬂ'aLﬁnujlffmw%auﬁgaﬂizmm 850 a4¢

a g = A A ) ° v o A = wn AN A ' AN o
L RIGHE GmLﬂuqtvmgummmmw:mlﬁl@Lm’mmamm:uqmauwﬂm LANAT Lo

[ o o v a d X v & v A o & o A o A =2 W v

ﬂaumaﬂmmnmwa@nm@% FUINWLNIN LeBuNaUTaneme NI NULaz L laing

13

A . a \ = ea A a
L‘]_IﬂU%LL?L]&\‘]EI]S’WGL%ﬂdﬁ]’]ﬂﬂ’]i%ﬂﬂ&lﬂﬂ’]{llﬂ GﬁGLﬂuﬂma&JU@]ﬂWUvL@ﬂ%L‘]ﬁ’W&lﬂ LR

v ]
v

monainMInasauiinanyilinnuir swnuuii il mend@naiisuirinieuinniy
Ao a a & & . 2 A X & a a a aa
lanz aann1masesndadyiieduil wudindninuhdenanfifisuazgiiludaing
(lithium aluminosilicate crystal) @ NEIBHFNARFULT lUUazIINNIITBULITIWAR
LNRNRTMTVENBAINIIANNTaUABUT96 (low thermal expansion) adadsznauing
mulufaiwdaligiuu (B-spodumene) uazmatiadiadoansluuiiandnuuldld
aunnaunevesiudidunaunanaypmavasdiisuiiduladonanvasniinaiio

3

maaﬁamﬁUamaai:uuuﬁaa:gmu%mm %é’omﬂﬁf’uagﬁﬁvlﬁmaaaLaumiﬁlu 219 T9A
T8 NG (zinc sulfide) w38 Innuile (titania) Naﬁ'maulﬁ]Lﬁ@%uluuﬁaa:@ﬂu%ammﬁﬁ
mnau"lﬂml,ﬁﬁﬁaLLﬁ’sﬁVL@Tﬁmwu:ﬁaLLsaLmzwummiamuﬂﬁwuﬂawaaqmvﬁ{]ﬁ"l,éf
Aaudnigs mendimIfnmuaziamguauiduuiuaes W AndiAaun s
aaﬂ;j‘ﬁad@1m@1%711iﬁﬂvl,ﬂsl,‘fmmﬂum‘*ﬁu:ﬁﬂmmiﬁﬁmmmmmlumﬂﬂﬁﬂuLLﬂaa
maaqm%qﬂéfﬁmu LﬁaﬁwmmumﬁaLmﬂﬁﬂﬁaaﬂmﬂﬁlﬁuuﬁu Asusarnlianuiou
galanud ﬁ%ammsnﬁnLﬁﬁvl,uimnV\IEjummﬂ@ﬂ@ﬂ"LaJ@TadLﬂﬁsmmmu: Tasfiganis
n3di1nauiionss (CORNINGWARE®) uaﬂannf:ﬁ'oﬁ'lvlﬂﬁs:qﬂ@‘l“ﬁmumoﬁmmi
NAITLT msﬁﬁﬁ‘msmﬁa"LmﬁﬁﬁmwuﬁaLLNLLa:ﬂuﬂ’J’m%augﬂ@TaSﬂﬁasJ a8l

AI v e 1 o v = v a AI &/ I Cll 1 a
?@Liﬂ@]%@dﬂﬂ’]’)ﬂﬁl%ﬂﬂiﬁﬂ‘]ﬂﬂ AT UNTNURLAZL T UN LN IR Ul%ﬂ’%’ﬁql}%

2.4.2 NYBHEIUNALIAN
snrufimdyreniionindenriunnmafafineioauazmudulavaindn
Lﬁaoﬁnm{’lLLrT’JﬁVLﬁmﬂmwaauﬁuazﬁmmwﬁmﬁﬁauﬁwgd FINUNTTUIUNITUWI AL
nsraumIsasaasaanlnianfialuadniti g @T’sﬂé’ﬂﬁ:}ﬂk:ﬁﬁﬂﬁﬁﬂmm‘mmuqu
nszvawmsannanuazmaiulavesnanld i lnBudssegnssinisizessiiut
(quenching) 3zshanld g uaanisiiananduluszninansiiuea agrefilananlinon
Wil madudietnith g asvnliummansasasndeulaseahoussrinlfiAansnanalu
wiafezin e aduutuaniniassaaniuetifleseesbidusadovanon

UINNI
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o A

Unngmyaingraginulaluuienin AemsuonsusadWssasnialuiie

v
]

a

w7 (phase separation) NATFINADLINNINGDNITAAUAUTINNNUASAMULFNLIVIUN
INTIZUAIRR UL T AN a1 uNA & IMTURIT N k1@ 399 1A LIIRINITNETIITTULLAA
A laanavassia tatduiiirninnainnataszuuldiaan@ne uazdavinle
leuaninfndnnannanosiaiin tWanagdos (metastable phase) WazgITazans
284ud4 (solid solution) LHudw Usndunaninnlamainsuniannit 1 luasan azvin
v o A AaA vada a £ o L oA = ’~ ~ '
11&LLmmeﬂ‘mqmauumﬂ@waumU AU ILTNTINANFILAZNUABNNT
LANWNLAG LNIWNRAINNLENazByata Ny LA IndaNud LTI NInNIILA
UINANULTINNNLLUAILAN @?’mm@lwaé’oﬂa"nmimu@]uﬂ%mmmnﬁ@wﬁﬂimﬁaﬁw
i lUgnsfinsfsnnudenieding (mechanical failure) uaznIANBAIQMaNTEN
W8 T8INTUWIITU NIV Leaa (ionic conductivity) luwAaniniludn
lasdsnduduinaniinez lilysslalusisuasnna (visible light) weagnebshany
=3 2 (% a d'd v Y =3 dv v A d' =3 4 d'
Az TILtEAnNdanulalamuanluitanmiuuiaNanNIIANNLIIA A UT D9

TAUFIT KI0AAIANUUANAIVBIATRANIALFIVRIUT lauazNANNGNN 9 Ukl

2.5  uAnTIAABIAN (Bioactive Glass Ceramics, BGC)
v o v a = €3; 1A 1 ]
lafimuhumsndndinwanldlunansunwngdasuel o.a. 1984 laadaulngl
hanllunudasnsunszgnuazAasnIsuanues IANIAIENTIN % A8 ayn lasiiien
lunaununszan 3 Funazzandentuluzinaslys (cochlea) MU LHauian (tympanic
membrane) uanANBEILAITIInTIANTRansu T luaueunuwanssn luns
Qs 1 =S a o &l v
SnwTedRnuasUINuaane e
% a A 2 a 6 a [ A aa 6
wAainTinndsznaumeaiasdlsznaunisninany fa Sanawlasanloa
(Si0,) lmasnaanlyd (Na,0) uaaifonaanlad (CaO) uazWaaWaiainuazaanlaq
(P,05) tlathuaauiIaziivmanidnigiu asusdlszanm 90-710 pm uazdzuilal

Lib1ba 1

-unuaatdaunasa

lufhiuldtimaihisguandianaununszgn (bone grafts) wldaisluieny
ansinuag1Iniernglulnunng ﬁaiﬂumnﬁluqmmw%%u,azﬁcﬂmaqlf*ﬂ'ﬂmaa
wgwﬂﬁmamuﬁu wnidundiuiagaiaasuaznianisunndisdanuanlaly
m‘sﬁnmi’a@yﬁﬁ@ﬁmasi’m@imﬁao L INANTININ (bioceramics) Lﬂufaqﬁvlﬁ%'umm

& [l a A S val = o [ A & ' =
&%1’*0 1wag1euing &6]“12\%\‘1 ‘]jdvly@]llﬂﬁiﬂﬂiﬂ"] LLRSWI WD a@;“zjuﬂumnm'}ma AN [64]
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fﬂummmw‘ﬁmLLa:ﬁnmlﬂumsﬂgﬂmﬂmLmum:@ﬂ"l,ﬁﬁﬂuﬁq@ TRQLMAnTInw
' @ & a o A A . & P [ o
sunsaussuenlaaunsiafianuiiiaiiia (tissue attachment) 1w 4 sfianane a9

AN 2.2 %

A1379 2.2 LEAIDITRATAINITEARANULIHALE AT ILTIINNTIANLALTRAVAILDTININ

T [62]

FHAVBINITHARANULILDLED ZHALDIINNDIAIN

a dql’ ] A L 2 a o
LdnNLbatbibib ﬂi’?ﬂ’%ﬁﬂgWﬁ;%LLﬂﬁiLﬁlaﬂ PILAGANU

nizgnldlasmadulavasnszgniudufiouwuylailing -
AN @ o 2 a @ . A A o ada A a:%ﬂ;‘]u”] (A|203)
nldvhnsadenunizgnaiungiudisisnmauges B

G oa o ea o Syl e imaslaiiy (2r0,)
duduudnianmsdar iU ludinveinszgnidang

UNWIDI
A _da a A . a o a &
LTINUNN NEW?% I(ﬂ HATUNNILTANABDLLUULDINAND vLE’l@ﬁfaﬂﬁliazW’]vLﬂ@LLUUW?;u
a v a dq’ dl ] t:lI A v =
ﬂiz(ﬂﬂ“ﬂ&]@’g Elﬂ’]iLGﬁJIWll adﬂizﬂﬂLLazmamalﬂulu Ia%zﬂl,ﬂﬂau@q UVLEI@iE]ﬂGITE]$W’]
EWEumaﬁLsﬁsqﬁﬂ%’)anﬁuﬂ VLVIGT

AN umuasuiEanInnIAsRLULaaUruad laa | . .
DX o4 o4 oa o _ L. WALAZLALTNTNTINN
daioliie Teazliadanunizanidulauasadiunusey - 3 ,

) u laasanGazm Induuuusin
LAl

LT RANRTALTINENNITDRANLA 16 LbbibaLE D LABLDEUTRLNG

(resorbable ceramics and glasses) Vl,ai'iw:agjsl,ugﬂmao lasuaaBounasina
A v = A A A o A A A

WNIRIDN WY LU Gﬁdiuﬂqﬂﬁlzgmmu‘ﬂ@?Uﬂizg}ﬂﬁli{i LﬂaﬂLLﬂﬂLsﬁﬂNwaaLW@

289 9 WMITINN (bioactive glasses)

Tuumandsqueniininwiindandradu uiuazuiieminganw (bioactive
glasses and glassceramics) (iuiaginaulatagnits ilasanlatimdnsuaziam

YnagiaaLita fﬂummmﬁnml"ﬁmuvlﬁﬁﬂumsﬁﬁvlﬂﬂgmﬁ ﬂﬂmmum:gﬂiuiﬂam ¢l

a a i (% o Af oo Y o . ®

falfialunige lasuiimensdnldnuludagiudeuta@anin 4585 (Bioglass  45S5)
S ! & A v @ ) a v & A v A &
ysansnio lWlsluiimeouysdusslianudiiuldnmedinwladuedneg uiisfiad
drznavlddissesazaasBani (Si0,) waatGauaanleos (Cao) lauiduuaanlad (Na,O)
uazWaanaszoanboe (P,0s) +wUSuNm 45.0 24.5 24.5 Uaz 6.0 AUE1AU addlsn

auasanlusmeuysdiisngiddy 019 Ca Na K P Mg Cl Fe Mn O N §
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Zn C H I usz Siiludu [65,66] lasfinuirmgdanan (Si) Jagluiamaludianmd
o o Yo A \ a A v a P A A aa
Baouin KrlAnnidoursgiuianusulanazriumsinnsialuidnluigananl
246i3znay (a new silicon-free composition) Taudalunguninaawaiweanloaiiu
v a v { = {
a9ndsznaunan anfi uIzuy Na,0-Ca0-P,0: tJudideniaszuunits titasannid
' Ad v a a A o o &
sautsznaumaaiinlndifsinszgnaianniiga uazsunini lddszandldnanzgn
\iu (artificial bone) gunsninIuguuuAflSy (bacterial control device) ¥inldganuasa
\duiszan (neural repair) MINawgunwluzasin (oral healthcare) Liludu [67]
wiansauMAndinmwanszuuladsuuaaidounasing (Na,0-CaO-P,05)
faurIN150lNIEAN8aL la lusngnne (bioresorbable) tiasannluiiiasdu Watiuma
vaauanindanmwilunaunn TONUTUEIUNTNYIVRINTZQN NB1AANNTRALNAG
A A < | a A A
wisn1ziReunasvaInszgniuanaganian uszeziainll nizgnniaiiaiie
Indazmusndulaldunundzgilunaunuld lasdagainanazaasldluiene
lavlaiaiefinla g dedimouysd adislifianuifiesnnanusuninlumsszasvas
Y A A6 S A @ S a A A o Y o @ ) ! A
wizliafluifidrdeudegs Seazlinadoferldmaih lldnulunsdesususiun
= [ ] a d' [ ;:‘I;‘ o I3 a 1 d' a %
gnwsaasndfadyni asaniagnaunuiazaaioaniniulnewnaziinisaii
a A A Y v & &R Ao a & ' A
nizgnwiatiiatalniidiimauny dinudsdininemaainaiongu afi 1. Ahmed
LazADAE [68-70] D. Carta uazAmas [71-72] K. Franks 4azamie [73] 48 M. Uo Laz
amz [74] ldweeuduaidaoieuddymeainditiedu lasawidpsulnasjaiuly
MIANBILRENAUINITLIWITATLAILN (preparation method) lATIRII928IUAN (glass
structures) &NUAN19AINTOU (thermal properties) &NLA LWA1TaTANE (dissolution
properties) WazANUDUABABLTARRINTIN (cytotoxicity) NITUIFLNHIBNIAINE?
wuin madasuudadasadsznaunsiaivesuiiluszuy Na,0-Ca0-P,0; lasiany
28198900 INEINIZHING CaO NU P,0s NNaAasulaTaIliINInIeeIwnIanIn Las
dnn1Isadlzasuiitlusaanarniniemouysd dnidouenguldnasaia
f13tsznavusriiaidn ldluszuuuii Na,0-CaO-P,0, @9628819U8432ULWAR Na,O-
v A
K,0-CaO-P,05 Na,0-MgO-CaO-P,05 sz Na,0-CaO-CaF ,-P,0s [75] \Iudu &4
WUIINTEYN K,0 1N U s181580n 158880220 90Mkasui AN a1 WA 1a
luanzn Mgo  Anarinliaudansdnnula@n19iinw (biocompatibility) 8duiIuas
WAL Haaas §awnsian Car, W luluszuuuiiasna1n Anavinliniseevauas
A [ af o o A a A & a
NN maesiagauu uazditinlilasiaivezwnindlunszaniianuaiiondinugn
% a?dl' 7 v a A a ﬁ’ % [
de uananiiiasnnuiuazuiianindinsiieilszneudisasdsznaungaalsd

lwidati lUlTnunmeaiunuwanstyd azmavinlwlasigdsuaiwwudsnsinazilasnwn
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a

A A ol ' = ' = v A & & a
cgmmmﬂmﬂ"lﬂaﬂ@a%m amavl,iﬂmmaLamjaaawﬂs:nauﬂgaa"lmmuﬂuﬂa e
by A & o v A A ° v a A \ & o
azapinaziAaiuntanaunivia HE GsanavinlitiafusaTenondule
wananadalsznaunaaiizesuiiaziinnuddydesuifvasizgdinw
AINENINITIIAH NTANBININITANKAN (crystallization) WaEFNUANIIANNTOUNLIN
mmﬁ%ﬂﬁmﬁiamsﬁwmauﬁau,azmsﬁ,ﬁ'a@;mmﬁvlﬂslfﬁmm%uﬂuasmmﬂ A8
NWIBNEAn laun 9uBad K. Franks uazame [73] T4 lanenuisauianisnnuson
LRZMTANNANVBILM LA TN TIAWIUTZUY Na,0-Ca0-P,05 laswInunIwuin
WWadnaiuySuimaas cao luui ﬁ]zﬁﬂﬁqmﬁgﬁmmﬂadLWaﬂJaoLLﬁa (Tq) qm‘mﬁ
=S v U =) &/ v d‘yﬂ/
mMIanuanluLi (T,) was ONABNLIAIVBINAD (T) umgwumﬂﬂmﬂ #ANAINNHEI
U v Qo 1 ‘2/ P a
WUINTNTANHANTaIWE NaPO,  1az Na,Ca(POs)s LhUAIAINET? PuagnuuTum
CaO f¢nd g ﬁ'uvl,ﬂlmlﬁ'sl,wia:gm TI0901UTENAUN AN LALIWRUAIUALAZLAILTIIHN
fnansznulasassdaantifand g 30 FRUUANINIEAIN LTINALATAMNURINNTDLRANT
FA1UA I UVAILRAIVBIRINTA @ INTIEAZUUNIIAILANRNTAATI 9 VaIuiIuazIL
A A o \ o £ Y I o < o A
L‘ITS’]&Jﬂ”lT’Jﬂ’]W@]Gﬂ&’]’JﬁN“B%a%Jlﬂﬂﬂﬁ]ﬁ]&lﬁﬂ’]ﬂﬂi:ﬂ’]‘i Ta9razifuaqrndsluisasas
a9l Tznaunaail wIaaudsand g lunszuiwnsmInae af 196U qm%{}mumi
a J a U 1 J a
LRI DTN IIW/AIVDI9 NN VINAVBIBUNAVDINILTI DU UL qm‘mgulums
ANKAN 989 NI LATNITNLILINANBILAZNARDILATY UL ILASLAILTINTNTIATNUN
' . A . & d' aa ~ o & a & ad P \
aggdaliad tTztdunndfswdsninessuuinuuastanldidwisnioed 1ow
I eTouuuuloalan (sol-gel method) [71] AN TINUIN&NTAVBILAILATLAL
P o add“ﬂ/L ' ' aa a & a o
LI ANNLG TN LN T LULANE19 M NI TN ATUNLULAILA NN
= a d' 1 % 1 =3 L2 = (% t:l'd
AINAITANBIIIRITUNANIBNIAINGI AZLAR bATINITANBILA LIz U LN
waatTouNamwaLduasnlsznaunanainszuy Na,0-CaO-P,0; f9ifaut1dntaniile
P o v A 'Y ' ' v A ' a a
WAUUNULAIN M INIINITANa L1 9LT% WAATININ 4535 Latilanizatni8dluaasuading
> -5 1 { a J v L e 1 =) o
@mwﬁﬂLLa:mmauwwE‘szmwwxlaﬁm@mmmﬂmamwﬁ;amﬂﬂuauu@lma6] a1 NG
a v é v v Qs > Qs 1 1 Q
BIna 1% FITRINITAEN AN FNARTAINAI UL T U TN UIANULET BTV 9
£ £ a dy 1 n' AAa wdn‘ .:3’ YA @ R A d' =
LALAZLA LTI ANl N 18 IRINTIO LA G 89711 vm;d'mmwmmaulﬁm%ﬂﬂm
n:l a d' =4 > d'd 1 =3 U U a =)
WULAN WS aIURINIANNAN wazALlsNINadan TanNaAn LAz LA A TIAIN
l%32UU Na,0-Ca0-P,0; atndazidua anNIIsinnsAnsDINa28989AUTzNaLN"9
GRRVES Lmﬂmmﬁ”ﬁaﬁgam@maJMa AARNUANINIINIYATW LTINALALRNUANIITIAW
maei’a@;%amwﬁm%ﬂﬁ ivadanufIau i wll ladlun1sinluldwaselusrenie
J o o 04 1 o =3 a ¥ 1 o
mguﬂuamﬂ@ mma;pamﬁmmm@mm ANuFIaswItaivnazuwnisinan
& 6 -ai o % [ U Aa a d'd
smaaﬂmwwjl%wm:mmmuﬂﬂlﬁumswwmu,mu,azu,mLsnswwﬂ%’snwwluizUUﬂw

unatdounaswalwasdlsznaunan WanuiIn Ul fanuasenienisdn lawilawnunni
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45S5 ﬁiﬁﬁuagluﬂa@ﬂu ﬁ”'oﬂ“’dﬁ]:mmmﬁ'}aoﬁmmiﬁw‘lﬂLNmuwﬂﬁﬁ'umjw@aulaﬁto
NINIATTUALLONTU wazfRuRNa w8 IN1939 N7 impact  factor galel
I@almwwzaam’ém”mi'a@lmommwwﬁeﬁaauﬂum?ﬁaﬂﬁiua%uqmmw%%LLazﬁmmqﬁﬂ
maawwﬂéf uaﬂmﬂftwaé’uqn‘ﬁfﬁmaﬂﬁﬁﬂluamﬂ@ﬁammmwﬁmlﬁ’;LLazLLfT’J%’JmW
latasludszine %wuﬂumsa@msmL°ﬁ"ﬂ°uaai’a@ﬁ’amwmn@i’mﬂs:mﬂﬁﬁﬂm@iau%a

e v
z;mvl,cﬂaﬂmal

- UfASanvasunas1dng1nn (Bioactive glass ceramics: BGC) Twnns
WanaanuNIzAn

A o A A A Y a & a

Waumrindinwidsznauals lodsueenlod uwaalGon Wamwa uas
aa 6 o o 1 a aaa A 2 > 6 & gj
Fanaulaaanlad Sudanuaaswarluseme azfadjisomaedlanaawiiiuou
laavanGazwindnazluizouiunszgnld

UPAseamaeiiig 3 7uaau Aa

1. nsouzzazale (leaching) ziiansuanidiswlasan laslmdunlasan
azgndueananuazgnunundisldsasewainvaunailuineme sezlanuddnylung
Uudsunnzanuiuniadsvassinanuliadlusnizaniiu (neutral) wiaidueng
] o ' o vt . a vad
8819 TILTIWNIAANIRUY (healing) LAa laaU

2. m3aatgdl (dissolution) UJATuinIsansalaziialasndulaasand
(hydroxyl group) ANVBILRALIHININL IUTUNIUN UL RINITRNaUALeENTIAU

oy a 1 aaa T . gj 1

(silicon — oxygen bond) uaziinsudasnsadadn (silicic acid) aanun MNTUNFUVBI
Fauaa (silanol) LTUFITUVRIbELATA (hydrate layer) AUSIMAWAIVI BGC ua

@ o 131 a I aa ey ‘d! t:i v an t:? ) t:ll
RERUTINAINWAWIV WAL UTINILAN (silica gel) "]NL’*D&‘Y]Q@]&IVLTJ@’)Eleﬁaﬂ’]%"ilxlllliz’ﬂqﬂ

2
a

NI uaL LLazﬁ]:LﬂuﬁgmL’%ﬂﬁﬁmmzau%maumm%yuwamwmavlﬂ

3. n1sanaznaw (precipitation) waalFuuNasNafiia1ed BGC azdan §
MsANWANTG (recrystallization) ilutuvaslaasandarfuamwaaznilng  (hydroxyl-
carbonate apatite) lata1AuANSUaLUA baaw (carbonate anions) NNVBILAAT I1INNE
LA TUIBILARLT D UNaMNFLEY HANINTATINFIFININABANLIN AOUATELAUTAING
(chondroitin sulfate) lnalafilulna wan (glycosaminoglycan) ﬁagju%nmﬁ?umﬁw
iBusimIszautuuelansandamiuaiwaasni Indaas
wasannsasturaslaasendarfuaiwaezwi indudioasaosalaaad

(osteoblast)  zUaas®1IBUNIININABENNN LLazﬂ'\iﬁmia:amqu@hm
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T A 4 o & v an
(mineralization) tWaZwIkAaN T TaNdaNuTusy lutuvenszgnuiadinuaalaasan
Fasuaiuaazn ng (glass-silica gelhydroxycabonate apatite-bone)

uanIIn BGC ziFendanunizgnldatwiudidausendanuiiiaiiadon  (soft

connective tissue) la@dnane



UNN 3

ABN1INARDY

= ' =3 = ada A A ¥ o o 6 ad
1%‘].17]% ﬁ]zﬂﬂ’]’lﬂxﬁﬂllEl‘]J’)ﬁﬂ’]iV]@aaGY]LﬂEl’)"l]ﬂx‘iﬂﬂ')ﬁ@l E;l]ﬂ'im 1N19

s & a & v A A a o & Y v
Nnana i’)lmx‘i“llu@lﬂusluﬂ']‘iﬂil'ﬂ’)Lﬂi’]x‘ﬁLLﬂ’JLTT]&IﬂY]Na@IVL@WNIuYﬁGVLWW’I LL&ZSL%LLﬂ’)

L INULARLTIUNARING INUWAIMTANEIFULG NIATWANTANEIIIAIUINITVAINE

ANTANKAN FNTANIIAILAIN ’FNUALTING Imaa‘%ﬁaqamﬂ guANIladLANNIN LAz

gutan9wdlasiannin tudu

3.1 wnAaIdndIn N szuulTfsnuaartaanagine

3.1.1 @135LANN 1T lWn1INAA DY

1.

2
3.
4

NILARLTENAITUBLUA (CaCO;) mmu‘%qﬂ’ﬁf 99.8% 1131 Riedel-de Haen
Halmifounniuaiug (Na,CO,) ANWLTANT 98.5% UM Riedel-de Haen
walananluioylalasiaunesina (NH,),HPO,) 98% 155N Fluka

=3 =) Qg a @
afiauaanagas (ethyl alcohol) ANLIFNT 95% LTMN Merck

3.1.2 gunol uaziaasliofildlunnaaas

1.

© ©o N o2 0o A Db

N S, N, N . N —.
o B ®» N = ©

taeagiliw (crucible alumina) wiawrhia

gﬂumﬁljaﬂmﬁﬂ (zirconia ball)

WAILNLRANEIMIUNIUET (magmetic bar)

LS DINFNENTLUULNLARN (magnetic stirrer) wiauaaliau3amn (heater)
AINUASIIVWIALAN (agate mortar)

i e unniig

nasiiusmatidasszuudinea Anuazldaa 0.01 Naduas
TOUANFIIVNA I UA LA

dninasamaa g

LA309T9RanaanNUAzIBLA 0.0001 N3N WAalauLSHN AND 3% HM-300
doumsgmngiitlizanms 120 aseniwaldus
Lmﬁwﬂamﬁm%'ué’@%ugﬂmmmﬁumuquﬁﬂmd 10 URBLNGT
isassaszuylalasan

LADILAL DUNTNETN panuaa (ball-mill)

. ATE@NUAT 500, 800 WAz 1200



16.
17.
18.
19.
20.
21.

22.

23.

24,
25.

26.
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FN3aUAAUUIAKY (nylon sieve) 21a 120 Julasiuas

uHulnanna 13afla (stainless steel plate) 1#SUAANLLAR
HaTaazaliwizwa 0.1 luasau

WINBILREBY (stub)

wiaSuau (carbon tape)

\TearilasaFans (x-ray diffractometer) % D500 WialaoL3En Siemens
UszinaaIng i

L3849 High Temperature DTA Cell Adaptor ldgwiusiaTeianiianisniy
Taw

ﬂé’ﬂd@awiiﬂﬁaLgﬂmammué{aom’m (scanning electron microscopy: SEM)
716 Low vacuum (JEOL JSM 5910LV) 31 7274 NARlaUTsinasIng e
#3049 sputtering 31 JFC-1100E wAalaL3n JEOL Uszinedilu

309 LCZ Ainad juHP 4276A lddminiadianugluin wazdinis
gy e laBLanmin (dielectric loss) Tugnemnud 20 153 B9 10 Alatdsa
isaanaseuanta lws laBIanySn (dgy meter % 35865)

3.1.3 35n1INAas

= ¥ v a A a IS qu/ v [l
FL‘H,ﬂ’WL(?']iF_I&JLLﬂ’J LLRSLENT LT?’]&Iﬂ“E’]ﬂ']WiJ’]ﬂiszUI"ITL(ﬂ JULARLTYUN am%lmuvl,@ ARV

TuaanIduaanin 2 d1unany asb

v
3.1.3.1 NMILASUNFIIAIAW

3.1.3.1.1 MIABULNITINNLARLTaUWaaINa (CPGs bioglass)
31312  nunassusITwdladiannsnuuissuimasiaoylnniiue
BaZro 05 Tio.ssOs (BZT0.05) W&z BaZrg 1o Tio.s00s (BZT0.10)

3.1.3.2 NSLAIYNTWINNAID LI

3.1.3.2.1 mMaassuuirnindinwuaadouesine wuSsurasla-
Wadlnnue (CPGs/BZT0.05 glass-ceramics)

3.1.3.2.2 mMaassuaninTinmwiaaidounaswe wuSouisaslaioy
Tnmiua (CPGs/BZT0.10 ceramics)
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L
3.1.3.1 NMLATUNFITAIAK
6’: = | v .

3.1.3.1.1 Zuaawn1stasgannIzINNLaarsaunNodl e (CPGs bioglass)

= v A A a a =)

lunsesouumdrinwueasdouneswaluszuuneawetTauaatdonlodoy

2anlu@ (45P,05-40Ca0-15Na,0 bioglass) 3LLATDNAILITANTHABNULLLAL LlasiIu

& o A ]
PMNMINFUFITAIAY T9laun uaalFauaisuaiua (CaCo,;) lauanlufionlalasian
Waswa (NH,),HPO,) uazlaidsuasuaiua (NaCO,) N8N uaudaaIuifIwI o
16 dsuaasluarsng 3.1 ﬁnﬂﬁfuﬁwmﬁwaﬂﬁm%aaw‘ﬁqmﬁ{]ﬁ 1000 aseLralTas L0n

[ J a 1 o

a1 60 w1t lasfidaTniluvesgunnd Ae 10 asrioaifoadaufl AMMUHLEILEDS
Wanlunisnasneagd 3.1 ludiunaeuegiiud (alumina  crucible)  anuurilims
WRANLAANEUAINIBE19TIATT (quenched) lasmaniumiasluiigunninas uin
Fahuminld lduadislnisuass uiInTaInsHIuAATWIAaYAA (nylon sieve) IR
120 lulasiuas tnasi ldienzdnisanuseudismafianisianzrainuionid
a‘ugﬁ/uﬁg (Differential thermal analysis, DTA) L‘ﬁamﬁauvlwaaqmﬁgﬁﬁmmmulumi

audaw (heat treatment) winge b

A15719 3.1 BaNEIUIEIAIRUNlTEnSLIEIsNLAITIMNLAaLITauNasWG (CPGs)

TudSuno 75 n3w

Mole Raw materials M.W. M.W. * mole W.F. 75 g.

0.90 CaCO, 132.056 118.8504 1.2431 93.2376
0.45 (NH4),HPO, 100.088 40.0352 0.4187 31.4074
0.15 NaCO, 105.988 15.8982 0.1662 12.4720
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Temperature (°C)

1000°C for 60 min

Room

Time (min)

31 3.1 LLNmTalﬁauvlmqm%gﬁﬁ‘l’ﬁ’lumwaanLLf‘T’J%'JmWLmaL%wwgaLWGI
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CaCo, (NH,),HPO, NaCO,

\ 4

Y
weruasaaduldinnu

v

MaouNguui 1000 BIF AT
< = 9
Wurannu 60 win Tudievasy

92alu1 (ALO., crucible)

\ 4

J A Ay A Y a
maslnihngavgiivies malvine
<

Q

< @
NI UAIDYNNTIALTI (auenched)

\ 4

Y = 1 9
Uﬂﬁlﬁﬁglﬁlﬂﬂ HAZNIDINTIURNT

davuia 120 luTaswag

DTA

31 3.2 TuasumaassuuiBimuuaaiiounasiia (CPGs bioglass) Ty 45P,0s-
40Ca0-15Na,0
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v
[ Al A ® Aa
3.1.3.1.2 Tn@WN1LATENT IND lsBLannInuuSaamaslatiea lnniiuea (BZT)
= a A« a = =} g; £Z =S
Massuan T ndladiannInuuisousasladoulnniiuanaisasdu de
WULSBUATUBWUG (BaCO,) wwaslafiunlasanlad (zr0,) waz lnniflunleasenlad
. [ [ . [ ' ' { o v A
(TiOz) umTuaHaNdIEanUan (ball mill) audandIudi g Adwimld Siluszuy
Bazr,Ti;Os 7l x = 0.05 (BZT0.05) WL&AIIHAIINY 3.2 ATV Bazr,Ti;,O5 9 x =
0.10 (BZT0.10) uaadlua119 3.3 lasltiamueaduainarsitiolizsiian1inszans
A1ea MNUBINRITHFNAINANINT IR lasn1INIn (stirred) drsuriaLdIRANNTBY
AulARINTaN INNTTNIRTSNUAIRNNG %aﬁn"l,ﬂaﬂﬁuﬁdﬁﬁauqmﬁgﬁﬂi:mm 120
pdnaadus w24 Talus udshaumuesloingunn 1250 asanaaidos
§WIUITZUL BZT0.05 UazNgan)il 1400 admLaaiTos §1iUTeuy BZT0.10 tuim
= ‘g/ =) 1 Q {
120 wift lasfidaniusszasgunnll 5 sseiaaifoadamnfl anuunudiuaasianlunis
& o A e v o o 9« o Y 'Y '
wuaalodasgl 3.3 asfuwmuaaloiindudnududon Jsdasuadislniiua
13 udINTBIRNIENUANAATUIAERNTA (nylon sieve) wu1a 120 lulasiwas iivatinly

IATTARNBULIRNIZMILNARAN TR LUVBISITANT (X-Ray diffraction) @a |1

A998 3.2 LEAIATIRIUUAIENIAIG WA M FIRT UL TNRITLUS U latoy Inniiue
luszuy BZT0.05 Tusi/Sunms 100 n3w

Mole | Raw materials M.W. M.W. * mole W.F. 100 g.
1.0 BaCOj; 197.32 197.32 0.8384 83.8419
0.95 TiO, 79.85 75.85 0.3223 32.2321
0.05 ZrO, 123.20 6.16 0.0261 2.6174

®1319 3.3 LL&@G5@]3’1&"3%“11adaﬂiﬁdﬁ%ﬁlﬁﬁﬂﬁgﬂL@]%El&lﬁ’]‘iLLllL%ﬂ&lL‘ﬁaﬂﬂLﬁﬂ&J‘lﬂﬂ’]L%@I
Tuszuy BZT0.10 lui/Sunns 100 n3w

Mole | Raw materials M.W. M.W. * mole W.F. 100 g.
1.0 BaCO; 197.32 197.32 0.8307 83.076
0.9 TiO, 79.85 71.865 0.3025 30.257
0.1 ZrO, 123.20 12.32 0.0518 5.187




52

Temperature (°C)

1400°C for 120 min

_______________

1250°C for 120 min

AY
AY

\\ \\ 5°C/min

5°C/min \\ \\
Y\ BZT0.10
BZT0.05

Time (min)

31 3.3 Lmuﬁaﬁilauvlfnqmﬁgﬁﬁiﬁumﬂmuﬂa%ﬁ BZT0.05 waz BZT0.10
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BaCO, TiO Zr(

Y

UAKEAIEGNUBA  (ball mill) M1
g enan Tnaldanmeadi

FINE 1

!

wnAe landVigamsil 1250 DerEaEsd dmiuszuy BZT0.05 uazi

Al 1400 DaraEsE dwiussoy ezTo.0 dhaos 2597 Tay

e -jn' =, =4 ' =i
etz 3 PR 97D ST 5 BRI LSRR TV

h

R ! 1 1 =
A (starred) AIIELLILATN

¥ g 3
WiEmL A i

|

2 =
oulugauDMmHL Tz 120 D90

= [ )
pradee s 24 T2 144

!

ynd 18 TnTsueETs uasnToaE i

AE 120 1 TRTImT

w

[ NRi1EHAATIA XRD

31 3.4 UGN ILAIL NN TS masIadun Innwe BZT0.05 ez BZT0.10
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3.1.3.2 NTLA3INBWINMEDEN
3.1.3.2.1 MsaTgaunuainiinnnaatdsanaslauuiSoanaslatian
Tnnwa (CPGs/BZT0.05 glass-ceramics)
lumaeSouunsnindinmwuaaidouwesne wuiSouisaslafioninniiue
(CPGs/BZT0.05  glass-ceramics) L%"mnﬂmsﬁ’]%mmuﬁa%amwﬁmumiﬁ'@mm@
auN1ALN7 (nauaen 33.1.1)  uaznanuEsuwadlaiionlnniue BZT0.05 (90
TuAa% 3.3.1.2) AWEATIEI% CPGs:BZT0.05 1¥irriy 100:0 90:10 80:20 70:30 60:40
waz 50:50 Joeazlaatinvin annsuliidniusanuada panuaa (ball mill) 1uaan 24
dlus wianduamuweadiludanastisliasniannzanadlde mniwina e
AINENININIW (stirred) IAUAITIBUNILAILARN (magnetic bar) wiannulhanuiawld
ael %umzﬁ"@mn’%mLLﬁa%m@%aﬁﬂﬂau’[ﬁuﬁoﬁﬁauqm%gﬁﬂszmm 120 @d@
wados 1wasa 24 Tl LLﬁaﬁ’]"LaJvﬁ'nmmamﬁuﬁ‘aﬁwmwaauﬁqm%gﬁ 1000
aeaLaaLTes LHwan 60 mﬁimﬁé’mwmsﬁuaaqm%aﬁ 10 4FLTRLTUEADUIN AN
LLNWT@LLa@dﬁauvlmmsmaué'ogﬂ 3.5 ludnaawazgiiun (alumina crucible) NN
Tasvraannaudiadotemad (quenched) Tagnsnsinuiiasunurwninnanls
s (stainless steel plate) ﬁﬁqmmgﬁ 450 DIFLTALTHE WAINATLLAZITLALHAT
oA 450 DIANLTALE U RDENITIAE 9NN 8 T2 luadan LLNuLLﬁaﬁ]zQﬂﬁﬂaaﬂmﬂ
o e lddauazdalddawmannuniie 5 Saawas ANe17 5 JaalaT Lazanw
w1 Jaduas usin ldasadienedanwucianizeangg it msanwlassaraa
FomaiaNM ALK IRENT (XRD) ﬂﬂiﬁﬂﬂ:&ﬂﬂﬁdﬁ%’]dﬁ;ﬂﬂ’]ﬂﬁ?UﬂﬁadaLgﬂmﬁau
WULEINTIA (SEM) MIAIANNAMILLL (Density) N1INagauaaLdy (Hardness) N1g
nagauaNuduldnaiinmulasmauglusazaisdinesaniziamouysd (SBF)
Snramyenedautiamelwin laun dnasfilwdladiinnsn uazdnasfiladiannsn
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Temperature (*C)

Al trn

. Cuenched
10°Cimin

Fooem

Tume (run)

E‘ll 3.5 lﬁau"[mqm%gﬁmaamsmamlﬁaLsmwﬁﬂ‘fi’;mw CPG/BZT0.05

31 3.6 e AN EIrTURa eI
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31 3.7 thanaawazaiiu (alumina crucible)

31 3.8 ukwmanna 1§afin (stainless steel plate) suunariuiuia
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Y A a ad a =
UNIAFINTIN ﬁ'”l'illW’fJT‘ﬁf’f)LaﬂVliﬂLL‘UﬁﬂiJ

upaeueama o3 lation ITnnuua

\ 4

FIA1TNNONT1IU CPG:BZT0.05 943! 100:0 90:10

80:20 70:30 60:40 50:50 $o8az IaeriHiin

UARIEgNUDA (Ball mill)

A1 (stirred) 111974 1Ay

L4 a o
1 ﬂu@m uUvnl 120 C

A\ 4

]
= a

o I =
HaauNYUNIN 1000 C Wua 60 wn

y

9 A A

1 <
MmasuuLHanna 13 aiun

gangil 450°C udnanu

A\ 4

o 9 a ' <
HUVUAUNTIYUN DY 450°C 9819370137

Y '
nazna'ld 8 4 Tuq

\ 4

o Yy a a
anldduuia 5x5x1 WaluAT

A\ 4

AsIABVANBULIRMIZAIamMALAN1Ie Tdun

XRD, SEM, Density, Hardness, electrical properties, 119 SBF

31 3.9 TUADUMIATLUUMLTININTINIW CPG/BZT0.05
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3.1.3.2.2 MItasagdndinnnaaduaaaauuisaawaslaiaainniua
(CPGs/BZT0.10)
a U =) =) =) 6" =

lunisiaSouuiitrianuaatdounesine wussuiaaslaiiounniiua
(CPGS/BZT0.10 ceramics) (31NN INTUNUUIITINNARIUNIAATIAD U AL
(ANTUADH 3.3.1.1) uazHauuiTsumaslaiionnniua BZT0.10 @a1nduaa 3.3.1.2)
ausaNaInTasazlagiiinin CPGs:BZT0.10 ¥inny 100:0 90:10 70:30 50:50 30:70
10:90 uaz 5:95 wwawliidiudsnsuadignuan (ball mill) uian 24 71309
wlannuemuaanludinastisliasiianInszaned lea NNUWaITHENAINE?
NI (stirred)  MALAIGIBUILAILARN (magnetic bar) waunulwanuTeuldeae

< a [ 2 o v o Agw a A P
aunsznasIGuuimInednih laulduiangdeugmnpiidszann 120 asaaaidos 1w
LA 24 TN LATILAMBLATILARTT LAZNIBIHINURNIANYWIABUNNA (nylon sieve)
2u1a 120 lulasiwes e lwnan ldlamalnatdosnu annuuinenieTon b las
v ') ) ' o o £ ' { (%) '
imindszanm 0.35 N3y Aewinlddaduthiuudunannfvwmaiduinugudnais 1.0
LuALNaT aautadesdatcuulalasinuuufiania@en (uniaxial pressing) FIBLIIAY 1
Qs [~ =) g: o Qq’ { 1 = ‘:3’ U
a1 1waawu 20 FIwh s Iwnuniunaaduzlannatesaiuwdvadiieg
uwadiy inarhmanduaaidioen IWinngungll 377 427 uaz 477 aseiaaidus
& o o o £ A A A ' a
dunawu 2 7lus laofidannisliuaiwesgmngil fe 5 ssauaaiduadouii aa
WHWAINM TN TwaaT dagd 3.10 Tunwaniinfrdunaduiaaingunnlens g uda

o o a { =) ! v = ¥ 5
xgnihaniineTalieneinaniiieludisinaiianiideauusasfsfiand (XRD)
ANNRMILLY auuds lassaiinania anudinuldniiiniw asaeausudanig

W a1 suti@ leBLannIn wazauia lwdladlannin ausau
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Y A a ad a =
UNAFINTIN ﬁ”l'illW’fJT%’ﬂLaﬂVliﬂu‘Uﬁﬂll

upaeueama o3 latioy ITnnuua

\ 4

FIA1TAUONT1AIU CPG:BZT0.10 993 100:0 90:10

80:20 70:30 60:40 50:50 So@az Iagriniin

UARIEaNUoa (Ball mill)

A1 (stirred) 111974 1Ay

L4 D o
1 ITLIG\’FI‘1 uUrnl 120 C

\ 4

A a o < ~
naouNYUNHN 1000 C Auan 60 W

\ 4

Y a a

[ <
MasUULHIAnNa 13 aiun

gl 450°C HdINANY

\ 4

o 9 a ' <
HUVUAUNTIYUN DY 450°C 9819320137

Y '
nazna'ld 8 4 Tuq

\ 4

o Yy a A
anlviduuia 5x5x1 WanluAT

\ 4

AsIABVANYUZIRMIZAIEMALAN1e Tdun

XRD. SEM, Density, Hardness, electrical properties., 119 SBF

31 3.10 YUABUNMIATLULTNANTININ CPG/BZT0.10
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31 3.11 WIANW (punch and die) BWALFUHIUGUEINANT 1.0 LTUGINAT

31 3.12 1a3048a lalasdin
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31 3.13 anBULMINITUINUMBENURHITBITIENRDNUNARY

31 3.14 1@ I (furnace)
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3.2 u,ﬁ"aLm'\ﬁmzuumaQli@fﬁ:ﬁﬂﬁnLﬂﬁiﬁtﬁnﬂ%nwaafwme%ﬂufmﬁmd‘lufamm

3.2.1 @13LARN 1T lwn1Inaaas

1.

I T o

7.

lg@suansuaiue (NaCOs) mmu‘%qw%b‘ 99.8% 1131 Riedel-de Haen
Twunadouasuaiue (KCO;,) mmu‘%qﬂ’ﬁf 90+% 131N Aldrich
Tulaidonaanlad (Nb,Os) mmu’%qw%{ 99.95% 1/3¥NCerac
magl,‘é'ﬂwaaﬂ"lfﬁﬁ (TeO,) mmu‘%qw§ 299%131N Aldrich
wwatdonaanlad (Er,05) mmu’%qw? 99.9% 131N Aldrich
lafialaanaaaa (ethyl alcohol) mmu’%qw"ﬁf 95% UIHN Merck

2=Tlan (acetone)

3.2.2 gunsntuaziaasiiaflzlumnaaas

1.

o g A~ 0w b

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

TaUANIITLARUUIAGN 9

dnnasuuwiacig g

\WraaunaIdITIInIanWUNaNIR (platinum crucible) wiaurnla
PIAUARITHAPOlyetylene

wHuLAANNAN 13afy (stainless steel plate)

LA309T932 LA AeA (ANVAZLBEA 0.0001 NTN) HAAlALUTHN AND 3% HM-
300

1nS9UAENTIUIALEN (agate mortar)

wHnazgdiftouwasd (aluminium foil)

L@ BTN (furnace)

Ing@mm%u (desiccators)
nasituasadileszuudilneannuazidea 0.01 Jafiuas
ﬂizm’]iﬂﬂi’mLUﬂ%SOO, 800, 1000, 1200

HaTaazgiiun 0.3 lunvau

anuairaslaiiie (Zirconia ball)

WYINBILNRDY (stub)

wia15uan (carbon tape)

Lﬂd‘%'aamwawam,l,uugﬂuaa (ball-milling)
AZUNTINTAIRIIWAIREAN

wnaulnihamnadl 120 °C
LwidLL&imﬁﬂém%'umqmwawmi (magnetic bar)

uHlAAINTaY (hot plate)



22.

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.
33.
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NIAAUWIARN (nylon seive) 1% 120 lulasway

isasda lwin

Lsaaruiiaadond (x-ray diffractometer) % D500 WAalasuIEn Siemens
UszinaaIng i

ﬂﬁadﬁ;aﬂﬁﬂﬁﬁLﬁﬂmammuda\‘m‘i’m (scanning electron microscopy: SEM )
794 Field emission

DX sputtering 3% JFC-1100E NAAlaUTEN JEOL ﬂi:mmﬁﬂqu

1384 LCZ fmaTiu Agilent E4980A 1%’3’@@1'1@11111&;1‘1/\!17\11LLa:@hmingLﬁﬂ
laBiann3n (dielectric loss) Twta9auA 20 Hz fi9 2 MHz

#3949 LCR flaa$iu Agilent E4970A l43meanugluiuazdmaga e
ladianmisn (dielectric loss) lut19a208 20 Hz 9 2 MHz 199 nni 0 -
500 B4FLTRLTEE

1384 High Temperature DTA Cell Adaptor & m3u5assianianisai
Tou

L309 Hysterisis analyzer Waalasu39n RADIANT (Technologie, inc.)
model 6093

Lﬂ%‘a\‘i UV-Visible spectrophotometer j;‘u, VARIAN Cary 50 Conc

Lﬂ%‘a\‘i Spectroscopic Ellipsometer ju alpha-SE NAalae J.A. Woollam

L3849 Multichannel spectrometer i;‘uAvantes

3.2.3 35N1INAaaY

lwanuidad VL@Tﬁwm'sﬁﬂm ANHILANITVBILANTINNNNT 09U TzNa UV IRNT

WSlsdiannsn InunaiBonlaidonlulainue (KosNaysNbOzwn3a KNN)luszuuuma

WagLiow (TeO,) tuasdsznaundn lusznuuiiilasnszuiwaiouiuinuionls

AFnsnasukarnIinlAliua18819330157 (melting-quenching)  &1HIUNNINARBIDY

uiiatilu 2 Tuaaunans Ao

3.2.3.1 TUADUNIILAILUNIAIA laun a’]iﬂﬁzﬂaiﬂwLLV]&L%EI&II‘EL@U&JVL%ISLUG]

(calcination process)

3.2.3.2 TUAUNIILAILNUAL (melting and quenching method) WAZUIHABHNNT

ﬂgﬂwﬁmtﬁ"s L5 313N (crystallization process or heat treatment process)
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v
3.2.3.1 mMatasanasasanlnunaisanlmaaniulaiua
a 3; %) a = v A a 6 6

Tunmsiassurntassulnunsdoulmaunluwlaiuaazanduisnisindaan loauuy

asdntiolunmnaussasduindroiuuazlfinafianisuanauwuugnuaanyuwInlu
o P ) o & a2 o AN o °
mmmmimﬂgﬂmmaﬂﬂLumﬂmw:nmmu 24 T L IRAIMNHUIIUININ ba i
& A =2 A A & v

mnma%qumugmmd guazAnwmdanlafimanzaulunisuaa loidionisasiamey
gﬂLmumsLﬁmLuwuaa%’aﬁmﬂsﬁmimmaaﬂmm%“ﬂamdqamﬂa%m%’umsm‘%wmi

= =} o =} L% g; £ L 1 dq’d =} 6 =}
Tnunadaulaauululawavinldlagidanlozrsasduadda lUiaa loaauaisualwansa
Na,CO, (Riedel-de Haén, 99.9%) lnunsiGauasuaiuanda K,CO, (Sigma-Aldrich,
99.9%) uazlulaidonaanloarsa Nb,Os (Sigma-Aldrich,99.9%) ANHaUNWIUFAFIUGAS
AN319N 3.4 mﬂﬁfu%aﬁ'lmé’aﬁuﬁ%&wauﬁuﬁaymﬂﬁﬂmimLﬂﬂnﬁwgnummaﬂmﬁﬂ
(ball milling) \Duszeziaan 24 Taluslusnsazavezflanlasldfnouzussdalwiaiefiau
%gumwﬂmw:nm 24 T luIna1398 v U A LFIA 18N TARAI BLYIILALARN
(magnetic bar) wianlianusauiiaiidaasacaisezdlanaananuuaund lALRIRHEN
Tutanau WA ILE1 398NN LA N ILAG 18I NTILARITIADTENATLIILTaIVIAI N T LT %
ﬁLm&mﬂﬁfuﬁoﬁﬂﬂLLﬂa"Lmﬁﬁqm%gﬁ 600 — 900 BIFLTALTURUIY 2 LAY 4 TILNIA2L
é’mwmnﬁmmzamaaqmﬁgﬁwhﬁ"u 100 WAz 300 A9ANLTALTIRADTI INIATNAIALLE?
FahlUamaravasdisznevraanaaisinaiannsnszanavesssdand (Xray diffraction,
XRD) Imoﬁwmqﬁ;amﬂLLa:ao@Tﬂs:ﬂaumaomiﬁaymﬂﬁﬂ SEM-EDS %@ awn3

m‘%ﬂmmmé’ﬂugﬂ 3.15

M1979 3.4 LAAIDATNEIBHNINTIFNIAIawlnunadaulmasylulaiua

Weight of powder (g)

50 100 150 200
Na,CO, 6.8307 13.6614 20.4921 35.6278
K»COs 8.9069 17.8139 26.7208 35.6278
Nb,Os 34.2624 68.5247 102.7871 137.0495

Total weight 50.0000 100.000 150.0000 200.0000
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Nb,O

——

a <
[ UﬂWﬁllﬁjﬁﬂlﬂﬂUﬂUﬂﬁﬁﬂQﬂU@ﬁLﬂunﬁ1 24 h

A 4

[ ﬂumiﬁ’w hot platellgﬂﬂﬂiﬁllﬁ}QHWH 24 h J

A 4

Y ! 2
[ Uﬂﬂ’lﬂjﬂiﬁﬂuﬁﬁﬁ&@ﬂﬂ ]

A\ 4

a

wwaa lyingainigil 600-900°C w24 h

U

' Y
AeoAT UNLALYDIgUNYI 100 1Az 300 'C/h

l

J 9y Y Y
[ asvdevednllszneulanls XRD IﬂiﬁﬁﬁNi}ﬁﬂTﬂﬂ’Jﬂ SEM-EDS }

31 3.15 uRunWuRAITRAB UM TETBNRI IWuna Tl mdsy lulaiua

31 3.16 m@mmwﬁﬂiwﬁLaﬁﬁuuazgﬂummaﬂmﬁﬂ
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31] 3.17 Lﬂ%a\‘]U@NﬁﬁJ@T’JUQﬂUBG

3.2.3.2 msm%ﬂuu,ﬁ"sfmmﬂ!,%ﬂaﬂmﬁﬂaﬂufamﬂusznmuﬁmagisﬁ

(2
a

fnsuudtotuit [udnw lnunsdoulamdonlulotue (Ko sNagsNbO,#58
KNN)luszunuiainagidion (Teo,) Mlwasddsznounan iadnwianuinldvasnis
KRN I@ﬂﬁv‘hmsﬁﬂmqmwﬁﬁmwaawﬁ'mmzam%m%’unwm%mml,ﬁa

Tumsiassaniasdnie vlesmsrsInunsdonladoylulowa e
u%zgﬂ‘ﬁ{wﬂ"ﬁ’l,uﬂﬁa%ﬁdl,lﬁa I@Umﬁ"l,ﬁazﬁ’]"lﬂwawﬁ'umagﬁwlué’mﬁﬁhu 20 - 30 lua
wesiFudvaslnunmdonlodonlulawade 70 - 80 luaulefidudvasinagiiow
mﬂﬁ?uﬁﬁvlﬂmawmmﬁqmﬁgﬁ 800 9L TATERIUTTHLIAUIL 15 W17 @286
ﬁmaaqmﬂgﬁﬁa 10 asenaaLTuasawi lurhwasunassaniwsadisunafuuuazy
IinumLiueasateasidonsinasuwudmnannd 3aiuudinanuriuidg
qm%gﬁﬁamazﬁqmﬂgﬁmsmﬁ;Jul,ilml,ﬁ's (glass transition temperature, T) lasidan
T9gnnd T, Ignmsfnsnmadasuudainisenuieuvasuia (Differential thermal
analysis : DTA) LLa:mminLﬁamj’aaqm%gﬁﬁaﬂﬁuﬁuﬁuﬁaﬂgﬂwﬁﬂvlﬁmmmﬁﬂ
eI E

was st ind ldundasiingosdlsznoudis XRD  w1Anw
AW HDDITUIN UG BnaNNNTUNUAEN89  Archimedes  @329gouFNTANI WA
mnaauimaa%”wmda;amﬂLLa:‘imsw:ﬁaaﬁﬂi:ﬂauﬁaﬂmﬂﬁﬂSEM-EDSLﬁ'amﬁauvlm
AmanzanlunnaioveinaninlnunsFoaladsalulotwa (KNN)luszouwin
iagiasa (TeO,) da'ld duaaunsiadsuuiufianinlnunadoslndoylulaiwe

(KNN) luszpuuianagiioa (TeO,) uaadlwiAudazy 3.19
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31 3.18 unwuzaddanlvzasmmasnuiandnlwunadoulndoylulowa (KNN)

1%5$‘1JULLﬁ"JLY]§]§L§EJ&J (TeO,)

° ~ a =~ < a
[ m'lﬂwaaumamqmwgn 800 9FIFAITFIEIY UTZEZIAUIU 15 UIN ]

HERC \ 2 . 2 Yy a
mumwumm@Emi’mti’muuwumaﬂﬂm"liﬁull

(stainless steel plate) 0 T,

A4

a I a
[ ’JLﬂ§1$WL‘Nﬂ’JHJ%}€Ju DTA ]

A\ 4

&

[ Ugnwanigungiaies imanzaulumsanw@n ]

A\ 4

ARz WnaaNTAf19Y 15U DTA, Density, XRD, SEM, EDS,

Dielectric constant, Dielectric loss HazaNIANIuE

31 3.19 ULHURY ﬁau‘lmmaaqm%gﬁﬁlﬂuma*ﬂgmwﬁmﬁﬂwme%wimﬁﬂﬂﬂam@

(KNN)luszuuuianagidsw (Teo,)
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31 3.20 fIunaaNNaIdIVINTBTILNABNUNAAGIY(Platinum crucible)

31 3.21 wrwwanNa 135fw (stainless steel plate) SWIUNANLUTY
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gﬂ 3.22 INSIUARNTUMIALAN (agate mortar)

a a a I's %] % []
3.3 35N IIARAZNITAIIVILATITHRIANHHLANIZVDIFITA 21089
3.3.1 NMIUIATAITNAL LI
NMINARBITH  EFNIIRIAIAN AW ILUUYITUINWUAATINNN  LasLTTANN
U L { . A ) ° : a [ d
3oy lalasltnanmIununuad  Archimedes G9¥IN1INa8adlauinTwinualat19N
A o o ¥ < & < = v & Y o '
s launauluwsinnan wuan 5 Talus Asllsidwluainia wa1933sBuua18En
anTabmunlui (W) neikiadun1sindanazaIgnIunuen aITHII UGB LN
& o 2 A Y L ¥ o v & o o Aa
NARWINTUINUNEHWITANIN T REN IkaE (W) LLmﬁmuﬂu@auqmﬂgu 120°C
0'4 v v 1 o °I4 g’ a 3: n& £ o
e 24 malaslduds  Aewhandsihminluaimadnasanits (W,) wa39viinns

ANUIAIANA VA WL ULV DITHINUINNFNNIT 3.1

= 34

W P Ua Py A0 AMWRWILURVDITUSTBUAZ VDI TNE1A

W, A8 URINVBITUINUWARIINNBL WA
W, do dnunuestuunssluwarnmeanasanaului

W, Ao ihntnvasduunTilwimasaneaului
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31 3.23 LAIAITITEUUAINDRFINILIAAMNAUILUL

6 a ¥ g 6

3.3.2 msaasautndasndsznaualamaRanIsIagIlUkaISIRIaND

wmaflaflidunitasiaseuinaeIfUsznauueIaIlauAERANAITRUIL UV D
o & . . . A o & A o A a % &
J9fand (X-ray diffraction technique) (laTafandanniznuuniiizgdadlasiasradu

2 A o A oA a Aa o I~ o v A

JUKAN uaziinsdansvesezaavadiimdounlansunduszuy (hk) azvildifa

a . = € a & o & oo 6 a & A
AINT=L39(scattering) V8ITIFIBNTLAATY WaINUUTIRI@NTILAANTRLIULY Lasf
NULAEIUUVITIRIANTNaNIINNANI DU BULIAWITANNTATTUILL G GITEL LAl
iiaTasliadmniteeia (detector) 33893uTsTanGNnIzAse0nINANTaG lUd1UnRI
199 fazaansnamaseuldirizguiuizguisasziiala uananassdnaaayld
wudaaansnuanldiananzwulawssiitiuauinladndqs lasgaindya (Bragg's

v g { J 1 =3 =

angle) uwazANUITNTRIFULLUMSIRBNLUNINNG  BImTudarsilafasiizluuuns
Wenuwilduansmsanizuandans ldauanwucaaslasiad

fMWSUMIATIIFaLL lTuaenlumsialuuaIalatsadalil fe

1. dhesuaziunuiieTonldunusnldluwiuusnndunu  (sample  holder)
nnuuin lUnsRuSatesdnIuNITUIKluLATad X-ray diffractometer (lunstiians
dadadunsliihuualdazidoaudiusrasluuinursgmdiadinauaniunfong
matsliisoulesldnszanalad)

2. L%wﬁﬂﬂﬂiﬂ@aauiﬂﬂlﬁqmL’%mﬁuﬁ 26 1Ny 10° uazaugayng 26 1iny
60°
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3. Naﬁmeaaﬂma:a%ilugﬂmaaﬂ'i’mlmwé'uﬁ'ufszwmmmLiuﬁ'mg'm 20

mnﬁfuﬁmaﬁ"lﬁmm%wLﬁﬂuﬁuﬁagaluuﬁw JCPDS iiNaasragauingasnlsznauuas
a Qf nq, s 1 d a J o 1 d v 1 .

mwmqﬂﬁmawmmmamqﬁmmﬂmmmgu 20 Nldumen d-spacing 91NN DY

LU AIRNNITN 3.2

d=_"2
2sin@

lagf d @8 JepzWn9TznINITUNY (d-spacing)

A @ anwpeduvesTiRianslunsdii (N = 1.54439 oA)

51 3.24 L309 X-ray diffractrometer

3.3.3 N133ANLENNANNTDWAILNITVIRISULLBUNUKS (Differential thermal
analysis)
J Y o =S a % v d' a 3
lunmmaaasdh lavinns@nsngdnssuneanusausasuimnassnldanszuy
6199 Lﬁa%’lqmﬂgﬁmmﬂwﬁﬂ (crystallization temperature, T.) lElunszuIun1InIg
[ A Y & 3 a Aa & A o a a [
ANTaY (heat treatment) tialAlduuiioninfinanfdainslasinafinnsiases
NIANNTEH (thermal analysis) NlElumInaaashae akan1sianziidennuian
a . . . A a { v
LLUUQ%WWE (differential thermal analysis : DTA) Fudunefannunzanlunsls
anagauwganIsananuiansasTaanlansuiung a9uu nawnsaIRaUFNLE
NIANNTAUTABIVNNTUATWINUNFaIN T ez AL T unsrian annuldia3as High
Temperature DTA Cell Adaptor (fausadlugufl 3.25) nsamaseunsnld lasld
A o A A & . A v = A @ o &
Waululunmsnaseuasih fe asudgmnnlviosanisgmnni 1000°C MBaAINIURVDY

gawnniAe 10°C/min uazltweddnanlasanled (Sio,) uafisuaasgin
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gﬂ 3.25 Lﬂ%a\‘l Differential thermal analysis (DTA)

3.3.4 msﬁnm‘[ﬂsaa%"m;amﬂ‘[mﬂsl%'né’aaqamsﬂﬁaLgnmammndmmm
IuﬂwsmaadfmﬁﬁwmﬁLﬂsﬂzﬂmaa%aﬁ;amﬂiﬂﬂmsdaaﬁwﬂﬁaoﬁq)amiﬂﬁ
BLANATOULLUFBINTIA (SEM) lasvinnisianzilu 2 luua ds lnuadldnasauuuy
N32LINAL (back scatted electron) wazlhuasIINAN (scanning electron image) lagdl
SEMSASUNTUNUE IR
1. %%m’mumwiaagﬁl,ﬁw (stub) Tael%n17 crystal bronze tialdidudrdu
JadraLasastanszanEnIg Suauiiues 1,000 uaz 1,200
Tadonsinagiuwizwa 0.3 lulasias
eiaoﬁ’sUﬂﬁaaﬁ;amiﬂﬁuamﬁamwaau’%asasl
YenuazanatwnwsLatassan i lodia (ultrasonic)
auguIwunm 12 92lu9

AATUITUUW stub NaIRRaIAILNaITuan

© N o g M 0N

Coat TwiNua18Nad A18735N13 sputtering U181 30 I LaLLIN
L1389 SEM
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51 3.26 DX sputtering

31 3.27 ﬂé’aaﬁ;aﬂﬁﬂﬁaLﬁﬂmauuuuaaamﬁ@ (SEM)
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3.3.5 maasrdauaNan1e Ilflvasunesdn

- MINAFOUAFNINLNTUNNT (Relative permittivity, € ) uazrn1igeyide ladidnnin

(Dielectric loss, tan®) ﬁgm%gﬂﬁad

lunsamasaudanwoanduins  uazdinsgaidsladidnninuu  luns

‘;/ Y o ‘ﬂq’ o A A v A 1
NaasIt "L@mmsmwaauLuamuﬂqnm:;]wm fa Uszanm 28°C ﬁ']ﬁJ']iﬂﬁ']ﬂ']"Léﬁ,@ﬂ

116309 LCR HITESTER 34 3532-50 @T\‘lgﬂﬁ 3.28 fﬁammmi’aﬁwmmaﬂﬂﬁw (C) uae

dmagaiFsladiannin (tand) luzaaanun 1 kHz - 20 kHz Muaiouduwnurilay

1.
2.
3.

> Q O m

v o 6

PAGILNITONENTILLLAT 1,000 LN lARINTNNIRD I UY DITUIN BV
IAANAMNRUIVDITUINY

1 A lagltn13uuuuuis(air-dry silver paint) sunikanlang @au
=} U I3 dq, dl a a

ANATWNILTUANUN 2x2 WaALNGT

iTwnuninMiadanag uazdinsgadsladidnnin fanwd 110
e 20 kHz eNusau Lm”';ﬁnmﬂ’n&JﬁﬂWﬂﬂﬁ"lﬁmﬁwmiﬁwmmmmmﬁ

1a818nN3n M naunIIN 3.3

8 ANRNINLANFUNNTUDITUINUAIDENS
8 fanu Wi fnheduvia (F)
8 ANNRWIVBIFNTLABLANTSN Anvoduiuas (m)

(2

A A a A A , &
3] Wu‘ﬂfﬂﬂ\‘]vl,@al,aﬂﬂjﬂ Yot uwansnaiues (m2)

Dk Db Db Db

m))}

8 ANFNWHNVRIFYYINANIALYINNY 8.854x10-12 F/m
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31 3.28 w3asiadme i
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UNN 4

Namiﬂﬂaaau,az"’imﬁzﬁwan'\sﬂﬂaaa

Tuuntt  10wnITLEWaNANIINAREY  INNITANEILIITININAUIZNa U ERIT
IwdlaBidnn3n  (piezoelectric  bioglass-ceramics)  uazuiILTMANIZUUNAR I3 N4
=< A& a = = £ A A ' A =R
nanslsBianninvaslnunadouladonlulowe  Silunuidoiigagmanoiafinm
Iuaan waRAtMaassuLIaNAn INHnde 9iNeITes araaIUANHENTA 1
dud199 vasutianiingindd wu sudanmenw lawaienname sudanig
AT FUTANII WA LazauTAAINUTNARLANISTININ 1NN 89 1a0N1TANEN
galudunIaTouLuY wazlNin araaInMTIeNERaNLfa1sg dnae
Tag i I8 e DULLINANIINARAILAZNNITILATIZHNANIINaaaIa 8Nt 2 §2%
AaN a9t
= = % a a a dl U a
41  WANIANENNTASULAITIAN LR TANTIANALIZNaUAIRIT bW E
l8LanN3IN
= a (% a {d‘d = A a
4.2 Naﬂ’ﬁﬂﬂmn’mmwumLsn‘smmzuumagvlﬁm AnanIWsIs8anNInvag

Inunsidoulaaonlulaiua

= v a a ci v
41  HANISANBINITLAIYNUNNTIINN LazLEINNNTINNNYIZNaUAIPET
a a ® a
Twaladiannsn
411 HWaNIIANHINITLASBNLNBINNLAALTaaNaF G
I3 a ‘s v
4.1.1.1 Han130329d0 UNEaIALSENOUAIYINATANIILRL LNV DITIR
6
Lang (X-ray diffraction technique)
6 2 a 1 ° (%
AMNATIFaLIWFaIRUIzNaLTaILmLAaLTuuNa gt WaRaniI NI RANY
Sau (Heat treatment) eetnaianIsLAILLKISIRLENT WU gﬂLLuumﬂﬁmmmaa
o A & v A = ' o o ' o =
JIRaNGUAILAITININLAAL TN aRIN AN UNITIRAINNTO LRAILALNE ARAFIU T
21ANAMNLIITININHEI LU HIUNNT IR A NN T UL AU RUFIATULAANITANNAN 3971w

wiImwiuaadudlWsasgIn 093y 4.1
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31] 4.1 EﬂLmumnﬁmmmaa%’aﬁtaﬂsﬁmamﬁaLmaL%Umwaawxlmriaumﬂﬁmm%au

(Heat treatment)

4.1.1.2 HANNIAINFIVFNTANWANNIDUAILINARANITILATIZRAN
San (Differential scanning calorimeter: DSC)
AMNNTATIIRBLRNTANIIANNTaUGIBINARANITILATIZRAIINTa Y
(Differential scanning calorimeter: DSC) PpIumTINNLaaLTaaNaaine Lﬁamwaau
mqmvxgﬁﬁmm:auém%’umﬂﬁmm%au (Heat treatment) wu1 tiadisngaaiia
Jou Lﬁaamﬂmimﬁmamumrﬁﬁqmwgﬁ 427 IR NTALTLE mnfmzwuﬂﬁﬁ%mmm
AT LﬁaaﬁnﬂLﬁ@msamaﬁwaomsauw’%ﬁﬁqmvxgﬁ 575 4FALTALTUE WAz 670

IFLTRLTLR @ngﬂ 4.2
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31 4.2 MmiasareusuTanIANuTeudrsimaiamiinneiainuien (Differential

scanning calorimeter: DSC)

al A« a
41.2 wansanvimsiasanasindladimnninuuiSaagaslaiaalnniwa
4.1.2.1 wan1sasadaulgasAlsznavzasuuIanwasiaanlnniue
3%UU BaZr,,Ti .0, A28maRan1Isiasunaasiifdiand (X-ray
diffraction technique)
[ a =
3nnIaasaUgesdlsznavvasssuussumaslaifonlnniue
. 7 a dy e A 6 1 cl‘y
T2UY BaZrg o5 Tips05 REnAlAMIAILUUYeITIFANS wud1 JUuuuMIEDILLUDES
Fidandvasznuuiivaugaslaifonlnniua sy BaZrgesTioes0s WAAIFUULLNNT
WenUnNFaaafoINULHNTENANATTIWANNLLAY 036-0019 a9t 4.3
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‘j/ o A 6 = =
E‘IJ 4.3 EﬂLLUUﬂ']'iLﬂ El’)LﬁJ‘Wlla\‘]i\‘]al,aﬂ‘ﬁ"llE]x‘iﬁ']ﬁLL‘]JLﬁﬁﬁJL‘ﬁﬂﬂﬂL%UﬂJvLYW]’lL%(ﬂ‘iz‘]JU
BaZr g5 Tip 9503

6
4.1.2.2 uan1sasadauiidasrlsznauvasuuisaasasiatiaanniiwa
. a ¥ o ¢
szuy Bazr,, Ti,,,0, A28ARANIIIRLIUnAITIRIENT (X-ray
diffraction technique)
6 =) =1
MNNTaTIRaUWEaInUTTnauTaIashUSsuLTaslaiun inniue
T2UU BaZrg 4o Tigeo05 RENARANMIALILUBRITITENS WU JUuUUMTRENLUYES
SiFenguasansuuiSotsas e lnniuass Uy BaZrg o TipeOs LEAIFULULNNT

WOUUBNFEAARDINULHNTRYANATTIWANLLAY 036-0019 @331 4.4
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51 4.4 gﬂLLuumiLﬁmLuwnao%’a&aﬂsﬁmaamﬂmL‘%&lmeﬁaﬂmﬁwvlmmmmwu

BaZr 19 Tig 9003

413 HaNIANBINTLATEN wANgIIAnTInnuAatdaaneaile  wulSaa
iaslatiaa lnniwa (CPGs/BZT0.05 glass-ceramics)
4.1.3.1 HANIANBIANTANIIAINTOWAILINARANITILATIZIHNIIAA
%’am%amgﬁ'%ff (Differential thermal analysis: DTA)
INNIANBIFNLANIIAINNTBUGILLNARANITILATIERAINTDOULT 9
mgﬁuf (Differential thermal analysis: DTA) 23wt dnTiannewnsin lulwaanu
Joau (Heat treatment) WuN qmwgmumﬂﬁ@Nﬁﬂmamﬁnuﬁ@luﬁw 625 19 725 896N
WraLSuE lasazwudn LAY BZT luﬂ%mmgq a:dwaiﬁqmmgﬁmnﬁwﬁnmadLm”’s
gﬁuﬂ’j’mwnawluﬂ%mmﬁam Gonin mumﬂwﬁ‘@ﬁqmmgﬁ 550 a9fLTalTas 39¥1
liumrndnfidunuSoaeslaisnlnmualulSinmgousasnsadmgiudansenn

maduludianates 9 asuaaslugduoumadsiuuvesisiond
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5145 NamﬁLmﬂzﬁauﬁ'&mamm%auﬁaﬂmﬂﬁﬂmﬁme:ﬁmw%aw,%aag,ﬁuﬁ

4.1.3.2 Han13a329dautl@adAlszNauVaIUNNGINRNTINTNUARLT YN
Woaawlea uwuiSsatsaslatiualnniiwe (CPGs/BZT0.05 glass-
U
ceramics) A YINARKANITIAYILUWBYDISIRLAND (X-Ray diffraction
technique)
6 [ a A =
INNITATIIFOU2IAU TN VLN RV BILN LT INANTINTNLARL T NN RN G
wuSsutmaslationlnniuaszuy 40Ca0-45P,0,-15Na,0-xBaZry gs TipesOs  (CPGs/
BZT0.05) NHWNTIAANNTEN (Heat treatment) ﬁqnmn“ﬁ 500 WA 550 aIALTRLTER
d' v Aa = dq' £ 1
[N LR AGNITANNAN LbL LA WL
gﬂLLuumiL?zmmumaﬁa%wn%awﬁamswﬁﬂ%’smwﬁmumﬂﬁmm
TouNigungil 500 B4ALTALTUR gynsuasudiWgagmgiwmduginlug oniiuluuia
wninTinwd limaduuwuSsugeslafioynnuua (B2T0.05) Auaadiwauaaldas

WasWaATINULANIIATIIURNILLAY 073-0440 AINTN 4.6
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31 4.6 gﬂLmumiLﬁmmumaa%’d%mﬂﬁﬁmamﬁa LINNTINTWIZ LU CPGs/BZT0.05 1

mum‘ﬂﬁmm%uﬁqquﬁ 500 BIANLTRLTER

sluuunsiRsuwasifenduesuinaniniinwiniunsliany
v { { [ L= &/ L= 1 1 Aq/
Faudi 550 9ALTALTUE LAAINANILANAIINUIUNURIBNENNILATvaILAaLTUNY Llag

Y A A AN 1A a a A

winaingiawnliinaduasuuFsage slafioalnniiue uaaszduuunis
g o A ea o 1y a . a
WeuwpaINFlaNTNa s nuuANINaIgInLaalauNaaiNe (calcium phosphate %38
Ca,P,0,) #uNLaY 073-0440 widlsNANTIAwNGNasuSsNwaslationlnniue
lutSumsasas 10 uaz 20 lasihwmin azusasgduuumaienuunanuuiunesgu
upaldsunasiWe (calcium phosphate en) Ca,P,0,) wauLaY 073-0440 uazuiy
waspuuuissn inniilpaaesladiouoanlad (barium titanium zirconium oxide phase)
WUNELAT 036-0019 luwmzAudonindinwiduasuuSeugasladiannnuuale
USanmSasas 30 40 uaz 50 lapthvin SIAILEAILAIWRDRIZIN AINTW 4.7
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3 4.7 gﬂLmumnﬁmmumaa%’a%mﬂéﬁmaau,ﬁ“a LI NNTINTWIZLU CPGs/BZT0.05 1

mumﬂﬁmm%uﬁqm%{]ﬁ 550 8IALTRLTER

4.1.3.3 HANTIATIVHBUAIAINAWLW (Density) VaIUNNBINRNTIAN
uaatdsaasianuisoazsaslatitualnniiuwa  (CPGs/BZT0.05
glass-ceramics) AUNRANNITVDIDIANAE (Archimedes’)
AINNITIAAIATUABILUBDDIUA TN TIATNLAAL T INa LW @
wuissnwasiatfionlnniiue (CPGs/BZT0.05 glass-ceramics) @28#ANANTVBIBNSANGH
WL
wianiininwiiiunsldninuiou (Heat treatment) figaanad 500
DAL TALT S ﬁ@hmm%muﬂuag‘luma 2.96 114 3.37 ﬂ%’&l@iagﬂmﬂﬁmuamm lagdn
1 U a v 1 gj QI l:g’ {
ANNRIILUBTaIuTI NG AW rduuwilduaaadlugisusn nunaziiNIwile
a a a ~ A A a a a
dnlSinnmuSsuasladionlnniue weslidgigannnduunGousailaiioulnm
WwaTasaz 50 lassiwin lagazvinny 3.37 ﬂ%'miagﬂmﬂﬁl,eﬁual,wm
wiandnFinwidiunslianuien (Heat treatment) Namnni 550
a a 1 1 D = [ 1 [ a
psrnmaTua azldanuniuiuaglugig 2,67 f9 3.46 niudegnunaiiaudiuns lag

{ o ' v a g v a & A - a
ﬁﬂ’mmu%muumammmeﬂ%amwﬁ iJZflLLu’JIu&ILW&I"II‘H;@]']Nﬂ']‘SLWNﬂi&l’]mﬂ'ﬁm&l
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a a < = d' a a v Z’ % U
a'ISLLTJLiil&JLGITBﬂﬂL%UNVLYW]’]L%Gl AIWNITNININYIVIWNNILGNTaLRS 40 I@]ﬂ%’]%%ﬂ LLR7

A lhunanag qazl 4.8

31 4.8 nTMIAIANIRIILUUTBILTINTTIINTINWIZUL CPGS/BZT0.05 AKIBNITIA

ANIBYU (Heat treatment) Ngasnnil 500 Loz 550 BIANTALTLE

1 [ a
4.1.3.4 HANTIIAITIVFBUAIAMNUDY (Hardness) 2aIUNBINRNBININ
waatdaaaaianuisoasaslatnealnniiuwa  (CPGs/BZT0.05
. [ o [ a s .
glass-ceramics) A8N1TIAAINUYILUUINLNDY (vicker's hardness)
AMNNTATIVFAUVANANNUTIVBIUANTNANTIN LA TauWaai N e
wuSsawaslafioyinniiua (CPGs/BZT0.05 glass-ceramics) WuiN
winiininwiiiunlianuiou (Heat treatment) figaanad 500
pseuTaLBos HA1ANUTY (Hardness) agfluss 5.79 fis 17.44 Innzihiaenia laod
v a £ ~ A a a 2L A, =
wnldunduaudinunadsasuuissugefladfionlnniue Solldranuuigege
AUSmnaNTasaz 30 lagtihwnn anvuluwiliuaasd
wimniinianwiiiunlianuiou (Heat treatment) figaannd 550
pseuaaLBos HA1ANude (Hardness) agfluzig 2.86 fis 17.98 Annziiaania lapd
v A £ a A a a L AL =
wnlduntuaudinumadsaswuissugefladtorlnniue Salldranuuigege

AT ENTagas 30 lagsinnin annninuwl liuaass a9zl 4.9
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Eﬂ 4.9 nWFANULT UL LTI ANTIAIWIZUL CPGS/BZT0.05 NR1unTinana

30U (Heat treatment) Ngasnnil 500 Laz 550 BIANLTALTLE

1 { Aa &
4.1.3.5 HAAINNIINATDUAIAIN LABLANNIN (Dielectric constant) 2BIUN
a =~ =) S =~
wws1dngannuaatdsanasinauuisamaslathealnniiue

(CPGs/BZT0.05)

NNMINageuA1aINlaBLlannIn (Dielectric constant) Nigmnniias vas
wiainTimwueaisaunamWanuSsutTasladion inniua (CPGs/BZT0.05 glass-
ceramics) lagldanunasud 1 99 1000 Alatdsa wui

wiandnFinwisiunslianuian (Heat treatment) Namnni 500

a ! A a & A A Y a £ a a a
g9aLTalTo A1nenladianninduwi lduiiulnaudIumnsiduaIsuuisey
wasladowinnuua uazlidasnladidnningsgaluynanudinmaduasuuiFou
wasladlonsasas 50 lasiihniin Telldnasi ladidnn3nwinny 10.039 fanud 1 Ala

1536 éﬁgﬂ 4.10
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31 4.10 wanInaseud1AINlaBiannin (&) Ngannives vasuinaminFinwszuy
CPGs/BZT0.05 Mriun1slianaiaunamnnd 500 asansaifos lasldaad

aaue 1 19 1000 Alaldsa

wiandnFinwisdiunslianuian (Heat treatment) Namwnnil 550

a 1 d' A & a A v d' AI J ai a a a
a9A N TaLToR A1nenladiannIniuuwd lhuNaziAndundSuiunisidnasuulsoy
wasladon lnnuuadt g amnuuiuwildanzaeasladinmadussuuEsaaaslafiow
A & \ Y A A KA A A & a A A
Innuuangedn laswudr uinaniindinmwilddinsnladidnningsgalunnanuin
A A a a o & v A A A
Asidursuuissmasiadtonlnniue  dSunasesaz 10 lagsiinin Sslid1an

ladlennInwinny 72.652 Na1ud 1 Alatdse a3l 4.11



87

1 dl A& a dl a v U a a
31 4.11 NAMINAFBUAAIN LABLANTISA (&) famnnivies vasuiianiniinwizuy
CPGs/BZT0.05 ﬁmumﬂﬁmwﬁauﬁqm%{}ﬁ 550 adeLTaldua lagldaiun
aaue 1 D9 1000 AlatEse

1 (¥ a =3 a Aa &

41.3.6 HadnnIINadauaIdNdszdnsIindladiannin (Piezoelectric
coefficient: d,;) VasuNABIAWNTINMUaaTaaosNauuSew
waslaan lnnitwe

Q =Y Qg a a =) . . . .
AMNMINARAUAFNUTZANT INB lwBLannIn  (piezoelectric  coefficient:
v a s a = 6 =1
ds3) VaduANaIInTIA LA TouWartNauuLTontsaslatianlnniiuae
(CPGs/BZT0.05 glass-ceramics) W17
wimndnFinwisdiunslianuien (Heat treatment) Namnni 500
Qs a Qf =) A& a 1 a 1 a Qs
AIANTALTR LRAIANFNUIANTINE lBLannInlugis 21 19 23 wiﬂﬂaauﬁmammu
{ o a £ a P a o a ' { a a
TaoneaaulszanTIwd Lo annInVaInmIL N INTININ Ja1aaadtiatNyUSUImaNT
a P A a . v o g ’~ v
wuGpuaesladioynniuenduasly lasaadnenesunusnunsiiaWgegmugIues
LALTTANTININHIINAITATIIRO LI U T NA LN RAIUNARA NI TR I LBV AITIFLANT

(X-ray diffraction: XRD) Gauaadlutddn
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31 4.12 ARNUTEANTINA lrBLanVINUaIui LTI INTININIZUL CPGs/BZT0.05 N6

mﬂﬁmm%auﬁqm%gﬁ 500 89ALTRLTER

wiandnFinwidiunslianuian (Heat treatment) Namnnil 550
s a ng a a & a 1 a 1 a a
psnTaBos usasdaulanTindladianninlugag 21 6933 Wlagaauddaiadu
A4 @ a £ A A & a A A a A
wazldquiszansindlodidnningsgannmiaduarsuniougaslaiioyinniualy
a v gj C > & I { 1 Qs 1 a
Usimenar 10 lasiindn a9y 4.13 Fadunirdunadn nmsdusuuiEou
wasladiowlnmiualudSinmgs (NUSmdasaz 30 89 50 lasimniin) azuaaIA1namn
Aa & a a A& a dlol 1 d‘ a d. a a v =
ladidnn3nuazIndladidnnsnndnin dsenafiaannnsidudSunmieeas 30 9 50
laginan ugaswgadgmgInuaz lddsnginsuesndniWsladianninuuiow
wraslaitau lnniumue aIHaNNIINaFaUA8MARANIIIALILLUYBITIFLONT (X-Ray

diffraction: XRD) @41 lanana Liludnadu
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o a N ay a < a Y a {
Ell 413 ﬂ"lﬁuﬂ‘izﬁ‘ﬂﬁvl,waiﬁﬁaLaﬂ‘ﬂiﬂ"lla\‘iLLﬂ’JLsﬁ‘iﬁuﬂ%’lﬂﬂ‘v\ﬁz‘uu CPGs/BZT0.05 ﬁw’]u

mﬂﬁmm‘%’auﬁqmugﬁ 500 IALTRLTER

4.1.3.7 wan1sdnslaseaienisganiavasunnndininmuaaidas
WosauuSsawaslafiaalnniuadignsssganssaddiinasen
LUUABINIIA (Scanning electron microscope: SEM)
nnndnslasiainamavesiianiniimuuaaidoanesng
wuSsatasladannniua (CPGs/BZT0.05 glass-ceramics) ﬁasnﬁaagamsﬂﬁ
BLANATOUUULEDINIIA (Scanning electron microscope: SEM) WU
Imaa%ﬁaﬁ;amwaaLLT‘TULmiﬁﬁn%amwﬁaumﬂﬁmm%au (Heat
treatment) ﬁqm%gﬁﬁwaq fanwozFoulunnaandiunay Taganaifinannisfidlal

a J g v L d
LNANIIAN Naﬂ"ll%l%LﬁaLm’) @GEU 414
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1@, 68 EMR Sc CHMU . 15E0 1@, BaR e . EMR Sc CHU

®i@, @00 . L EMR ST Ep 1S5kU  Xi\8, 888

EMR Sc CHU

;S'lJ 414 Iﬂidﬁ%’]d"ﬂqaﬂ’]ﬂﬂlﬂdLLﬁ’)L“]ﬁ’]ﬁﬂ%’Jﬂ’]WiZU‘U CPGs/BZT0.05 Aaunsliainu

Jau (Heat treatment)

Imoa%"m'gamﬂmamﬁaLﬂjﬁﬁﬂ%amwm’f\‘lmnmi‘lﬁﬂmui”au (Heat
treatment) Ngmwni 500 svnwaidoa Jansmziuandsannlasiairiganiavenia
LI ANBINIWA AT IRANNTa R LasluumiminFiani ldinsdusisuuisa
lwaslaiaunnioue wazluudasdndrinwninisi@ussuuiSauisaslatiaw
TnnuadSuimasaz 10 lasinninazisnsmenidfowldatraiunlate laaiain
WIUGUANIU 693 4.15 Tiorfiannnsankanuuisumailadoninnuaiuly
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WARLTNANTINNG §aAAEINUAITATIIRALANNAMLUUAIBRANNNTVRIBSANART
Iugﬂ 4.8 NAAANMUAWILUBAART LRZFOAARDINUNITATIIROUMIBINARANITLRDIUH

28939RL8NG (X-ray diffraction: XRD)

%

EMR Sc CHU

A s

4
10 : e EMR Sc CHMU

51/ 4.15 Imaa%waa;amﬂmamﬁammﬁn%nmm:uu CPGs/BZT0.05 #adm3 ey

Fou (Heat treatment) Nganni 500 adeiTaL TR
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Iﬂsaa%aﬁ;amﬂmaauﬁaLsﬁswﬁﬂ‘fnmwmé’omﬂﬁmm%au (Heat
cl' a A U a a cl' A a
treatment) Namwnill 550 avANTATDE TuuAaInsrA WA LG uaISLUS Y
~ o A A A a a ~ a
wraslatiou nniwe wArIdnTinNALaNsIRUSNLras ooy lnniwaUsuno
Yauaz 10 uaz 20 lawiinniin a:ﬁgwgumﬂﬂ'ﬁﬂuuﬁaLsﬁﬁﬁﬂ%amwﬁmﬂaummm’%mu
wasladton InmuasTunmiasas 30 40 uaz 50 lapthwiin dagd 4.16

Sc CHU

31 4.16 Tﬂiaa%’mgamﬂmamﬁaLmﬁﬁﬂ%‘amwszuu CPGs/BZT0.05 #aIN13 AW

39U (Heat treatment) Ngasnnil 550 BIALTALTLE
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IINNANIINAREUAINET Fudugiulditanatipanunisannaneas
v a ¥ ﬁ v s

wuiSsuasladion lnniualuuiionindinnwd S9geaaaednUNAINNNTATIIFDL
MENARANIILRLNLBVBITIFEND (X-ray diffraction: XRD)

Iﬂ‘saa‘%ﬁaﬁ;amﬂmaaLLfT’JLsﬁmﬁﬂ%amwﬁmumﬂﬁmm%au (Heat
treatment)amanni 500 aseniaaFus uazulussazaiodinaslesaunaaanvadiian
und (stimulated body fluids: SBF) tduiia1 7 14 usaimiiiazuazwiing (apatite-
. & a a o ' [ a { ' Aa
liked layer) IuvnAvasTwulunnaanaiunay lasluuiuaniindinmnldfinagy
ssuuissumaslafoyinniueszifiesuazw Ind ludsumunnitudanindinw
Aa A a a o = a X & e
niimaduauuFsugeilaiioninmiue qi31 417 Fanaifedusastuezwi ndd
a1aiaMNENLIINYUaILAITTIINTINIWE INNIIATIVFDUAIUNATANIIRLIUY

v A e ' v Aa A a A , [

Pa939FonsNnUIumINImadussuuBaugeslafionlnniwansasuaWsogogn
a9 louaadliludnadn

Imm%’m;amﬂmaaLLﬁ”au,ﬂaL%wwam%l@ﬁchumﬂﬁm’mﬁ”au (Heat
treatment) Namnni 550 asenwalBoa wazutlumiazaiodiaadlosaunaiauiiian
uud (simulated body fluids: SBF) tiuiia1 7 T4 usainaiazuazwiing (apatite-
. ‘:3/ ny 3 a dl v dl ) a = a a
liked layer) 3ulunnTuinu udazifiaunigaluuiin lidnmaduuszimaauauuiEow

a [ s o o = A <
waslafioa InnuualudSunmsosaz 10 9920 lawsiwin dagd 418 TanaifiaTu
agw e anaianniisNnnguasuiienindinwi aannisanagauaisimaiia
kg o A & A ! v Aa Aa a A

AMstsuRTaITIFandAnuIumIAinsduasuuSsusaslaiionlnniualy

Ysunmsasaz 30 119 50 usaiuangadmgIn a9 lauaas 1iludnodn
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Sc CHU

Sc CrMU

31] 417 Iﬂi\‘lﬁ%/’lx‘l‘i‘]‘ﬂﬂ’]ﬂ‘llax‘il,l,ﬁ/?L‘ﬁ?’?ﬁﬂ%’lﬂ’]WixﬂJﬂ CPGs/BZT0.05 ﬁﬁ»j’luﬂ’ﬁlﬁ/ﬂ?’lll
‘i”auﬁaqm%{]ﬁ 500 B9ALTALTEE LLa:LLﬂumsazmm‘i'maavl,aaauwmau'maa

\Raauuut (stimulated body fluids: SBF) Liuaan 7
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EMR Sc CHU 1SkU Se, eee

ES

3
Y

L EMR Se CMU
v

31] 418 Iﬂix‘lﬁ%’]x‘]’ﬂﬂﬂ’]ﬂ‘ﬁﬂﬂLLﬁ?L“ﬁiﬁﬁﬂ%’Jﬂ’]WizUU CPGs/BZT0.05 ﬁﬁ»j’l%ﬂ’ﬁlﬁ/ﬂ?’lll
ﬁ”auﬁaqm%gﬁ 550 B9ALTALTEE LLa:LLﬂumsa:mm‘haaavl,aaauwmammaa

\Raauuut (stimulated body fluids: SBF) Liuaan 7

Imoa%aﬁ;amﬂmawﬁaLmaL%ﬂuwameﬁmumﬂﬁmm%ﬂu (Heat
treatment) ﬁqmﬁgﬁ 500 asatoaldu wazhtluanTazanudtaadlosaunarauiiion
e (simulated body fluids: SBF) tHulaan 14 1w a931 4.19 \AaTwozn Indunin
LLﬁaLsnﬁﬁﬂ%amwLﬁuﬁuﬁnﬂﬂ'mrﬂumsa:mmﬁaao"l,aaauwmamﬁamgwﬁﬂunm
7 Wwlunndandin I@]mzLﬁﬂmﬂﬁq@ﬁﬂ‘%mmmsﬁmmiLLu Souwasladlonnniua

Yawaz 30 lagiinwun
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EMR Sci CHU

E‘JJ 4.19 Iﬂidﬁ%’]d?ﬂﬂ’]ﬂ‘ﬂBOLLﬁQL‘ﬁiﬂﬁﬂ%’JﬂWWS$UH CPGs/BZT0.05 Reunsldanu
%auﬁqm%{]ﬁ 500 B9FLTALTEE LLa:LL"ﬁ‘lumsazmalﬁ‘i’mmvl,aaauwmammm

\Raauuw (stimulated body fluids: SBF) Liluaan 14
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Ir

Ir

CaTi

10BZT

30BZT

50BZT

Ir

3‘].] 4.20 Imoa%’mgamwamﬁaLmiﬁﬁﬂ%’smmzuu CPGs/BZT0.05 ‘ﬁmumﬂﬁm’m

%’auﬁqm%gﬁ 550 B9ALTALTEE WaLWTlUENIaTa8s1a09 Lo aUNATRAN VS

\Raauuut (stimulated body fluids: SBF) Liluaan 14

Imm‘i”wagamﬂmamﬁa WARLTEUNBFWANHIWAT IR AINNTaY (Heat

treatment) 79NN 550 a3 LTALTYE wazurluanTaza1s3aed o WAENILR A

uuw (stimulated body fluids: SBF) Liuiaan 14 T q931 4.20 iiatuazn Indunin

v a t:il J P o I
WAL ANTINWLA muﬁnﬂmmﬂumsazm mnaaa"l,aaauw |1 amtﬁa@mgwiﬂun 81

7 ’S‘%Iuﬂﬂ5@]3’]@’)%&&&’Lﬁ@]Nﬁﬂﬁﬁﬂﬁﬂﬁ%‘ﬂﬂ’]ﬂaNﬁ?‘iLLUL%U&JL‘HE]%Iﬂ LﬁU&JVL‘YI‘Yﬂ LG

UIumiasaz 10 I@Uﬁ']‘lﬂ‘i:fﬂ INHNANITATIIROUH RINIDUIUALLNARANITIANT



98

NIZUWRI (Energy Dispersive X-ray: EDX)ﬁmeé'mwmmmm%mmia%lamvxlm
(CalP) gaﬁq@ﬁmﬂaummuL‘%ﬂwmaﬂmﬁw%mmmﬂ%mm%ua: 10 Tagsimein
wdeaiu SssaunsadufisguldihannduasindlodidnninuuSeusefladtoy
Tnniue (Bz10.05) luumidrianuwaaidounasiwe (CPGs) ludSunaesas 10 law
i danaliumimnindiawinaasanudniwldnisiinwia nessuaasainad

A& a s a Qg a A a d' d' =} £2
ladannInuazaulT=aNnT N ahamnmnwgmq@ Anaae

414 HANIIANBINIILATBNLBINNNTIAINUAALTauNadWa nuLIa N
iaslatiaa lnniwa (CPGs/BZT0.10 ceramics)

4.1.41 namsansasdlsznaumlaasmaiamsiaglunsasefons (x-
ray diffraction: XRD) wasunuzsdinuaatdaavasdiiauuisas
waslataalnniua (CPGs/BZT0.10 ceramics)

MR IAN 89S UsznaUINaIIINATRANITR LB B9 SIRaNT (X-
ray diffraction: XRD) wadtrninTinwuaatdounaswanuisousasiafionlnniue
(CPGSs/BZT0.10 ceramics) 931l 4.21 LLamgﬂLLuumiL’gmmmaa%’o%mnsﬁmaa%mm
datmnaandiu danuseaadainunavesnuissugaslafionlnniue asaiuuils
W1@331% (JCDPS file) #u18tay 031-0019 iWguaIuaaLTuuWasing nia B-Ca,P,0;
AaNNUUANNIAIZIRANNELET 03-0604 uazlauidsunasing wia NaPO; @39ny wilw
NINITIUANIBLEY 011-0650 lazazwuindTunmnsaasuusaaigaslaiioylnniiua

a £ A A a a a
(BZT) viuunan ariudSunaasnuisouwasiadionnnue (8210.10)
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31 4.21 EULLuumiLﬁmmumaa%’aﬁmﬂsﬁmaamswﬁn%nmwszuu CPGs/BZT0.10

4.1.4.2 HANTANBIAIAMARILY (Density) 20ILEINNNTINTNULARLTEN
Waaauuisaumaslaiioalnniwea (CPGs/BZT0.10 ceramics)

NANIIANENANANURLBUI BT INTINNLAaL TN s W aLL LS8

wasladoylnniua (CPGS/BZT 0.10) wud drananuuiuzasamindinmwlunn

o . o a v A A X a a a a
AAIIRIU AIN1I14 4.1 3JLLWJI‘H&J‘HLW&J“IJ%@]’]&IHSN’]MH’]?L@]NﬁﬂiLLULSU&IL‘ﬁaﬂﬂLuﬂN
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Inniuwa T,@Uﬁ@hmwwmLmu"naalﬁmﬂﬁﬂ%’smwazag_lisl,uma 1.90 ﬂ%’&l(ﬂ'agﬂmﬂﬁ
a =3 [ ] 6 a 1 a A =
\rudLas 09 3.36 nindegnuiatiaudiuey uaznuinaniinuaaifounasnauwuSos

a A a a a a A
aslaiad InniwanniIsauaTuiSsumaslatiannniuatIunm 04 Tua Je

AIURWI LLﬂ%fﬂdﬁqﬂ FININ 4.22

gﬂ 4.22 ANANVAWILUBLITAIANNLTIVAILTINRNNTINNIZUL CPGs/BZT0.10

Qo a Q€ a a a
A1319 4.1 A1AMUUTI AIANUABIULL LLﬂZﬂ’Wﬁ&JﬂJSZﬁ‘YlﬁVLWaisﬁaLgﬂﬂiﬂ“ﬂad

LITRNTINWIZUY CPGs/BZT0.10 118 asndinensg

1 1 Qs J
, “ A1AN Aaxdszdns
(1-X)CPG-xBZT  @1ANLDY , — e -
4w UK Twdlzdidnn3n
L@ x Ny (GPa) ,
(g/cm’) (dy)
0.0 1.28 3.20 0
0.1 0.55 1.90 0
0.2 1.83 2.84 0
0.3 2.49 3.27 3
04 2.52 3.36 7
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1 [S a
4.1.4.3 AANIIANBIATIANNLDS (Hardness) VaILtBINANTInNUANLT YN
WaalaunuiSaasaslabaalnniwe (CPGs/BZT0.10 ceramics)
NRINNNNTANBIAIAINNLDY (Hardness)  289L031ANTINTNLARLT Y
WamnauuiSauimaslatfonlnniiue (CPGs/BZT0.10) wWui1 Aranuudsvadsniin
a A v a X A A a a a A o
Frnwlum likuwadu WaiinUTinansidusmsuoiFsusesladoninniue gl
4.22 Tasfanuudszasaniniinwiazeglutig 0.55 Innzihiaana s 2.52 3nnz
thigana uazlidranuudsgegainmadussunsougailadionlnnuuad 04 lus

IULALINUNANITANBIAIANAUILUL (Density)

1 Aa & Aa a
41.4.4 wan1s@nsra1ladiannin (Dielectric constant) YaJdLBINAN
uaatfaanasauuiSuazaslaitan lnniwe (CPGs/BZT0.10)
nmMIfnsaasiladidnnin (Dielectric constant) figmunniivaivas
wnindinnuaaidosnesnanuissuwaslaionlnniue (CPGs/BZT0.10) wuin
\ A A & a A A KA A A a a
draanladianninvasaniinfinwilldrgeganinisiduasuuiioniaflaiiion

VL‘YWHL%G] 0.4 INE‘] ROAARBINUNANNTANBIAIANMURBILLG IINNTINAMUTUNUS

289A1ANNDUALAITFNINLBNFUNNT (&) VoI TRNTIAN Leﬁﬁﬁﬂ%’smwnﬂé'@m
. o o M A= a_d 44 A
muwammamaﬂwmzmim:mﬂmmaamvlﬂaLaﬂ‘mﬂ‘nmmnm (f < 10 kHz) Ly
a a J 1 v a et
ﬂimmmimwmmm%wmaﬂmﬁﬂﬂwmmmpmu QzﬁdNﬂl%%%’]@ﬁﬂﬁWﬂﬂ&lﬁ&lWﬂﬁ(
(permittivity magnitude) LRZIEAUNITNIZINUAILNNYW 61{13‘1_] 4.23 DINT1INTITINLAIDIT

AN o lwalutunauad laaawlwiibatasinginw
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31 4.23 NN ANURUNUTIZTH I N DLAANAIN LA BLANYINV LTI NN TINIWIZ UL
CPGs/BZT0.10

Qs a Q€ =) =) a . . . .

NNNSANENFNUZENT IWB lwBLan13n (Piezoelectric coefficient: das)

a s a a a ' ' s a AE‘

PadtrinTinwnaatduNasWanUTaNmaslattan Inniua wuqn asulIEns

a A & a = v J dll nl a =} =1 %]
"Lwa‘[sﬁamnmnmm‘[uugwu WalNNUSuImRsLU S s aslatte v lnnIiwe asn1w
= a —— A

4.24 FgoraiaanmsdnngisWilsaianninvesasuuiseumailafonlnniuale

LTNRNTINTNT
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31 4.24 ddudsEnTIndlodidnrinvaasnindinmluszuy CPGs/BZT0.10

v a
4.1.4.6 wan1sﬁnﬂ1fﬂioasw‘n'mqan'mmaawﬁ'mmmm%smﬂamﬂm
= =) U U 6
wuLSsasaslatkea lnniiwe (CPGs/BZT0.10) AUNADIANIIAW
A ® 1
alanNaAIaLUUADINIIA (Scanning electron microscope: SEM)
ﬁ]’]ﬂﬂ’]i?lﬂ‘]ﬂ’liﬂida§10ﬂﬂdﬁ;aﬂﬁﬂma\‘lﬁua?L‘Iii’]flﬂ%?ﬂ’]WLLﬂaL%EJN
WasmnWauuiSouisaslationlnniua (CPGs/BZT0.10) AanLAzARINITLT IUENTAZANE
ﬁ]"madvlaaauwmam“umLﬁa@uu‘,wﬁ (stimulated body fluids: SBF) ﬁ’mﬂﬁadﬁgamiﬂﬁ
BLANATOUUULEINIIA (Scanning electron microscope: SEM) WL
v a a =) a =}
Iﬂix‘lﬁi’lx‘lﬁgaﬂ’]ﬂﬁadL‘ITT]%JT]"H’JI]’]WLLﬂﬂLSITEJNWEJ&LW@]LLUL‘EEJ&JLGITE]%I@]L%UN
Vl,“nmLumﬁaummﬂumia:mm‘haadvlaaauwmammauﬁa@mgﬂﬂ (stimulated body
fluids: SBF) ﬁﬂ’nuw;ua@adLﬁaLﬁmﬂ%mmmiLaumiLLuL%UNLﬁﬁaﬂﬂLﬁﬂszlﬂmLum

ﬁa@ﬂﬁadﬁlﬂNﬂﬂ'ﬁﬁﬂ‘]ﬂ']ﬁ']ﬂ’]’]%%%’]uﬁu
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0.0BZT 0.1BZT

0.2BZT 0.3BZT

0.4BZT

31l 4.25 1598 9N WAV LTI TNTININIZ UL CPGs/BZTO0.10

v a a =) =} =
lassafagamazasonintinwuasiBounesiauuisoaisasladioy
Innuuafidnunsutluasszansdinedlossunaisanvadifaauys (stimulated body
fluids: SBF) tluiaa 7 Tu iRatuazw indraduuianindinwiiaunndu oniiu
a a dl a a = a
wAnTinwilduansuuSsuaesladion nnmiuedSanm 0.2 Tua



105

0.0BZT : 0.1BZT

0.2BZT 0.3BZT

0.4BZT

E‘]J 4.26 Iﬂid&%’]dﬁlﬂﬂ’]ﬂﬁla\‘iL‘ﬁ‘i’]ﬁﬂ%’)ﬂ’]W‘iZUﬁJ CPGs/BZT0.10 ARINITUTIUEITAZANE

SBF 1fuan 7 1

v U a a =

lassafanmagamazasuiuaadounesnauuioasaslafonlnm
wandwmIugluasazaisdiaeslosaunaauizasfoauysd (stimulated body fluids:
SBF) \uian 14 T4 iiatuazw Induuiianindinmunniu udwziiadesgaluuian

= A a a = v A o a Aa

TdfnsdussuuFoawasladioninniue Ssarasuiisgrulaiinisdussindle
A = a a =\ v A = 1 (- %
alannInuuissumaslatian InniuwaadluuiaFinwuaatdaunasing a1t W@ W

A IS

v = v
FNUANTININVaILAILAAL TN N RLN G L6l
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0.0BZT 0.1BZT

0.2BZT 0.3BZT

0.4BZT

31] 4.27 Iﬂida%/’“ldﬁr]‘ﬂﬂﬁﬂ"lladleﬁ’]flﬂ%?ﬂ']WSﬁJ‘]J CPGs/BZT0.10 ARINTUTIUETAZANE

SBF 111281 14 1%

= a [% a fad A = a & a
42 man1s@nEINIesBaLABTTIdNsTULINag sananannilsdiinninaes
Tnunadoalsnoalwloiwa
= = ~ a
4.2.1 wamsansmataseanslnunadoalmasaluwloiua
U
4.2.1.1 Han1sadaulaasalsenaunIgNARANITIAYNURVDISTIR
Lang (X-ray diffraction technique)
& a A A Aa A £ a
luzuaeunsaioumslwunaBoalodonlulaiwandanunignd 5y
MNMIINETAIAY lmduna1suaiuania Na,CO;  (Riedel-de  Haén,  99.9%)
TWunaLTaNASUBLIUARID K,CO, (Sigma-Aldrich, 99.9%) uaslulaidsvaanloande
Nb,Os (Sigma-Aldrich, 99.9%) w"uaWaNMaINAliaNITUadIgNUasasaiiul (ball

e | < a & =3 o v % A o o
milling) tJuszaziian 24 $alas luasazanvardlan annnudsiuneulruiaiaiide
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R1IRzaNgazdlawaan WNINLRIALEIuLaa8lnTIuasTLa2398 lU e 8nTE U

LNINENULULAILAN (conventional mixed oxide method) RIDNTLEOLAR bersl (calcination
A a A & < o o a £

process) NaMHNN 900 asALTALTaE L win 4 T34 28aATINMILANNT UV

qmﬁqﬁwhﬁ'u 1.7 adaTaLToReauh LLazé‘mwmiamwaoqm%gﬁwhﬁu 5 89¢1

= 1 =4 1 v v 1 v K o =) 6

I TALTU G U TaURITALETaRTWIALTE e 50 tulasiuaT waq3suinldaesei

adatsznauiwaee XRD wamﬁmﬁ:ﬁﬁvlﬁﬂuvlﬂé’ogﬂ 4.28

Intensity (a.u.)

2theta degree
31l 4.28 LEPIHANTILATIZHeEMATiA XRD 189 KNN $192% 2 a3 lasLdu Na,CO3
wae K,CO;, iinlwmdudSunmiasas 5 laslua lasligasdiuvad Na ¢a K fa 1
fa 1 LLazmunwLma"Lenﬁﬁaqmﬁgﬁ 900 adFLTaLTaR LHwIzazIa 1 wIu 5

lasd

A @
4211 Namimi'aﬁ)aaufﬂiaa%ﬂa’gaﬂﬁﬂﬁaﬂnﬁ'aaqaﬂﬁﬁﬁmaﬂmiammu

d09n310sia FE (Field emission scanning electron microscope; FE-

SEM)
- & ° ~ a =S [ [ [ 4
%aamnuumm‘nLm?s;lﬂﬂﬂﬂﬂﬂﬂﬂidﬁi’mqaﬂﬂﬂmUﬂaaaﬁ]‘aﬂﬁﬂu
BlaNaTaULUUFINIATHA FE (Field emission scanning electron microscope; FE-SEM)
WUIIR9 KNN 7 ladaygiuuuudain Sauiedszanos 100 -200 wiluinas anumzusa s

lﬁl,ﬁulugﬂﬁ 2 waztiaviiniaaszvadadsznaudissidnlaslntuainisnszany
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WA (energy dispersive spectroscopy; EDS) m’sﬁ]wum@;aaﬁﬂi:ﬂawaom KNN 71
v & 2 ¥ :' o
L@%EIMVL@ ﬁam@; K, Na, Nb iazO 1%@]’1‘5’1\‘] 4.2 muamwaLﬂuﬂimmiayaﬂmm%uﬂ

o o A o 1 ] o
AINURAULAZNDAINRINVBY Na az K ininy 1 : 1

a

31 4.29 MWuEAIFYFIWINEVRING KNN ilsdenfildannnsuasloingmngil 900

U

AIANLTALTIRUY 5 T2 LU

A3 4.2 HANNTILATTH IR TznauVaINg KNN ﬁw"mﬂ'ml,ﬂavl,éﬁﬁﬁqmﬁgﬁ 900 a9

LTaLT RN 5 T2 LN

Element | Weight% Atomic%

OK 41.35 72.88
Na K 6.14 7.53
KK 8.73 6.30

Nb L 43.78 13.29

Totals 100.00
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6
4.2.2 wamsansmaassasialwunsdoalndeslulowaluszuvunanaglsd
4221 HANIIANBIANTANIIANITOHAILNARANITILATIZIHNIIAINN
%’am%amgﬁuﬁ" (Differential thermal analysis: DTA)
{ a { v { a Qg v s
Wanaandnasonlaiduwauas KNN NiANLTENTALED %a9an
& ° & o+ X [y A o v A o A a & :
wuazisIasduilninannivasfifildifiaudafe ungidswlasanlad (Tellurium
dioxide; TeO,) laaiiaaTaurad KNN waz TeO, fia 30:70 waz 20:80 lasiianwaaun
g idszuna 800 avenwatFamiuizoziia win 15 w1M druansnsiiuges
gunnd 10 aseimaiBuasdauwfl udariliiiudasatn93a13 (quenching) asuulans
Aa A a v R ' & L A =
suanasNlamnnll 250 aseaaiBus udrdseudamduszozinawiu 6 Tilus Fuiu
mMsananNtaIoaluniive llAguanuemnldwaniniiieasananuseuiniUaouulad
28193701373 (thermal shock) ansazuiIf balusslauazlFay anuusiiunIng 2 Sauly
WNIIANTALTIANNSaumsnaiia DTA (Differential thermal analysis) Lﬁamﬁadqmﬂgﬁ

P ' = a [ v AN o
THERUICHUABNIIANNAN Naﬂ’]i’)Lﬂi’]t%L‘EGﬂ’J’]&l‘ia%ﬂ‘l@]LLﬁ@Nl%Eﬂ 4.30

a

E‘ﬂ 4.30 NNULEAINANTTIATIZRGBINALA DTA T8l ”’Jﬁmum‘maaummﬁqm%nu

U

%

800 aveiwaldoa tHuwian 15 winvasumnlaasnaiuuad KNN waz TeO, A
Sawaz 30:70 uaz 20:80laslua
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91n31 4.30 wgaslinauiuds  KNN-TeO,ddns1usanas 30:70 uas
20:801@1ﬂIuaﬁ?mzwuqm%gﬁﬁLLﬁaLﬁ@ﬂWiLﬂﬁﬂuLWa (glass transiton temperature; T,)
fiszanme 420 uaz Naa asALTALT UEANEGL LLazﬁqwudﬂqm%QﬁﬁLLﬁnzLﬁ@mmﬂ
WAN (crystallization temperature; T,) ag 2 TwauAw Fomiiu Ty Uaz Ty Fourh
30KNN-70Te0,323l Toy LAz Te ag’iwﬁwﬂi:mm 420 Uaz 522 B9FLTALTIRANNENAL
11 20KNN-80TeO, azll Ty uaz T, agflusa9uszanm 408 uaz 498 ae-Loaidus
ANURIAL mnffuﬁﬂLLfT@ﬁVL@Tmﬁ’mﬁﬂgﬂwﬁﬂﬁ"ﬁaaqmﬁgﬁ@m6] (heat treatment; HT)
aafisaTzRldaNT DTA @oud T, U2 Ty "Lﬂwnszﬁ"aﬁqmwgﬁe‘iwwaﬁazﬁﬂﬁwﬁn
Aaduluuildlasiumssasnnulaswasle qm%nﬂﬁ‘ﬁ'aﬂﬂumi HT WALRAIA

AN 4.3 LLazﬁﬂwngﬁm’mLLﬁaLflu"l,ﬂé‘dgﬂ 4.31 uazgll 4.32

M1319 4.3 @ni’]\‘lLLﬁ@lx‘]qm%ﬂﬁﬁlﬁ%ﬂﬁiﬂ@ﬂNﬁﬂLLﬁ?ﬁ%a HTTBGLLﬁQLL@iﬂzLﬁB%VL‘?J

KNN : TeO, ﬁadqmﬂgﬁﬂgﬂwﬁﬂ HT(avaLaLTea)
(mol%)
30:70 498 408 375 350 325 300
20:80 522 420 375 350 325 300

(@) (b) () ()

() ®

31 4.31 SN BIETUNUNNIMENNTILTIRTSas8 w89 KNN Was TeO,fa 30:70 (a)
w2 HT 4 300 °C, (b) w2 HT 7 325 °C, (c) w2 HT # 350 °C, (d) wa HT
375 °C, (e) urhy HT 71 420 °C uas (f) uiia HT 7 522 °C
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(@ (b) (© (@

(e ®

31 4.32 SNHIETWTUIMIMEATWLaILTIN R SassuDe KNN uaz TeO,fa 20:80 (a)
w2 HT 7 300 °C, (b) wifa HT 71 325 °C, (c) w HT 7 350 °C, (d) urta HT 7
375 °C, (e) w2 HT 71 408 °C uag (f) uifa HT 71 498°C

v
4.2.2.2 an13a5Rda U daIALTENa UAILINARANITIALNUWYDITIR

L@ang (X-ray diffraction technique)

3 4.33 pluvunmsiRsiuwsasiifendusaslinnuiesdlsznaums
vouiang 2 Gauwlafidunisdanudnfigmngiinandeiu aannwwuitwaas KNN
NAFAEIU (KosNags)NDO; Laidsingluudifdiun1sdgnunns 2 7a niliens
Wasanndianunitandrunnvesui Teoilarinnmvasy M ldiiaanylduiuen

6 v g: 1 =3 a dl =3 = @
pasasnlsznavluuiing 2 gaedrelsfiangmnninlslunisdgnuinidsnuaas
n:l' o [ =1 cf a J v d' a =< 1
unumidaylunsaugumanandniiiaduluuiy Ngunaiindanu@dndae 300 -
350 adangaifos aznuiuiieninng 2 gavzlinarainaniad1oafInusInINIID
seylddudulassaiefafinues (KNa)NbO, Nillaaaunad K uaz Na 4 dunis A-site
1 . a i ' A a { @ v
VIRWIBLTAR (unit cell) 1TBENIEY TalnInenunaluansusnadoadaiulsng
284 Jeong et al. NFHINMIANB xK,0-(14-x)Na,0-14Nb,05-72TeO, lasl# x = 0-12
luaidasiduduiaiesniin 30KNN-70TeO, fiHiun1sdanudnfigmannil 300 a4an

a & o a & [ Aa =
wadugazdingzduuuninifisaiuuresTifienduunadygruniindnvaang

(K,Na)NbO 3 lassasfrdndstuanianitas
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g Q/ U =) g; { é ] {
31 4.33 gﬂu,uumil,ﬁmLuu"uaﬁaﬁmﬂﬂuummmwﬂm 2 Jaw by smmumiﬂﬁnwﬁﬂﬁ

ANNNGANI 9
q U

GRVETTNPIT ERHEE 20KNN-80Te0,3z1l3 n i alasaas1sfain
FALIUNINT ﬂduaﬂﬁommLﬂuwﬁﬂﬁmﬂﬂdwq@ 30KNN-70TeO, Wazf1RIULN&
aaﬁﬂszﬂawamﬁaLmﬂﬁﬂﬁmumiﬂgﬂwﬁﬂﬁqmﬂgﬁgﬁu daldvnisfnsifiuda
LRTHITIBIIRITEE UG M DU WA7a 30KNN-70TeO, ﬁﬂiwuﬂﬁiﬂgﬂwﬁﬂﬁqmwgﬁ
420 °C (T.) 3zdznavladromauasantazansvadnds (K,Na)NbO, LLazﬁsﬁﬂgLWaﬁuq
dzilunndn 2 wada KNbTeO; (H) uaz TeO, (@)Iummzﬁuﬁ'smﬁﬁﬂm 20KNN-
80TeO, ﬁﬁi’luﬂ’]iﬂaﬂwﬁﬂﬁl Tor AWNUNRVBIFNTAZANHVBILT (K,Na)NbO, waz baiwy
LWaLLﬂaﬂﬂaauﬁuﬂmﬂg el asinuiang 2 ﬁﬁ@vlﬂﬂﬁnwﬁnﬁ T, dwWULWalra289
NaoNb,O4, (*) iaduniong fu KNbTeO, (M) uss TeO, (®) agnslsianuluu
30KNN-70Te02ﬁﬂ§ﬂw§ﬂﬁ Teo WUUTNIUWVILWRVDI KNbTeOq gaﬂdmﬁa 20KNN-
80TeO, ﬁﬂgﬂwﬁﬂﬁ Te

NAILATIZH DTA UaIuAl 2 74 RN UL aNANNET BTV ILA be
laglfanuuandiveigmnnil Touaz Ty (Tei-Ty) WUIluuia70 30KNN-70TeO, (Tg-
T,=120 °C) fanuiafisnasuianinniuiaze 20KNN- 80TeO, (T4-T,=108°C) Hl#
HuguNanITILATIEk  XRD 289uiI7A 30KNN-70TeO, Sudwdanlufimunauluns

1 v & v Qs 1 L
L@]%U&JSJ’]ﬂﬂ’J’]LLﬂ’]“IJ@] 20KNN- 80TeO, TigaaaaadnuINgIIuVay Jeong et al. LownH
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N3 XRD lugd 4.33 Savilinaudn full width at half maximum
{ v { é o U [l
(FWHM) anAiafidanaduusganga dsazaansnhlumzmaiduiiuguinaiizes

nanlasaayle laganduaun1Iuad Scherrer AIEUNTITN 4.1

0091
- B cos@

Wa A fAaANNLNARWUAITIRLENTLIT lauTaNaINLYinAL 1.5406 A°
B ABA1 FWHM 229WNaNRs1NUwNaNuTuLEIgIge
6 ﬁaaammaoﬁﬂﬁlﬁy’;l,uuﬁﬂ’s’mvﬁul,l,aagaq@

sﬁaﬂiﬂaﬁfuaammaaﬁﬂﬁlﬁmLuuﬁ'ﬂfa:i:uqt,flu 20 mﬂgﬂﬁ 4.33 246
a d' n‘l» n:l' U |d' = d' d' o 2
aINANREIDRNANUTILRIgIgaali 20 = 28° YUIAVAINANLARINAIWIW LGN

RNNIURAI AN 4.4

LY & = a Ao Y
1919 4.4 °1|‘m(ﬂLﬁumugjuﬂﬂmwa\‘lwaﬂI@&lmaﬂ Wﬂ"lu':l%vl,@l"ﬂ']ﬂﬁllﬂ']iﬂla\‘] Scherrer

?.I%’]ﬂ?.laﬂﬂaﬂtﬂﬂtﬂgﬂ
amunddanuan (°C)
(nm)
wN2%A 30KNN-70TeO,
300 35
325 62
350 31
420 (T.y) 35
522 (T,) 46
WA 20KNN-80TeO,
300 46
325 111
350 69
408 (T.1) 111

498 (T,) 62
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INATN 4.4 LRWIATNVWIAVAINENNF IR LGNNI XRD lugﬂ

& a =2 = a £ a 2 A a £ ' = A
4.33 iiuazlrwananiafdsiNuInanugmnnInslanuaniinuiin a9 lIAaINNITN
; ; - ¥ -
mummaawﬁmaﬁﬂﬁmwv\mwmy?mﬁaqmmﬂmim@LWﬁl%umu@lwqm%Qu

ﬂgﬂw‘ﬁﬂﬂfmaa

1 A« a . . a
4.2.2.3 wan13@n#IA1ladLaNNIN (Dielectric constant) YBIUNINGIINN
a a Y S 1 =<
nunaBaalndsalwlowaluszuvunanaglsdiunsdgnudn
ﬁqmﬁgﬁumn@haﬁu

aladannIny aau,ﬁ’aLéﬁﬁﬁnﬁmumsﬂgﬂwﬁﬂﬁqm'ﬂgﬁLmﬂ@i’mﬁ'u fn

a_ d 4

lagidnninfgenganuluuinamiinga 30KNN-  70TeO, ik un1sdgnuaniigmnyil
T, 0971 4.34 wud’lﬁ@hvl,mﬁl,ﬁﬂw%ﬂgaﬁa 650 NANA 1 kHz uwazidrladiann3ng
\ @ o A & v A A & a A v a X
dautsdrfotszanm 0.02  nnjdazauldirdrafiladidnrinusa liudntnans
a =1 n:i n' J dw = 1 A:?. 2 Aa d'd a
ganpiinmsUanuanfiiugsin wenanizldidiudnaninnddiunaues KNN g9
7N ﬁ]:ﬁ@hvl,@atﬁnw‘%ﬂﬁgandw %oﬁﬂﬁuﬁwﬁﬁﬁnm 30KNN-  70TeO,U192810130

ﬂ%’uﬂ;aqmauﬁ“@mﬂ@ﬁLﬁﬂﬂ%ﬂlmﬁa LI Lo

(a)



115

(b)

31 4.34 draanlaBLann3n (a) LLa:@hﬂﬁgmuL%val@ELﬁﬂ‘ﬂ%ﬂ (b) VaIUAATTIRNNG 2

=

qﬂﬁmumsﬂgﬂwﬁﬂﬂqmﬁgﬁ@m6]
1 [} v a IS =
4.2.2.4 HANIIANEIAIANRUIUUBDDIUNNG AN InunaBaalaaanle
[ g 1 =2 A a 1 [V
Tamm‘lwszum!,n'amagvlmﬂmumiﬂgnNanﬂqmwgmmnmanu
mm%mLLuumao%umuLLﬁ’sLm’]ﬁﬂnﬂ*’g@Ltamlugﬂ 4.35 mﬂgﬂazl,ﬁuvl,@i”
' LA v A a X o 2 o, P a A & P’
'nm']mwunLmuwLLquWmeuﬂmsmaanum"l,@aLaﬂmnmmwmumuqm%{]umi
{ QI &/ 1 ] { { U =)
ﬂ@ﬂwﬁﬂﬁmmgwu T,@smmwvxmLLuuﬁgoﬂq@wuluLLmLsﬁimm;@ 20KNN - 80TeO,
&< { e 34 o '
mﬁmmzﬁmm@lmmﬂ KNN AZaMunwlibne) Uszanm 4.64 gicm T961n31 TeO,

{ ' ' 3
A MunwILbBLIZI L 5.67 g/cm



116

33] 4.35 @NANNRWILURVDIVBILAILTINNNNG 2 °g<ﬂLﬁﬂuﬁuqmﬁgﬁmﬂumsﬂgﬂwﬁﬂ

4.2.2.5 HANIIANBIANTANIILEIDAINANTINNNIwuna s la e el
[ % g 1 =2 A a [] [V
Tamm‘lu‘szuuummagﬁmmmumiﬂgnnanﬂqmwguLmnmanu
RUTANIILFIVDILTILTIIANAZILATIEHINNAMVRINITD LA TR IH
wazasinIRnInzaduss gy 4.36 LEAIAINURINITD MANITFAINIUADILAILTINEN
30KNN-70TeO, bas 20KNN-80TeOZI@ﬂﬁwmsﬁuﬁnﬁqmﬂgﬁﬁaa IINMINARDINDIN
¢ & & \ , a v A a & A a & \ \ '
LﬂawnummiaaaquuLLuaquﬂaﬂaamwuqm%gumiﬂgﬂNaﬂmwmu ANMNTRAIEY
289U LTTIANYA 20KNN-80TeO, ﬁmumiﬂgﬂNﬁﬂﬁqmﬂgﬁﬁwﬂszmm 300-325
AIALTALTURRAINGN FAAAFDINUAN BT UINUVDILNTIITNT L b6 bFL U DN DIFI LA
. A o a A 2 A a & A o PR
war wenaniudianinfdwnrdannanngunni T, lung 2 Tavziians NNy
W&
TuaN19 4.5 LRAIFIATRANLAYAILAUTINTNNG 2 79 Tasvinnisiadnln

FUITWLN Ly ANN gI030731 &llﬁ ‘ﬂtLﬁuvL(;l/’j'] ANATRANLA LL@GI%LLﬁ'ﬁ L"Iﬁﬂﬁﬂ"g@ 30KNN-
=

70Te0, laysivazianita Uﬂiﬂwg@ 20KNN-80TeO, Hafi laiaaanaadnuaINunuILL



117

v
o

PYDITWINBLANTINTN TIUITNAWU Lm”'sLsnswﬁﬂﬁﬁm']wmLmugqﬁﬁm:ﬁmé‘mﬁms

@ = 1Y
%ﬂL%LLﬁGYlE‘JTGG]']&JVLﬂ@'JU

E‘]J 4.36 LEAIANNENNTD IUNIFBIHIBUEIVBILANTTIRANG 2 °Iqi(ﬂ ﬁﬂ?%ﬂ?ﬁﬂgﬂwﬁﬂ‘ﬁ

a g a & 6 & 6
gnAEy g Aatulladru



118

=4

A3 4.5 uaeIdnariEnnYauiiainns 2 ga AdunTlgnnangmnnlengg

q

- - ANABRANLHRUES (NANYT?
amnpdlanwan (°C) 4
Aaw 532 nm.)

30KNN-70TeO,

300 2.090
325 2.012
350 2.086
420 (Te) 2.154
20KNN-80TeO,
300 2.165
325 2.183
350 2.089
408 (Tqy) 2.177

v v a ~ =

4.2.2.6 nanmsdnslassasreniegameazasunusfinlnunaiaalsifoa
[ '
Twlawaluszuuunanaglsa
Aa =3 all %% a a
gunniimadgnuanuaziaaflilgnazaasaiuqguoiia Usnm wazawe
=3 d‘l» £ =3 1 1 o £ g; a U a d'd =3

panAnluiout Iessnadaguantdnussvasuionu lasdsnduianinffingn
PWIALANNTN 200 wiluwiuatacvinlwugenuinid i lwtaunqliiian1Inszias una
i dnflddadianalisls luudaamiinga 30KNN-70Te0, gmnpiizasnialgnwin

U = o o 1 =3 = 1 1 v 1
azNIuNLIME A aaumauaINEn wazlnadandnuldsslavauin lagaullsls
o A g A 9 Aad £ o o AN o A
vosuiianiingaiazananloliamnningsin seaadasnunafldan XRD luzun

{ o A £ { a a

4.33 fonauduninvasuia (Wawad (K,Na)NbO,) nduLilagmnniinmstanuaniia

lg’ { v =) { o > { ]
g93u uazilialWgunnin 420 aseugaiGos Usnngnadaui 2 289 KNbTeOq @9l
aaanNlUssugsvasnnsninduagisuin fnIVUANTANTA 20KNN-80TeO,
LLuaMmmmnuiﬂiﬂmmzqmwnﬁmiﬂgﬂwﬁﬂﬁLmn@maanvl,‘ﬂ N1 5NN XRD
luzyl 4.33 NazUnnguanvasna (KNa)NbO; JUnsfainlunn grauiamiinfiriu
miﬂgﬂwﬁﬂﬁqmﬁgﬁ 300 — 408 A LTRALTUF mwLﬂuwﬁﬂazgaﬁqﬂluuﬁaLqmﬁﬂﬁ

mumiﬂgﬂwﬁnﬁqmﬁgﬁ 408 2IFLTALTUR aa@ﬂﬁaaﬁ'ﬂgﬂ 4.37 MWENLATIRTIIN



119

=S

ANATBIUTUTTIANTA 20KNN-80TeO, NHANNgUnlgIdiamaLazgUnTIvaInany

W . { a g
lﬂfy"llu LLE]$LL(§IT](§]'N§]’IHNgﬂ‘ﬁqmﬂﬂu@ﬂ

31 4.37 mwrhﬂIﬂsaa%’ﬁawﬂaﬁ;anﬁﬂmaaLLfTa L ANTA 20KNN-80TeO, AU

ﬂgnwﬁnﬁqm%gﬁ 300 — 408 AIALTALDYE



UNN 5

a‘gﬂwamiﬂﬂaaa

v
A v A

Tusndsit lavinsinsisnaesouutianindinmuesidounasnafidia
gy ndlodiannsnuuisouirasiaitonnniua  luszuy 45P,0,-40Ca0-15Na,0
IxBaZryosTigosOs  (CPGS/BZT0.05  bioglass-ceramics) WAzl ANTIATWLARLT N
WosafitdusnsiwdladiannsnuuiSouiseslationInniiuassuy (1-x)(45P,0,-
40Ca0-15Na,0)-x(BaZry 1o Tipgo03) (CPGs/BZT0.10) @183 5N15LAI8NUULLAILTINAN
swfsnsdszdnguinaninmalwiluszuinaglsdfdndnslsaiannines

= a £ v A
Inunsegonloaanlulaiua LLazmmmsnagﬂwami‘maaﬂ@mu

51  unuwsdndinan uazissidintinnnaatdaanasinaniduarsinale
A ® Aa a ~
alannsnuuissaaslaiiaanlnniwe
- 3¢¥U1 45P,0,-40Ca0-15Na,O/xBaZr . Ti, ,,O, (CPGs/BZT0.05 bioglass-ceramics)
Tuszuyuan lavimsdanudnuuidsuaaslafioninnuua (BazresTioesOs,
& a A & a v
BZT0.05) Tailluanswdladidnninasluwuiiszuy 45P,05-40Ca0-15Na,0 (CPGs) 11
aaINd@IUIa8as 100:0 90:10 80:20 70:30 60:40 LAz 50:50 lagiinnuin lasvinnsiasas
[ ad a [ 4 < < = o o A o a [ [
et mmaauuuudnaaidasisau nnudahuiifla luvinisiensdnisanuian
domaiiansiianzianuiauiiayWus (Differential Thermal Analysis, DTA) (N8
Rawlvgunninnanzanlun1IUanuan BazZrgesTigesOs (BZT0.05) 3NUUIINTUNUN
1 =3 v o a 6 ¢a a I v a dy =
dun1sdgnuanuds lddinsdenzsiisesdiifiatudisimaliianinfeiuuees59g
\BnS (X-Ray Diffraction, XRD) WazATIIRALFNLANIIMEAN FNUAN9 MWHN TaTeadns

nIana @ﬂﬂ@]’lﬂ%ﬂ’)’]&lL“fllﬁﬁ’uvlﬁﬁ’ui’]dﬂﬁﬂllwﬁfj ANUSIA %ammsna‘;ﬂwami

2
¥ o A

NARDI LA A99h

1. e inBinwluszuy 45P,04-40Ca0-15Na,0/xBaZr 45 TipesOs (CPGs
/BZT0.05 bioglass-ceramics) susniasowlalasisninsavunuduaailosisdn lu
USInmmsieia BZT0.05 A3aeaz 0 10 20 30 40 uas 50 lagsimsin

2. mﬂmimmaauﬁamﬂﬂﬁﬂmﬁme:ﬁmw%{am%amgﬁuﬁ‘ WU qm%nﬂﬁ‘ﬁ
\ANZANABNITANKNAN BaZro e Tiges0s teBEIENYTAL ﬁaﬁqm'ﬂgﬁ 550 B9ALTALTEE

3. nMIATIFeLINEeIS U noUfsmefinm A sIUwIasSIFENS  wudn

LAEIANTIAW CPG/BZT0.05 NUSunawnisu@id BZT0.05 3a8as 0 9zURAILALWNE



121

Ca,P,0, §aaA80InL JCPDS WanuLay 073-0440 sauiUSunmmstan BZT owaz 10
waz 20 lawsiwin vsusaana Ca,P,0, uaziWg BZT0.05 aansasiu JCPDS
WUNBLaY 073-0440 UaZWANHLaY 036-0019 AuEGL AiUSumnsLéy BZT0.05 Savas
30 40 waz 50 lagsiwiin HIAIURAILALNTOR U

4. MNNIIATIVFAUAMVRW UG WU Lm”ameﬁﬂ%amwﬁmm%mLmugﬁu
WoiuSunmmady  BZzT0.05  lasfianunuwudusiud  2.676 ﬂ%'miag}ﬂmﬂﬁ
LOUALNAT D19 3.463 ﬂ%’u@iagnmﬂﬁmuamm memuuugaq@ﬁ%’am: 40 Tagsiwin

5. 9INNNIATIAFBUAIAINLTS WU Arauudevasuia CPGs/BZT0.05 o
Tuga9asus 3.717 A9 18.330 Snnzihannda uazfinsidy BzT0.05 luiSunmiasas 30
Tagsinwin ﬁlzﬁ@hmwuﬁagaﬁq@

6. mnmsmaaaaummﬁ%'ﬁLﬁﬂw%ﬂﬁqmﬁgﬁﬁaa Tapldanuiasud 1 A
1000 AlauE3a Wuin M3Leu BZT0.05 fiUsinmesas 10 lagsinwiin Jaaeiiladisnn
%ﬂgdﬁﬁg@lunﬂmm?{ LLazgaq@‘ﬁ'mmﬁ 1 Aladsa e winnu 74

7. nmsasaseuanaulTEns Iwaladannsn wudi uiesinganw
CPGs/BZT0.05 fisnauiszantlnaladiinnsnaand 21 £9 33 Alagaantdafiauuas
gaq@ﬁmﬂau BZT luSunmtasas 10 lagsimsin

8. MMM IATIFUAEwBAHIwN LTl uE Tazapiaasleasunanaudon
mgm&flunm 14 % @Taﬂﬂﬁaa@amsﬂﬁaLﬁﬂmammudamﬂﬂ wuin aswazw lng
UURILILTIRANTINTN CPGS/BZTO0.05 nné’@‘nﬁmuauﬁ@mnﬁq@ﬁm%’uﬂ%mmms
Wiy BZT #%owaz 10 lassimsin 9nnnamInsasauaunInfiniudisnaiia EDX

uaassaNduuaaTundenasne (Ca/P) gafigafinaiia BZT Nifauaz 10 lapvinin

- 52U (1-x)(45P 0 -40Ca0-15Na,0)-x(BaZr, ,,Ti, ,,0,) (CPGS/BZT0.10)
dl R a a a & a a a
Tuszuungad ladnewinsduansindlodiannInuuiSsusasladoylnniiwe
(BaZrg10Tigeo03: BZT0.10) N&INAGaFUUAI g VaIuiITInIwLaaLTaunagiwe
(CPGs) ludamaIunaéy BZT0.10 1¥inAL 0.00 0.10 0.20 0.30 WAz 0.40 lua e
a aAaa v = ‘3’ =)
Amaatsuuuuljissnanusuednds uddadugtidaisiin CPG/BZT0.10 uazAn®
auﬁ'@mamm?amﬁamaqamgﬁﬁmmzaulumﬂm%uma% IMNBUFINIAN BN A
“a L% U Qs U g 1 &
NN ATW auumma"lwmuazmmLm'mu"l,@ma%amwnmwmymgwﬁ HIRINTD

a;ﬂwam‘smaaﬂéf A%



122

1. @ AnTIWIwIIUY (1-x)(45P,04-40Ca0-15Na,0)-x(BaZrg 15 Tio 5005)
(CPGs/BZT0.10) snansniasesle AUSumn13L@a BZT0.10 tvinfiu 0.00 0.10 0.20 0.30
sz 0.40 lagmiatassaluszuulfisonaniuzaands

2. INNTATIIROLRNUANWANNTOUVBILAITINN CPGs WU WhIzLian3
LﬂﬁauLWmLamﬂmﬁﬂﬁqmﬂgﬁ 427 WAz 575 adfLUalSos anuaay  vinldannse
Uranmganndlunisinduiaaslugag 550 f9 650 aseioaifos

3. IINMINTIIFALINAIALTENOUFIINARAM TR N UDITITENT WU 7
YSunumatdudns g tnawws BZT @3N JCDPS wanulad 031-0019 tWa B-Ca,P,0;
@39NU JCDPS 7dN8LaY 03-0604 way NaPO,; @39nU JCDPS #uN8La 011-0650 lasas
Ruues BZT 1iindn Lfiaﬂ'%mmmﬂaugd%u

4. AIINNITATIVFOLAINABILUY WL ATNABILU WV ILTINAN
CPGs/BZT0.10 azagilutag 1.90 nindegnunadiaudivas 9 3.36 niudegnuian
LTUALNAT LLammLLuugaq@ﬁmiLau BZT 7 0.40

5. 1INMINARAUANWLTS Wudn 13dn CPGs/BZT0.10 Adaiuudiatlugag
0.55 3nnzthsaaa 94 2.52 Innzdrsaana LLazﬁmmmLL%dgdq@ﬁﬂ%mmmiLaw BZT
7 0.4

5.2 u,ﬁ"JL%iﬂﬁﬂﬂﬁdlﬂﬁﬂ%izﬂﬂmaglw’fﬁﬁwﬁmﬂ%‘[sﬁtgn‘n%n'ﬂm

Tnunadaalmaaslulawe

nwan1InanaIaylladn uiuaiin KNN - Teo, Tusslamuninaiowldlas
NITUIRNNTARADIUaIITU INNsANENGInARad1s 9 WuTuTe InAdSenm
KNN g9 (38882 30 laslua) a:ﬁmmmﬁmmawﬁagﬁu ANMsAnIeInlsznauwa
WUIIAIUTEN O LA TRZA8VBILDIVDS KNN LLa:Lfiauﬁagﬂiﬁm’m%au‘lums
ﬂ@ﬂwﬁmﬁlugaﬁu mmsnwmﬂmu.laﬂﬂaauﬁuﬂ 871 Na,Nb,O4, , KNbTeOg Uz LN
2939 TeO, Tassunamsiiawsudandaani El'a%uagjﬁ'uﬂ%mmmaa KNN fitdanly



123

LONE1ID19D9

1 L.L. Hench, D.E. Day, W. Holand, and V.M. Rheinberger, “Glass and Medicine,”
Int. J. Appl. Glass Sci., 1 [1] 104-117 (2010).

21 manfl 9308, ‘mananavi@isladiinrEnveslodonlnunadonlulaiua
wdnl3ansesny,  Inefnutineimeasumadia  WnInenasgodlng,
2550

[3] Hartling,G.H., “Ferroelectric Ceramics: History and Technology” ,J. A. Ceram .

Soc., 82, 1999, pp. 797-818 .

[4] G.A. Smolenskii , V.A. Isupov , A.l. Agranovskaya and N.N. Krainik., Sov. Phys.
Solid state , 2 , 2651 1961.

[5] Moulson, A.J., Herbert, J.M. (2003). Electroceramics; Material, Properties and
application, 2nd ed. John Willy & Sons, West Sussex.

[6] C. Jullian., “Investigation of Polarization Switching Over Broad Time and Field
Domain in Various Ferroelectrics”, Master's Thesis. Science in Materials Science

and Engineering, University of Compiegne, 2003.

[7] I. R. Henderson., Piezoelectric Ceramics: Principle and Applications, USA; APC

international, Ltd, 2002.

[8] migwa WagRWaaw.  (2548). wvauwaneslWnelnuassaisledianasn
ran SazmluszuudsanlamaouiannmuyinimwaazuuSoyniniue. ns

duaiuuudsssinmmansiudia (Tagenaas) aniineaugosln.

[0]  AnyvIme Anead. (2543). lnindrianeileBidnein. 1ssanaluladiag:
audinaluladlanzuazizguiana: 55-60.

[10]  migwa WRAWMNEW. (2553). Nazasmaaunandasluaninaslsdianning

FaznnIunan. INGANUTINLIFRATURIT AN, NRIINLaLLTelna.

[11] 1J. McColm, Dictionary of Ceramic Science and Engineering, 2nd, 1994, (Plenum

Press).

[12] C.F. Buhrer, J. Chem. Phys., (1962), Vol 36, p.798.



[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]

124

J. Suchanicz, K. Roleder, A. Kania and J. Handerek, Ferroelectrics, (1988), Vol.77,
p.107.

K. Roleder, J. Suchanicz and A. Kania, Ferroelectrics, (1989), Vol.89, p.1.

R.C. Buchanan, Ceram. Maters. Electros. Proc., Properties and Application, 1St ed.,

(Marcel Dekker).
T. Takenaka and K. Sakata, Ferroelectrics, (1989), Vol.95, p.153.
T. Takenaka, K. Sakata and K. Toda, Ferroelectrics, (1990), Vol.106, p.375.

T. Takenaka, K. Maruyama and K. Sakata, Jpn. J. Appl. Phys., (1991), Vol.30, No.9B,
p.2236.

T. Takenaka, A. Huzuki, T. Hata and K. Sakata, Silicates Industries, (1993), Vol.58,
p.136.

H. Nagata and T. Takenaka, Jpn. J. Appl. Phys., (1997), Vol.36, p.6055.

A. Sasaki, T. Chiba, Y.Mamiya and E. Otsuki, Jpn. J. Appl. Phys., (1999), Vol.38,
p.5564.

H. Ishii, H. Nagata and T. Takenaka, Jpn. J. Appl. Phys., (2001), Vol.40, p.5660.

A.N. Soukhojak, H. Wang, G.W. Farrey, Y.M. Chiang, J. Phys. Chem. Solids, (2000),
Vol.61, p.301.

W. D. Callister, Materials Science and Engineering an Introduction, 6th ed. John Willy &

Sons, 2003.

L. Egerton and D.M. Dillon, J. Am. Ceram. Soc., 42 (1959), 438-442.
R. E. Jaeger and L. Egerton, J. Am. Ceram. Soc., 45 (1962), 209-213.
R. H. Dungan and R. D. Golding, J. Am. Ceram. Soc., 48 (1965), 601.

G. H. Haertling, Properties of hot-pressed ferroelectric alkali niobate ceramics, J. Am.

Ceram. Soc., 50 (1967), 329-330.

B. Jaffe, W. R. Cook and H. Jaffe, Piezoelectric Ceramics, Academic Press, 82 (1999),
921-926.

Y. Saito, H. Takao, T. Tani, et al., Nature., 43 (2004), 84-87.



[31]

[32]

[33]

[34]
[35]
[36]
[37)
[38]
[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

125

H. Birol, D. Damjanovic and N. Setter, J. Eur. Ceram. Soc., 26 (2006), 861-866.

Thwin M O, Kastenbein E L, Smoke E J and DiVita S. American Ceramic Society
Bulletin. 1960; 39: 197.

Anderson R C and Friedberg A L. Symposium on Nucleation and Crystallisation in

Glasses and Melts. 1962; 29.

Allen R E and Herczog A. US patent. 1963; Service Number 3,114,066.

Laton M M and Herzog A. Glass Technology. 1967; 10: (2) 50.

Komatsu T, Shioya K and Matusita K. J. Am. Cram. Soc. 1991; 135: 105.

Arujo E B, Paiva J A C and Sombra A S B. J. Phys. Condens. Mat. 1995; 7: 9723.
Singh K and Rokde S. J. Power Sources. 1984; 13: 151.

Singh K, Gandhi P R and Chaudhari B M. Solid State lonics 1988; 28-30: 752.
Varma K B R Shankar M V and Subbanna G N. Mater. Res. Bull. 1996; 31: (5) 475.
Riebling E G. Mat. Res. Bull. 1975; 10: 23.

Hasegawa H, Shimada M, Kanamaru F and Koizumi M. Bull. Chem. Soc. Japan 1977,
50: (2) 529.

Rulmont A and Tarte P. J. of Solid State Chem. 1988; 75: 244.

Pernice P, Aronne A, Sigaev V N, Sarkisov P D, Molev V | and Stefanovich S Y. J. Am.
Ceram. Soc. 1999; 82: 3447.

Sigaev V N, Sarkisov P D, Stefanovich S Y, Pernice P and Aronne A. Ferroelectrics

1999; 233: (3-4) 165.
Pengpat K and Holland D. J. Eur. Ceram. Soc. 2003; 23: 1599.
Pengpat K and Holland D. Phys. Chem. Glasses 2004; 45: 79.

D. E. Vernacotola, S. Chatlani, J. E. Shelby, “Ferroelectric Sodium-Potassium-Niobium

Silicate Glass-Ceramics”, IEEE., 2001.

Holland, D., 1995, Hand out in Physical Method of Materials Characterisation.
Physics department, Warwick University, U.K.



[50]

[51]

[52]

[53]

[54]
[595]
[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]
[65]

[66]

[67]

126

Shelby, J.E., 1997, Introduction to Glass Science and Technology, The Royal
Society of Chemistry, England. 244 pp.

American Society for Testing of Materials, 1993, Designation C 162-92 Standard
Terminology of Glass and Glass Products, Annual Book of ASTM Standards
15.02, Philadelphia: ASTM.

Doremus, R. H., 1994, Glass Science, John Wieley & Sons Inc., USA. 339 pp.

Vogel, W. 1994, Glass Chemistry, 2nd Edition, Springer-Verlag Berlin
Heidelberg, Germany, 464 p.

Zachariasen, W.J. 1932. J. Am. Ceram. Soc. 54, 3841.
Warren, B.E. 1933, Z. Krisstallogr. Mineral. Petrogr., 86, 349.
Smekal, A. 1951, J. Soc. Glass Technol., 35, 411T.

Stanworth, J.E. 1950, Physical Properties of Glass, Oxford University Press,
London., 224 p.

Sun, K.H. 1947, J. Am. Ceram. Soc., 30, 277.

Rawson, H. 1967, Inorganic Glass-Forming Systems, Academic Press, London,

329 p.
Mullin, J.W. 1992, Crystallization: 37 edition, Butterworth-Heinemann, 527p.

Askeland, D.R. and Phule P.P., 2006, The Science and Engineering of Materials,

International Student Edition, Thomson Canada Limited, 863p.
McMillan, P.W., 1979, Glass-Ceramics, Academic Press, London, U.K., 285 pp.
Stookey S D. Ind. Eng. Chem., 1959; 51: (7) 805.

L. L. Hench, “Bioceramics”, J. Am. Ceram. Soc., 1998, 81 [7], 1705-1728.
Innvista, “Major elements in the human body” [Online], Available:
http://www.innvista.com/health/anatomy/elements.htm [2007, June 25].

E. Uthman, “Elemental composition of the human body” [Online], Available:
http://web2.airmail.net/uthman/elements_of _body.html [2007, June 25].

J. C. Knowles, “Phosphate based glasses for biomedical applications”, J. Mater.

Chem., 2003, 13, 2395-2401.



[50]

[51]

[52]

[53]

[54]
[595]
[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]
[65]

[66]

[67]

126

Shelby, J.E., 1997, Introduction to Glass Science and Technology, The Royal
Society of Chemistry, England. 244 pp.

American Society for Testing of Materials, 1993, Designation C 162-92 Standard
Terminology of Glass and Glass Products, Annual Book of ASTM Standards
15.02, Philadelphia: ASTM.

Doremus, R. H., 1994, Glass Science, John Wieley & Sons Inc., USA. 339 pp.

Vogel, W. 1994, Glass Chemistry, 2nd Edition, Springer-Verlag Berlin
Heidelberg, Germany, 464 p.

Zachariasen, W.J. 1932. J. Am. Ceram. Soc. 54, 3841.
Warren, B.E. 1933, Z. Krisstallogr. Mineral. Petrogr., 86, 349.
Smekal, A. 1951, J. Soc. Glass Technol., 35, 411T.

Stanworth, J.E. 1950, Physical Properties of Glass, Oxford University Press,
London., 224 p.

Sun, K.H. 1947, J. Am. Ceram. Soc., 30, 277.

Rawson, H. 1967, Inorganic Glass-Forming Systems, Academic Press, London,

329 p.
Mullin, J.W. 1992, Crystallization: 37 edition, Butterworth-Heinemann, 527p.

Askeland, D.R. and Phule P.P., 2006, The Science and Engineering of Materials,

International Student Edition, Thomson Canada Limited, 863p.
McMillan, P.W., 1979, Glass-Ceramics, Academic Press, London, U.K., 285 pp.
Stookey S D. Ind. Eng. Chem., 1959; 51: (7) 805.

L. L. Hench, “Bioceramics”, J. Am. Ceram. Soc., 1998, 81 [7], 1705-1728.
Innvista, “Major elements in the human body” [Online], Available:
http://www.innvista.com/health/anatomy/elements.htm [2007, June 25].

E. Uthman, “Elemental composition of the human body” [Online], Available:
http://web2.airmail.net/uthman/elements_of _body.html [2007, June 25].

J. C. Knowles, “Phosphate based glasses for biomedical applications”, J. Mater.

Chem., 2003, 13, 2395-2401.



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[79]

127

I. Ahmed, M. Lewis, I. Olsen and J. C. Knowles, “Phosphate glasses for tissue
engineering: Part 1. Processing and characterisation of a ternary-based P205-
Ca0-Na20 glass system”, Biomaterials, 2004, 25, 491-499.

I. Ahmed, M. Lewis, I. Olsen and J. C. Knowles, “Phosphate glasses for tissue
engineering: Part 2. Processing and characterisation of a ternary-based P205-
Ca0-Na,0O glass fibre system”, Biomaterials, 2004, 25, 501-507.

I. Ahmed, M. P. Lewis, S. N. Nazhat and J. C. Knowles, “Quantification of anion
and cation release from a range of ternary phosphate-based glasses with fixed
45 mol% P,05", J. Biomater. Appl., 2005, 20, 65-80.

D. Carta, J. C. Knowles, M. E. Smith and R. J. Newport, “Synthesis and
structure characterization of P,05-CaO-Na,O sol-gel materials”, J. Non-Cryst.
Solids., 2007, 353, 1141-1149.

D. Carta, D. M. Pickup, J. C. Knowles, I. Ahmed, M. E. Smith and R. J.
Newport, “A structural study of sol-gel and melt-quenched phosphate-based
glasses”, J. Non-Cryst. Solids., 2007, 353, 1759-1765.

K. Franks, |. Abrahams, G. Georgiou and J. C. Knowles, “Investigation of
thermal parameters and crystallization in a ternary CaO-Na,0-P,05-based glass
system”, Biomaterials, 2001, 22, 497-501.

M. Uo, M. Mizuno, Y. Kuboki, A. Makishima and F. Watari, “Properties and
cytotoxicity of water soluble Na,0O-CaO-P,05 glasses”, Biomaterials, 1998, 19,
2277-2284.

Kokubo, T.,” Bioceramics and their clinical applications”, Woodhead Publishing

Limited, 2008, 760.



NMAHRKRIN

Aac A ¥
HRIIWIVLN LARINIATINITY

NAIWIFLN Laa1n “TaTINTITBUAWAIWIBLEN NI TN TN ISRITAENY wiLazLALET

a A A 6 a a 6 6, & v A a =S
&Iﬂﬁﬁﬂ’]WLW@ﬂWﬁﬂﬁ$ﬂqﬂ@l“ﬂ’NﬂLaﬂﬂ‘iauﬂﬁLLﬂzﬂ’ﬁLLWﬂﬂ" W AILULAIWN 15 Nq%’]ﬂ% 2554 03 14

9

3803

o—

W.1

W.

FDUIBU 2557 NIANNNNRITUITINITIMINITRITIZALWIWITIANINUG 38 1309 LAAAFNTUAT 1
A

Y o A A 6 a A A v o &
vL(ﬂ‘V]’]ﬂ’]‘J@]‘WNWNN\‘H%’J"H"Iﬂ’ﬁ‘V}LﬂEI'J“IJ?N@G‘LL

1.1

1.2

1.3

1.4

. 1.5

. 1.6

A7

Tawichai N., Sittiyot W., Eitssayeam S., Pengpat K., Tunkasiri T. Rujijanagul G.
Preparation and dielectric properties of barium iron niobate by molten-salt
synthesis, Ceramics International, 385 (2012) S121-S124. (Impact factor = 1.751)
Onreabroy W., Papato K., Rujijanagul G., Pengpat K., Tunkasiri T. Study of
strontium ferrites substituted by lanthanum on the structural and magnetic
properties, Ceramics International, 385 (2012) S415-S419. (Impact factor =
1.751)

Yongsiri P., Eitssayeam S., Rujijanagul G., Sirisoonthorn S., Tunkasiri T., Pengpat
K.* Fabrication of transparent lead-free KNN glass ceramics by incorporation
method. Nanoscale Research Letters, 7 (2012) 136. (Impact factor = 2.726)
Leenakul W., Pisitpipathsin N., Kantha P., Tawichai N., Tigunta S., Eitssayeam S.,
Rujijanagul G., Tunkasiri T., Pengpat K.*, Munpakdee A. Characteristics of 45S5
Bioglass-ceramics Using Natural Raw Materials. Advanced Materials Research,
506 (2012) 170-173.

Sutjarittangtham, K., Sanpa, S., Tunkasiri, T., Rachtanapun, P., Chantawannakul,
P., Intatha, U., Pengpat, K., Rujijanagul, G., Eitssayeam, S. Preparation of
polycaprolactone/ethanolic extract propolis nanofibers films. Advance Materials
Research, 506 (2012) 226-229.

Panyata S., Eitssayeam S., Rujijanagul, T. Tunkasiri, Pengpat K.* Property
Development of Hydroxyapatite Ceramics by Two-Step Sintering. Advanced
Materials Research, 506 (2012) 190-193.

Pisitpipathsin N., Kantha P., Leenakul W., Sriprapha P., Pengpat K.*, Eitssayeam
S., Rujijanagul G. Effect of BaZrgosTipes03 Addition on Microstructure and
Piezoelectric Properties of Hydroxyapatite Bone. Advanced Materials Research,

506 (2012) 166-169.

AN



.1.10

.1.12

NMAHRKRIN

Tigunta S., Leenakul W., Eitssayeam S., Rujijanagul G., Tunkasiri T., Pengpat K.*
Phase Formation of Hydroxyapatite Particles at Different Calcination
Temperatures. Advanced Materials Research, 506 (2012) 170-173.

Thonglem S., Eitssayeam S., Rujijanagul, T. Tunkasiri, Pengpat K.* Munpakdee A.
Fabrication of P,O5-CaO-Na,O Glasses Doped with Zinc Oxide for Artificial Bone
Applications. Advanced Materials Research, 506 (2012) 509-512.

Sangthaiyarak, S., Tawichai, N., Pengpat, K., Rujijanagul, G., Tunkasiri, T.,
Eitssayeam, S. Effect of crystalline morphology on mechanical properties of PPB
polymer nanofiber composite. Advanced Materials Research, 506 (2012) 262-
265.

Saiwanich, P., Pengpat, K., Rujijanagul, G., Intatha, U., Eitssayeam, S. The
preparation and morphology of biphasic calcium phosphate ceramics. Advanced
Materials Research, 506 (2012) 198-201.

Kantha P., Pisitpipathsin N., Pengpat K.*, Eitssayeam S., Rujijanagul G., Gua R,
Bhalla S., Effects of GeO, addition on physical and electrical properties of
BaFey5Nbg 505 ceramic. Materials Research Bulletin, 47(10) (2012) 2867-2870
(Impact factor = 2.105)

Parjansri, P., Intatha, U., Eitssayeam, S. , Pengpat, K., Rujijanagul, G., Tunkasiri,
T., Effects of Mn and Sr doping on the electrical properties of lead-free 0.92BCZT-
0.08BZT ceramics. Integrated Ferroelectrics, 139 (2012) 75-82. (Impact factor =
0.300)

Intatha, U., Parjansri, P., Pengpat, K., Rujijanagul, G., Tunkasiri, T., Eitssayeam,
S., Phase formation, dielectric and ferroelectric properties of Mn, Al Doped BCZT
ceramics by molten salt method. Integrated Ferroelectrics, 139 (2012) 83-91.
(Impact factor = 0.300)

Kantha, P., Pisitpipathsin, N., Pengpat, K., Bhalla, A.S., Influence of germanium
substitution on dielectric and ferroelectric properties of Ba(Fey5Nby5)O5 ceramics.
2013 Joint IEEE International Symposium on Applications of Ferroelectric and
Workshop on Piezoresponse Force Microscopy, ISAF/PFM 2013, 6748694
(2013) 130-133.

Butnoi, P., Pisitpipathsin, N., Kantha, P., Bintachitt, P., Pengpat, K.*, Phase
transition and dielectric properties of PNNZT-BNLT ceramics. Ferroelectrics, 452

(2013) 1-6. (Impact factor = 0.391)

W2



.1.18

.1.19

.1.20

.1.21

.1.22

.1.23

.1.24

. 1.25

NMAHRKRIN

Yongsiri, P., Phupradit, N., Pengpat, K., Sirisoonthorn, S., Microstructure and
optical properties of Er,O; - Doped potassium sodium niobate-tellurite glass-
ceramics. 2013 Joint IEEE International Symposium on Applications of
Ferroelectric and Workshop on Piezoresponse Force Microscopy, ISAF/PFM
2013, 6748708 (2013) 104-107.

Kruea-In, C., Udsah, W., Eitssayeam, S., Pengpat, K., Rujijanagul, G., Influence of
processing temperature on properties of Sr(FeysNby )O3 high dielectric ceramics.
Ferroelectrics, 456 (2013) 128-133. (Impact factor = 0.391)

Leenakul, W., Kantha, P., Pisitpipathsin, N., Rujijanagul, G., Eitssayeam, S.,
Pengpat, K.*, Structural and magnetic properties of SiO,-Ca0O-Na,O-P,05
containing BaO-Fe,O; glass-ceramics. Journal of Magnetism and Magnetic
Materials, 325 (2013) 102-106. (Impact factor = 1.780)

Leenakul, W., Eitssayeam, S., Rujijangul, G., Tunkasiri, T., Tongsiri, N., Pengpat,
K.*, Effects of rice husk as a precursor on crystallization kinetic of glass ceramics
derived from 45S5 bioglass®. Advanced Structured Materials, 29 (2013) 129-
142.

Thonglem, S., Rujijanagul, G., Eitssayeam, S., Tunkasiri, T., Pengpat, K.*,
Fabrication of P,05-Ca0O-Na,O glasses doped with magnesium oxide for artificial
bone applications. Ceramics International, 39 (2013) S537-S540. (Impact factor =
1.751)

Kantha, P., Pisitpipathsin, N., Pengpat, K.*, Enhanced electrical properties of lead-
free BNLT-BZT ceramics by thermal treatment technique. Ceramics International,
39 (2013) S59-S63. (Impact factor = 1.751)

Leenakul, W., Ruangsuriya, J., Jantaratana, P., Pengpat, K.*,. Ceramics
International, 39 (2013) S201-S205. (Impact factor = 1.751)

Inthong, S., Tunkasiri, T., Eitssayeam, S., Pengpat, K., Rujijanagul, G., Physical
properties and bioactivity of nanocrystalline hydroxyapatite synthesized by a co-
precipitation route, Ceramics International, 39 (2013) S533-S536. (Impact factor =
1.751)

Pisitpipathsin N., Kantha P., Pengpat K., Rujijanagul G., Influence of Ca
substitution on microstructure and electrical properties of Ba(Zr,Ti)O; ceramics.

Ceramics International, 39 (2013) S35-S39. (Impact factor = 1.751)

AR}



. 1.26

.1.27

.1.28

.1.29

.1.30

. 1.31

. 1.32

.1.33

.1.34

.1.35

NMAHRKRIN

Yongsiri, P., Pengpat, K.*, Materials characterization of potassium sodium niobate
based tellurite glass-ceramics. Integrated Ferroelectrics, 141 (2013) 154-166.
(Impact factor = 0.300)

Pisitpipathsin, N., Kantha, P., Eitsayeam, S., Rujijanakul, G., Guo, R.d, Bhalla,
A.S., Pengpat, K., Effect of BCZT on electrical properties and bioactivity of 45S5
bioglass. Integrated Ferroelectrics, 142 (2013) 144-153. (Impact factor = 0.300)
Thonglem, S., Rujijanagul, G., Eitssayeam, S., Tunkasiri, T., Pengpat, K.*, Effect
of camphor addition on mechanical properties and bioactivity of P,05-Ca0O-Na,O
bioactive glass. Integrated Ferroelectrics, 142 (2013) 135-143. (Impact factor =
0.300)

Kantha, P., Pisitpipathsin, N., Pengpat, K., Microstructure and dielectric properties
of bismuth germanate glass-ceramics. Integrated Ferroelectrics, 142 (2013) 79-
86. (Impact factor = 0.300)

Kruea-In, C., Glansuvarn, T., Eitssayeam, S., Pengpat, K., Rujijanagul, G., Effects
of NiO nanoparticles on electrical and magnetoelectric properties of BNT based
ceramics. Electronic Materials Letters, 9 (2013) 833-836. (Impact factor = 1.819)
Yongsiri, P., Eitssayeam, S., Sirisoonthorn, S., Pengpat, K.*, Morphology of
potassium sodium niobate based silicate glass system. Electronic Materials
Letters, 9 (2013) 825-827. (Impact factor = 1.819)

Leenakul, W., Intawin, P., Ruangsuriya, J., Jantaratana, P., Pengpat, K.*,
Magnetic bioactive SrFe,049-SiO,-CaO- Na,0-P,05 glass-ceramics for
hyperthermia treatment of bone cancer. Integrated Ferroelectrics, 148 (2013) 81-
89. (Impact factor = 0.300)

Intawin, P., Leenakul, W., Jantaratana, P., Pengpat, K.*, Fabrication and magnetic
properties of P,05-CaO- Na,O bioactive glass ceramic containing BaFe,Og.
Integrated Ferroelectrics, 148 (2013) 171-177. (Impact factor = 0.300)

Parjansri, P., Pengpat, K., Rujijanagul, G., Tunkasiri, T., Intatha, U., Eitssayeam,
S., Effect of Zn2+ and Nb5+ Co-doping on electrical properties of BCZT ceramics by
the seed-induced method. Ferroelectrics, 458 (2014) 91-97. (Impact factor =
0.391)

Yongsiri, P., Mhuangthong, P., Munpakdee, A., Pengpat, K., Preparation of
potassium sodium niobate in tellurite glass system doped with Er,03,

Ferroelectrics, 459 (2014) 153-159. (Impact factor = 0.391)

W4



W. 1.36

W. 1.37

W. 1.38

NMAHRKRIN

Tigunta, S., Pisitpipathsin, N., Kantha, P., Eitssayeam, S., Rujijanagul, G.,
Tunkasiri, T., Pengpat, K.*, Electrical properties of calcium phosphate/BZT
bioglass-ceramics prepared by incorporation method, Ferroelectrics, 459 (2014)
188-194. (Impact factor = 0.391)

Sutjarittangtham, K., Jaiturong, P., Intatha, U., Pengpat, K., Eitssayeam, S.,
Sirithunyalug, J., Fabrication of natural tapioca starch fibers by a modified
electrospinning technique, Chiang Mai Journal of Science, 41 (2014) 213-223.
(Impact factor = 0.473)

Kantha, P., Pisitpipathsin, N., Pengpat, K., Eitssayeam, S., Pojprapai, S.,
Structural and electrical properties of BZT-added BNLT ceramics, Ceramics

International, 40 (2014) 4251-4256. (Impact factor = 1.751)

* Corresponding author

. 2 1e¥iNM3aaaNTUaT 1 1309

N, 2.1 Lm”’sLmﬂﬁﬂgwguéﬁu%ﬂ"ﬁlﬂui’a@ﬁamw ANVaLAUN 1201002747 Hudrvaliaininis

WOHNANAN 2555

W5



ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 38S (2012) S121-S124

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Preparation and dielectric properties of barium
iron niobate by molten-salt synthesis

Nattaya Tawichai ", Waraporn Sittiyot®, Sukum Eitssayeam “°, Kamonpan Pengpat ™,
Tawee Tunkasiri “°, Gobwute Rujijanagul ***

4 Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
® School of Science, Mae Fah Luang University, Chiang Rai 57100, Thailand
¢ Materials Science Research Center Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

Available online 30 April 2011

Abstract

In this work, barium iron niobate; BaFeysNbgysO; powder has been successfully synthesized by molten salt method. The power was
characterized by a variety technique. Pure phase perovskite was obtained at relative low calcination temperature of <700 °C. The powder exhibits a
fine grain with a relatively uniform particle size and microstructure. In addition, BaFey sNbysO5; ceramics were prepared and its dielectric
properties were investigated. The result suggested that the ceramic prepared from molten-salt synthesis may be has a better properties than that of

the ceramics synthesized by a conventional method.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Calcination; A. Sintering; C. Dielectric properties; D. Perovskite

1. Introduction

Barium iron niobate: BaFeq sNbg sO5; (BFN) is an interesting
high dielectric lead free material. This material exhibits a very
high value of dielectric constant (g, ~ 10*-10° ) covering a wide
range of temperature [1-8]. BFN was first synthesized via solid
state reaction by Saha and Sinha in 2002 [3]. After that, many
workers have studied properties of the BFN [4-9]. Rama et al.
[10] reported that the structure of BFN is cubic. However, the
XRD analysis of Saha and Sinha [7] using a standard computer
program (POWD) indicated BFN with a monoclinic type
structure. It has been also reported that BFN is a relaxor
ferroelectric material characterized by a board dielectric
transitions with frequency dependent [7].

In order to achieve a better performance of BFN ceramics, a
high quality of starting powder is required. Various approach have
been applied to synthesis the BFN powders. The conventional
mixed-oxide method has been often used to synthesize BFN

* Corresponding author at: Department of Physics and Materials Science,
Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand.
Tel.: +66 53 943376; fax: +66 53 357512.

E-mail address: rujijanagul @yahoo.com (G. Rujijanagul).

powders; however, it requires a high calcination temperature
which cause the particle coarsening and aggregation of the
powders. Other chemical routes including sol-gel process and
hydrothermal and microwave synthesis have been reported for
producing the fine BFN powders [11]. However, the costs of raw
materials for these routes are quite high. Further, the yield product
that obtained from these methods is so small. Recently, it is
reported that molten salt synthesis is one of the simple and
practical techniques with low cost for preparing fine powder with
the desired composition [9]. In the present work, therefore, the
molten salt synthesis was applied to synthesize the BFN powder.
The characteristic of BFN powder prepared by the molten salt
method was investigated. It is expected that fine particles with a
narrow particle size distribution should be obtain this technique.
The BFN ceramics were fabricated by using the obtained BFN
powder. Properties of the ceramics were also investigated.

2. Experimental procedures

Ba(FeqsNby 5)O; powder was synthesized by molten salt
method. An equal molar ratio of inorganic salt mixtures, NaCl
(99.5%, Fluka) and KCI (99.5%, Riedel de Haen) were mixed
by hand-grinding for 20 min. The stoichiometric amounts of
Ba,CO;5; (99.0%, Sigma-Aldrich), Fe,O5 (99.5%, Riedel de

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

doi:10.1016/j.ceramint.2011.04.064
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Haen), and Nb,O5 (99.9%, Aldrich) were mixed in a vibro-mill
for 2 h in ethanol medium, and then dried at 110 °C for 12 h.
The mixed precursors and mixed salts were weighed into 1:1
ratio. After hand-grinding for 30 min, the obtained powder was
heated at temperatures ranging from 700 to 900 °C for 4 h at a
heating and cooling rate of 300 °C/h. To determine the
calcination temperature of BFN powder, DTA technique was
performed at the temperature ranging 30-950 °C (DuPont
Instruments, USA). The products were washed with hot
deionized water several times until no trace of anion was
detected by AgNO;5 aqueous solution. The calcined powders
were characterized by a variety technique. Phase formation was
determined by XRD analysis (Bruker AXS D8 Advance
diffractometer, Germany). The morphologies of particles were
examined by FE-Scanning Electron Microscopy (SEM, JEOL
JSM6335F, Japan). Chemical analysis was determined by X-
ray fluorescence (XRF) technique (JEOL, JSX-3400R, Japan).
The obtained powder was pressed into a disc shape and then
sintered at 1250 °C for 3 h. For the dielectric investigation,
silver paste was painted on both sides of the samples. The
samples with silver paste were fired at 650 °C for 15 min.
Dielectric measurements were carried out using a dielectric
measurement system (Agilent LCR meter, Malaysia) in
conjunction with a tube furnace.

3. Results and discussion

DTA thermogram of the mixed starting materials is
displayed in Fig. 1. No peak of water evaporation at 100-
120 °C was observed due to the mixed powder was dried before
the DTA experiment. A sharp endothermic peak was observed
at temperature ~630-670 °C. This result suggests that the
reaction between the raw materials started at ~630 °C, and then
it finished at temperature ~670 °C. Therefore, the calcinations
temperature of the BFN powder prepared by the molten salt
method should be higher than 670 °C.

In the present work, the mixed raw materials powder was
calcined over a temperature range 600-900 °C. The XRD
patterns of the obtained powder calcined at various tempera-

Fig. 1. DTA thermogram of the present powder samples.

Fig. 2. XRD patterns of the BFN powders calcined at various temperatures.

tures are shown in Fig. 2. The XRD result revealed that all
samples exhibited perovskite structure. No impurity other than
BFN was detected by XRD except the samples calcined at the
temperature lower than 700 °C. In general by using the
conventional method, the pure phase of BFN can be obtained at
the calcination temperature over 1200 °C [5-8,10,11]. There-
fore, the existence of pure phase BFN at 700 °C in the present
work, suggests that the molten salt method can reduce the
calcination temperature by <500 °C. In addition, the chemical
analysis showed that there was no evidence of Na and K
impurities in the XRF result because several times of washing
were performed. The Fe and Nb ration was determined to be
<0.8, suggesting that the obtained powder exhibited a non-
stoichiometric composition.

To check the phase formation in the samples, the XRD phase
analysis was carried out based on the Inorganic Crystal
Structure Database (ICSD). The XRD data is consistent with
cubic symmetry (ICSD code 52835 of pure BFN). Our result
consists with the work done by Rama et al. [10] whose samples
were also prepared by solid state reaction. In addition, no
splitting of the diffraction peaks was observed though the
calcinations temperature range, implying there was no change
in symmetry with increasing in the calcination temperature. It
should be note that an increase calcinations temperature
resulted in a decrease in width of the diffraction peaks.
Generally, full width at half maximum (FWHM), can be related
to crystallite size of the powder. In order to investigate the effect
of calcination temperature on the crystallite size of the calcined
powders, the Scherer formula as seen in Eq. (1) was used [12]

k.
" dcosh

where B is FWHM (the broadening due to the crystallite sizes),
A is the wavelength of the X-rays, d is the average crystallite
size, 0 is the Bragg angle, and k is a constant (k < 1.0 in this
work). By assume that the instrumental broadening and the
broadening due to lattice strains of all powder samples are

(D
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Fig. 3. Crystallite size and FWHM values of BFN as a function of calcination
temperature.

similar and small, it can be approximated that B varies linearly
to the full width at half maximum (FWHM) of the observed X-
ray peak. From Eq. (1), it may be assumed that k, cos 6, and A
values are constant parameters for the same reflection. Thus, it
can be roughly estimated that the FWHM is inversely propor-
tional to the average crystallite size as shown in Eq. (2):

FWHM x d~! 2

Plots of FWHM and estimated d for the (0 1 1) reflection
from all powder samples were illustrated versus calcination
temperature in Fig. 3. The crystallite size increased from 40 nm
for the 600 °C sample to 55 nm for the 900 °C sample.

Morphology of BFN powder calcined at 700 °C and 900 °C h
is illustrated in Fig. 4(a) and (b). Very fine particles with average
diameter of <160 nm were observed for the 700 °C sample. The
900 °C sample showed a slightly increase in particle size
(<210 nm). Although the powder exhibited a uniform in particle
size, agglomerated particles were observed. This may resulted in
the higher value of average particle size (by SEM) comparing to
the estimated value from the XRD technique.

In this work, the 700 °C powder was selected to form the
BFN ceramics. The sintering was conducted at 1350 °C for 2 h.
The dielectric constant of BFN ceramics as a function of
frequency at various temperatures up to 300 °C is illustrated in
Fig. 5. Very high dielectric >80,000 were observed at 1 kHz
and at temperature of 300 °C. This value is higher than that
obtained from the conventional method [8]. This may be due to
the present ceramics have a higher density (6.12 g/cm?) than
that of the ceramics prepared by the conventional method
(<4.60 g/cm3) [8]. The dielectric constant also exhibited a
nearly frequency dependent, especially at a higher temperature.
Inset of Fig. 5 shows plots of loss tangent versus frequency at
various temperatures. Values of loss tangent at room
temperature were less than 1.5 at frequency 100 Hz. At high
temperature, the dielectric constant exhibited a dielectric —
frequency independent and the values of loss tangent were less
than 1.0. These value are closed agree with the ceramics
prepared by conventional method (loss tangent < 1.0) [8].

Fig. 4. SEM micrographs of (a) BEN powder calcined at 700 °C and (b) BFN
powder calcined at 900 °C.

Fig. 5. Dielectric constant and dielectric loss (inset) of BEN ceramic measured
at various frequencies over broad temperature range.

4. Conclusions

A molten-salt synthesis was proposed for the preparation of
BFN powder for the first time. Pure perovskite phase with cubic
symmetry was obtained. The molten-salt method could reduce
the calcination temperature to a low temperature. The obtained
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BFN powder exhibited very fine particles with a uniform size
distribution. The BFN ceramics prepared by the present route
exhibited rather high dielectric constant with low loss tangent.
Since the molten-salt method shows many advantages for
synthesis the lead free electroceramic powder such as BFN, it is
interesting to apply it for other lead free materials for future work.
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Abstract

M-type strontium ferrites, Srq gl.ag,Fe 209 have been synthesized by conventional ceramic process. The effects of lanthanum addition and
sintering temperature on microstructures and magnetic properties of SrFe;,019 and Srg gl.ag ,Fe 1,019 samples were investigated. Microstructural
analysis of the SrFe;,0,9 and Sr( gLag ,Fe 1,09 specimens, sintered at different temperatures revealed that average grain sizes of StFe,,0,4 ferrites
were larger than that of Sryglag,Fe ;0,9 ferrite and increased with increasing sintering temperature. The X-ray diffraction (XRD) results
confirmed the strontium hexagonal ferrite phase of SrFe;»,0,9 and Sry gLag,Fe 20,9 compounds. A maximum coercivity value of 4850 Oe and
maximum saturation magnetization value of 102 emu/g were obtained for the SrFe;,0;¢ ferrite sintered at 1150 °C and for the SrFe;,0;9 and
Sty gLag,Fe 1,049 ferrites sintered at 1300 °C, respectively. The remanence (Mr) of Sryglag,Fe .09 sample sintered at 1200 °C possesses the

maximum value of 60 emu/g.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; C. Magnetic properties; D. Ferrites; E. Hard magnets

1. Introduction

Magnetic materials are widely used as components in
various applications of industrial and medical equipments. A
very well-established class of magnetic materials is made from
magnetic ceramic materials, or ferrites [1], which are essential
in devices for storing energy in a static magnetic field. Major
applications involve the conversion of mechanical to electrical
energy. The applications of magnetic materials in information
technology have been growing continuously [2].

The ferrite materials may be classified into three different
classes; spinel ferrites, garnet ferrites and hexagonal ferrites
[3]. The magnetic spinel has the general formula of MFe,QOy,
where M is the divalent metal ion, usually Ni, Co, Mn, or Zn.
During the last few years spinel ferrites have drawn a major
attention because of their technological importance in magnetic
recording, magnetic fluid and catalyst. The garnet ferrites are

* Corresponding author. Tel.: +66 53 943376, fax: +66 53 357512.
E-mail address: tawee @chiangmai.ac.th (T. Tunkasiri).

the basis of materials for many high-technology devices for
magneto-optic, microwave and memory applications [1]. The
ferrites used for permanent-magnet purposes are the hexagonal
ferrites, also called hard ferrites or M-type ferrites. These are
hexagonal compounds of the general formula MeFe,0q,
where Me = Ba, Sr, or Pb [2]. M-type strontium ferrites with
substitution of Sr** by rare-earth La>", according to the formula
Sri_,La,Fe;,0O;19 have been of much interest to be used as
permanent magnets since their discovery in the 1950s due to
their rather good energy product and the best performance to
cost ratio. In addition, they also show promising properties for
their use as magnetic and magneto-optic recording media, as
well as in microwave devices.

Various processing techniques have been employed for
fabrication of the strontium ferrites, including the chemical
coprecipitation method, the glass crystallization, the organic
resin method, the sol-gel method and the ceramic process.
However, the simple ceramic process has been extensively used
in industrial manufacturing.

This paper has an attempt to investigate and give further
insight about the magnetic properties of strontium ferrite,

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

doi:10.1016/j.ceramint.2011.05.023
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SrFe 1,019, and La doped-strontium ferrite, Srgglag,Fe;,0o.
The investigation covers the study of the effect of La
substitution and sintering temperature on the properties of
the prepared strontium ferrite ceramics.

2. Experimental

The SrFe ;0,9 and Sryglag,Fe ;0,9 ferrites were fabri-
cated by the conventional ceramic process. The powders were
milled in distilled water in a steel cylindrical mill with steel
balls (SPEX CertiPrep, 8000-D Mixer/MILL) to produce finer
and homogenous particles. The resulting slurry was dried and
then calcined at 1100 °C for 2 h. The calcined powders were
pressed into a disk shape compact in the presence of magnetic
field of 12.5 kOe. The green bodies were sintered in air at
temperatures ranging from 1150 to 1300 °C for 1h. Phase
formation of the powder and ceramic samples was studied by
X-ray diffraction technique (XRD). The microstructure of the
samples was investigated using a scanning electron microscope
(SEM, LEO 1455VP). Average grain sizes of the samples were
determined by the intercept method of ASTM E112, which is
based on the number of the grain boundary intersections per
unit length [4]. Magnetic properties were measured at room
temperature on the sintered samples in the applied static

Fig. 1. X-ray diffraction patterns of SrFe;,0,9 ferrites sintered at different
sintering temperatures for 1 h.

magnetic fields up to 10 kOe employing a vibrating sample
magnetometer (VSM, LakeShore 7407).

3. Results and discussion

The microstructures and magnetic properties of undoped
(SrFe,019) and La doped (Sr, gLag ,Fe,0,9) ferrites prepared
at sintering temperatures ranging from 1150 to 1300 °C for 1 h
were studied. XRD patterns of the undoped samples (SrFe;,0,9)
are shown in Fig. 1. Ascanbe seenin Fig. 1, the diffraction peak
(*) of hematite phase (a-Fe,O3) was observed in the samples
sintered at 1150-1250 °C and the single phase of strontium
hexagonal was obtained in the sample sintered at 1300 °C. In
case of La doped samples, amount of hematite phase decreased
with the increase of sintering temperatures (Fig. 2). It should be
noted that the diffraction pattern of the SrFe;,0;¢ sample (Fig. 1)
is similar to that of the SryglLag,Fe;,019. In addition, as in the
case of Sryglag,Fe;,09, the intensity of the hematite phase as
shown in Fig. 2 is higher than that of SrFe;,0,9 (see also Fig. 1)
the diffraction peaks of LaFeO; were observed at 1150 °C,
suggesting that the La doping promoted the formation of second
or impurity phases.

The as-sintered bulk surface morphologies of the undoped
and doped samples were investigated using scanning electron

Fig. 2. X-ray diffraction patterns of SrygLag,Fe;,0q9 ferrites sintered at
different sintering temperatures for 1 h.
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Fig. 3. SEM micrographs of SrFe,0¢ ferrites (SF) and Srqglag,Fe 2019 ferrites (SLF) sintered at different sintering temperatures.

microscopy (SEM) and the results are shown in Fig. 3. The
average grain sizes with sintering temperature for the undoped
and doped samples are shown in Fig. 4. Itis seen that the average
grain size increased from 0.4 t0 2.5 pm and 0.4 to 2.1 pm for the
undoped and doped samples, respectively. It may be assumed that
adding of La** into SrFe,,0, causes the reduction in the average
grain sizes of the ceramics. The increase of grain size with

increasing sintering temperature is due to the enhancement of
crystallinity in the ceramics at higher sintering temperatures.
The magnetic hysteresis loops of the SrFe;;O;9 and
Srgglag,Fe ;0,9 ferrites measured at room temperature with
magnetic field up to 10 kOe are shown in Figs. 5 and 6,
respectively. From these figures, the magnetic properties of the
ceramics sintered at different temperatures were deduced,

Table 1

Coercivity (Hc), remanence (Mr) saturation magnetization (Ms) and Mr/Ms ratio for SrFe;,0;9 and Srj gLag ,Fe 1,049 ferrites sintered at 1150 °C, 1200 °C, 1250 °C,

and 1300 °C.

Sample Sintering temperature (°C) Hc (Oe) Ms (emu/g) Mr (emu/g) Mr/Ms

SrFe ;09 1150 4850 89 55 0.65
1200 4353 94 58 0.62
1250 3393 98 59 0.60
1300 2273 102 59 0.58

SroglagFe12019 1150 4796 87 54 0.62
1200 4510 96 60 0.63
1250 3847 67 59 0.88
1300 1781 102 56 0.55
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Fig. 4. Average grain sizes of undoped (SrFe;,0,9) and doped (SrqgLag».
Fe,0,) ferrites with sintering temperatures from 1150 to 1300 °C.

including the values of saturation magnetization (Ms),
remanence (Mr), coercivity (Hc), and remanence ratio (Mr/
Ms) ratio [5] (Table 1). The variations of coercivity (Hc) and
remanence (Mr) with sintering temperatures for SrFe;,0,9 and

Srg glLag ,Fe1,019 ferrites show that the Sryglag,Fe 1,019 and
SrFe 1,09 ferrites possessed the remanence in the range of
about 55-60 emu/g for sintering temperatures from 1150 to
1300 °C. The coercivity of the undoped and doped samples
decreased with sintering temperatures. It was observed that a
maximum coercivity value of 4850 Oe was obtained for the
SrFe ,0¢ ferrite sintered at 1150 °C. Generally, the Hc of doped
and undoped ferrites decreases with increasing grain size. For
example, Kools et al. reported that addition of SiO; to strontium
ferrite (in the right proportion), inhibited grain growth by
forming second phase at the grain boundaries, which subse-
quently reduced grain growth during sintering and gave rise to the
increase in the coercivity [6]. Therefore, our result also
corresponds to this rule. Further, the SrqglLag,Fe >0, ferrites
sintered at 1300 °C showed a high Ms value of ~102 emu/g,
comparing to that of the previous work (~70 emu/g) [7]. This
may be due to a different processing used in this study. In this
work the calcined powder was pressed under a magnetic field
(12.5 kOe) before sintering. When a magnetic field was exerted,
particles will rotate in the direction of the field, meaning that the
crystallographic direction (the easy magnetization axis) of the
powder will have partial orientation in the applied magnetic
direction as a result of the higher Ms for the present ceramics.

Fig. 5. Hysteresis loops of SrFe;,0,9 sintered at (a) 1150 °C, (b) 1200 °C, (c) 1250 °C, and (d) 1300 °C.
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Fig. 6. Hysteresis loops of Srgglag,Fe 2019 sintered at (a) 1150 °C, (b) 1200 °C, (c) 1250 °C, and (d) 1300 °C.

4. Conclusions

Strontium ferrite ceramics were synthesized by conventional
ceramic process. A single phase of SrFe;,O;¢ and Sryglag .
Fe 0,9 ferrites formed after the samples were sintered at
1300 °C. A maximum coercivity value of 4850 Oe was
obtained for the SrFe;,O;9 ferrite sintered at 1150 °C and
high saturation magnetization value of 102 emu/g was achieved
for the SrFe,O;9 and Sryglag,Fe ;0,9 ferrites sintered at
1300 °C. The results of this experiment show that the SrFe ,09
and Srg glag,Fe,0,g ferrites are promising materials pointing
the way to further developments for permanent magnets and
high density magnetic recording media.
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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

Full list of author information is available at the end of the article

@ 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

Page 2 of 9

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.
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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. The aim of this work was to analyze the effect of using rice husk ash (RHA) and bovine
bone as raw materials of glass-ceramics based on the SiO,-Na,O-CaO-P,0s system on their
physical, mechanical properties and bioactivity. All of the investigated compositions were prepared
by melting the glass mixtures at 1300°C for 3 h. The resulting glass samples were heated at
different temperatures ranging from 600 to 1000°C with fixed dwell-time for 2 h for crystallization.
Phase identification of the prepared glass ceramics was carried out by X-Ray diffraction (XRD) and
scanning electron microscope (SEM) techniques. In addition, in vitro test was carried out in
stimulated body fluid (SBF). Differential thermal analysis (DTA) showed that the glass transition
occurred at 505°C and crystallization at 700°C. The main crystalline phase form in most glass
ceramics is a sodium calcium silicate. The optimum heat treatment temperature, at which the
maximum mechanical value (620 HV) could be obtained, is around 1000°C. After incubation in
SBF for 7 days, all of the samples show good bioactivity in vitro, as evident by the formation of
bone like apatite phase.

Introduction
Bioactive material has attracted considerable interest for clinical application because of its excellent
osteoconductive, biodegradability characteristics and bioactive properties [1-3]. The most popular
bioactive material that have been developed for application in bone implantation and used as bone
replacement is bioglass 45S5. Bioglass 45S5 was discovered by Hench in 1971 [4] having chemical
composition of 45 wt.% Si0,, 24.5 wt.% CaO, 24.5 wt.% Na,O and 6 wt.% P,0s. Nevertheless, to
produce such bioglasses with reagent grade precursors are expensive, then bovine bone and rice
husk have been considered as potential alternative raw materials. Rice husk has high silica content
(Si0,), and also is available in great amount, especially in Thailand. While bovine bone contains
calcium oxide (CaQO) and phosphorous penta oxide (P,Os) which can be extracted easily to fabricate
bioglass.

The aims of this work are to synthesis 45S5 bioglass by using RHA and bovine bone as raw
materials and report the physical properties, mechanical properties and in vitro bioactivity of the
prepared bioglasses and glass-ceramics.
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Experimental Procedure
-Preparation of Raw materials
The silica powder was derived from extracted rice husk. It was washed with distilled water to
remove adhering solid and dust. The rice husk samples were fired at 1000°C for 4 h in an electrical
furnace. The result product was milled in a ball mill pot for 24 h. The rice husk particles were dried
in an oven at 100°C overnight. Quantitative chemical analysis of as-prepared powder was
accomplished by X-ray fluorescence (XRF). The CaO and P,Os powders were derived from natural
bovine bone by a sequence of thermal processes. The bone of the cow was cut and boiled in
distilled water for 8 h then dried in an oven at 200°C. The deproteinized bone was calcined at
800°C for 3 h. After that, the bovine bone was ball milled for 24 h as a powder.
- Preparation of bioglass
The glass with composition of SiO, 45 wt. %, Na,O 24.5 wt. %, CaO 24.5 wt. % and P,Os 6 wt.%
was prepared by melt-quenching method. 50 g of powder mixtures of these compositions were
prepared from reagent grade Na,COs (with purity >99.9%) powders, CaO, NH4H,PO,4 from bovine
bone, and SiO; from rice husk. The powders were mixed and melted in an alumina crucible for 3 h
at 1300°C. The melt was quenched between stainless steel plates at the room temperature. After that,
the sample was subjected to sintered schedules resulting in crystallization at various temperatures
(900-1050°C) with heating rate of 5°C min™' and with dwell time of 2 h.
- Materials characterization
The glass transition temperature (T,) and crystallization temperature (T.) of sample were estimated
by differential thermal analysis (DTA: 1600 DTA, Du Pont Instrument). The phase identification of
the samples was carried out by X-Ray diffraction (XRD: Siemen D-500). The mechanical properties
were evaluated by Vickers microhardness measuring (Buehler Lake Bluff microhardness tester,
USA), using load of 100 gf for 15s. The mean values were estimated by measurement of five
samples. In vitro test was carried out by soaking in SBF. The SBF was buffered at pH 7.4 and
maintained at 37.5°C in order to simulate the near physiological condition for 7 days. After that, the
formation of apatite layers was investigated by using scanning electron microscope (SEM Model
JEOL JSM-5910LV).
Results and Discussion

The DTA analysis of as-received bioglass is shown in Fig. 1. The graph shows an endothermic
peak at 505°C which corresponds to its glass transition. The observed second peak at around T=
605°C is an indicative of the softening temperature. While the crystallization onset begins to appear
at 630°C which corresponds to crystallization of sodium calcium phosphate as identified later by
XRD. These events agree well with the related research [5-7]. In addition at T=760°C, the second
glass transition is observed, followed by an exothermic graph of crystalhzatlon at Tcz 1000°C.
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Fig. 1 DTA trace of Bioglass Fig. 2 XRD patterns of samples at various temperatures
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The X-ray diffraction patterns of glass-ceramic samples are shown in Fig. 2. Before subjecting
to heat treatment process, the glass sample was in amorphous state. It can be seen that the
crystallization begins to appear after heat treatment at 640°C for 2 h. The crystalline phase is
identified as sodium calcium silicate phase (Na,Ca,Si309) and increased continuously with
increasing the temperature. This result is consistent with the DTA traces where the onset of T is
around 740°C. In addition, the secondary phase of sodium calcium silicate (Na,Ca,Si,07) appears at
900°C. This behavior was also observed for Nayak [8] when bioglass-ceramic was heated at 700°C.
The intensity of Na,Ca,Si,O; characterized peaks gradually increased when the heat treatment
temperature was raised.

Fig. 3 shows the microhardness and bulk density of glass-ceramics samples heated at various
temperatures. Samples were subjected to heat treatment schedules with the temperature ranging
from 695-1000°C, based on the observed T, from the DTA trace. The result showed that the value of
hardness tends to increase with increasing heat treatment temperature. The maximum value of 620
HYV was achieved after heated at 1000°C. This may be due to particle rearrangement, mass diffusion,
and grain growth taking place at high temperature [9]. As expected, presence of Na,Ca,Si,07 phase
in these glass-ceramics can influence the value of the hardness, while the density value has
slightly changed with temperature. The result shows that the maximum density value of all samples
is approximately 2.75 g/cm”.
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Fig. 3 Physical and mechanical properties of samples at various heat treatment temperatures.

Table 1 Mechanical properties of glass-ceramic 45S5 (Bioglass®) and 45S5 (Natural raw materials).

Materials Young’s Modulus  Dendity Hardness Ref.
(GPa) (g/cm’) (HV)
Glass-Ceramic 45S5 (Bioglass®) 35 2.70 458 +9.4 L.L. Hench [10]
45S5 (Natural raw materials) - 2.62 620 This study

The hardness and density values of the specimens in present study were closed to those of the
45S5 bioglass® commercial which developed by Hench [4]. The 45S5 Bioglass® synthesized by
Hench has the value of hardness and density of 458 + 9.4 HV and 2.70 g/cm’, respectively, that is
much lower than the present study as shown in Table 1. The better mechanical properties could be
attributed to the development of Na,Ca,Si,07 in the sample.

Fig. 4 shows the surface morphology of the glass-ceramic samples at various heat treatment
temperatures after incubating in SBF for 7 days. Apatite formation is observed for all sample
surfaces, however, considerable differences can also be observed. After incubated for 7 days, the
surface of sample heat treated at 695°C was fully covered with spherical apatite particles. However,
at higher temperature, 900°C and 1000°C, They did not cover the surface completely.
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The SEM photographs show that the apatite formation decreased with increasing the heat
treatment temperatures. This may be due to the formation of crystalline phase occurred in the heat
treated samples at high temperatures restricted the formation of apatite layer.

(a) (b) (©
Fig. 4 SEM micrographs of samples sintered at (a) 695 C, (b) 900°C, (c) 1000°C after 7 days in SBF

Conclusions

Bioglass 45S5 using natural raw material shows very similar mechanical properties to that of
the commercial bioglass 45S5. After heat treatment, the samples mainly contains Na,Ca;SizOq
crystalline phase. The samples heat treated at 1000°C showed the maximum physical and
mechanical properties. In addition, the positive bioactive property was obtained from the sample
heat treated at 695°C and at higher temperatures the samples possessed less bioactivity.
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Abstract. Recent years, propolis has plenty of biological and pharmacological properties and its
mechanisms of action have been widely investigated. There is a substantive database on the
biological activity and toxicity of propolis indicating it may have many antibiotic, antifungal,
antiviral and antitumor properties, among other attributes. The one-step incorporation of propolis
into nanofibrous mats of polycaprolactone (PCL) by electrospinning was demonstrated. In this
research, the preparation of the PCL nanofibers films added ethanolic extract propolis (EEP) by
electrospinning technique was studied. The EEP content was varied from 0, 2, 4, 6, 8 and 10%. The
morphology was observed by a scanning electron microscope (SEM). The functional group was
investigated by FT-IR

Introduction

PCL is a biocompatible and biodegradable material; it has been widely used in many applications,
such as tissue engineering, suture fibers, scaffolds and food packaging etc. [1-4]. It has many
reports about the fibers preparation by electrospinning technique [5-6]. These fibers were used for
medical application.

Propolis is a product from plant, honeybees (4pis mellifera, L.) collected. It is widely used
in medicine and pharmacological activities. Propolis is a natural product; it has biological activities,
such as anticancer, antibacterial, antifungal, anti-microbial, antioxidant, antiviral and antibiotic
effects [7-9]. So propolis is important for medical and pharmaceutical applications, for example of
food packaging, N. Duran and coworkers [10] prepared the microencapsulation of poly (e-
caprolactone) containing propolis and studied the antibacterial activity by agar diffusion method,
poly (e-caprolactone) microencapsulate can inhibit Streptococcus mutans (GS5). Erika Mascheroni
and co-workers [11] study about the diffusivity of propolis compounds in polylactic acid polymer
for the development of anti-microbial packaging films.

Electrospinning is a technique of polymers fibers processing [12]. This technique needs high
voltage to induce polymer solution or polymer melt, which can produce down to microscale and
nanoscale [13-15]. The fibers are generally used for biomedical, pharmaceutical or tissue
engineering applications [16-19].

In this research, we prepare the propolis added PLA nanofibers by electrospinning
technique, and study the morphology, structure, thermal property and anti-bacterial properties.
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Experimental Procedure

Preparation of PCL/ ethanolic extract propolis solution

The PCL (M, = 70,000-90,000) and propolis were obtained from Aldrich chemistry (USA) and
Brazil, respectively. Acetic acid was purchased from Merck. PCL, was dissolved in acetic acid (95
v%) at room-temperature for 5 hours, the concentration of 16% (w/v). Ethanolic extract of Brazil
propolis sample was used throughout this work. Sample was ground and homogenized using liquid
nitrogen. Thirty grams of propolis powder was dissolved in 300 ml of 70% ethanol and were further
analyzed. For extraction, the samples treated with ultrasound for 30 min below 40°C were filtrated
through a Whatman No.1 filter paper. Propolis extracts were lyophilized and measured its dry
weight. After that, PCL solution were added to the EEP and stirred at room-temperature for 10
hours. Various EEP (0.0, 2.0, 4.0, 6.0 and 8.0% (w/v)) were used in this work.

Electrospinning of PCL/ ethanolic extract propolis fibers films

The electrospinning technique was used to prepare the PCL/EEP fibers films. The PCL/EEP
solutions were fed into a 25 ml-hypodermic syringe, the inner diameter of the hypodermic needle is
0.9 mm. In this process we used the aluminium foil as the target. The distance from the tips to the
target was 15cm, the feed rate of 0.4 ml/hour and electric field of 15 kV were used. The spinning
process was done at room-temperature.

The morphology

The morphology of the PCL/EEP nanofibers films were observed by scanning electron microscope
(SEM); Focus Ion Beam; FIB Quanta 200 3D, FEI Company, USA. The diameter was determined.
The samples were arranged on metal stub, using carbon adhesive tape and coated with gold under
vacuum before observation.

The FT-IR analysis

FT-IR was used to characterize the functional groups of the PCL/EEP nanofibers films. The FTIR
spectra were collected at a resolution of 2cm™ on a Nicolet 6700 FT-IR, Thermo Electron Scientific
Instrument, LLC (USA).

Result and discussion

Fig 1 shows the morphology of PCL/EEP at 0.0% of EEP, the fibers were smooth with a few beads
around. When the concentration of EEP was 2.0%, the fibers are not smooth with decrease of beads.
The range of fibers diameter at 0.0 and 2.0% was 140-190 nm, after added EEP to 4.0 % the fibers
was smaller than the fibers at the concentration of 0.0 and 2.0%. Their diameters are between 60-70
nm. The fibers showed combining when EEP adding up to 6.0% and 8.0%. The diameter range of
fibers at 6.0 and 8.0% were 100-250 nm respectively.
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v

v

v

v
Fig.1. The morphology of the PCL/EEP Fig.2. FT-IR spectra of the PCL/EEP
nanofibers films varied the EEP content, nanofibers films, (a) 0.0%, (b) 2.0%, (c)
(a) 0.0%, (b) 2.0%, (c) 4.0%, (d) 6.0% and 4.0%, (d) 6.0% and (e) 8.0% (w/v) of EEP

(e) 8.0% (W/v) contains.

The Fig. 2 is shown FT-IR spectra of PCL/EEP nanofibers films. From the FT-IR spectra, at
the 2941.4 cm™ is the asymmetric CH, stretching and 2865.4 cm™ asymmetric CH, stretching of
PCL [20]. The peak at 1721.9 cm™ is assigned to the crystalline C=O (carbonyl) stretch [21-22].
The stretching in the crystalline PCL; C-C, C-O is shown at 1292.0 cm™, in this region shows the
decrease of the % transmittance when EEP increasing, so the crystallinity of the PCL is decreasing
[20, 23-24]. At 1237.1cm™ is the asymmetric COC stretching [20]. When we increased the EEP, the
peak at 1630.9 cm™ and 1600.4 cm™ showed increasing. At the 1600.4 cm™ is the transmittance of
aromatic ring deformation. It is the effect of the EEP, because propolis is the resin from the plant
source.

Conclusion

The preparation of PCL/EEP by electrospinning technique was successful. At 0.0% of EEP the
fibers were together with a few beads. At the concentration of EEP of 2.0%, the beads appeared
decreasing, after added EEP to 4.0 % the fibers was smaller than that obtained from all conditions.
Their diameters are between 60-70 nm. The fibers showed combining when EEP adding to 6.0%
and more, The FT-IR spectra shown the strong peak at the 2941.4 cm™ is the asymmetric CH,
stretching and 2865.4 cm™ asymmetric CH, stretching of PCL. The peak at 1721.9 is assigned to
the crystalline C=0 stretch. The stretching in the crystalline PCL; C-C, C-O is shown at 1292.0
cm™, in this region shows the decrease of the % transmittance when the EEP increasing. This effect
attributes to the decreasing of the PCL crystallinity. When increase the EEP, the peak at 1630.9 cm”
" and 1600.4 cm” were increasing. At the 1600.4 cm™ is the transmittance of aromatic ring
deformation. It is the effect of the EEP, because propolis is the resin from the plant source.
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Abstract. In this research, the two-step sintering method was employed to develop the physical
properties of Hydroxyapatite (HA) ceramics. HA powder was extracted from bovine bone and
vibro-milling method was used to make the fine particles. For the two-step sintering process, the
samples were heated up to the first step temperature (T;=1200°C) for 6 min then the temperature
was lowered down to second step temperatures (T,=1150'C and 1100°C) for 5, 10 and 15 h.
Another set of samples were heated up to the first step temperature (T;=1250C) for 6 min then the
temperature was lowered down to second step temperature (T,=1150C) for 5, 10 and 15 h. X-ray
diffraction (XRD) was carried out for investigating the phase formation in the prepared ceramics.
Physical properties of the prepared ceramics were studied such as porosity, density by
Archimedes’s principle. It is found that most of the samples exhibit Ca,(PO,),(OH) phase with

JCPDS number 09-0432. The first step temperature plays the most roles on controlling the density
of HA ceramics than T, and dwell times. Microstructures of the HA powder and ceramics were
characterized using scanning electron microscope (SEM).The feasibility in using the prepared
ceramics for bone replacement applications was discussed.

Introduction

Hydroxyapatite (Ca;o(PO4)s(OH),), is a material showing an excellent biocompatibility and
bioactivity with the human body. Chemical properties of HA are close to the mineral constituent of
human bone and the stoichiometric Ca/P ratio was 1.67 1 Thus, this material is a most attractive
material for the medical applications. Although HA shows very good biological properties, the
physical properties of synthetic HA are rather poor compared to the natural human bone which
restricts their applications at high load-baring areas. So, much attention has paid on the
improvement of the physical properties of this material for the reliability in practical biomedical
application. The aim of the present work was to demonstrate an improvement of the physical
properties of HA ceramic which fabricated from bovine bone hydroxyapatite by using two-step
sintering method. Effect of sintering temperature on physical properties of the prepared HA
ceramics were investigated and discussed.
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Experimental Procedure
Bovine hydroxyapatite powder preparation

The hydroxyapatite powder was derived from natural bovine bone by sequence thermally processes.
The fresh bones were cut into smaller pieces and cleaned well to remove macroscopic adhering
impurities. The bone samples were boiling in distilled water for 8 h in order to remove the bone
marrow and tendons. After that the bone has been deproteinzied by continued boiling in water. The
boiling treated bone samples were dried overnight at a temperature of 200 °C. The deproteinized
bone was calcined at 800 °C for 3 h, with in this temperature no poison any disease-causing agents
can survive. The resulting product was crushed into small pieces and milled in a ball mill pot for 24
h. The 25 g of dried powders were reground by vibro-milling method with milling time of 4 h.

The HA powder was uniaxially pressed at 120 MPa into pellets using a 10 mm cylindrical dies. For
two step sintering method, the green pellets were heated up to the first step temperature (T;=1200
°C) for 6 min then the temperature was lowered down to second step temperatures (T,=1150 °C and
1100 °C) for 5, 10 and 15 h. Another set of samples were heated up to the first step temperature
(T1=1250 °C) for 6 min then the temperature was lowered down to second step temperature
(T,=1150 °C) for 5, 10 and 15 h.

The linear shrinkage of the sintered body was determined by comparing the difference in the
diameter of green body and sintered body. The bulk density of the sintered samples was determined
by Archimedes’ method. The relative density was determined by taking the theoretical density of
hydroxyapatite which is 3.156 g/cm”’. The phase formation present in the samples were identified by
X-ray diffraction technique (XRD: Philip X’pert) in reference to standard JCPDS file available in
the system software. For the microstructure analysis, the sintered samples were examined using
scanning electron microscopy (SEM: JSM-6335F).

Result and discussion
All of the ceramics sintered by two step method showed no evidence of other phase rather than
hydroxyapatite (JCPDS file no. 09-0432) similar to the chemical component of the bovine bone.

Fig. 1 shows the examples of the XRD patterns of the HA ceramics sintered by two step where T; =
1200°C and T, = 1100°C, other results are similar and not shown.

Fig. 1 X-ray diffraction patterns of the sintered HA ceramics by two step method
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Fig. 2 The effect of sintering temperatures on the Fig. 3 The effect of sintering temperatures on
relative density of HA ceramic. the linear shrinkage of HA ceramics.

(a) T;=1200 °C 6 min, T,=1100°C 5 h (b) T,=1200 °C 6 min, T,=1100°C 15 h

(c) T;=1200 °C 6 min, T,=1150°C 15h  (d) T,=1250 °C 6 min, T,=1100°C 15 h
Fig. 4 SEM micrographs of polished HA surfaces sintered at various temperatures and dwell-time

The effects of sintering temperatures on the relative density and linear shrinkage of the HA
ceramics are shown in Fig. 2 and Fig. 3, respectively. It was found that the linear shrinkage
increased from 7.39% at T,=1200 °C 6 min, T,=1100 °C 5 h to 11.61% at T,=1250 °C 6 min,
T,=1150 °C 15 h with maximum shrinkage of 11.99% occurring at T;=1250 °C 6 min, T,=1150 °C
10 h. The relative density plot which showed an increase in measured density from 76.18%
(sintered at T;=1200 °C 6 min, T,=1100 °C 5 h) to 87.41% (sintered at T;=1250 °C 6 min, T,=1150
°C 15 h) also exhibited a similar trend. The maximum density of >85% was measured for samples
sintered T;=1250 °C 6 min, T,=1150 °C 5, 10 and 15 h. These measured densities are similar to
some of the values presented by M.K. Herliansyah et al.””!. They reported that the densities of their
sintered HA ceramic was increased together with increasing sintering temperature. The relative
density approximately of 87% was measured for samples sintered at 1300 °C. Although the relative
density of the HA ceramic from this research continuing increased up to 87.41% but the density
value is lower than that reported by Ruys et al.”), Muralithran and Ramesh ! and Gibson et al. ™
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Ruys et al.l’) reported that the relative density of HA ceramics (commercial HA) could
reached 95% when sintered at 1200 °C. Muralithran and Ramesh *! have reported the presence of
relative density of HA ceramic estimated to be >99% for samples sinter at 1250 °C. Gibson et al.”>
presented that the relative density of HA ceramics (Lab HA) approximately 97-98% for samples
sinter at 1200 °C. However, there HA powders are chemically synthetic.

It can be noted from Fig. 3 that the first step temperature plays the important roles on
controlling the density of HA ceramics than the second step temperature (T,) and dwell times.

Scanning electron micrographs (SEM) of the sintered samples are shown in Fig. 4. The
sintered samples exhibited highly porous surfaces with pores distributed all over the surface area, it
lead to low bulk density of samples. However, the increase of sintering temperature and dwell-time
caused a gradual decrease in the amount of pores. Samples sintered at T;=1250 °C 6 min, T,=1150
°C 15 h gave a porosity level of less than 8%.

Conclusion

Effects of two-step sintering on the physical properties of HA ceramics, which sintered at various
temperatures, were investigated. In the present study, the results show that the two-step sintering
temperature has significant effect on the change in density and sintered microstructure of BHA
ceramics, the first step temperature plays the most roles on controlling the density of HA ceramics
than second step temperature (T,) and dwell times. The optimum sintering conditions were found
to be T1=1250 °C 6 min, T,=1100 °C 15 h, give to the maximum relative density of 87.41%. It had
been shown in the present work that the two-step sintering method can help to improve the physical
properties of HA ceramics, with the acceptable value of density for practical use.
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Abstract. The aim of this study was to investigate the effect of BaZrg ¢sTip.9503 (BZT) addition on
the microstructure, physical, dielectric and piezoelectric properties of hydroxyapatite (HA), and
develop new biomaterials which have potential applications in the support for cellular growth and in
the system for bone regeneration. In this case the BaZry ¢sTip.9503- HA composites (HABZT) were
prepared by conventional sintering method. The BZT were added to HA with ratio 0, 10, 20 and
30 %wt. Then the mixed powders were pressed and subsequently sintered at the temperature
ranging from 1150 to 1350°C. The result showed that the dielectric and piezoelectric properties
were improved by the addition of BZT. Moreover, the bioactivity of the HA improved with addition
of BZT especially at 10% as evident by the formation of bone like apatite layers on the surface of
all BCZT composites after soaking in simulated body fluid (SBF) for 15 days. The results
confirmed the possibility of using these bioactive composites for treatment within the human body.

Introduction

Calcium phosphate based bioceramics, mainly in the form of hydroxyapatite (HA), have been in use
in medicine and dentistry for the last 20 years. Applications include coatings of orthopedic and dental
implants, alveolar ridge augmentation, maxillofacial surgery, otolaryngology, and scaffolds for bone
growth and as powders in total hip and knee surgery [1]. The scope of biomaterials for repairing bone
defects has been broadened by the addition of lead-free piezoelectric ceramics, such as alkaline
niobate and barium titanate based, because their stable piezoelectricity and biocompatibility [2].
Stress-generated potentials produced by piezoelectric ceramics may stimulate bone regeneration in
situ [3]; for example: barium titanate implants may promote osteogenesis [4]. However, the
piezoelectric behavior of BT was scarcely observed. Yu et al. [5] have reported that Zr-doped BaTiO3
(BZT) ceramics with 5% Zr content showed fairly satisfactory piezoelectric response, with the
piezoelectric constant value of 236 pC/N at room temperature, which is higher than that of BT. In this
work, the fabrication of the composites from addition BZT in HA at 0, 10, 20 and 30%wt, has been
carried out, in order to study phase evolution and the relationship of electrical properties and
bioactivity of HABZT composites and find out the optimum conditions for obtaining the new
biomaterials which have potential applications in the support for cellular growth and in the system for
bone regeneration.
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Experimental Procedure

The BaZr ¢5Ti.9503- hydroxyapatite composites (HABZT) were prepared by conventional sintering
method. The BZT were added to HA at 0, 10, 20 and 30%wt. The mix powders were milled for 24 h in
alcohol media. After drying, the mixed powders were presses into disk-shaped pellets with a diameter
of 10.0 mm and subsequently sintered at the temperature ranging from 1150 to 1350°C for 3 h in air.

Phase identification of the samples was carried out by X-Ray diffractometer (XRD: Siemen D-500).
Scanning electron microscope (SEM: JSM-6335F) was used to observe the microstructures of the
prepared BCZT composites. Temperature dependent of dielectric constant and dielectric loss (tand) of
sample were observed at 1 kHz by using LCR meter (HIOKI3532-50). Piezoelectric properties were
measured by a piezoelectric-ds;s;-meter (Model 8000, Penne baker) at room temperature. In Vitro test
was carried out by soaking in simulated body fluid (SBF). The SBF was buffered at pH 7.4 and
maintained at 37.5 °C in order to simulate the near physiological condition for 15 days. After that, the
formation of apatite layers was investigated by using scanning electron microscope based on energy
dispersive X-ray spectrometer.

Results and Discussion

The X-ray diffraction patterns of all HABZT composites at various contents of BZT are illustrated in
Fig. 1. The main diffraction peaks of all ceramics are corresponding to the crystal structure of HA
phase (JCPDS0090432) and no second phases are observed. For variation of BZT contents, the
structure of the ceramic started to change at BZT = 10%wt. The relative intensity of HA phase was
found to decrease increasing in BZT content.
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Fig. 1. The X-ray diffraction patterns of all HABZT composites at various contents of BZT
Table 1 Physical properties of HABZT composites.

0 %wt.BZT 10 %wt.BZT 20 %wt.BZT 30 %wt.BZT
Density (g/cm’) 2.96 3.32 3.10 3.06
Porosity (%) 1.38 1.36 1.35 2.81

The density and porosity of composites from addition BZT in HA with the ratio of BZT at 0, 10, 20
and 30%wt. are shown in table 1. The maximum density can be observed at composition
10%wt.BZT. Moreover, the rich additions of BZT display the reducing of density and increasing of
porosity.
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Fig. 2. The electrical properties of HABZT composites, (a) Temperature dependent of dielectric
constants and dielectric loss at 1 kHz., (b) Piezoelectric constant (d33) as a function of BZT content.

Fig. 2a shows the temperature dependent of dielectric constants and dielectric loss of HABZT
composites at 1 kHz. The highest dielectric constant is obtained for the HABZT composites at
10%wt.BZT. However, the dielectric was decreased when increasing the BZT content. The
piezoelectric coefficient (ds3) is the polarization generated per unit of mechanical stress. Fig. 2b
shows that BZT content reaches a limit in increasing the ds;s; value at 10%wt.BZT at which the
maximum dz; value is about 21 pC/N. After that, the increasing in BZT phase lowers the ds; value of
the composites, reducing it to as low as 14 pC/N in the 30%wt.BZT sample. This may be attributed
to the decrease in density of high BZT content samples.

(2) (b)

(c) (d)
Fig. 3 SEM micrographs of BCZT composite samples (a) 0%wt.BZT, (b) 10%wt.BZT, (c)
20%wt.BZT, (d) 30%wt.BZT after 15 days in SBF
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Fig.3 shows the SEM images of the HABZT composite samples at various BZT contents after
incubating in SBF for 15 days. It was found that the bioactivity of the pure HA ceramic was improved
with addition of BZT phase, especially at 10%wt. as evident by the highest formation of bone like
apatite layers on its surface. It may assumed that the osteogenesis is enhanced by the maximum
piezoelectric property. Fundamentally, new bone formation is mediated by pressure-generated
electrical current and surface electronic charges [3]. Furthermore, new bone formation depends on the
piezoelectric constant [6]. In living beings, polar materials like collagen, ions and active cells grow in
a definite direction. Cell were more active on negative polarized surfaces than on unpolarized ones
because of the electronic cellular reaction between ossteoblasts and the electric domain both on the
surface and inside the pores. However, the formation of apatite layer decreases with increasing BZT
content. The range, in which cells exhibit their best behavior for osteogenesis, is still unknown.
Long-term animal studies are also needed to verify the osteoinductive properties and in vivo status of
the new lead-free piezoelectric ceramics.

Conclusions

The HABZT ceramics were prepared by solid state reaction technique. XRD displays the structure of
the ceramic started to change where BZT = 10%wt. The relative intensity of HA phase was found to
decrease with the increase of BZT contents. The maximum dielectric and piezoelectric properties of
& = 36.4 and ds3 = 21 pC/N, respectively are obtained from the sample of BZT = 10%wt. The
bioactivity of the HA was improved with addition of 10%wt BZT as evident by the formation of bone
like apatite layers on its surface after soaking in SBF for 15 days. These properties designate that this
system have potential applications in the support for cellular growth and in the system for bone
regeneration.
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Abstract. Hydroxyapatite (HA) is classified as one of the important bioceramics, which has been
used in orthopedics, medical and dental applications. It has bioactivity and good biocompatibility
with the human organism, which is suitable in medical applications as an implant or coating on
prostheses such as metal. In this study, the effects of calcinations temperatures on phase formation
and physical properties of HA particles were investigated. The HA particles synthesized from
bovine bone were cleaned and fired at 800 °C and subsequently ball milled for 24 h. Then received
HA particles were divided into two parts. The first one was calcined at various temperatures from
900 to 1400°C and the second one was vibratory milled for 4 h and subsequently calcined at various
temperatures from 900 to 1400°C. The calcined HA particles were characterized by X-ray
diffraction (XRD) for their crystal structure and particle size analysis. Scanning electron
microscope (SEM) was used for microstructural.

Introduction

Hydroxyapatite (HA) is classified as one of calcium phosphate-based bioceramics and
widely used in medical and dental applications[1]. The chemical composition of HA is
Cao(PO4)6(OH), and it has Ca/P molar ratio of 1.67. HA ceramics are currently used as
biomaterials for many applications in medicine, dentistry and orthopedics because it is the main
inorganic constituent of human bone and teeth[2]. In addition, HA is an excellent biocompatibility
material with hard tissue and exhibits osteoconductive properties, non-toxic, non-immunogenic
behavior [1,4]. So, synthetic HA has a wide range of biomedical applications because it is bioactive
and biocompatible [2,5].

Normally, HA can be synthesized by several methods, such as sol-gel synthesis, co-
precipitation, hydrothermal reaction, microemulsion synthesis and mechanochemical synthesis
[1,3,5].

Mechanochemical powder synthesis is a solid-state synthesis method. The equipment used
for mechanochemical synthesis are generally prepared by traditional milling, for examples: ball
mills and vibratory mills. These methods have major advantages of low cost, high productive and
uncomplicated, which make them as important methods for industrial and medical production of
HA powder [5,6].

The aim of this research is to investigate the effect of calcination temperatures on phase
formation and physical properties of HA particles.

Experimental procedures

Sample preparation: The Hydroxyapatite powder was derived from natural bovine bone by a
sequence of thermal processes. The fresh bones in all parts of one cow were cut into small pieces
and cleaned well to remove macroscopic adhering impurities. The bone samples were boiled in

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 202.28.248.45-16/05/12,09:00:33)
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distilled water for 8 h for easy removal of the bone marrow and tendons. After that the bones has
been deproteinized by continued boiling in water. The boiled bone samples were dried over-night at
a temperature of 200 °C. The deproteinized bone was calcined at 800 °C for 3 h, a temperature at
which no prisons or any disease-causing agents can survive. The resulting product was crushed into
small pieces and milled in a ball mill pot for 24 h. And then the products were divided into two
parts. The first one was calcined at six different temperatures ranging from 900 to 1400 °C and the
second one was vibratory milled (McCrone Micronizing Mill) using ethanol as a milling media and
milling time for 4 h and subsequently calcined at six different temperatures ranging from 900 to
1400 °C.

Sample characterization : The crystal structure of the calcined HA powders were analyzed by X-
ray diffraction (XRD: D500; siemen company, US) with CuK, radiation A=0.15406 nm at
accelerating voltage 40 kV and current of 30 mA. Data were collected over the 20 range 20-60°
with a step size of 0.04 and a count time of 0.5 s. Phase identification was performed with reference
to the database supplied by the Joint Committee on Powder Diffraction Standards (JCPDS) card.
For microstructural analysis, microstrain was assumed to be negligible and all diffraction peak
broadening attributed to crystalline size (t). In this expansion, A is the wave length of the radiation;
0 is the Bragg angle and B, the line broadening at full width of half maximum (FWHM) of the
selected peak in the diffractogram. The [1 1 1] reflection of the sample was used for determining the
FWHM data.

(1)

Results and Discussion

(a) (b)
Figure 1. XRD patterns of Hydroxyapatite powders calcined at 900 °C-1400 °C
(a) Ball milled HA (b) Vibratory milled HA

X-ray Diffraction : The XRD spectra of HA powders calcined at 900-1400 °C were shown in
Figure 1. At calcination temperatures in the range of 900-1200 °C, the diffraction peaks only
corresponded to hydroxyapatite phase (HA JCPDS File No.09-0432) without the observation of any
second phase for instance tricalcium phosphate (TCP: JCDPS File No.09-0169), which was found
at the calcined HA powder at 1300 °C, due to the partial thermal decomposition of HA into TCP. In
order to study the effect of calcinations temperatures on the crystalline size of the HA Ball milled
powder and HA Vibratory milled powder, the Scherrer equation in the Eq. (1) was used. The
evaluated crystallite sizes of all samples are given in the Table 1.
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Table 1. The average crystallite sizes of ball milled HA and vibratory milled HA

Calcinations HA HA

Temperature Ball milled Vibratory milled
900 °C 78.2 nm 80.7 nm
1000 °C 83.5 nm 84.9 nm
1100 °C 85.3 nm 87.2 nm
1200 °C 80.8 nm 69.9 nm
1300 °C 81.2 nm 83.5nm
1400 °C 66.0 nm 68.5 nm

It can be noted that the crystallite size of the HA crystals increased with increasing
temperature up to 1100 °C after that the size decreased with increasing temperature. This may be
due to the occurrence of some decomposition of HA phase and the formation of TCP phase which
finally detected at the calcined powders at 1300 °C and 1400 °C as confirmed by the XRD results.

(b) Vibratory milled HA powders
Figure2. SEM micrographs of HA powders, calcined at 900 °C-1300 °C

Scanning electron microscope: The SEM micrographs of ball milled and vibratory milled HA
powders, calcined at 900-1300 °C are shown in Figure 2. As would be expected, the increase in
calcination temperature caused the increase in size and agglomeration of particles. In can be noticed
that the particle sizes of the vibratory milled powders are slightly smaller than that of the ball milled
powders, however, the higher agglomeration was found in the vibratory milled powders. The
powders calcined at 1300 °C and 1400 °C exhibited the liquid sintering microstructure which may
be due to the decomposition of HA to TCP phase. The lower in crystallinity of HA crystals were
clearly revealed in the XRD patterns of the calcined powders both from ball milling and vibratory
milling in Figure 1.
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Conclusions

The present study compares the phase formation and properties of bovine bone derived
hydroxyapatite (HA) powders from ball milling and vibratory milling techniques at various
calcination temperatures. The increase in calcination temperature caused the increase in crystallite
size of the HA particles but no change in phase occurred until at the calcination temperature of
more than 1300 °C, where tricalcium phosphate started to occur. The difference in milling method
showed no obvious change in the phase formation of the corresponding HA powders but slightly
smaller sizes of the vibratory milled powders were obtained with higher agglomeration as observed
by SEM technique.
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Abstract. The purpose of this work was to study the effect of ZnO on properties of
P,05-Ca0-Na,O glass system for bone substituting applications. The glass formula used in this
study is 45P,0s - (30-x)CaO - 25Na,0 - xZnO where x =0, 1, 3, and 5 mol%. The corresponding
glasses were prepared by conventional glass melting technique at 1000 °C for 1 h. Thermal
parameters of each glass were studied by differential thermal analysis (DTA). These glasses were
investigated in terms of infrared spectra and in vitro bioactivity. DTA results gave the glass
transition temperatures in a range 227-280°C and crystallization temperatures in the range
521-529°C. Form FTIR results, the infrared spectra of all glass samples showed vibrations of
phosphate network and the transmittance intensity of glass systems decreased with increasing ZnO
content. All glass samples were exhibited the growth of apatite cells at the surface after immersed in
SBF for 7 days. The optimum composition was found for the glass samples containing 5 mol% ZnO
which contained the most apatite layer formation.

Introduction

Phosphate glass is a representative material for bone substitute because of its chemical
similarities with inorganic phase of natural bone and it has unique properties, such as low
processing temperature and good biocompatibility [1-2]. The structure unit of phosphate glass is the
PO,’" group, which can be attached to maximum of three neighbor PO, groups to produce a
cross-linked structure such as Ca®>” and Na* [3].

Calcium phosphate glasses from a ternary P,Os - CaO - Na,O system are one of the interesting
glass systems of phosphate glass group. The suitable composition of this glass system was found in
the samples containing 45 mol% P,Os. These glasses offered a low melting temperature and good
bioactivity [3] and are made up of an inorganic phosphate network in their main structure. The
modifications of the network can be imposed by the addition of other oxides, such as TiO,, K,O and
Zn0O [4-6].

In the study, effect of ZnO content on the thermal parameter, infrared spectra, mechanical
properties and in vitro bioactivity of the 45P,0s - (30-x)CaO - 25Na,O - xZnO glasses was
investigated. Zinc oxide was selected to control the reactivity since zinc is an essential trace element
that has stimulatory effect on bone formation and can be used to control the interfacial reactions on
vitro, therefore zinc ions released from the glasses may enhance bone regeneration [7-8].

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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Experimental Procedure

The glasses formula used in this study is 45P,0s - (30-x)CaO - 25Na,0 - xZnO where x =0, 1,
3, and 5 mol%. The batches of (NH4),HPO,, CaCO;, Na,CO; and ZnO with the nominal
compositions as shown in Table 1, were weighted and melted at 1000°C for 1 in alumina crucible.
The melts was cast into a stainless mold in air. The glass powders was subsequently examined by
differential thermal analysis (DTA: Stanton redcroft DTA model 673-4) using Al,Os as reference.
Infrared spectra were measured by Fourier Transform Infrared Spectroscopy (FTIR). In vitro
bioactivity was assessed in simulated body fluid (SBF), which was buffered to pH 7.4. The glasses
were soaked in SBF and indicated for 7 days at 37°C. The morphology of glasses that immersed in
SBF were investigated by scanning electron microscopy (SEM: JSM-6335F) and energy dispersive
X-ray spectroscopy (EDX) for chemical analysis.

Table 1 Sample codes, glass compositions and melting conditions of prepared glasses.

Sample Content (mol%) Melting temperature
codes P,05 CaO Na,O ZnO and time (°C/h)
P45C350Nys 45 30 25 - 1000/1

P4sCy9NysZ, 45 29 25 1 1000/1

P4sCy7NsZ5 45 27 25 3 1000/1

P4sCysNpsZs 45 25 25 5 1000/1

Results and Discussion

Thermal parameters of glasses. DTA traces of the glass samples are shown in Fig 1. The
thermal analysis of DTA reveals endothermic peak and exothermic peak in the temperature range of
200-600°C. The endothermic peaks appeared in the range of 227-280°C can be ascribed to the glass
transition temperature (7). It is also noticed that this Tg decreases with increasing ZnO content.
The exothermic signals in the range 521-529°C can be ascribed to the crystallization temperature
(T.). These peaks are indicative of crystallization occurring in the glasses at elevated temperature.

Fig. 1 DTA traces of glass samples. Fig. 2 Infrared spectra of glass samples.

Infrared spectra. The infrared spectra of the all glass samples are shown in Fig 2. The infrared
spectra of all glass samples showed vibrations of phosphate network. The bands arising from the
vibrations of phosphate in symmetric and asymmetric stretching are observed in these spectra in the
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wavenumber ranging from 1400-600 cm™ which are characteristic of Q' and Q? group [6,9]. In the
region between 1400-1150 cm™ corresponds to the characteristic of vibration of non-bridging PO,
groups. In Fig. 2, PO, groups at about 1250 cm™ can be assigned to asymmetric stretching modes,
vas(PO,), of the two non-bridging oxygen atoms bonded to a phosphorous atom in a Q? phosphate
tetrahedral [6,9]. The vibrational bands around 1150-900 cm™ are characteristic of terminal P-O"
and PO; groups which can be observed at about 1085 and 1025 cm™, respectively. The region
between 900-700 cm™ is characteristic of vibration of bridging P-O-P groups. The bands va,(P-O-P)
and v4(P-O-P) can be observed at about 884 and 767 cm™ which are assigned to the symmetric and
asymmetric stretching of the bridging oxygen atoms bonded to a phosphorous atom in Q* phosphate
tetrahedron [6,9]. It can be noticed that the infrared spectra of these glass samples show a decrease
in transmittance intensity with increasing ZnO content.

Assessment of bioactive in vitro. Formation of apatite cell experiments of glass samples
recorded after immersion in SBF solution for 7 days (Fig. 3.) was also evaluated by investigation of
surface morphology by SEM and the chemical composition of apatite cells were detected by EDX.
The apatite cells were found on the surfaces of all glass samples and typical spectra of layer
containing P, Ca, O and Na atoms. The apatite formation mechanism may be explained by initial
dissolution of sodium, calcium and zinc ions of glass samples which accelerates the apatite
nucleation on surface of samples [6,10]. Addition of ZnO in glasses samples about 1-3 mol% results
in a decrease in the growth rate of apatite formation in SBF by the nature properties of ZnO.
Because the chemical durability of the glass samples is improved by the addition of ZnO, this is an
amphoteric oxide and shows very low solubility in SBF [7]. However the glass samples containing
ZnO up to 5 mol%, the formation of the apatite cells occurred higher as compared to sample having
1-3 mol% ZnO because the glass samples enhance apatite formation through the release of zinc ions
when they have an appropriate amount of ZnO [8]. In study of K.Sharma et al [8], they reported that
sample at 5 mol% ZnO have better bioactive properties than the sample having lower ZnO content
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Fig. 3 Mictrostructures and energy dispersive X-ray spectroscopy (EDX) of porous ceramics after
immersion in SBF solution for 7 days: (a) 0 mol%ZnO, (b) 1 mol%ZnO, (¢) 3 mol%ZnO, and
(d) 5 mol% ZnO glass samples
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Conclusions

Glasses from P,Os- CaO - Na,O - ZnO system were successfully produced. DTA results suggested
that the glass transition temperature of glass samples increased with increasing ZnO content in a
range of 227-280°C. The crystallization temperatures can be found in the range of 521-529°C. The
infrared spectra of all glass samples show vibrations of phosphate network and transmittance
intensity of phosphate network decreased with increasing ZnO content. All glass samples have good
bioactivity evident by the growth apatite cells at their surfaces after immersed in SBF for 7 days.
The glass samples containing up to 5 mol% ZnO possessed the best bioactive response than the
sample having 1-3 mol% ZnO
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Abstract: In this work, the effects of crystalline morphology on the mechanical properties of
polycaprolactone/polyvinyl alcohol/ butterfly pea extract (PPB) nanofiber composite were
investigated. Biopolymer nanofiber composite of PPB was fabricated by electrospinning technique
using polycaprolactone concentration and distance of nozzle to ground collector of 7 wt% and 20
cm, respectively. The influence of applied voltage (vary from 15-25 kV) on the stress-strain curves
was also observed. The structure and morphology of electrospun PPB nanofibers were investigated
by x-ray diffraction (XRD) and scanning electron microscopy (SEM). It was found that, the degree
of crystallinity increased with applied voltage and the mechanical properties was affected by the
morphology of PPB nanofiber.

1. Introduction

Nowadays, polymer nanofiber composites have an important role for biomaterials. They have
been developed and becoming popular among many researchers!'. Polyca})rolactone (PCL) is one
of the polymers with a high degree of crystallinity and hydrophobicity. "It is highly compatible
with skin and suitable for many biomaterial applications”’. However, it exhibited low tensile
strength and brittle. Then, polyvinyl alcohol (PVA) was chosen to mixed with PCL for forming
nanofiber composite due to its high tensile strength and flexibility™*. In this work, PCL/PVA mixed
with butterfly pea extract polymer nanofiber composites were fabricated using electrospinning
technique. The influences of applied voltage on fiber diameter and crystalline structures were
reported. Further, the relation between fibers morphology and mechanical properties was also
studied.

2. Experimental procedure
2.1Fabrication of PPB polymer solution

Polycaprolactone(PCL): [O(CH;)CO],, [My=80,000 g/mol], (Aldrich)at concentration of 7wt%
was dissolved in acetone (Merck) by stirring at 50°C for 24 h. Solution of 8 wt% polyvinyl alcohol
(PVA): [C,H40] 1, [My=100,000g/mol], (Fluka) was dissolved in the extracted butterfly pea
solution by stirring the solvent and particulate polymer at 50 °C for 3 h, After that, bothsolutions
were left at room temperature until the solid was fully dissolved.
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2.2 Electrospun PPB nanofiber

Theelectrospinning apparatus consisting of a high-voltage source (SPELLMAN SL600) and
two 60 ml glass syringes with stainless capillary nozzles of diameter 0.9 mm and length 10 mm
were used. These nozzles were replaced diagonally with rotating collector 45°C. Fibers were
collected on PVC collector of diameter 30 mm covered with an aluminium foil, rotating speed 12
rpm. Distance between the nozzle tips to the rotating collector was 20 cm. The spinning electric
potentialwerel5, 20 and 25 kV.The PPBelectrospun fibers (PCL and PVA-Butterfly pea) were
deposited on to the rotating collector simultaneously. The electrospinning nozzle was connected by
high-voltage supply of positive polarity and the collector was grounded. Electrospun PPB
nanofibers composite were produced using 60 ml/24 h solution flow rate, rotating collector speed
was 12 rpm. Electrospunnanofiber composites were collected using deposit time of 24 h at room

temperature. After deposition, the electrospunnanofiber composite were placed in desiccators for 24
h.

3. Characterizationof PPB polymer nanofibercomposite
3.1Scanning electron microscopy (SEM)

The morphology of the electrospun PPB nanofiber composites were observed under a JEOL
JSM-6335F scanning electron microscope. Specimens for SEM analysis are mounted on the copper
stub using carbon coated double sided adhesive tapes. The surface was coated with gold using a
sputtering coater in an argon atmosphere.

3.2 X-ray diffraction (XRD) and degree of crystallinity

X-ray diffraction (XRD) patterns were obtained using a Rigaku Mini Flex II diffractometer
operated in parallel beam mode. The X-ray source using Cu K, radiation and both incident and
diffracted beam monochromators were used. Electrospun PPB nanofibers composite specimens
were mounted on a Si-glass sample holder. The 20 scanning step was 0.04°; the range ranging from
was 10° to 30°and the integration time at each step of 1.5 s. The degree of crystallinity (Lnx) of PPB
nanofiber was calculatedasA/BcosO, where A is wavelength, 1.54°F is the peak width at half

maximumand 8 is Bragg’s angle.

3.3 Tensile tests

Tensile test specimens using an Instron 5566 at 10 mm/min. Ultra-sensitive testing equipment
was used to measure the load vs. strain for PPB polymer nanofiber composite. The specimens were
tested using static load cell 1 kN with a load resolution of 50 nm and extension resolution of 35 nm.
Tensile test specimens were cut using cutting blade with a gauge length of 2 cm and a width of 2.4
cm in aligned directions.

4. Results and Discussions

4.1 Applied voltage on microstructure and morphology

Fig. 1 shows the SEM micrograph and morphology of PPB electrospun polymer nanofiber
composite at different applied voltages.It was found that, PPB electrospun polymer nanofiber
composite at applied voltage of 15 kV shows the largest diameter (15.94 nm) as shown in Fig.1 (a).
And the diameter were similar for nanofiber composite at applied voltages of 20 kV (9.08 nm) and
25 kV (9.5 nm) as show in Fig. 1(b) and 1(c), respectively.



264 Biomaterials and Applications

Fig. 1 SEM micrograph and morphology of PPB electrospun polymer nanofiber composite
at different applied voltages (a) 15 kV, (b) 20 kV and (¢) 25 kV.

4.2 Phase formation and degree of crystallinity

The XRD patterns of PPBnanofiber composite were shown in Fig.2. It was found that the high
intensity broad peaks at 22° and 24° were observed for all samples. Moreover, the intensity of the
peaks increased with increasing applied voltage.These may be due to the applied voltage to
accelerate and stretch the polymer jet overcome surface tension of polymer solution. Then, the
suitable applied voltage for this condition is 20 kV.

Fig.2The XRD profiles of PPB nanofiber composite were show.
4.3 Effect of applied voltage on mechanical properties of spun PPB

The stress-strain curves of PPB nanofiber composite at difference applied voltage are plotted in
Fig.2.1t is clearly seen that all samples exhibited no yield point and have a plastic deformation
behavior. The plateua stage was the longest at the lowest applied voltage; whereas, nanofiber
produced from 25 kV does not exhibit the presence of a plateau. It can be deduced from the stress-
strain curves that nanofiber ductility decreases as applied voltage increases, indicating that
crystalline morphology of nanofiber are different when produced from different applied voltage.
This is supported by XRD and degree of crystallinity result. The modulus and tensile strength of
PPB nanofiber composite at 20 and 25 kV are superior 15 kV. The elastic modulus for 20 and 25
kV were 132.98 MPa and 1179.68 MPa, respectively. For 15 kV the value of elastic modulus was
91.6 MPa.
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Fig.3. Stress-strain curves of PPB nanofiber composite
at difference applied voltage

Conclusions

In conclusion, PPB polymer nanofiber composite with small diameters was successfully
produced using lower applied voltage. Nanofiber diameter and degree of crystallinity are influenced
by applied voltage. The ductility of PPB polymer nanofiber composite decreased with applied
voltage.
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Abstract.In this work, thepreparation and morphology of biphasic calcium phosphate(BCP)have
been studied. The biphasic calcium phosphate(BCP) ceramics were prepared by mixing between
hydroxyapatite(HA)and Beta-tricalcium phosphate(B-TCP)powderby ball milling technique with
different ratios (100:0,80:20,60:40,50:50,40:60, 20:80 and 0:100). After that the mixtures were
forming by Gel casting method and then sintered at 1200°C, respectively. The phase formation of
the biphasic calcium phosphateceramics were studied by X-ray diffraction (XRD) and their ceramic
microstructure,shrinkage and density were investigated.

Introduction

Calcium  phosphate  materials such as  hydroxyapatite (Ca;0PO4)s(OH),,HAP) and
beta-tricalciumphosphate (B-Ca3;(PO,),,p-TCP) have been widely used forbone substitutedue to
close similarity of their composition to inorganic phase of natural bone and high biocompatibility
with natural bone[1-2].Hydroxyapatite(Ca;oPO4)s(OH),,HAP)is one of thebio-ceramic materials
that are themost favourite compound used in medical applications because of
theirbiocompatibility,bioactivityandosteoconductivity properties[3].Theporoushydroxyapatite
canenhance their ability toadhere the surfaceof the materialbetweencellsandinducebone
formation[4].Thesynchronizerateand the amount ofbone emergingdepend on theporosity, pore size
and path of pore connectivity [5].However, hydroxyapatiteis non resorbable andhighinertia
material.

Many,researchers are studyingon thecombination ofHAP and TCP so called biphasic calcium
phosphate,BCP.Biphasic tricalcium phosphate can be increase bone formation as well by
accelerating the creation of a new bone while maintaining the stability and mechanical strength
[6].Decomposition oftricalcium phosphate in biphasic calcium phosphate is a release of calcium
jon(Ca”") and phosphate ion (PO,)*",flowing intothe biological agents in the body and their reaction
is the same as that of the bone formation[7-8].

This work aims to study thepreparation and morphology of biphasic tricalcium phosphate with
various ratios of HAP:TCP of by the gel casting method.

Experimental Procedure

The pure hydroxyapatite powder was prepared from natural bovine bone by a sequence of thermal
processes. The fresh bones were cut into smaller pieces and cleaned to remove macroscopic
adhering impurities. The bone samples were boiled in distilled water for 8 h for removal of the bone
marrow and tendons. Then the bone was deproteinized by continuously boiling in water.The boiled
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bone samples were dried over night at a temperature of200°C. The deproteinized bones were
calcined at 800°C for 3 h.The calcined bones were crushed into small pieces and milled in a ball
mill pot for 24 h using ethanol as a milling media to obtain the hydroxyapatite powder.

The pure beta-tricalcium phosphate powder was prepared from mixing precursor Calcium carbonate
(CaCOs3) and Diammonium Phosphate (NH4),HPO4.The mixture was ball-milled employing the
same process that mentioned earlier. Then the mixture was dried at 80 °Cand calcined at 1000°C
with the heating/cooling rate of 10°C/min.Thenthe mixture was dried at 80°C.Gel casting has
significant advantages over other technique in term of dimensional accuracy and complex shaping
capabilities, and moreover, the uniform structure and high strength.Therefor, in this work, the BCP
powder was formed by gel casting using gelatin as binder mixed with an anti precipitation agent.
Afterthat green bodies weresinterined at 1200°C. The phaseidentification powders were examined
via X-ray diffraction (XRD:PhilipX’pert) techniques. For the micro structural analysis, the ceramics
were mounted on stubs, gold-coated and viewed under scanning electron microscope (SEM: JEOL
JSM 5910LV -7274).

Result and Discussion

Powder XRD patterns of the biphasic calcium phosphate (BCP) ceramics are shown in Fig.1.

Fig.1.X-ray diffraction patterns of the ceramics after sintering at 1200 °C

The XRD results of hydroxyapatite (HA:B-TCP, 100:0) and Beta-tricalcium phosphate(HA:B-TCP,
0:100) ceramicsshow that the pure hydroxyapatite and pure Beta-tricalcium phosphatephase.
Analysis was done according to JCPDS No0.09-0432 and JCPDS No.09-0169, respectively. For the
other compositions of BCP ceramics, the phase formation of HA phase shows decrease with
decrease HA composition.The shrinkage and densities of the biphasic calcium phosphate (BCP)
ceramics are shown in Fig.2.The shrinkage of BCP ceramics was found is depend on the ratio of
HAP:B-TCP, water and gelatin during gel casting process.The shrinkage of BCP ceramics increased
with increasing of B-TCP content until 60% and then decreased dramatically.
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Fig.2 . Shrinkage and density of BCP ceramics after sintering at 1200 °C

The maximum shrinkage being recorded for a 40HA:60B-TCP ceramic is ~21%.The densities of
BCP ceramics depended on the ratio of HA:B-TCP. The densities decrease with increasing 3-TCP
content. It is known that the density is the most important factor for a machanical properties since

the strenght of ceramics are in good correlation with density.

Fig.3. SEM micrographs of BCP scaffold at various ratioHA:B-TCP, (a)100:0 ),b (80:20 ),
¢ (60:40 ),d (50:50 ),e (40:60),£(20:80 ),g (0:100)
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The morphology of BCP ceramics are shown in Fig.3. The morphology of pure HA (Fig.3
(a))showed as the needle-like shape on the surface and the grains are clearly connected
together,resulting in low porosity. The grain size increases with increasing B-TCP contents.
However, the pure 3-TCP (Fig.3(g)) exhibited the highest porosity.

Conclusion

The biphasic calcium phosphate(BCP) ceramics were prepared by mixing between hydroxyapatite
(HAP)and beta-tricalcium phosphate(-TCP)powder.with different ratios of(100:0, 80:20, 60:40,
50:50, 40:60, 20:80 and 0:100).ball-milling technique was employed followed by sintering of 1200
°C.The phase formation of BCP ceramics are consisted of hydroxyapatite (HA)and Beta-tricalcium
phosphate(B-TCP) phase. The shrinkage of BCP ceramics increased with increasing of B-TCP
content until 60% and then decreased dramatically. The densities decrease with increasing 3-TCP
content.The grain size of the biphasic calcium phosphate ceramics increased with the increasing
B-TCP content.
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This paper presents the effect of GeO, glass former on the physical and electrical properties of
BaFeq sNbg 503 (BFN) perovskite ceramics. The BFN powder was prepared by a conventional mixed-oxide
method and the GeO, contents, ranging from 1 to 5 wt.%, were subsequently added to the calcined BFN
powder. The mixtures were pressed and sintered to form dense ceramics. We showed that, with the
addition of GeO,, the maximum density was achieved at lower sintering temperature, approximately
200-225 °C lower than those required by the pure BFN ceramic. However, the densities of these GeO,
doped BFN ceramics were slightly lower than those of pure BFN due to the occurrence of pores. We also
found that the addition of GeO, reduces the dielectric loss at room temperature from 4.29 to 0.39-0.79
but the dielectric constant at room temperature decreased with the increased GeO, concentrations. With
small amount of added GeO,, ferroelectric property of BFN ceramics was also obtained, as confirmed by
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1. Introduction

Barium iron niobate: BaFegsNbgsOs (BFN), due to its giant
dielectric constant, has been receiving increasing attention for
applications in electroceramic components such as high dielectric
ceramic capacitors [1-5]. It is also one of the perovskite ceramics
with a relaxor-like ferroelectric behavior. However, in order to
achieve the required densification, sintering temperatures used in
the preparations of BFN ceramics are very high, often in the range
of 1350-1400°C as reported by Eitssayeam et al. [6]. Lower
sintering temperature of BFN is highly desirable especially for
multilayer capacitor fabrication. This is because the BFN ceramics
are often required to be co-fired with an internal Ag/Pd alloy
electrode. Over firing could lead to the formation of interfacial
micro defects and electrode loss.

Much research has been done in order to reduce the sintering
temperature of the BFN ceramics. The lower temperature
fabrication of BFN perovskite ceramics could be achieved by using
fluxing agents as sintering aids. Several fluxing agents including
B,0s, LiF and Bi,03 have been reported to reduce the sintering
temperature [7,8]. However, with the fluxing agents, the dielectric
loss (tan §) of the resulting BFN ceramics are higher than that of
perovskite ceramics. They are often too high to be used in
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multilayer capacitor applications. In order to achieve lower
sintering BFN ceramics with sufficiently low dielectric loss, we
have considered another sintering aid.

This study focused on effects of GeO,-glass former addition
on physical and electrical properties of BFN ceramics. This glass
former has a complete polymerized 3-D tetrahedral structure
with Ge in fourfold coordination (Ge*"). It has been reported that
Ge*" cations like to segregate along the grain boundary,
resulting in the reduction of the jump of mobile ions. As
reported by Secco et al. [10], a lower ionic hopping frequency is
obtained which in turn caused the decrease in conductivity of
the ceramics.

2. Experimental procedure

Pure BFN powder with cubic structure was prepared by solid-
state reaction method. The reagent powders of BaCOs, Fe,03 and
Nb,Os were used as starting materials. The mixtures were ball-
milled together in ethanol media for 24 h with zirconia balls and
dried at 120 °C. After drying, the mixed powder was calcined at
1200 °Cwith 4 h soaking time and at 5 °C/min heating/cooling rate.
GeO, glass former was then added into the calcined BFN powder
with varying concentrations ranging from 1 to 5 wt.%. Each batch
was mixed by vibro-milling for 30 min in ethanol. The as-received
slurries were dried and uniaxially pressed into 10 mm diameter
pellets at the pressure of 1 ton. These pellets were subsequently
sintered at various temperatures in the range of 1075-1175 °C at
room atmospheric pressure with 4 h soaking time.
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An X-ray diffractometer and a Scanning Electron Microscope
(SEM) coupled with EDS were used to investigate the phase
formation and identify the phases present. Their densities were
measured by Archimedes’ principle. The mean linear intercept
method was used to determine the grain size. For the electrical
measurements, two circular areas on the surface of each pellet
were polished and coated with silver paste. The dielectric
measurements at 1 kHz with variation of temperatures between
room temperature and 250 °C were carried out using LCR meter.
The ferroelectric hysteresis loops were measured at room
temperature by using a ferroelectric tester at 1.0 kV/cm.

3. Results and discussion
3.1. Density and sintering behavior

The maximum density values of GeO, doped BFN with GeO,
added between 1 and 5 wt.% were in a range of 5.53-5.93 g/cm? as
shown in Fig. 1. It was reported in [6] that the pure BFN ceramic
produced by the mixed oxide method obtained its maximum
density of approximately 6.00 g/cm® by using sintering tempera-
ture as high as 1350 °C. In this work, the maximum density was
obtained at a lower sintering temperature with the addition of
GeO,. To obtain such density the sintering temperatures of the
GeO, added ceramics were 1125-1150 °C, approximately 200-
225 °C lower compared to that of the pure BFN. The density values
of the GeO, added ceramics decrease almost linearly with GeO,
concentrations. Since the melting point of GeO, is 1115 °C, the
presence of molten GeO, in the liquid phase during sintering
process [11] may lead to the formation of pores in the GeO, added
ceramics. Similar results were obtained by Pollet and Marinel [9]
and Intatha et al. [7], who reported that the porous microstructures
caused the reduction of the bulk density in their ceramic samples.

3.2. Phase formation

The XRD patterns of all BFN ceramics with various GeO,
contents (Fig. 2) show that the main peaks were matched with the
perovskite BaFeg sNbg 503 phase with monoclinic structure similar
to that of the pure BFN ceramics studied by Chung et al. [8].
However, the weak extra diffraction peaks were found to coexist
with the BFN main peaks of all GeO, doped samples, indicating the
presence of secondary phases. These peaks could be indexed as
BasFe,Ge4014, BaGeOs and BaGe,05 phases and they were found to
increase gradually with increasing amount of GeO, glass former.
This may indicate that the small Ge** ions moved into grain
boundaries during sintering process and formed the secondary
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Fig. 2. XRD patterns of GeO, doped BFN ceramics.

phase by replacing Nb>*, leading to the change in crystal structure
from cubic to monoclinic phase.

3.3. Microstructures

The microstructure of the pure BFN ceramic [Fig. 3(a)] contains
few pores at the grain boundaries with the average grain size of
approximately 7.93 wm. This value is approximately five times
larger than that found in the microstructures of the GeO, added
BEN ceramics which have the average grain size between 1.51 and
1.64 pm. Fig. 3(b) shows the example of their microstructure. The
inhibition of grain growth which occurred in the BFN ceramics
with GeO, addition might be attributable to the occurrence of
liquid phase occurred during sintering similar to result as found in
[11]. Since high amount of liquid in the ceramics lead to the
reduction of the rate of grain growth, this confirmed the existence
of diffusion-controlled growth mechanism in this system. Similar
results were demonstrated by Kim et al. [12] Fig. 4 illustrates the
evidence of long needle-shaped crystals found around the grain
boundaries of the GeO, added ceramic. This could imply that the
liquid phase formed during sintering at elevated temperature
subsequently crystallized into the second phase while the ceramics
were cooled to room temperature. The EDS analysis was employed
to identify the atoms in the second phase crystals. The EDS data
revealed significant amount of Ge atoms (1.78 wt.%) presented in
the crystal phase. This confirms the formation of the GeO, based
second phase compounds in the GeO, added ceramics which is
consistent with the XRD result.

3.4. Dielectric properties

The dielectric constant of the GeO, doped BFN ceramics
increases gradually with increasing temperature as can be seen
in Fig. 5. The ceramic samples with 1 wt.% GeO, content exhibited
the maximum dielectric constant (¢,) between 3500 and 5500 over
a wide temperature range from room temperature to 250 °C.
However, more amount of GeO, causes the dramatic drop in &,. This
reduction of ¢, which occurred in higher GeO, doped BFN ceramics
might be due to the low-dielectric-constant additive dilution effect
of GeO, glass former. In addition, the Ge** cations (low resistivity)
segregation surrounded grain boundary may lead to increase the
large difference conductivity between insulating grains of BFN and
semiconducting grains of GeO,, resulting in the enhance resistivity
at grain boundary which in turn caused the decrease in &, of GeO,
doped BFN ceramics. This structure can be modeled as an
equivalent electrical circuit consisting of a series of two parallel
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Fig. 3. SEM surface micrographs of (a) BFN and (b) BFN doped with GeO, contents.
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Fig. 4. SEM micrographs and EDS results of second phases in 5 wt.% GeO, doped BFN ceramics.

circuits of a resistance and a capacitor [13], one parallel circuit
representing the grain effects (high resistive component) and the
other the grain boundaries (low resistive component). The
temperature dependence dielectric loss (tan ) of all samples
exhibits opposite trends to that of the ¢. The increase in
temperature causes the gradual reduction in tan . However, tan &
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Fig. 5. Dependence of ¢, and tan § on temperature for GeO, doped BFN ceramics.

changed were insignificance with the GeO, addition. The values
were between 0.2 and 0.8 in all our samples.

In order to compare the dielectric properties of the GeO, added
BFN ceramics to that of the pure BFN, the dielectric parameters
with various temperatures are tabulated in Table 1. In our previous
work [7], the ¢, of pure BFN ceramic was approximately 5000 at
room temperature and increased to 132,800 at 200 °C, while tand
were 4.29 at room temperature and decreased with the rising of
the temperature to 200 °C. The ¢, at high temperature was lower
compare to that of our previous work, while the overall tan § values

Table 1
Temperature dependence of dielectric properties at 1kHz for BFN and GeO,
containing BFN ceramics.

Sample  Sintering Room tem- 100°C 200°C
temperature (°C) perature

&r Tand &, Tand &, Tan$
BFN [7] 1350 5023 429 64,811 096 132,755 0.35
1% GeO, 1150 3564 0.71 3679 0.34 4642 0.16
2% GeO, 1150 772 0.79 1137 0.61 1940 0.47
3% GeO, 1125 747 043 1019 0.36 1272 0.19
4% GeO, 1125 409 045 623 0.40 882 0.23
5% GeO, 1125 305 0.39 425 038 607 0.21
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Fig. 6. Ferroelectric hysteresis loops of doped BFN ceramics at various GeO, contents.

in our work are lower. This may be attributed to the existence of
the GeO, based second phases and the difference in grain size of
the GeO, added ceramics. Besides sintering conditions, the
dielectric properties of BFN ceramic are strongly dependents on
doping elements and its microstructure as reported in [7,9].

3.5. Ferroelectric behavior

The ferroelectric property of the GeO, added BFN ceramics was
studied by a typical Sawyer-Tower circuit, and the results are
shown in Fig. 6. The polarization behavior exhibited by all ceramic
samples may be classified as a very high loss capacitor typed loop,
meaning that those samples have high conductivity. However, the
remnant polarization (P;) of all our samples is very low,
approximately 1.50 wC/cm? for the 1wt% GeO, added sample
and they were found to decreases with increasing GeO, content.
Therefore, we concluded that the P-E loop of the GeO, added BFN
ceramic might not be the feature of truly ferroelectric; this may be
due to the effect of space-charge instead of dipoles between high
resistivity grains and low resistivity grain boundaries in these
ceramic as can be explained by using Maxwell-Wagner theory,
which often occurs in the heterogeneous systems in which the
component dielectrics have different conductivities [14].

4. Conclusion

The BFN ceramics with GeO, glass former addition were
studied. The liquid phase occurred during sintering plays an
important role in controlling the densification and microstructure
of the GeO, added BFN ceramics. The maximum density of the
GeO, added ceramic can be achieved by using sintering
temperatures in the range of 1125-1150 °C, lower than that of
the pure BFN ceramic which normally uses 1350 °C to sinter the
densest ceramic bulk piece. The grain size, porosity and second
phases present in the GeO, added samples affect the dielectric and

ferroelectric properties. The optimum property of broad dielectric
curve over a wide temperature with the value between 3500 and
5500, and the tan § value of about 0.2-0.8 is obtained from the
1 wt.% GeO, added ceramic. This promises a good candidate for
applications in electroceramic components such as low loss
capacitor for using at wide range of temperature and/or multi-
layers capacitor.
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The effects of Mn and Sr doping on the electrical properties of lead-free
0.92[(Bag.gsCayg. 152101 Tip.9)03]-0.08[(BiZny sTip5)03] ceramics have been studied. A-
site and B-site doping with 0.00-0.05 mol% of SrCO3; and 0-0.25 mol% of MnO; was
performed. The ceramics were prepared using the solid state reaction technique. The
powder was ball-milled for 24 h, then calcined at 1,000°C for 4 h and sintering at
1,300°C for 2 h. Phase formation and microstructure of ceramics were examined using
an x-ray diffractometer (XRD) and scanning electron microscopy (SEM). All samples
have a single phase of perovskite structure. Grain size and density value were in the
range of 3.43—4.07um and 5.78-5.83 g/cm?, respectively. The electrical properties of
the ceramics were investigated as a function of Mn and Sr doping. It was found that
the dielectric constant, activation energy and ac conductivity change with the dopant.
Moreover, Mn and Sr doping lead to a decrease of dielectric loss, lower than 0.003 for
all samples (at 1 kHz).

Keywords Lead Free Ceramics; Phase Formations; Solid State Reaction; Dielectric
Properties; Perovskite Structure

1. Introduction

For many years, Pb(Zr;_,Ti,)O3; (PZT) was reported to exhibit exceptionally high dielectric
and piezoelectric properties. These ceramics are very important for many electronic appli-
cations, including multilayer capacitors, sensors, transducers and actuators [ 1-3]. However,
PZT ceramics are not environment friendly because of the toxicity of lead oxide and espe-
cially its high vapor during the sintering process at high temperature. Therefore, non-lead
base ferroelectric ceramics such as modified BaTiO; have been widely investigated due to
the phase transition temperature of BaTiO3 which can be altered by doping the A-site or
B-site [4]. The substitution of Ba?* with Ca>* does not strongly affect the Curie temperature
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[4, 5]. In the case of doping of BaTiO3 ceramics such as (Baj_x)-Cay)(Tip9Zro 1)O3, these
show excellent dielectric constant and piezoelectric properties [6, 7]. Highest piezoelectric
value was observed for a composition of x ~ 0.15 [6, 7]. Moreover, lead-free BCZT doped
with Ho, CeO, or Pr,O3 improved the electrical properties [8—10].

The development of new lead free bismuth ferroelectric materials, e.g., Bi(Zn**,
Ti**)O; have been widely investigated experimentally [11, 12]. Because of the relative
small size of Bi*t, Bi(M)Os (where M is: Fe3t, Sc3t, NinTii, ZnyTiip, etc.) com-
pounds are not stable in the perovskite form. However, the smaller tolerance factor and the
highly polarizable Bi*3 ion can enhance the transition temperature in BZT-containing solid
solutions with PbTiO3, BaTiO3 or Bi;; K, TiO3 and show clearly relaxor ferroelectric be-
havior with increasing BZT content [11, 12]. However, doping of ABO3-BZT ceramics has
not been investigated. Previously, we studied the (1-x)BCZT-xBZT ceramic systems and
found that 0.92BCZT-0.08 BZT exhibits the highest density value. Moreover, the doping
with MnO, has been reported to improve the densification of ceramics [13] and the substi-
tution of SrCO3 in BaCOs ionic site can improve the dielectric constant of BZT ceramics
[14]. In the present work, the effect of StCO3; and MnO; doping on the electrical properties
of (1-x)BCZT-xBZT ceramics for the composition of x = 0.08 was studied.

2. Experimental

2.1 Materials and Ceramics Preparation

The 0.92BCZT-0.08 BZT ceramics doped with x mol% of SrCO; at the BCZT site and MnO,
at the BZT site were prepared by using the solid state reaction method with composition
of ceramic systems as shown in Table 1. Oxide powders were weighed according to
stoichiometric formulae and mixed in ethanol for 24 h using zirconia grinding media. Then
the slurry was dried on a hotplate and calcined in crucibles at 1000°C for 4 h. After that, the
dried powders were mixed with organic binder (6 wt% PVA). The powders were pressed
into cylindrical pellets 10 mm in diameter and 1 mm in thickness isostatically at 1 ton. The
pellets were then sintered at 1300°C for 2 h with a heating/cooling rate of 5°C/min after
the PVA binder was burned out at 500°C for 1 h.

2.2 Characterization

Phase formation and microstructure of the samples were studied by an X-ray diffraction
(XRD) technique and scanning electron microscopy (SEM), respectively. The density of

Table 1
The compositions of BCZT-0.08BZT dope with SrCO; and MnO,.
Sample SrCO3 (%mol) MnO; (mol%)
M1 0.00 0.00
M2 0.01 0.05
M3 0.02 0.10
M4 0.03 0.15
M5 0.04 0.20

M6 0.05 0.25
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Figure 1. XRD diffraction patterns of the sintered ceramics.

sintered samples was determined by Archimedes method with distilled water as the fluid
medium. For electrical properties characterization, the sintered samples were ground to
obtain parallel faces, and the faces then coated with silver as electrodes. The dielectric
properties of the sintered ceramics were measured as a function of frequency and tempera-
ture with an automated dielectric measurement system.

3. Result and Discussions

3.1 XRD, SEM and Density Analysis

The X-ray diffraction patterns of the ceramics as a function of mol% Mn and Sr for
BCZT-BZT ceramics are illustrated in Fig. 1. It can be seen that the samples exhibited
pure perovskite phase for all concentrations. At room temperature, all samples exhibited
the rhombohedral phase, observed by single (200) peak at 26 of 45° and splitting of
the (220)/(202) peaks at 20 of 65-66° [6, 15]. Figure 2 illustrates SEM micrographs
of the sintered ceramics. The grain size and density values of the ceramics increased
with increasing dopant content for M1-M3 samples, then decreased with dopant content
(Table 2). The highest density value and grain size were found for the M3 sample (5.83 g/cm?

Table 2
The grain size and density of Mn and Sr doping for BCZT-BZT ceramics.
Sample Grain size (um) Density (g/cm?)
Ml 3.43 5.82
M2 3.75 5.80
M3 4.07 5.83
M4 3.84 5.81
M5 3.95 5.80

M6 3.91 5.78
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Figure 2. SEM micrograph of surface 0.92BCZT-0.08BZT ceramics: a (M1), b (M2), ¢ (M3), d
(M4), e (M5) and f (M6).

and 4.07 um, respectively). It result suggests that the addition with 0.02 mol% Sr and
0.10 mol% Mn enhanced the density and grain growth of BCZT-BZT ceramics.

3.2 Dielectric Properties Analysis

Figure 3 shows the dielectric constant and dielectric loss of the ceramics as a function of
frequency. The dielectric constants decreased with increasing x mol% of MnO; and SrCO;
and decreased with increasing frequency for all samples. The dielectric loss for ceramics
in frequency range of 1-100 kHz showed the lowest value less than 0.02.

Figure 3. Dielectric constant and dielectric loss as function of frequency at room temperature.
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Figure 4. Dielectric constant and dielectric loss as functions of temperature for Mn and Sr dope
content for BCZT-BZT ceramics.

Dielectric properties as a function of temperature for mol% Mn and Sr doped for BCZT-
BZT ceramics are shown in Fig. 4. It can be seen that the dielectric constant and dielectric
loss dependend on the frequency when the temperature is below T« (Curie maximum
temperature). These observations suggest a transition from a normal ferroelectric to arelaxor
ferroelectric for all conditions of the ceramics. The clear signature of relaxor behavior is
observed by a broading in the diffuse phase transition for the Curie maximum temperature
(Tmax) and strong dispersion of the dielectric constant and dielectric loss with frequency
[16]. It appears that the dielectric constant at Ty,.x tends to decrease with increasing mol%
Mn and Sr dopant for BCZT-BZT ceramics. The dielectric loss values gradually decreased
with increasing temperature and doping content, with the loss values lower than 0.02 for
all samples. It can be noted that Mn and Sr doping decreased the dielectric loss values
for BCZT-BZT ceramics. This result may be consistent with a decrease of defects in the
structure of ceramics and is considered to be an important factor to change the balance
of long range and short range forces which deseribe the relaxor state. Figure 5 illustrates
the plot of In w (w = 2nf) as a function of 1000/T,, of the samples. These values were
calculated by the following expression was used to calculate activation energies;

_ _Ea 1
= enn (22 0

where fj is the pre-exponential factor, E, is the activation energy for the relaxation, k
is Boltzmann’s constant, f is the applied frequency and Ty, is the temperature where the
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Figure 5. Plot of In (w) as a function of 1000/T,, for the sample of BCZT-BZT ceramic dope with
mol% Mn and Sr (symbols: experimental data; solid line: Eq. 1 fits).

dielectric constant is the maximum. The activation energy can be considered to be typical of
a hopping process of localized charge carriers [17, 18]. From Fig. 5 it can be observed that
the activation energy increases with increasing mol% Mn and Sr doped BCZT-BZT samples
for compositions of M1-MS5 samples (E, = 0.77-0.82 eV). Thus, it should be noted that
the charge carrier hopping between ions in the structure of BCZT-BZT ceramics increases
with increasing ion substitution. Further, the increase in E, with dopant concentration is
similar to work done by Wu et al. [19]. Moreover, these activation energies help support
the description of relaxor behavior of dielectric materials.

The ac conductivity (o ,.) of BCZT-BZT doped with mol% Mn and Sr was measured
at room temperature and is shown in Fig. 6. The ac conductivity (o,.) can be defined as

Figure 6. The plot of log ac conductivity with log frequency of mol% Mn and Sr dope for BCZT-BZT
ceramics.
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following equation:
Oac = WELE, tan § 2)

where w is angular frequency (w = 2rf), f is frequency, €, and ¢, are the permittivity of
vacuum and dielectric constant and tan § is dielectric loss, respectively. The ac conductivity
shows great frequency dependence as observed from the sloped line of o, with increasing
frequency. The o, values tend to increase with increasing frequency. Note that increasing
04 values correspond to decreasing resistance. The dependence of ac conductivity with
frequency is a mechanism for the low temperature region which results from charge carriers,
space-charge polarization in structure or with extrinsic dipoles of impurities [20, 21].
Moreover, the o, decreased with increasing dopant content. This might be caused from
the presence of defects or impurities in the ceramics.

3. Conclusions

In the present work, we report the effects of Mn and Sr doping on the electrical properties of
lead-free (1-x)BCZT-xBZT ceramics. The ceramics were prepared via a solid state reaction
method. XRD patterns showed pure perovskite phase for all conditions. Highest density was
obtained for the M3 (0.02 mol% Sr and 0.10 mol% Mn) sample with a value of 5.83 g/cm?>.
BCZT-BZT doped with Mn and Sr lead to a decrease of dielectric loss, lower than 0.003
for all samples (at 1 kHz). The dielectric constant, dielectric loss, activation energy and ac
conductivity change with the dopant concentrations.
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Lead-free Bay;..)Ca,Zro ;Tip.9O3 (x = 0.15) ceramics doped with 0.00-0.20 mol% MnO,
and Al,O; were prepared by the molten salt method. The powder was ball-milled for
24 h and then calcined at 1000°C for 4 h and sintered at 1300°C for 2 h. The phase
formation and dielectric properties of the ceramic systems were analyzed by X-ray
Diffraction (XRD) and electrical measurement. The phase of the samples showed pure
perovskite structure for all conditions. The BCZT ceramics doped with MnO, and Al;O;
exhibited a dielectric properties. BCZT doped with Mn has a higher dielectric constant
than BCZT doped with Al. The loss tangent values at 1 kHz were lower than 0.02 of
all samples. The ceramic systems indicate ferroelectric behavior for all samples (P, ~
1.25-2.26 uC/em’and E, ~ 3.10-4.25 kV/cm).

Keyword Molten salt method; perovskite phase; dielectric properties

1. Introduction

Recently, research has been carried out on improving of dielectric and piezoelectric prop-
erties of lead-free materials to replace the lead base piezoelectric systems especially PZT.
PZT ceramics are not environment ally friendly because of the toxicity of lead oxide and its
high vapor at high temperature during the sintering process. Work on lead-free materials has
been focused on BaTiOs-based ceramics due to the phase transition temperature of BaTiO;
which can be modified by A-site or B-site substitutions [1, 2]. Recently, the discovery of
lead-free BCZT ceramics by Liu and Ren has attracted great attention [3, 5]. They reported
typical relaxor ferroelectric and excellent piezoelectric properties (d33 = 500 - 620 pC/N
for samples sintered at 1500-1540°C) [6, 7]. Unfortunately, the BCZT powder preparation
via solid state reaction for pure perovskite phase structure employs very high calcination
temperatures (about of 1300-1350°C). Many researchers have reported that the molten salt
synthesis is one of the simplest and most practical techniques having low cost and low
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calcination temperature (lower than the calcine temperature ~200-300°C) for preparing
fine powder with the desired composition [8, 10]. The density values of ceramics prepared
by the molten salt method also show low values. The doping with MnO, and Al,O3 has
been reported to improve the densification of ceramics and decreased the dielectric loss in
BST base ceramics [11, 14]. Thus, in this work we studied the preparation of BCZT dope
with MnO, and Al, O3 ceramics via the molten-salt method. KCI and NaCl were use as the
flux for lowering calcination temperatures. Phase structures, microstructures and electrical
properties of the resulting ceramics were investigated.

2. Experimental

2.1 Synthesis

BaggsCag.15Zrg.1 Tipy ceramics and doped ceramics were prepared by the molten salt
method. Reagent grade BaCO3, CaCO3, ZrO, and TiO, were weighed and mixed in a
plastic bottle for 24 h with ethanol and zirconia grinding media. Then, the slurry was dried
and sieved. The powders were mixed with KCI - NaCl salt in 1:1 ratio and calcined at
1000°C for 4 h. The powders were then washed with hot deionized water until no C1~
was detected by using AgNO; solution and dried in an oven at 120°C. Calcined powders
with x mol% of MnO, and Al,O3 (x = 0.00-0.20) were obtained via solid state reaction
method. The calcined powder was mixed with organic binder (4wt% PVA). Cylindrical
pellets 15 mm in diameter were isostatically pressed at 1 ton. The pellets were then sintered
at 1,250°C for 2 h with a heating/cooling rate of 5°C/min.

2.2 Characterization

Phase formation of the samples was studied by an X-ray diffraction technique (XRD).
The densities of sintered samples were determined by Archimedes method with distilled
water as the fluid medium. For electrical properties characterization, the sintered pellets
were ground to obtain parallel faces and the faces were then coated with silver as elec-
trodes. The dielectric constants and dielectric loss of the sintered ceramics were measured
as a function of frequency and temperature with an automated dielectric measurement
system.

3. Results and Discussions

3.1 XRD Diffraction and Density Analysis

The XRD patterns of pure and modified BCZT ceramic are shown in Fig. 1. From XRD
patterns it can be seen that both pure and doped BCZT ceramics showed pure perovskite
phase for all conditions corresponding to the perovskite peaks of (100), (110), (002)/(200)
and (210). Figure 2 illustrates the density as a function of mol% of Mn and Al. It can be
seen that the density values of the both BCZT doped with Mn and Al tend to increase with
increasing dopant content from 0.00 to 0.05 mol%, and from 0.00 to 0.10 mol% of Al
doped and Mn doped, respectively. The highest density value of 5.50 g/cm?® was found at
0.10 mol% Mn samples.
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Figure 1. The XRD patterns of BCZT doped with x mol% Mn (a) and Al (b).

Figure 2. Density of BCZT doped with mol% Mn and Al.
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Figure 3. Dielectric constant, &, and dielectric loss, tané as a function of temperature for BCZT with
0.05-0.20 mol% Mn (a) and Al (b).

3.2 Dielectric Properties

Dielectric constant and dielectric loss as a function of temperature for BCZT doped ceramics
with Mn and Al (0.05-0.20 mol% Mn, Al) are displayed in Fig. 3. It can be seen that ther
is broadening of the diffuse phase transition about Curie maxima (Tp,.x) for all ceramic
conditions. The broadening in dielectric peaks may be due to the substitutional fluctuation
and diffuseness of the phase transition. Besides, it seems that the dielectric conatant at Ty,
of BCZT + x mol% Mn, Al ceramics are dependent response with frequency as a function
of temperature. The dielectric properties are shown in Table 1. The dielectric constant
and dielectric loss (at Ty,) tend to decrease with increase of both Mn and Al doping. The
dielectric constant for BCZT doped with Mn is higher than that for BCZT doped with Al
in all dopant conditions as shown in Fig. 4. Morever, the loss tangent values at 1 kHz were
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Table 1
Dielectric properties of BCZT + mol% of Mn and Al at 1 kHz.

sample T Em & (30°C)  Tané (Ty,)  tand (30 °C) y )

BCZT 96.4 2970 2227 0.3174 0.2472 1.88  46.18
0.05Mn 922 2248 1937 0.0121 0.0140 1.91 60.18
0.10Mn 884 2142 1892 0.0119 0.0138 2.08 97.61
0.15Mn 914 2208 1914 0.0113 0.0122 1.98  70.71
0.20Mn  97.5 2205 1898 0.0113 0.0118 1.94  64.49
0.05Al 86.0 1949 1784 0.0120 0.0135 2.09  99.88
0.10A1 92.9 2001 1794 0.0116 0.0132 1.90  64.49
0.15Al 91.5 1973 1769 0.0114 0.0124 1.94  70.71
0.20A1 89.6 1995 1764 0.0117 0.0129 1.95 74.04

lower than 0.02 for all samples in the transition phase position. It should be noted that the
Mn and Al doping improved the dielectric loss values.

To further understand the dielectric behavior of the ceramic systems, the permittiv-
ity 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. A modified
Curie—Weiss law was proposed to describe the diffuseness of the ferroelectric phase transi-
tion as the relative dielectric constant can be derived via using the following equation [12,
13];

Em _ 1 (T - Tm (f))y
e(f,T) 2682

(D

where ¢, is the maximum value of the dielectric constant at T = 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. When y = 1 is a normal Curie-Weiss behavior, whereas
y = 2 is identical to the quadratic relationship (a complete diffuse phase transition). The

Figure 4. The Maximum dielectric constant and dielectric loss for BCZT + x mol% of Mn, Al at
1 kHz.
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Figure 5. The plot of log [(e/e;)-1] vs log (T—T,,) (K) for BCZT with x mol% of Mn, Al.

plots of log [(em/e;)-1] vs log (T—Tm) (K) for BCZT + x mol% of Mn, Al doping shown
in Fig. 5. The slope of the fitting curves using Eq. 1 is used determine the y value and the
8 value can be determined from the slope of e,/e; versus (T-T1)?. Both the diffuseness y
and § values are listed in Table 1. It was found that the diffuseness y and § value depending
on the composition and structure of the BCZT dope with Mn and Al, which confirms that
diffuse phase transition occurs in this system. Figure 6 shows the P-E hysteresis loop of
BCZT with different Mn, Al content measured at room temperature and 3 kV. It can be
observed that the all samples show ferroelectric behavior and that the loops became slimmer
with increase of both Mn and Al content. The remanent polarization (P;) and coercive field
(E.) of Mn, Al doped BCZT ceramic are shown in Fig. 7. It was found that the P, and E.
decrease as Mn and Al content increases (P, ~ 2.26—1.25 uC/cm? and E, 4.25-3.10 kV/cm)
and the Mn doped BCZT exhibited higher P, and E. values more than the Al doped BCZT
for all conditions which is due to be the formation of mechanical barriers at the domain
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Figure 6. P-E hysteresis loop of BCZT + x mol% of Mn, Al (Mn: top and Al: below)

Figure 7. Variation of remnant polarization, P, and coercive field, E. of BCZT + x mol% Mn, Al.
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walls by oxygen vacancies, so called domain wall pinning [14]. The addition of Mn can
decrease the oxygen vacancies concentration so domain wall pinning is reduced, domain
wall moves easily so that the E. decreases.

4. Conclusions

Phase formation and dielectric properties of Mn and Al doped BCZT ceramics were
prepared by molten salt method were investigated. The perovskite phase as observed in
all conditions. Density values of ceramics were in the range of 5.42-5.51 g/cm® with
the highest density values for 0.10 mol% of Mn. The molten-salt method reduced the
calcination temperature to a low temperature (~200-300 °C). The dielectric loss decreased
with increasing dopant concentration and at 1 kHz was lower than 0.02 for all samples
in the range of room temperature to 250° C. BCZT doped with Mn or Al have obvious
ferroelectric character, the Pr and Ec decrease as Mn and Al content increases (Pr = 2.26-
1.25 uC/em? and Ec = 4.25-3.10 kV/cm) and Mn doped BCZT has higher Pr and Ec values
than the Al doped BCZT for all conditions.
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Abstract—In this work, the influence of Ge*' substitution on
dielectric and ferroelectric properties of high dielectric
BaFegy sNbg 505 ceramics was studied. The BGFN powders with a
formula BaGe,(FegsNbgs);.xO3 where x = 0.01, 0.015, 0.02 and
0.025 were produced via mixed-oxide method and subsequently
calcined at 1100-1200°C for 4 h. To form the BGFN ceramics, the
resulting powders were pressed into pellets and sintered at
various temperatures from 1200 to 1350°C for 4 h in order to
obtain the ceramic with maximum density under each condition.
The phase formation, microstructure and electrical properties of
these ceramics were investigated. It was found that the Ge*'
substitution played an important role on the change of crystal
structures and the phase formation of the BFN ceramics. The
appearance of peak shift and peak split in XRD patterns
confirmed the structural change from cubic to monoclinic in the
ceramic samples at higher Ge** content. The ceramics with x >
0.015 contained three phases of BGFN, BasFe,GesO;4 and
BaGeO;. The amount of each phase was depended on the
concentration of Ge* where the BasFe,Ge 04 and BaGeO;
phases were found to increase with increasing x content. It was
also found that the higher porosity and smaller grain sizes were
found in the BGFN ceramics with higher level of Ge*" addition.
This in turn affected their dielectric properties where dielectric
constant was substantially decreased while the dielectric loss was
greatly improved. The optimum composition for this system was
found to be x = 0.015, where the maximum dielectric constant
(~12282) with lower dielectric loss at room temperature were
obtained.

Keywords-BFN; germanium; dielectric properties; ferroelectric
properties; mixed-oxide method
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The urgent demand of lead-free ceramics with improved
electrical properties has brought about many new interesting
materials, in that BaFe( sNby sO; (BEN) is of particular interest
as a result of its high value of dielectric constant in a very
wide temperature range. The BFN crystal has a perovskite
structure and shows a ferroelectric-like behavior due to the
disorder in the distribution of the B-site cations in the unit cell.
Moreover, it is becoming increasingly attractive due to its
giant dielectric constant at low frequency without any
pollution releasing to the environment [1-4].
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In order to enhance the electrical properties of these lead-
free ceramics, many researchers have been focusing on the
improvement of the dielectric constant and dielectric loss by
adding some cations, such as Bi**, La®* and Co™ into A-site or
B-site of BFN unit cell to form a complex perovskite structure
[5-7]. Additionally, the solid solution and annealing methods
are also other effective ways to improve the material
performance in these electroceramics as reported in [8-9].

To produce the BFN ceramics with high densification,
high sintering temperatures (1400°C) are needed. Some
research work has attempted to lower the sintering
temperature by adding fluxing agent, such as ZrO,, B,O; and
LiF etc. into the BFN [10-11]. However, these oxide ions are
normally mobile and can move along the electric field, leading
to the increase in conduction of the BFN ceramics. The GeO,
was chosen for this purpose instead of the other fluxing agent
due to it has a completely polymerized 3-D tetrahedral
structure with Ge in four-fold coordination and likes to
segregate along the grain boundary of the ceramics, causing
the reduction in the jump directions of mobile ion and lower
ionic hopping frequency. This in turn decreases the
conductivity of both grain interior and grain boundary as
reported by Secco et al. [12]. The reduction of the dielectric
loss is then achieved.

In this work, various amounts of Ge** cations were added
to the BaGe,(Fe(sNby 5)1.O5 solid solution compound in order
to form the complex perovskite structure ceramics, using solid
state sintering method. Effect of the added Ge concentration
on dielectric and ferroelectric properties of these ceramics was
studied and discussed.

II.  EXPERIMENT PROCEDURE

The BaGe,(FeqsNbys);.xO3: BGEN ceramics were prepared
via solid state reaction method. The high purity (> 99.0%)
powders of BaCO;, Fe,O;, Nb,Os and GeO, were used as
starting materials. The BGFN powders with x = 0.01, 0.015,
0.02 and 0.025 were mixed in ethanol for 24 h and dried at
120°C. After that, the mixed powders were calcined at 1100-
1200°C for 4 h in order to produce highly pure powders. The
calcined powders were made into pellet of 10 mm in diameter
by uniaxial pressing and then sintered at 1200-1350°C in air
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atmosphere with a soaking time of 4 h under controlled
heating and cooling rate of 5°C/min.

The phase identification was investigated by using X-ray
diffraction. Scanning electron microscope was used to observe
the surface microstructures of ceramic. Two circular surfaces
of BGEN pellet were polished and coated with silver paste as
electrodes for electrical measurements. The dielectric constant
(g;) and dielectric loss (tand) of all ceramic samples were
measured at 1, 10 and 100 kHz and at various temperatures
from room temperature to 400°C by using LCZ meter. The
ferroelectric hysteresis loops as a function of electric field
were measured at room temperature by using a ferroelectric
tester at 1.0 kV/cm. The parameters of ferroelectric properties
such as the maximum polarization (Py,), the remanent
polarization (P,) and the coercive field (E.) from the loops
were obtained. The value of loop squareness (Ry,) was then
calculated by the following (1):

qu o (Prfprmx) + (PI,IE:: / Pr) (1)
III. RESULTS AND DISCUSSION
The XRD patterns of BGFN ceramics where x = 0.01,

0.015, 0.02 and 0.025 are illustrated in Fig. 1(a). Main
diffraction peaks of all BGFN ceramics are corresponding to
the perovskite structure of the BaFeysNbysOs;: BFN cubic
phase. The extra diffraction peaks of secondary phase
(BasFe,Ges0q4 and BaGeOs) were also detected when x >
0.015. The main diffraction peaks in BGFN ceramics are
slightly shifted from that of the pure BFN phase. This
indicates that the lattice parameter of the BGFN ceramics was
changed with the addition of Ge content. The extended XRD
patterns of corresponding ceramics at 20 between 43 and 46°
as shown in Fig. 1(b), confirmed the change of crystal
structure from cubic in the x = 0.01 sample to monoclinic, as

can be clearly seen from the splitting of the (111) and (111)
reflections in the samples with x > 0.015. This result is similar
to that of the previous work reported by Chung et al. [5-6].
This is attributed to the smaller ionic radius of Ge** (53 pm)
compared to that of Nb”* (64 pm).

A BaFe,GeO,
8 BaGeO,
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Figure 1. XRD patterns of BGFN ceramics with; (a) Ge content (x) = 0.01,

0.015, 0.02 and 0.025, respectively and (b) the splitting (Tl 1) and (111) peak
profile of monoclinic structure with various Ge contents.

The SEM micrographs of BGFN ceramic are illustrated in
Fig. 2. The pure BFN (x = 0.0) ceramic shows the dense
structure without any pore observed at the grain boundary as
clearly seen in Fig. 2(a). By adding Ge** ions in to BFN, the
grain size became smaller as seen in Fig. 2(b)-(c). The Ge™ is
not only affected on the reduction of the grain sizes but also
altered their morphology. At higher Ge content, the
agglomeration of round shape grains was observed. This is
probably due to aggregation of Ge** atoms which form the
secondary phase on a very small scale at the grain boundaries
as similar results were found in [13-15]. This resists the grain
boundary movement during the sintering process, leading to
the reduction of grain size.

(c) x=0.02
Figure 2. SEM surface micrographs of (a) BEN (x2500) and (b-c) BGFN
ceramics with x = 0.01 and 0.02 (x5000), respectively.
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TABLE I. ROOM TEMPERATURE DIELECTRIC PROPERTIES
AT VARIOUS FREQUENCIES OF BGFN CERAMICS.

Sample 1k 10k 100k
X € tano € tand € tand
0.0 39403 1.87 1085 9.65 128 8.601
0.01 11470 023 3575 1.33 190 434
0.015 12282 0.15 6124 0.89 339 4.08
0.02 10453 0.13 6635 0.59 711 2.61
0.025 5024  0.04 4789 0.11 2845 0.76

The temperature dependence of the dielectric constant and
loss of the BGFN ceramics with fixed frequencies at 1 kHz are
displayed in Fig. 3. The overall dielectric constant and loss of
all BGFN ceramics is found to increase with increasing
temperature. For variation of Ge contents, the dielectric
constant tends to drop from 39403 for x = 0.0 sample down to
11470, 12282, 10453 and 5024 for x = 0.01-0.025 samples,
respectively. The reason for the lower dielectric constant may
attributed to a significant contribution of the intrinsic factors
related to chemical substitution, because the BaGeO; phase
with low dielectric constant appearing in the sample when x >
0.015. Similar results were obtained by Koferstein et al. [16],
who reported that the addition of BaGeOj; lead to a reduction
of the maximum dielectric permittivity in BaTiO;. The
dielectric constant is also directly proportional to the grain size
of the ceramic; smallest grain size offered its lowest dielectric
constant, according to the Maxwell-Wagner theory of extrinsic
factors [7].
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Figure 3. Dependence of dielectric constantand loss on temperature for
BGFN ceramics.

The dielectric loss value of these ceramics greatly
decreases at higher Ge content. The low dielectric loss at high
level of Ge content might be due to the increase in grain
boundary resistivity of ceramic. Moreover, the €, and tand of
BGFN ceramics with various frequencies at room temperature
were measured and listed in Table I.
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Figure 4. Ferroelectric hysteresis loops of BGFN ceramics.

The ferroelectric hysteresis (P-E) loops of the BGFN
ceramics were performed at room temperature using a
Sawyer-Tower circuit and then plotted in Fig. 4. P-E loop of
the BFN (x = 0.0) sample was not measurable, due to its cubic
symmetry structure and high dielectric loss. The small
addition of Ge produced the P-E loop with low P, and E.. It
can be clearly indicated that the Ge content has strong
influence on the occurring of hysteresis loop when compared
with the BFN. This may be due to the change in crystal
structure from cubic to monoclinic [4, 17]. For the Ge content
variation, the slimmer P-E loop occurred when the Ge content
increases. The values of P, decreased from 0.55 pC/cm® for x
= 0.01 sample to 0.08 pC/ecm® for x = 0.025 samples. To
assess the effect of Ge content on ferroelectric characteristics
of the BGFN ceramics, the ferroelectric parameters have been
extracted from the experimental data as summarized in Table
II. The reduction of ferroelectric parameters may be attributed
to the effect of the grain size reduction, secondary phases and
porosity in these ceramics. The ferroelectric characteristics
can be assessed with the hysteresis loop squareness (Ry),
which can be calculated by the relation Ry, = (P/Ppy) +
(P1.1e/P;) where P, is the maximum polarization obtained at
some finite field strength below the dielectric breakdown and
Py 1gc is the polarization at the field equal to 1.1E.. The loop
squareness (Ry,) of the BGFN ceramics increases to 2.17 when
x = 0.01. The large Ry, value could be due to easy polarization
rotation in crystal structure of the cubic and monoclinic phase
coexist in these ceramics.

TABLE II. FERROELECTRIC PARAMETERS OF BGFN CERAMICS

AT ROOM TEMPERATURE.
Sample Ferroelectric properties
X Pl‘ Pl’ﬂﬂx EC Emax qu
(pC/cmz) (pC/cm2) (kV/ecm)  (kV/cm)

0.0 - - - - -
0.01 0.55 0.88 0.65 0.72 2.17
0.015 0.34 0.50 0.64 0.70 1.92
0.02 0.10 0.25 0.26 0.29 2.00
0.025 0.08 0.19 0.28 0.31 2.05
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IV. CONCLUSIONS

The BaGe,(FesNbgs);O3 ceramic where x = 0.01, 0.015,
0.02 and 0.025 have been prepared by solid state mixed-oxide
method. The Ge content promotes an important change of the
crystal structure and phase formation of the BGFN ceramics.
The change in crystal structure from BFN cubic phase to
BGFN monoclinic phase was found in the samples where x >
0.015. Furthermore, the Ge content altered their
microstructures and electrical properties. The dielectric
constant and loss of these ceramics were greatly decreased
while the ferroelectric hysteresis loops were improved
considerably with small Ge addition. However, the
ferroelectric behavior is degraded at higher Ge content. The x
=0.01 and x = 0.015 samples, presented the maximum values
of remanent polarization and the dielectric constant at room
temperature are 0.55 pC/cm® and 12282, respectively. These
results may be useful for the development of a new lead-free
candidate material using in dielectric capacitors.
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The (1—x)Pb(Niy33Nbys7)o5Tio352r0.1503 [PNNZT] — xBipas7i Napasyi Lapoi72TiO3
[BNLT] ceramics (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) were prepared by a two
steps mixed-oxide method. XRD patterns of all ceramic samples exhibited a complete
perovskite phase without pyroclore and no second phase. The BNLT addition has a
significant effect on the grain growth inhibition of PNNZT-BNLT ceramics. The dielec-
tric studies indicated that the phase transition behavior of the ceramic compositions
becomes more diffuse with increasing BNLT content. The addition of BNLT content
caused the increase in T,,, for example: about 16% for the 0.03 mol% BNLT sample
while tan§ was reduced to about 60% compared with that of pure PNNZT sample.

Keywords Phase transition; dielectric; PNNZT; BNLT

I. Introduction

Piezoelectric and ferroelectric materials are widely used in electronic devices, including
multilayer capacitors, sensors, transducers and actuators [1]. The PNN-PZT system was
first studied in detail by Buyanova et al. [2]. They confirmed that the highest value of piezo-
electric coefficient (ds3) could be obtained from the 0.5PNN-0.35PT-0.15PZ composition.
It also possesses excellent response characteristics of strain. Therefore, new piezoelectric
devices were developed for newly electronic components [2].

BNT is one of the lead-free piezoelectric materials which discovered by Smolenskii
et al. [3]. It has excellent electrical, dielectric and piezoelectric properties. However, many
researchers have tried to improve the electrical properties of BNT by the addition of modi-
fier cations, such as La’t and Kt into the lattice of the BNT unit cell. Herabut and Safari
[4] reported that the addition of 1.72% La, O3 into the BNT enhanced the piezoelectric con-
stant (ds3) and dielectric constant (&;) of the ceramics. The modification of the processing

Received December 11, 2012; in final form March 15, 2013.
*Corresponding author. E-mail: kamonpan.p@cmu.ac.th

[247]/1



Downloaded by [Chiang Mai University] at 22:01 27 April 2014

2/[248] P. Butnoi et al.

technique in the cationic substitutions at A and B sites in ABOj3 perovskite is considered as
one of the successful methods. For examples, previous works [5, 6] have reported that a two
step mixed-oxide method, where BNLT and BZT powders were calcined separately before
the sintering step, has enhanced the electrical properties of the BNLT-BZT ceramics, over-
coming the conventional mixed-oxide method. In this research, PNNZT/BNLT ceramics
were fabricated by two step mixed oxide and sintering methods. The powder mixture of
(1—x)PNNZT-xBNLT with x = 0,0.03, 0.06, 0.09, 0.12 and 0.15 mol were prepared by
solid state sintering method. Effects of added BNLT contents on density, phase evolution,
microstructure, phase transition and dielectric properties of PNNZT ceramics were revealed
and discussed.

II. Experimental

The (1—x)Pb(Nig33Nbo67)0.5Ti0.35Zr0.1503 [PNNZT] — xBigas71 Nagagri Lago172TiO3
[BNLT] ceramics (x = 0, 0.03, 0.06, 0.09, 0.12 and 0.15) were synthesized by a solid
state reaction technique. The starting materials used in this work were high purity (purity
>98.0%) powders of PbO, NiO, Nb,Os, TiO;, ZrO,, Bi;O3, Na,CO; and La,03. Stoi-
chometric amount of starting powders were weighed and mixed by ball-milling method
for 24 h. Then both mixtures of PNNZT and BNLT were dried and calcined separately at
850°C for 3 h and then at 1100°C for 3 h and 900°C for 2 h, respectively for producing
highly pure powder of both phases. The PNNZT powder was then mixed with 0, 3, 6,9, 12
and 15 mol% of BNLT powder by ball-milling for 24 h with ethanol as a milling media.
After dried and sieved, the resulting powder was mixed with 5 wt% PVA and uniaxially
pressed into10 mm diameter pellets. After that, pellets were burned out of binder at 500°C
for 1 h and subsequently sintered at various temperatures between 1100°C and 1300°C at
PbO-rich atmosphere under controlled heating and cooling rate of 10°C/min with soaking
time for 2 h.

The phase formation was identified using X-ray diffraction. Scanning electron mi-
croscopy (SEM, JEOL JSM5910LV) was used to investigate microstructure. Grain size
was measured by a mean linear intercept method from SEM micrographs. The two circular
surfaces of the sintered ceramics were polished and coated with silver paste as electrodes
for electrical contact. The dielectric constant (&;) and dielectric loss (tand) of ceramics were
measured at 10 kHz using an LCZ meter (HP4276 A).

III. Results and Discussion

The phase formation of the (1 —x)PNNZT-xBNLT with x = 0.0-0.15 ceramics prepared
by a two-step mixed oxide method was studied by XRD and their diffraction patterns are
illustrated in Figure 1. All PNNZT-BNLT ceramic samples exhibited a single perovskite
phase with high purity according to the detection limit of the equipment and no secondary
phase was detected. For x = 0.0 (PNNZT) sample, the diffraction peaks were matched
with the pure perovskite PNN phase with only cubic structure while at higher BNLT
content (x > 0), two phases of cubic and rhombohedral structures were found to exist in
the XRD patterns. Moreover, the amount of rhombohedral phase started to increase with
increasing BNLT content. This can be confirmed by the appearing of peak splits around
260 ~45—46°. Itis also noticed that the PNNZT-BNLT ceramic samples posses a mixture of
cubic and rhombohedral phase. Figure 2 shows the SEM micrographs of fracture surface of
(1—x) PNNZT- x BNLT ceramics. Pure PNNZT ceramics show a dense structure with the
equiaxed grains as clearly seen in Fig. 2(a). The microstructure of PNNZT-BNLT ceramics
has insignificantly changed by increasing amount of BNLT. However, the 3 mol% of BNLT
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Figure 1. X-ray diffraction patterns of (1—x)PNNZT- xBNLT ceramics.

addition produced a notable decrease in grain size. Small equiaxed grains and some pores
were found in microstructure of this sample as seen in Fig. 2(b). Similar microstructures
were found in the 6-15 mo% BNLT samples, where the grain size as measured by a linear
intercept method, changed slightly with increasing amounts of BNLT. The average grain
size and density values of all PNNZT-BNLT ceramics are tabulated in Table 1.

The average grain size of PNNZT-BNLT with x = 0 ceramics was ~2.68 um then
decreased to ~1.12 um with the addition of 3 mol% BNLT. However, the average grain
size of PNNZT-BNLT ceramic turned to slightly increase when BNLT content was higher
than 3% mol. (x > 0.03).

Figure 2. SEM micrographs of (1—x) PNNZT-x BNLT ceramics where (a) x = 0, (b) x = 0.03.
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Table 1
Physical and electrical properties of (1—x) PNNZT-x BNLT ceramics

Dielectric properties at Tc (10 kHz)

Sample Density (g/cm3) Grain size (um) Thax CC) Er.max tand max
X =0.00 7.65 2.68 139.03 24291.99 0.0369
X =0.03 7.89 1.12 161.21 7170.29 0.0152
X =0.06 7.9 1.19 155.98 4523.04 0.0164
X =0.09 7.87 1.41 155.92 4483.86 0.0191
X =0.12 7.77 1.51 152.67 5163.96 0.0158
X =0.15 7.76 1.27 160.98 3590.14 0.0197

The dielectric constant (¢,) and dielectric loss (tand) of PNNZT-BNLT ceramics as a
function of temperature at 10 kHz are displayed in Figure 3. The addition of BNLT has a
significant effect on the dielectric constant. The temperature at the dielectric peak showed
the ferroelectric to paraelectric phase transition temperature (7},). The T,, and &, values as
a function of BNLT content are presented in Table 1. It can be found that the Ty, value
increases with increasing BNLT content. The maximum of T}, of 161.21°C was recorded
for the 0.03 mol% BNLT sample, which is ~16% higher than that of PNNZT sample.
Moreover, the tan§ value of this composition decreased about 60% compared to that of
no-added BNLT content (pure PNNZT). However, the dielectric maximum values decrease
with increasing BNLT content.

As described above, a combination of PNNZT with BNLT introduces dielectric peak
broadening. The dielectric diffusivity can be clearly found in most of the BNLT substituted
PNNZT ceramics. The diffuseness of the phase transition can be determined from the

Figure 3. Temperature dependence of dielectric constant and dielectric loss of PNNZT-BNLT ce-
ramics. (Color figure available online.)
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Figure 4. The Diffusivity and Diffuseness parameters of (1—x)PNNZT-xBNLT ceramics. (Color
figure available online.)

Curie-Weiss law. For a normal ferroelectric such as PZT, above the Curie temperature the
dielectric constant follows the Curie-Weiss law as in equation (1) [7, 8]:

C
E =
T—-Ty

(1)

where C is the Curie constant and T is the Curie-Weiss temperature. For a ferroelectric
with a diffuse phase transition (board peak), the following equation (2) is determined.

1 2
o= (T —Ty) 2

This equation has been displayed to be valid over a wide temperature range instead of
the normal Curie-Weiss law in equation 1. In equation 2, T}, is the temperature at which
the dielectric constant is at maximum value. The local Curie temperature distribution is
Gaussian, where the reciprocal permittivity can be rewritten as in equation (3)

1 1 T-T,)
2 +( m) (3)

8r Emax 28}”0X82

where €,,,, is maximum dielectric constant, T, is the phase transition temperature and ¢,
is the dielectric constant of sample. For the PNNZT-BNLT compositions, the diffusivity
and diffuseness parameters can be estimated from the slope and intercept of the dielectric
data displayed in Figure 4, showing linear trend. The values of y and § are both material
constants depending on the structure and composition of the materials. The parameter y
gives information on the characteristic phase transition. For y = 1, a material exhibits a
normal Curie-Weiss law and for y = 2, a material is an ideal relaxor ferroelectric [9].
While the parameter § is used to measure the degree of diffuseness of the phase transition.
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The y values of the prepared PNNZT-BNLT were found to vary between 1.86 and 1.97,
which confirms the occurrence of the diffuse phase transition. The diffuseness parameter
increased significantly with increasing of BNLT content. A similar trend was also observed
for substitution with alkali-earth metals in lead-based perovskite [10-11].

IV. Conclusion

PNNZT-BNLT ceramics have been prepared by a two step mixed oxide method and conven-
tional sintering process. Densification increases with the addition of BNLT concentration
while the grain growth is inhibited, which in turns results in the modification of dielectric
properties of PNNZT-BNLT ceramics. The maximum dielectric constant decreases and
the transition temperature increases with increasing BNLT content. The dielectric studies
indicated that the phase transition behavior of the ceramic compositions becomes more
diffuse with the addition of BNLT content.
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Abstract— In this work, transparent glasses of erbium oxide
(Er,03)-doped KNN-tellurite were successfully prepared by using
the incorporation method. Experiments started with the
preparation of KNN powder by simple mixed oxide method using
calcination temperature of 900°C for 5 h. Then, the calcined KNN
powder was mixed with TeO, and 0.5-1 mol% Er,O; dopant.
Each batch was subsequently melted at 800°C for 15 min in a
platinum crucible using an electric furnace. The quenched glasses
were then subjected to heat treatment at various temperatures
for 4 h in order to form glass-ceramics with the desired crystal
phases. XRD results showed that KNN solid solution distributed
over the glass-ceramic samples. Scanning electron microscopy
SEM revealed that nano-crystals of KNN and some secondary
crystals precipitated in the glass-ceramics. Crystal sizes increased
with increasing heat treatment temperatures. The optical and
physical properties of the prepared glass-ceramics were
measured. The values of refractive index ranged between 1.99
and 2.15, while that of density ranged between 4.64-5.18 g/cm’.
Energy band gap from the transmission cut-off wavelength (Eg)
was measured as 2.89-3.20 eV.

Keywords—Glass-ceramic; Incorporation method; Potassium
sodium niobate; Tellurite glasses

L. INTRODUCTION

Ferroelectric glass-ceramics have been extensively studied
because the combination of ferroelectric crystals and glass
matrix provides transparent materials having ferroelectric
properties from the embedded crystals [1]. Non-
centrosymmetric structure of the ferroelectric crystals in glass-
ceramics is of great interest for non-linear optical effects [2].
In this work, potassium sodium niobate (KNN) crystals were
precipitated in tellurite (TeO,) based glass matrix via
incorporation method. TeO, as a pure substance cannot form
glasses readily on its own as it needs a small amount of other
oxide such as alkali or alkaline earth oxide to form a glass
network. The benefit of TeO, based glasses for ferroelectric
glass ceramics is their high refractive indices which are
closely similar to those of ferroelectric crystals, leading to
extremely small scattering losses of incident light between the
glass matrices and crystals [3-4]. Here, we have also included
the rare earth element erbium (Er) in order to the increase
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optical properties of this ferroelectric glass-ceramic [4]. Thus,
KNN-TeO, glass-ceramics doped with a small amount of
erbium oxide (Er,O;) were prepared using incorporation
method. The crystallization of the KNN crystals in the glass
was accomplished by heat treatment processes which were
also used to control the shape and size of the KNN crystals.
The physical, thermal, electrical and optical properties of the
prepared doped KNN glass-ceramics are reported in this study.

II. EXPERIMENTAL

The glass of 30KNN-70TeO, (mol%) doped with 0.5mol%
of Er,0O; was prepared using incorporation method. KNN
powder was firstly prepared by conventional mixed oxide
method according to our previous work [3]. For incorporation
method, the prepared KNN ceramic powder was then mixed
with TeO,, in order to form transparent based glass. The
components were mixed in a platinum crucible and
subsequently melted at 800°C-900°C for 15, 30 and 60 min
and then quenched between stainless steel plates. The
quenched glass was immediately annealed at 250°C for 2
hours to release their stress. Thermal properties of as-received
glass were measured to find the glass transition temperature
(Ty) and crystallization temperature (T.) by using DTA
[Differential thermal analysis; Du Pont Instrument, USA].
Then, annealed glass was subjected to heat treatment (HT) at
temperatures ranging between 300 to 560°C, depending upon
the T, and T, of each glass, for 4 hours.

To analyze the glass and glass-ceramic properties, various
techniques were employed. XRD [X-ray diffractometer; D500
type, Siemens, UK] and FE-SEM [scanning electron
microscope; JSM 6335F type, JEOL, JP] techniques were used
to investigate the phase composition and to observe the
microstructure of the glass and glass-ceramic samples. The
room temperature dielectric constant (g;) and dielectric loss
(tand) of the glass-ceramics were measured at 100 kHz and 1
MHz using a precision LCZ meter [E4980A type, Agilent
Technologies, Malaysia]. The density were measured by
Archimedes method. The transmission and refractive index
values were measured by a UV-Vis-NIR Spectrophotometer
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[VARIAN Cary 50, USA; A 190-1100 nm.] and
ellipsometer [J.A. Woollam Co., Inc. series oo -SETM ,USA]
respectively.

II1.

The density values of samples of all glass compositions are
shown in Table I. The density values of KNN and tellurite
precursors were about 4.51 g/em’ and 5.67 glem’, respectively
[5.4]. Thus, the value of 4.77 g/crn3 for the un-doped 70KNN-
30TeO, is reasonably in the range of KNN and TeO, densities.
The small amount of rare earth erbium oxide (Er,O3;) plays an
insignificant role in controlling glass density, however it has a
significant effect on the glass stability. The glass stability is the
ability of the crystallization in glass-ceramics which can be
estimated from T; - Te= AT (T is at an onset of the
crystallization peak from the DTA trace). From Table I, the
glass stability factor decreased with increasing FEr,O;
concentration. This may result from the large molecular mass
of Er,O; which is accommodated in the open structure of the
TeO, glassy state. This may reduce the ability of a compact
glass structure and lead to the lower stability of the Er,Oj
doped-glasses [4]. We then chose the optimum condition of
30KNN-70TeO, doped with 0.5 Er,O3 melted at 800°C for 15
min (series a.) and 30 min (series b.) for subjecting to the
annealing schedule to form glass-ceramics as it had the
maximum glass stability factor (68°C) among the Er,O;—doped
glasses.

RESULTS AND DISCUSSION

TABLE I. Density and thermal profile data of all glass samples

MeltingO tem‘perature ]()ge;clls:lt;))l ]()ge/l;s:lt%’ DTA
(*C/min) Quench Anneal Ty Ta Te AT
30KNN-70T€:O2
800 C/ 30 min 477 478 325 423 523 87
30KNN-70TE:O2 doped 0.5 ErZO3
800 C/ 15 min 4.64 470 347 424 540 68
SOOUC/ 30 min 4.82 4.85 349 426 531 67
30KNN-70TeO2 doped 1.0 Er203
800 C/ 30 min 482 484 378 432 530 50
SOOOC/ 60 min 4.87 5.06 382 430 531 39
900 C/ 30 min 4.80 481 375 432 539 49
900.C/ 60 min 475 5.05 388 436 545 41
Fig. 1. The appearances of glass 30KNN-70TeO, doped 0.5 Er,Os after

heat treatment (HT), at different temperature for 4 hours, (a.) glass melted
at 800°C/ 15min (b.) glass melted at 800°C/ 30min.

The selected glasses were then heat treated at 300, 350, 410
(Tcl onset)a 425 (Tcl)a 450 (Tcl lerminale), 515 (TCZ onset), 540 (Tc2)
and 560 (T terminae) °C with heating rate of 5°C/min for 4
hours based on their thermal profile from the DTA analysis.
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Heat treatment process was performed to study the evolution of
phase formation in glass-ceramics. Samples of glasses and
glass-ceramics are displayed in Fig. 1. The transparency was
found to decrease with increasing heat treatment temperature.
The density of heat treated glass increased with increasing heat
treatment temperature as shown in Fig.2. This corresponds to
the volume of crystallization during the heat treatment process.

melted 800 °C/15 min

Density (g/cm?)

- [-O— melted 800 °C/30 min) |

o}
4.7 T T T T T T 1
250 300 350 400 450 500 550 600

Heat treatment temperature (°C)

Fig2. Density of glass-ceramics after different heat treatment
temperatures, (a.) glass melted at 800°C/ 15min (b.) glass melted at 800°C/
30min.

XRD results show in fig.3, phase composition of all heat-
treated glass-ceramics. The heat treatment temperature and
dwell time are an important factors for type, size and shape of
crystals. Glass was heat-treated at temperatures based on DTA
result as mentioned in Table I. From Fig.3, the as-received
glass which was annealed at 250°C for 2 hours showed an
amorphous nature pattern. At a low heat treatment temperature
of 300°C, the resulting glass-ceramics showed nearly
amorphous patterns with a very small trace of crystalline peaks
of cubic (K,Na)NbOj; phase. When heat-treated at 350°C, glass-
ceramics exhibited obvious crystalline peaks, which may be
identified as the typical cubic (K,Na)NbO; phase with random
variation of K and Na ions in the A-site of the unit cell [6].
After heat-treated at higher temperatures than 350°C, the
resulting glass-ceramics exhibited similar diffraction patterns,
which contain no KNN; (KgsNajys)NbO; crystal phase. This
may be due to the relatively low melting point (732°C) of TeO,
oxide, therefore it was easily evaporated and resulted in the
slight change in glass compositions during melting at elevated
temperatures [7]. Furthermore, the very low viscosity of
telluride melt may give rise to compositional fluctuation. Thus,
these glass-ceramics contains (K,Na)Nb,Oj; cubic structure (&),
TeO;, orthorhombic structure (*), KNbTeOg4 (@), TeO, (0),
Na,;Nb,Oq; (e) and NaNbO; (0) phases. It can be also seen that
the glass-ceramics heat-treated around T, and T, have
differences in degree of crystallinity.

SEM micrographs of the glass ceramics are shown in Fig.4,
These micrographs show a bulk crystallization of the KNN
phase with a different shapes observed for the glass matrices of
all heat-treated samples. At 425°C, the rod crystal shape was
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Fig.3. XRD patterns of glass-ceramic series a. samples after various HT
temperatures

observed and gradually changed to rectangular shape around
540°C. Then at 560°C, crystals changed to cubic shape. The
average crystal sizes observed from the SEM micro-graphs are
summarized in Table II. It can be seen that all of the glass-
ceramics have crystal size lower than 1 pm. but still too large
(>200 nm.) to be transparent, giving rise to opaque bulk glass-
ceramics. This is consistent with the XRD result. The
crystallinity of the solid solution of (K,Na)NbO; crystals
increased with increasing HT temperature. The highest degree
of crystallinity (with diagonal value of 664+468 nm.) was
found in the glass-ceramic sample melted at 800°C for 15min
and HT at 540-C.

TABLE II. Summary of crystal morphology and crystallite sizes

., Heat
Condition (mol %) treatment Average crystal size (nm.)
70KNN-30TeO, doped
temperature ;
0.5 Er203 . I Db
(Y]
8()OUC/ 15 min 425 14717 -
540 406195 664+468
560 474443 15717
800 C/ 30 min 425 1077 -
540 791£75 375433
560 - 433£22

bL, length. b D, diagonal values

Dielectric constants of the glass-ceramics from the two
glass series (a.) melted at 800°C for 15min and (b.) melted at
800°C for 30min at various heat treatment temperatures are
shown in Fig. 5. The maximum dielectric constant of about 625
at 100 kHz was found in the glass-ceramics from the glass
series 1. It can be also observed that overall values of dielectric
constant of the glass-ceramics form the glass series 1 are higher
than those of the glass series 2. It may then be assumed that the
longer dwell time of 30min had significant effect on dielectric
properties. This long dwell time caused more compositional
fluctuation of glass series 2. From the dielectric result, it was
found that, the lower heat treatment temperatures of 300 and
350°C offered the transparent (from fig.2.) glass-ceramics from
the series 2 glass with high dielectric constant.
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Fig. 4. SEM micrographs of glass-ceramic a. (first roll) and b.(second
roll) samples after various HT temperatures.
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Fig. 5. Dielectric constant and dielectric loss of 2 glass-ceramic
conditions after various HT temperatures.

Glass and glass-ceramics UV-Vis transmission (%T) is
shown in Fig.6. It can be seen that the maximum %T of about
70% was found in as-received glass and then %T decreased
with increasing heat treatment temperatures until light cannot
get through glass-ceramics heat-treated at higher temperature
(T, and T,,). The effect of HT temperature on the transparency
of glass originates from the type and size of crystals
precipitated in the glass matrix. For visible light, samples
containing crystals larger than 200 nm cause light scattering
and hence the respective samples should be opaque.
Transparent samples should contain crystals lower than 200 nm
and also a small crystal size distribution. From Fig. 6, the
absorption of 0.5 mol% Er,05 doped glass and glass-ceramics
display strong absorption edges below 350 nm and show the
distinct erbium absorption peaks which are similar to previous
work in silicate and tellurite glasses [8-9]. All of the absorption

eaks corresponded to that of Carnall’s conversion as
Lisp—>"Gop (365 nm), *Gpp (377 nm), *Hop (406 nm),
*Fspt+'Fy (450 nm), *Frp (488 nm), 2Hyy (521 nm), *Ssy, (544
nm), *Fop, (651 nm), “lon(799 nm) and *I;;,, (978 nm) [10] .
This indicate that the laser active Er’* ions have entered into
the (K,Na)NbO; crystalline phase. Similar results were
reported recently [8,11].

Refractive index (n) and Energy band gap from the
transmission cut-off wavelength (Eg) was shown in Table III.
The optical band gap was obtained by plotting
(ahv)* versus hv (where ais  the absorption  coefficient
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and hv is the photon energy), which is described by equation 1
[12].
ochv:(hv—Eg)”2 (D
Where a:is  the absorption coefficient, 41 is Planck's
constant, v is the photon frequency, and E, is the band gap
energy. The absorption coefficient o is obtained from Beer's
law equation 2.
o=-(InT)/t (2)
where 7 is the thickness of the measured sample and T its
transmittance. The optical band gap, E, of selected glass and
glass-ceramics, varied between 2.89 and 3.20eV, as listed
in Table III.

100
9o JOKNN-70Te0,0.5Er O, H;'Tta;o?‘gc
) at 300°
5 melted at 800°C/15min Anneal at 250°C
‘s
70 32
4
60 M Fr
[ 50 F5/2,3/2
ES
40
30
20
10
0
400 500 600 700 800

Wavelength (nm.)

Fig. 6. Percent transmittance of glass-ceramic from a. series samples after
various heat treatment temperatures.

TABLE III. Refractive Index and energy band gap of glass-ceramic

samples
Condition (mol %) Heat Refractive Energy band
70KNN-30TeO, doped ~, ‘reatment index (n) e (Eg)
0.5 Er,0; temperature (532 nm.)

0

800 C/ 15 min As-received 207 320
300 2.06 3.18
350 205 315

800 C/ 30 min As-received 206 318
300 205 316
350 200 2.89

IV. CONCLUSIONS

In this research, transparent KNN-TeO, glass-ceramics
doped Er,O; have been successful prepared by incorporation
method. SEM micrographs show that bulk crystals with
different shape of KNN solid solution occurred in the glass
matrix. Crystal size increased with increasing heat treatment
temperature. The larger crystallite size of more than 200 nm.
(crystallite size > 4) gave rise to translucent to opaque samples.
It was indicated that heat treatment temperature plays a
significant role in controlling the microstructure, crystallite

107

sizes, and crystal quantity of the glass ceramics. The maximum
dielectric constant of about 625 at 100 kHz with a low tanc of
0.03 obtained from the glass-ceramic sample melted at
800°C/15min and heat treated at 350°C. From optical study,
the small amount of rare earth Er,O3 oxide play insignificant
role in controlling glass density in this work but helped to
improve the energy state by increasing energy band gap in the
glass-ceramics. The transparency value dropped with an
increase in the heat treatment temperature.
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Influence of processing parameters, calcination and sintering temperatures, on the
properties of Sr(FeysNbys )O3 samples were investigated The Sr(FeysNbys)O3 ceramics
were fabricated by a solid-state reaction method. X-ray diffraction analysis revealed that
pure perovskite phase of SFN powders was observed for the calcination temperatures
>1000°C. However, all SFN ceramics showed the pure perovskite phase. Average grain
size increased with increasing sintering temperature, where the hardness value was
related with grain size. The dielectric properties examination indicated that increase
of the sintering temperature is effective in improving dielectric constant of the SFN
ceramics.

Keywords Dielectric properties; high dielectric ceramics; mechanical property

1. Introduction

Recently, there is intense research on developments of lead free dielectric materials due to
the environmental concern and potential use in electronic devices. For high-k capacitance
applications, the giant dielectric constant materials including CaCu3TizO;, and some com-
plex perovskite materials containing Fe have been attracted great attention from many re-
searchers [1, 2]. The synthesized giant dielectric constant materials such as BaFeq sNbg 503
(BFN), BaFe( 5Tag 503 (BFT), and SrFe(sNbysO3; (SFN) [3—5] have been widely inves-
tigated due to their properties which are suitable for technological applications. Among
these materials, SFN has attracted considerable interest due to its high dielectric constant
(10°-10% over a broad temperature, and high dielectric relaxation response [6]. However, it
is known that the properties of many ceramics are also influenced by processing parameter
such as heat treatment conditions. Therefore, various fabrication techniques and processing
parameters have been proposed such as rapid-rate sintering, rate-controlled sintering and
optimized dwell time etc. [7, 8]. The optimized sintering temperature is one of important
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Figure 1. (a, b) X-ray diffraction patterns of SFN powders and ceramics, (c) X-ray diffraction
patterns of SFN ceramics at 72°-78° and the inset is ceramic density vs. sintering temperature.

processing parameter since it can produce a high ceramic density and homogeneous grain
growth which result in good electrical and mechanical properties. In present work, we re-
port our study on the influence of processing temperature such as calcination and sintering
temperature on properties of Sr(FegsNbgs)O3 high dielectric ceramics.

2. Experimental

Polycrystalline of SFN ceramics were prepared via the conventional mixed oxide method.
High purity metal oxides of Sr,CO3, Fe, 03, and Nb,O5 were weighed following stoichio-
metric formula of Sr(Feq5Nbg 5)O3. The starting powders were then mixed and ball-milled
in isopropanol for 24 h using yttria stabilized zirconia ball as a grinding media. After mix-
ing, the slurry was dried, sieved and calcined at 3 h for 1100°C. An organic binder, polyvinyl
alcohol, was added into the calcined SFN powders and then ball-milled in isopropanol for
24 h. This slurry was dried and sieved to form a homogeneous powder and then was pressed
at 150 MPa into 10 mm diameter pellets by unisxial pressing using a stainless steel die. The
obtained pellets were sintered between 1200°C and 1400°C in an electric furnace under
air atmosphere for 3 h. The density of the sintered samples was measured by Archimedes
method using distilled water as a fluid medium. Phase formation of the sintered samples
was characterized using the X-ray diffraction (XRD) technique. The morphology of the
samples was investigated using a scanning electron microscope (SEM). For the electrical
measurement, silver paste electrode was applied to both sides of the samples. The dielectric
properties were determined with various frequency and temperatures using a LCR meter.
Vickers hardness measurement was performed on polished surface using a microhardness
tester.

3. Results and Discussion

XRD patterns of the calcined powders are illustrated in Fig. 1. A perovskite phase was
observed for all powder samples. However at a lower calcination temperature (such as
900°C), peaks of second phase were found (as indicates by “*” in the Fig. 1(a)). The
second phase was determined as SrsNb4Ojs, according to JCPDF No. 01-083-0132. In
this work, the 1000°C powder was selected for the sintering. XRD patterns of the SFN
ceramics sintered at different temperatures are shown in Fig. 1(b). All ceramics showed
a pure phase perovskite. Further, spitting of XRD peaks such as (332), (240), and (116)
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Figure 2. SEM micrographs of SFN ceramics sintered at (a) 1200, (b) 1300, and (c) 1400°C.

peaks at 20 ~ 75-77° were clearly found (Fig. 1(c)). This result indicates that the samples
exhibited an orthorhombic symmetry. The XRD analysis was carried based on JCPDS file
No. 01-070-5965. The orthorhombic symmetry in SFN was also reported by Liu et al. [6].

Density as a function of sintering temperature is shown in the inset of Fig. 1(c) The
density increased with increasing sintering temperature up to 1300°C and then decreased
for higher sintering temperature. The decrease in density value for the 1400°C sample may
be due to a formation of close pores in the sample after sintering at high temperature.
Further, sintering at higher temperature may produce many defects in the ceramics. Fig. 2
displays surfaces of the SFN ceramics sintered at different sintering temperatures. All
samples look quite dense. The higher sintering temperature produced a notable increase
in grain size (Fig. 2 and 5). Average grain size, as calculated by an intercept method,
increased with increasing sintering temperature. This increasing can be explained by the

Figure 3. Frequency dependence of dielectric constant and loss tangent for the SFN ceramics
measured at room temperature.
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Figure 4. Dielectric constant (¢,) and dielectric loss (tan §) versus temperature for the SFN ceramics
sintered with different sintering temperatures. Inset shows loss tangent versus temperature for the
SFN ceramics.

phenomenological kinetic grain growth equation expressed as
1 1 0
logG = —log t + — |log Koy — 0.434— (1)
n n RT

where G is the average grain size at the time, 7 is the kinetic grain growth exponent, K is a
constant, Q is the activation energy, R is the gas constant, and 7 is the absolute temperature.
In the present work, rapidly grain growth was observed for the samples sintered with
temperatures >1200°C.

Figure 3 illustrates the dielectric constant as a function of frequency for the SEN
ceramic samples. All samples exhibited a dielectric-frequency dependent. The samples also
exhibited higher dielectric constants at lower frequencies due to the presence of different
types of polarizations, such as interfacial, dipolar, atomic, ionic, electronic contribution
in the material. However, the dielectric constant of the samples decreased with increasing
frequency. This may be due to some polarizations as suggested above may have less
contribution. Fig. 3 also shows dielectric loss as a function frequency. The dielectric loss
result exhibits a frequency-dependent behavior. This may related with the concentration of
charge carriers that respond to this evident is not constant [9]. The temperature dependence
of the dielectric constant for all ceramics is presented in Fig. 4. Although the density of the
ceramics was observed to decrease for a higher temperature sample (such as the 1400°C
sample), the dielectric constants were improved by increasing the sintering temperature.
The high dielectric constants for higher sintering temperature SFN ceramics may be due
to the existence of Fe?* in sintered SFN ceramics, as proposed by Ananta and Thomas
[10]. The present of Fe’* and Fe* ions on equivalent crystallographic sites can results
in an electron-hopping conduction mechanism [9]. Further, the concentration of Fe?* ions
is very sensitive to temperature, and it increases with increasing the sintering temperature
[11].

Figure 5 illustrates the Vicker hardness value as a function sintering temperature.
The hardness decrease value of the SFN ceramics decreased with increasing sintering
temperature. Generally, for ceramic materials, the finer grain ceramics exhibits higher
hardness value. Therefore, our result is consistent with this rule. Further, the lower hardness
value for higher temperature sample (1400°C) can be link with the lower measured density.
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Figure 5. Vicker hardness values as a function sintering temperature of the SFN ceramics Inset
shows a plot of average grain size value versus sintering temperature.

4. Conclusion

Properties of SFN calcined powders and ceramics, prepared by a conventional technique
with different calcination and sintering temperatures, were investigated. Increasing sintering
temperature enhances the grain growth and dielectric constant where the 1300°C sample
exhibited the highest ceramic density. The sintering temperature also affected the hardness
value where the hardness value was linked with the value of grain size.
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ABSTRACT

The incorporation method was employed to produce bioactive glass—ceramics from the BaFe;;0;9-
Si0,-Ca0-Na,0-P,05 glass system. The ferrimagnetic BaFe;,0;9 was first prepared using a simple
mixed oxide method, where the oxide precursors of 45S5 bioglass were initially mixed and then melted
to form glass. The devitrification of NazCag(PO4)s and Fes04 was observed in all of the quenched glass
samples. The glass samples were then subjected to a heat treatment schedule for further crystallization.
It was found that the small traces of BaFe;,0;9 phases started to crystallize in high BF content samples
of 20 and 40 wt%. These samples also exhibited good magnetic properties comparable to that of other
magnetic glass—ceramics. The bioactivity of the BF glass-ceramics improved with increasing BF content
as was evident by the formation of bone-like apatite layers on the surface of all of the glass—ceramics
after soaking in SBF for 14 days. The results support the use of these bioactive glass—ceramics for

Hyperthermia treatment

hyperthermia treatment within the human body.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The use of ferrimagnetic materials is of particular interest in
hyperthermia treatment as an alternative way to destroy cancer
cells, especially deep-seated cancers such as bone tumors [1-3].
When granular seeds of glass-ceramics are implanted around
tumors and then subjected to alternating magnetic fields, heat is
generated from magnetic loss killing the tumors. Generally, such
tumors are effectively heated and destroyed at temperatures
around 42-45 °C, without normal tissue damage [4,5].

The development of bioactive ferrimagnetic glass—ceramics has
attracted much interest as such a biological property is needed for
formation of active bone-like apatite between surfaces of the
implanted glass—ceramic thermoseeds and tumor tissues [6,7].
Bretcanu et al. [8] found that a ferrimagnetic material containing
45 wt% of magnetite was a beneficial bioactive material with a
saturation magnetization of 34 Am? kg™, coercive value of 0.68 x
10* Am~"! and heat loss of 25 W/g after applying a magnetic field of
4% 10* Am~ . In addition, this material exhibited bioactive behavior
after 14 days of incubation in a stimulated body fluid (SBF). However,
some glass—ceramics such as CaO-SiO, based glass—ceramics contain-
ing 36% magnetite (Fe30,4) showed ferromagnetic properties without
bioactivity [9]. Therefore, additional research projects have been

* Corresponding author at: Chiang Mai University, Department of Physics and
Materials Science, Faculty of Science Huay-Kaew Road, T. Suthep Maung,
Chiang Mai 50200, Thailand. Tel.: +66 81 884 1859; fax: +66 53 357 512.
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0304-8853/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jmmm.2012.08.002

undertaken in order to develop bioactive glass-ceramics containing
ferrimagnetic materials with optimum properties to increasing their
potential uses in hypothermia treatment [10-14].

Magnetite is a common magnetic phase found in ferromagnetic
materials, while other ferrite phases, such as (Li, Mn) ferrite, Mg
ferrite and zinc-iron ferrite (ZnFe,0,4), have only recently been
investigated [13-15]. However, the Ba ferrite phase which also has
good magnetic properties, has not yet been used for this type of
application. The present work, therefore, attempted to fabricate a
Si0,-Ca0-Na,0-P,05 bioactive glass-ceramics containing the Ba
ferrite (BF) phase using the incorporation method. In this method, BF
crystals were first produced using the solid-state reaction technique
and then added to the glass precursors as a glass batch, which was
then further melted to form the glass. The prepared glass was then
subjected to heat treatment to induce crystallization. The effects of
BF incorporation on the structural and magnetic properties of the
prepared glass—ceramics were studied and the bioactive properties
of these materials were investigated. We expected that the BF phase
should easily recrystallize compared to the conventional method of
preparing glass—ceramics, where simple oxides of BaO, Fe;03, SiO»,
Ca0, Na,0 and P,05 are melted to form the glass mixtures.

2. Experiment procedure
2.1. Preparation of materials

The samples were obtained using the incorporation method.
BF powder was produced starting from a mixture of Fe,Os
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and BaCOs; by keeping the proportion at a ratio of 6:1. The
mixture was then ball milled and calcined at 1100 °C for 3 h
at ambient atmospheric pressure in an electric furnace (heating
rate 5 °C/min).

Glass samples with a composition of SiO, 45 wt%, Na,O
24.5 wt%, Ca0 24.5 wt% and P,0s 6 wt% (Merck, India) were
mixed with various amounts of the prepared BF powder of 5,
10, 20 and 40 wt% and the batches were melted in a platinum
crucible for 2 h at 1450 °C. The samples were labeled as 5BF, 10BF,
20BF and 40 BF following the amount of BF used. The melted glass
samples were then quenched between copper plates at room
temperature. After that, the glass samples were subjected to heat
treatment schedules at their crystallization temperature (T.) with
a heating rate of 5 °C/min and a dwell time of 2 h.

2.2. Materials characterization

The glass transition temperature (Tg) and crystallization tem-
perature (T.) of the crushed and ground glass powders for each
composition were estimated using a differential thermal analysis
(DTA: 1600 DTA, Du Pont Instrument) and the phase identifica-
tion of the samples was carried out with an X-Ray diffractometer
(XRD: Siemen D-500). Then a scanning electron microscope (SEM:
JSM-6335F) was used to observe the microstructures of the
prepared glass—ceramics. The magnetic properties were measured
using a vibrating sample magnetometer (VSM: LakeShore Model
7404) at room temperature. An in vitro test was then carried out
by soaking in SBF. The SBF was buffered at pH 7.4 and maintained
at 37.5 °Cin order to simulate near physiological conditions for 14
days. After that, the formation of apatite layers were investigated
using a scanning electron microscope based energy dispersive
X-ray spectrometer.

3. Results and discussion
3.1. Thermal parameters

The thermal parameters (T and T.) of each glass composition
were plotted against the BF content as is shown in Fig. 1. These

parameters were deduced from the DTA traces (Fig. 2) of each
glass powder with a heating rate of 5 °C/min. It can be seen that

Fig. 1. DTA traces.

Fig. 2. Tg and Tc of quenched glasses versus BF content.

Fig. 3. XRD patterns of the quenched glass samples (a) 5 BF, (b) 10 BF, (c) 20 BF,
(d) 40 BF.

both T, and T. increased with increasing BF content up to 40 wt%.
As would be expected, the increasing trends of Ty and T. with BF
content were observed because BF (4.32 g/cm?®) has a much
higher density than that of normal 45S5 glass (2.7 g/cm?).
Generally, a change in Ty and T. with composition reflects a
structural evolution in the glass network, and both linear trends
observed in this study confirm that no changes in the glass
networks occurred in the 45S5 bioactive glass samples with the
addition of BF compounds. The presence of BF in the glass
samples only increased the crystallization temperature and the
melt viscosity of the glass samples [13].

3.2. Phase formation

The XRD patterns of the as quenched glass samples (Fig. 3)
revealed the presence of an NasCag(PO4)s phase which occurred
in the low BF content glass—ceramic samples. The amount of this
phase decreased with increasing BF content. The second phase
started to occur in the 20BF sample (indexed as Fe;0,4) and was
found to coexist with the NasCag (PO4)s phase. Moreover, the
amount of the Fe304 phase increased with the addition of BF up to
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40 wt%. The desired BF phase was not found in every quenched
sample, instead it was found to decompose during melting at
elevated temperatures (1450 °C) and the devitrification of Fe304
and Na3Cag(PO4)s occurred during the cooling of the melts.

The heat treatment process was employed to all quenched
glass samples at their T.(s) in order to study the crystallization
mechanism. Fig. 4 shows the XRD patterns of the glass-ceramic
samples after being subjected to the heat treatment schedule.
During the heat treatment process at 5BF with a constant heating
rate (5 °C/min), the development of five crystalline phases were
detected: sodium calcium silicate (NayCasSigO6), barium phos-
phate (Ba3(PO,),), iron oxide (Fe,03), wallastonite (CaSiO3) and
sodium calcium phosphate (NasCag(POg4)s). The intensity of the
Na,CasSigOq6, CaSiO3 and NasCag(PO4)s signals decreased while
the intensity of the (Ba3(PO,4),) and Fe,O3 signal increased with
increasing BF content. It was also observed that the samples with
higher BF values greater than 5 wt% showed a small amount of

Fig. 4. XRD patterns of the glass-ceramic samples after heat treatment at their
crystallization temperatures (Tc) (a) 5 BF, (b) 10 BF, (c) 20 BF, (d) 40 BF.

the magnetite (Fe304) phase which slightly increased with
increasing BF content. It should be noted that the magnetic
properties of these glass samples improved due to the increase
in quantity of the magnetite phase. The XRD pattern of the 20BF
sample showed a small trace of the wanted BF (BaFe;,0,9) phase
which could easily be observed for the higher BF samples such as
the 40BF sample.

3.3. Magnetic properties

The magnetization hysteresis loops for the heat treated glass—
ceramic samples at their T.(s) collected at 8 x 10°Am~! are
shown in Fig. 5. All samples exhibited similar magnetic behaviors
with a narrow hysteresis loop and very low coercivity (H.) close
to those of typical soft magnetic materials.

The magnetic properties of the heat treated glass—-ceramic
samples are summarized in Table 1. It can be seen that the
coercivity (H.) and the remanence magnetization (M,) were found
to occur 0.67 x 10*-1.74x 10*Am~"! and 0.15-3.37 Am? kg~ ',
respectively. It can also be noted that the remanence magnetiza-
tion of the samples increased with increasing BF content.

The enhancement of the magnetic property is a consequence
of the crystallization process. The higher BF content samples from
10 wt% contain the magnetite Fe3O, phase which plays an
important role in the enhancement of the magnetic properties
of the glass—ceramics. This is especially true for the 20BF and
40BF samples for which small traces of ferrimagnetic BF were
observed resulting in a further improvement of the magnetic
properties.

Table 1
Magnetic properties evaluated from hysteresis loops.

Magnetic and structural parameters Condition (wt% Ba Ferrite)

5BF 10 BF 20BF  40BF

Coercivity He (x 10°Am~") 1516 0.661 0633 1.741
Remanence magnetization M; (A m?kg~1) 0.150 0943 1.274 3.773
Interpolated hysteresis area + (8 x 10° Am™~"') 4.467 7.701 10.183 19.589
Interpolated hysteresis area + (4 x 10*Am~"') 0.324 0.490 10.524 22.022

Fig. 5. Room temperature hysteresis loops up to 8 x 10° A m~'of glass—ceramic samples. with various BF contents.
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Generally, losses in magnetic materials are calculated by mea-
suring the area of the corresponding hysteresis loop. The loss values
of all samples are reported in Table 1, where it can be observed that
for an applied field of 8 x 10° Am ™', the area of the hysteresis loop
increased with increasing content of barium ferrite from 5 wt% to
40 wt%. However, such a high magnetic field of 8 x 10°Am~! is
difficult to use in a clinical laboratory. Therefore, the hysteresis loops
were also measured at a lower magnetic field (4 x 10 Am~"'). The
magnetic hysteresis loops of the glass—ceramic samples measured at
4 x 10* Am~"! are shown in Fig. 6. The integrated loop area obtained
from the applied magnetic field of 4 x 10* Am~! shows the same
trend as that of the 8 x 10° Am~' measurements. The maximum
area was obtained for the 40BF glass-ceramic sample which
exhibited the highest magnetic content and the highest saturation
magnetization.

3.4. Bioactivity in vitro

Fig. 7 shows the SEM images of the glass-ceramic samples at
various BF contents after incubating in SBF for 14 days. It is

Fig. 6. Room temperature hysteresis loops up to 0.4 x 10° A m~'of glass—ceramic
samples with various BF contents.

evident that the surfaces of all samples were covered with
spherical particles which were found to cover an increased sur-
face area of the glass-ceramics with increasing BF content.
The EDS analysis revealed that the spherical particles which
occurred on the surfaces of the samples had much higher
concentrations of P and Ca, indicating the formation of an apatite
layer. It should be noted that all of the samples were found to be
bioactive. The EDS results also illustrate the remarkable increase
of Ca and P (apatite) contents while Si content decreased with
increasing concentration of BF. These changes in ion concentra-
tions may be associated with the glass crystallization. For the XRD
results of the heat treated glass-ceramics (Fig. 4), the higher BF
content samples in particular the 40BF sample had lower crystal-
linity values than that of the lower BF samples. This can also be
clearly seen by the decrease of intensity of the Na,CasSicO;6 and
BasSisO;3 XRD peaks with increasing BF content. This higher glassy
amorphous phase also has a positive effect on the bioactivity
behavior of the samples because the appearance of a crystalline
phase had the effect of hindering ion exchange and delaying the
formation of the apatite layer therefore decreasing the apatite.

Fig. 8. pH of the SBF media with incubation time.

Fig. 7. SEM micrographs and EDS analysis of glass-ceramic samples (a) 5 BF, (b) 10 BF, (c) 20 BF, (d) 40 BF after 14 days in SBF.
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The apatite formation ability was also evaluated with respect
to the pH value in the SBF. From Fig. 8, 14 days after incubation,
the pH values were measured and it was noted that the pH values
increased with increasing incubation time. Moreover, the glass—
ceramic samples with a high amount of BF, such as 20BF and
40BF, showed an increasing trend up to 14 days with high pH
values of 8.75-9.25. This may be due to the high dissolution rate
of Na* and Ca%* ions in the solution occurring for the high BF
content glass—ceramics. These glass—ceramics are highly amor-
phous compared to other bioactive glass samples, as mentioned
above. The release of Na* and Ca®™ ions also helps to accelerate
the apatite nucleation by increasing ionic activity product of
apatite in the SBF fluid [16], leading to a higher bioactivity of
the high BF content glass—ceramics. This is consistent with the
work done by Singh et al. [17] who reported that the apatite
formation increased when the iron oxide content increased as the
replacement of SiO, with Fe,O5 did not disturb the formation of
Ca0 and P,0s. The composition variation tended to aid the apatite
forming ability on the surface of their glass samples. It is generally
assumed that the addition of the magnetite phase does not inhibit
bioactivity.

4. Conclusion

New ferrimagnetic glass—ceramics from the BaFe;,0,9-45S5
glass system were successfully prepared using the incorporation
method. Even though the BaFe;,0,9 phase was found to decom-
pose during melting, the Fe304 phase was found to remain in the
quenched glass samples and is known to play an important role in
the magnetic properties of glass—ceramics. It was found that after
applying a magnetic field of 8 x 10°Am™!, all glass—ceramic
samples exhibited soft magnetic properties. All of the glass—
ceramics showed good bioactivity in vitro, as is evident by the
formation of a bone like apatite phase. The addition of BF content
to bioglass 45S5 can improve both the magnetic properties and
the bioactivity of these glass materials.
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Abstract

Effects of MgO doping on properties of P,Os—CaO-Na,O glass system were investigated. The glass samples were prepared by
conventional glass melting technique at 1000 °C for 1 h. Thermal parameter of each glass sample were studied by differential thermal
analysis (DTA). The glass samples were annealed at crystallization temperature to form glass ceramics. The glass ceramics were
investigated in terms of phase formations by XRD, microstructure by SEM and in vitro bioactivity. The phases formed in all glass
ceramics are calcium phosphate (Ca,P,05 file no. 09-0346), sodium phosphate (NaPOs file no. 11-0650) and sodium calcium phosphate
(Na; gCa; ;PO file no. 47-0863) as detected by XRD. The 5-10 mol% MgO glass ceramics having well separated two crystallization
peaks (T; and T,) within the temperature range of 557-590 °C contained additional sodium magnesium phosphate (NaMg(PO3); file
no. 72-2341). Large porosity was found in all glass ceramics due to free volume and void formation during the crystallized phase. The
in vitro study revealed that all glass ceramic samples exhibited apatite cell growth at the surface after immersed in simulated body fluid
(SBF) for 7 days. The results suggested that these glass ceramics were appropriate for biomedical application.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Porosity; C. Thermal properties; D. MgO; E. Biomedical applications

1. Introduction

Bioactive glasses and ceramics, such as hydroxyapatite,
B-tricalcium phosphate, 45S5 bioglass™, calcium phos-
phate glass and A-W glass ceramics are biomaterials,
which when implanted into bone defects, form sponta-
neously a layer of bonelike apatite on the surface that
induces chemical integration of bone cells [1-5]. Recently,
many researchers have attempted to improve these bioac-
tive materials for bonelike apatite growth capability.

Trace ions, such as Na®, Mg?>*, K™ and F~ are
prevalent in the organic part of bone. It was found that
of hydroxyapatite doped with some of these metallic ions
had improvement in osteoblast adhesion and the increase
in intracellular alkaline phosphates activity [6]. These

*Corresponding author at: Department of Physics and Materials
Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200,
Thailand. Tel.: +66 5394 3376; fax: +66 5335 7512.

E-mail address: kpengpat@gmail.com (K. Pengpat).

modified hydroxylapatite also showed excellent cell attach-
ment and cell spreading of a modified human osteoblast
(HOB) cells lining on the matrices. Calcium phosphate
glasses containing silica, non-silica phosphate glasses and
other oxides such as Na,O, MgO, ZnO, TiO,, K,O and
Fe,Os3, [7-9] have also attracted a lot of interest for
biomaterial application. Calcium phosphate glasses con-
taining silica, indicated toxicity on mice [10]. However,
non-silica calcium phosphate glasses have shown to be
non-toxic because of their chemical composition is closely
similar to that of natural bone. They also have bioresorb-
able property that enable these glasses to be dissolved in
human fluids, so it can be slowly replaced by regenerated
tissue [11-12].

The ternary P,0Os—CaO-Na,O glasses are one of the
interesting calcium phosphate glass systems without silica
group. These glasses can be dissolved in water, simulated
body fluid (SBF) and body fluid, which is replaced by
regenerated tissue as these glasses have shown good
biodegradable and biocompatibility in vitro and in vivo

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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tests [5,7,13-16]. In addition, these glass systems were
found to exhibit thermal parameters at low temperature,
which can be easily melted and casted [13,17,18]. Previous
works showed that the P,O5—CaO-Na,O glass with fixed
P,Os content of 45 mol% gave a good range of glasses,
which are easily processed and good biocompatibility
[13,19]. This work, therefore has attempted to modify
these glasses by substituting CaO by MgO from 2.5 mol%
to 10 mol% with fixed amount of P,Os and Na,O of
45 mol% and 25 mol%, respectively.

2. Experimental
2.1. Glass preparation

The glasses were prepared using (NHy4)>,HPO,, CaCOs,
Na,CO3z and Mg(OH), as starting materials and the formula
used in this study is 45P,05—(30 — x)CaO-25Na,O-xMgO
where x=0, 2.5, 5, 7.5 and 10 mol%. The mixing materials
were melted at 1000 °C for 1 h in alumina crucible and the
melts were quenched between stainless steel plated in air.
The glasses were subsequently examined by differential
thermal analysis (DTA: Stanton redcroft DTA model
673-4) using Al,O5 as reference.

2.2. Glass ceramic preparation

The glasses were annealed at their corresponding crystal-
line temperature (7,) for 5 h with heating and cooling rate
of 5°C/min. Phase formation of the prepared glass
ceramics were investigated by X-ray diffraction (XRD:
Rigaku Mini Flex II). In vitro bioactivity was assessed in
SBF, which was buffered to pH 7.4. The glass ceramic
samples were soaked in SBF and indicated for 7 days at
36.5 °C. The microstructures of glass ceramics before and
after immersed in SBF were investigated by scanning
electron microscopy (SEM: JSM-5910). Energy dispersive
X-ray spectroscopy (EDS) was employed for chemical
analysis of the glass ceramics after immersed in SBF.

3. Results and discussion

Thermal properties of all glasses examined by DTA are
shown in Fig.l. The glass transition temperature (7)
appeared in the range of 411-417 °C as tabulated in
Table 1. The increase of MgO content did not significantly
affect the change in 7, For the dopant of MgO at
0-2.5 mol%, the first and the second peaks of crystallization
temperatures (7y; and T,) overlapped in the range of 525-
555°C. The 5-10 mol% MgO glasses have shown clearer
splitting of T, and T, in the range of 557-590 °C. This may
be attributed to the addition of MgO, which subsequently
altered the CaO/P>Os molar ratio of the glass network. As it
is known that Ca®"ions form the stronger cross-link of
groups than that of Na™ ions [13,19].

The XRD patterns of the glass ceramics annealed at
their corresponding T, are shown in Fig. 2. The main

Fig. 1. DTA trace of all glass samples.

Table 1
Codes and thermal parameter of P,Os—CaO-Na,O-MgO glasses.

Code Thermal parameter (°C)

TL/ T‘(l TxZ
45P30C25N 415 525 541
45P27.5C25N2.5M 411 532 554
45P25C25N5M 417 533 590
45P22.5C25N7.5M 413 534 590
45P20C25N10M 417 527 578

phase found in all glass ceramics are calcium phosphate
(Ca,P,0 file no. 09-0346), sodium phosphate (NaPOj; file
no. 11-0650) and sodium calcium phosphate (Na;g
Ca; 1PsO;7 file no. 47-0863) phases. Morever the glass
ceramic samples with 5-10 mol% MgO contained the
additional sodium magnesium phosphate (NaMg(POs);
file no. 72-2341) phase, which may correspond to well split
T, and T, (Fig. 1) at higher temperatures comparing to
that of lower MgO content samples (0-2.5 mol% MgO).

Large pores with the size ranging from 100 nm to
200 nm are illustrated in Fig. 3(a) for undoped sample,
which may be due to mass transport of many atoms and
ions during crystallization at T,,. This may be in turn
beneficial to cell growth as described in previous works
[20,21]. Fig. 3(b) and (c) shows the denser structure of the
7.5% doped glass ceramic containing well distributed
crystals which were formed similarly in all doped samples
after annealing. It may be noted that the MgO doped
samples tend to have better mechanical robust than that of
the undoped one. However, nano indentation may be
needed for precise assumption.

For the in vitro bioactive test the apatite cells were
found on the surface of all glass ceramics as shown in SEM
microstructures (Fig. 4). The chemical compositions of the
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Fig. 2. XRD patterns of the glass ceramics after annealed at their cor-
responding T,,: Ca,P,05 file no. 09-0346 (V), NaPOs; file no. 11-0650 (#),
Na,; gCa; PO file no. 47-0863 (@) and NaMg(PO;); file no. 72-2341 (o).

Fig. 3. Microstructures of glass ceramic samples after annealing at T,;:
(a) 100 x of undoped sample, (b) 100 x and (c) 5000 x of 7.5% MgO
doped sample.

cells were detected by EDX (Fig. 5). On each surface, the
formation of individual apatite grains with spherical in
shape with diameter in nanosize range are clearly revealed.
The typical spectra of apatite cells in 0 mol% MgO sample
contains P, Ca, and O atoms while in that of 2.5-10 mol%
samples are P, Ca, Na, Mg and O. The apatite formation
mechanism in non MgO samples explained by dissolution
of Ca®" and Na™ while for MgO added samples explained
by dissolution of Ca?*, Mg>™ and Na™. The results
suggested that these glass ceramics were appropriated glass
ceramics for biomedical application.

It can be noted that after immersion in SBF solution for
7 days, the glass ceramics surfaces show some degree of

Fig. 4. Microstructures of glass ceramics after immersions in SBF
solution for 7 days: (a) 0 mol%, (b) 2.5 mol%, (c) 5 mol%, (d) 7.5 mol%
and (e) 10 mol%.

Fig. 5. The EDS spectra of apatite cells on surface of glass ceramics
recorded after immersion in SBF solution for 7 days: (a) 0 mol% MgO
and (b) 2.5-10 mol%.

wearing out by comparing with the surface of the glass
ceramic before immersion in SBF. (Fig. 3(b)). The degree
of wearing out was found to increase with increasing MgO
content to Smol% and decrease with increasing MgO
content of more than 5 mol%. This result is consistent with
the work done by Frank et al. [22] that the solubility of
ions was found to be inhibited when MgO was used to
substitute CaO in glass network.

4. Conclusions

The phase found in all glass ceramics are calcium
phosphate (Ca,P,0O file no. 09-0346), sodium phosphate
(NaPO; file no. 11-0650) and sodium calcium phosphate
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(Naj gCa; 1P¢O;7 file no. 47-0863) phases. The dopant of
5-10 mol% MgO resulted in another magnesium phos-
phate phase, crystallizing at T,,. The glass ceramics
contained high because free volume and pores generate
during crystal phase formation. For in vitro study, all glass
ceramics exhibited apatite cells growth at their surface
after immersed in SBF for 7 days. The results suggested
that these glass ceramics were appropriated glass ceramics
for biomedical application.
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Abstract

Electrical properties of lead-free solid solution ceramics from the Big4g7;Nag 4g71Lag.0172Ti0O3 (BNLT) and BaZrg 5Tig9503 (BZT)
system have been improved by a thermal treatment technique. A modified two step mixed-oxide method was employed for the
preparation of the (1 —x)BNLT-xBZT ceramics, where x=0.06, 0.09, 0.12 and 0.20. After sintering at 1125 °C for 4 h, the BNLT-BZT
ceramics were annealed at 825, 925 and 1025 °C. The annealing treatment caused an increase in dielectric constant of BNLT-BZT
ceramics with x < 0.09 mol% and with x higher than 0.09 mol% the dielectric value dropped considerably. The ferroelectric properties
of all annealed ceramic samples tend to decrease with increasing annealing temperature as confirmed by the slimmer P—E loops. The
piezoelectric coefficient (ds3) increased with annealing temperatures and a maximum value of ~170 pC/N was obtained from the
ceramic samples annealed at 1025 °C with x=0.02.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bismuth sodium titanate (BigsNagsTiO3:BNT)-barium
titanate (BaTiO5:BT) and BNT-BZT based ceramics, as
lead-free ABO; perovskite ceramics, have been of great
interest among researchers lately, due to the awareness of
lead pollution during processing [1-4]. However, the elec-
trical properties of BNT-BZT ceramics compared to that of
typical BNT or BT ceramics particularly piezoelectric
properties are not comparable with those found in the Pb-
based ceramics. Thus, the development of these BNT-BZT
ceramics in terms of improving their electrical properties to
replace the toxic Pb-based has been carried out.

In general, the cationic substitutions at A and B sites in
ABOj; perovskite is considered to be one of the best
solutions for improving electrical properties of a typical
piezoelectric ceramic [5]. We reported that the addition of
1.72%La,03 into the BNT-BZT and BNT-BT ceramics
[6-7], enhanced the piezoelectric constant (d33) and dielectric
constant (g,) of the ceramics. Chen and Hu [8] studied the

*Corresponding author. Tel.: +66 5394 3376; fax: 466 5335 7512.
E-mail address: joonjanz_462@hotmail.com (P. Kantha).

(1—x)BNBT-xBZT ceramics and found that the doping of
A-site ion, Bi** enhanced their piezoelectric properties.

The modification of the processing technique in the
cationic substitutions at A and B sites in ABO; perovskite
is considered as one of the successful methods. For
example, our previous work [6] reported that two step
mixed-oxide method, where BNLT and BZT powders were
calcined separately before the sintering step, has enhanced
the electrical properties of the BNLT-BZT ceramics,
overcoming the conventional mixed-oxide method.

The thermal annealing method is also of particular interest
as it is an effective way to improve the electrical properties of
some lead-free ferroelectric materials such as the B,Os-doped
BZT ceramics and Bi,GeOs glass ceramics [9-10]. The
treatment helps to improve the heterogeneity in composition
and microstructure of the ceramics after sintering [9-10].

In this work, the annealing treatment at various tem-
peratures was employed to the (1 —x)BNLT-xBZT cera-
mics. The range of x values was chosen near the
morphotropic phase boundary (MPB) of the BNLT-BZT
system (x=0.06, 0.09, 0.12 and 0.20). Effects of annealing
temperature on physical and electrical properties of the
BNLT-BZT ceramics were investigated.

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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2. Experiment procedure

A modified two step mixed-oxide method was employed
to fabricate the lead-free ceramics with compositions of
(1= x)(Big.4871Nag.4871Lag 0172 TiO3)-x(BaZrg 95 Tip.9s03) where
x=0.06, 0.09, 0.12 and 0.20. High purity ( > 99.0%) powders
of Bi,Os, Na,COs, La,O3, TiO,, ZrO, and BaCO; were used
as starting materials. The BNLT and BZT powders were
separately calcined at 900 °C and 1250 °C for 2 h, respectively
in order to produce highly pure powders of both phases.
Both powders were then combined and mixed again
corresponding to the above formula by wet ball-milling.
After drying, the resulting powders were made into pellets
by uniaxially pressed in a stainless steel mould, using the
pressure applied at 1 t for 10 s and subsequently sintered at
1125 °C in normal atmospheric pressure for 4 h with
constant heating and cooling rate of 5°C/min. This
sintering condition was chosen according to our previous
work [6] as the resulting samples showed maximum density
with no trace of any second phase and abnormal grain
growth. After that, the sintered ceramic samples were
thermally annealed at 825, 925 and 1025 °C in an electric
furnace with constant heating and cooling rate of 5 °C/min
and with a dwell time of 4 h.

The bulk density and phase formation of the annealed
BNLT-BZT ceramic samples were measured by Archi-
medes’ method and an XRD technique, respectively. For
electrical property characterizations, two circular surfaces
of all annealed ceramics were ground to obtain parallel
faces and then coated with silver paste as electrodes for
electrical contact. The room temperature dielectric con-
stant and dielectric loss of the annealed samples were
measured at 1 kHz using an LCZ meter (HP4276A). The
ferroelectric hysteresis (P—E) loops were also measured at
room temperature by using a ferroelectric tester with
controlled modified Sawyer—Tower circuit. Prior to piezo-
electric measurements, the ceramic samples were poled at
50 °C in a silicone oil bath by applying a DC electric field
of 4.0 kV/mm for 15 min. The piezoelectric coefficient of
the samples was measured using a piezo ds3-meter.

3. Results and discussion

The density and porosity of the BNLT-BZT ceramics
annealed under various annealing temperatures are shown
in Fig. 1. It can be clearly seen that the annealing
treatment slightly enhances the bulk density of the
annealed samples having BZT content (x) < 0.09 mol%,
while those density of the annealed ceramics of x > 0.09
mol% decreases with increasing annealing temperature.
The opposite trend is found in the porosity of the annealed
samples which is consistent with the bulk density data. The
porosity rates (porosity (%)/annealing temperature (°C))
of the annealed samples with x < 0.09 mol% are negative
while those of the samples with x > 0.09 are positive. The
porosity rate of the higher BZT content (x > 0.09) samples
was found to be higher than that of the lower BZT content

Fig. 1. Density and porosity of the annealed ceramics.

samples. It is interesting that the annealed ceramics with
x=0.09, which is a composition at MPB, exhibit a nearly
constant porosity rate, while after this point the porosity
rate is positive.

The decreasing trend in the bulk density or positive
porosity rate of higher BZT content (x)> 0.09 mol%
samples may be due to the excess amount of Zr*" jon,
which may react with oxygen in the atmosphere during
annealing treatment and form a ZrO, phase. This in turn
leads to a large amount of oxygen vacancies and free
volumes left in the bulk ceramic, giving rise to the decrease
in density of these ceramics where x=0.12 and 0.2 mol%.
This hypothesis is confirmed by the SEM micrographs of
the 0.12 mol% sample surface annealed at 1025 °C, as seen
in the inset of Fig. 2b, showing the white long needle like
shape of ZrO, crystals. Moreover, the related XRD
patterns of this 0.12 mol% sample at various annealing
temperatures show the existence of ZrO, peaks at 20=28°
along with the major peaks of perovskite phase.

To investigate phase formation, the XRD technique was
employed to examine ground samples at room tempera-
ture. The XRD patterns of the annealed samples with
x < 0.09 mol% exhibit a pure perovskite phase as shown in
Fig. 2a while a small amount of a secondary ZrO, phase
occurs in the annealed samples with x>0.12 mol%
(Fig. 2b). Moreover, the amount of secondary ZrO, phase
increases with increasing annealing temperature.

We believe that the high BZT contents x > 0.09 mol% of
MPB composition lead to the high degree of heterogeneity
in the BNLT-BZT composition especially at grain bound-
aries. Therefore, it is highly possible that these annealed
samples may have more defects than those of the lower
BZT content samples; therefore, they may decompose
easily to form ZrO, crystals at grain boundaries as
previously discussed. This observed result corresponds to
the density data, where the density decreases considerably
at higher annealing temperature for the annealed samples
with higher x content.

The dielectric properties at room temperature of the
annealed BNLT-BZT ceramics with various annealing
temperatures are graphically presented in Fig. 3. It can
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Fig. 2. XRD patterns of ceramics with (a) 0.09 mol% and (b) 0.12 mol%
BZT content annealed at different temperatures.

Fig. 3. Dielectric constant and loss at room temperature of the annealed
BNLT-BZT ceramics.

be clearly seen that the annealing treatment enhances the
dielectric constant (&) for only the ceramic samples with
BZT content < 0.09 mol%. For the higher BZT content
samples ( > 0.12 mol%), higher the annealing temperature,
the lower is the dielectric constant obtained. This finding is
consistent with the density result, thus it can be assumed

that the change in ¢, of the annealed samples is related to
their densities.

However, the dielectric loss (tand) of all annealed
samples increases with increasing annealing temperature.
The increasing loss rate in samples with high BZT content
(= 0.12mol%) is found to be higher than those of the
lower content. This may be a result of the increasing
amount of secondary phase ZrO, in the high BZT content
ceramics with increasing annealing temperature. We sus-
pect that in these high impurity samples, the occurrence of
oxygen vacancies and pores may generate more mobile
ions, which in turns gives rise to the high dielectric loss.

The plots of the polarization versus electric field (P-E)
loops at room temperature of the un-annealed and
annealed BNLT-BZT ceramics are shown in Fig. 4.
In general, the BNLT-based ceramics have a strong ferro-
electric property with large remnant polarization (P,) at
room temperature [7]. Therefore, it should be noticed that
the P-E loops of un-annealed ceramic samples with
x <0.09 mol% were not fully saturated due to the limita-
tion of our measurement system while those of un-
annealed ceramics with x> 0.09 mol% were saturated
under an applied electric field of 15 kV/cm.

For the annealed BNLT-BZT ceramics, the P—F loops
change to the slimmer loops with increasing annealing
temperature. We suspect that during annealing, the homo-
geneity of these compositions was enhanced at the atomic
scale, giving rise to alteration of the domain switching in
these ceramics. However, their P-FE loop area decreased
with increasing annealing temperature which may be due
to the formation of ZrO, and oxygen vacancies, occurring
in the higher annealing temperature samples as confirmed
by the XRD result.

The piezoelectric coefficients (ds3) of all annealed cera-
mics are graphically plotted in Fig. 5. The ds3 values of the
un-annealed ceramics where x=0.06, 0.09, 0.12 and 0.20
are 97, 126, 117 and 138 pC/N respectively, which are
consistent with the values reported in the previous work [6].
We would like to point out that a significant improvement
in the piezoelectric coefficient was achieved by thermal
annealing treatment, as the d33 values increase significantly
with increasing annealing temperature. It is known that
easier reorientation of ferroelectric domains during the
poling process results in a lower coercive field (E.) [11].
Therefore, the increase in ds3 value in this work may be due
to the lower E,. which enables the ease in poling the BNLT-
BZT ceramics.

4. Conclusions

The effect of thermal annealing temperature on the
electrical properties of BNLT-BZT ceramics, which have
been fabricated by a modified two step mixed-oxide
method, was investigated. Based on our experimental
results, it can be clearly seen that the annealing tempera-
ture has significant effects on the density and phase
formation of ceramics, leading to alteration in their
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Fig. 4. Polarization versus electric field of the annealed BNLT-BZT ceramics.

Fig. 5. The ds3 of the annealed BNLT-BZT ceramics.

electrical properties. The dielectric properties noticeably
increase with increasing annealing temperature for the
samples with x <0.09 mol% while the dielectric values
decrease for samples with x higher than 0.09 mol%. The
ferroelectric properties of all annealed ceramics decreased
with increasing annealing temperature. The piezoelectric
coefficient (d33) of all annealed ceramic samples was
improved by the thermal annealing method.
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Abstract

Bioactivity of ferrimagnetic glass-ceramics is useful as thermo seeds for hyperthermia treatment of cancer. Ferrimagnetic glass-
ceramics were prepared from the BaFe;,0,9(BF)-SiO,~CaO-Na,O-P,0s5 system using the incorporation method. The mixture was then
further sintered at 800 °C to form the glass-ceramic samples. The structure and microstructure of the samples were characterized by
X-ray diffraction, energy dispersive X-ray analysis (EDXA) and scanning electron microscopy. Magnetic hysteresis loops of the glass-
ceramic samples were obtained with maximum field of 10 kOe, in order to evaluate the potential of these samples for hyperthermia
treatment of cancer. In vitro bioactivity was investigated in simulated body fluid (SBF) for 14 days. The results showed that
Na,Ca,Siz09 and BaFe[,0;9 were the main phases in the glass-ceramic samples. Apatite was formed on the surface layers of the glass-
ceramics, confirming their biocompatibility. It was found that the bioactivity increased with an increase in BF contents.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; Glass—ceramic; Ferrimagnetic

1. Introduction

Since the discovery of Bioglass®™ by Hench in 1970s [1], a
variety of bioactive glasses and glass ceramics have been
developed for clinical applications due to their good
bioactivity [2,3]. Recently, development of bioglass-
ceramics with good bioactivity containing magnetic prop-
erties has received much attention as a thermo-seed in
hyperthermia treatment of cancer, especially deep seated
bone tumors [2]. When granular seeds of glass-ceramics are
implanted around tumors and then subjected to alternating
magnetic fields, heat is generated from magnetic loss,
killing the tumors. Generally, such tumors are effectively
heated and destroyed at temperatures around 42-45 °C,
without the damage of normal tissue. Ferrimagnetic

*Corresponding author at: Department of Physics and Materials
Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200,
Thailand. Tel.: +66 5394 3376; fax: +66 533 57512.

E-mail address: kamonpan.p@cmu.ac.th (K. Pengpat).

glass-ceramics are potential candidates for magnetic induc-
tion hyperthermia [3,4]

Since bioactive ferrimagnetic glass-ceramics possess both
bioactivity and magnetic properties having good prospect
in hyperthermia, various kinds of such materials have been
widely investigated. Abdel-Hameed [5] prepared glass-
ceramics containing magnetite phase in a matrix of SiO,—
Ca0O-P,05—Na,O based glass which showed ferrimagnet-
ism and good bioactivity after soaking in SBF for 1 week.
Another interesting work[6] revealed that the dopant of
Mg ferrite to wallastonite-fluorapatite bioglass-ceramics
led to the development of magnetic properties but
decreased the bioactivity of the materials. However, the
Ba ferrite phase, which also has good magnetic properties,
has been scarcely used for this type of application. As
known, Fe can react with P and Si easily at high
temperature to form non-magnetic phase [6]. In order to
solve this problem, the present work, therefore attempted
to synthesize SiO,—CaO-Na,O-P,Os; bioactive glass-
ceramics containing the Ba ferrite (BF) phase using the
incorporation method. In this method, BF crystals were

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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firstly produced using the solid-state reaction technique
and then added to the glass precursors as a glass batch,
which was then further mixed and sintered to form the
glass-ceramic. The influence of BF addition on the struc-
tural and magnetic properties of the prepared glass-
ceramic was studied and the bioactive properties of these
materials were analyzed.

2. Experimental procedures

Firstly, barium ferrite (BaFe,O;9) powder was pro-
duced by solid-state reaction technique using Fe,O; and
BaCOs as starting materials with ratio of 6:1. The mixture
was ball-milled and calcined at 1100 °C for 3 h.

Secondly, 45S5 bioglass was produced by melting appro-
priate combinations of SiO, 45 wt%, Na,O 24.5 wt%,
CaO 24.5wt% and P,Os 6 wt% in an alumina crucible.
The mixture was melted at 1300 °C for 2 h and quenched
in water. The glass was crushed and ground into powder
which was then mixed with the calcined barium ferrite
BaFe ;019 at 5, 10, 20, and 40 wt.%.The samples were
labelled as 5BF, 10BF, 20BF, and 40BF, correspondingly.
The green bodies were sintered at 800 °C for 2 h.

The glass transition temperature (7,) and crystallization
temperature (7,) were estimated using a differential ther-
mal analysis (DTA: 1600 DTA, Du Pont Instrument) and
the phase identification of the samples was carried out with
an X-ray diffractometer (XRD: Siemen D-500). Then, a
scanning electron microscope (SEM: JSM-6335F) was used
to observe the microstructures of the prepared glass-
ceramics. The magnetic properties were measured using a
vibrating sample magnetometer (VSM: LakeShore 7404) at
room temperature. In vitro test was carried out by soaking
in SBF [7]. The SBF was buffered at pH 7.4 and
maintained at 37 °C for 14 days. After that, the glass-
ceramic samples were analysed for the apatite formation
by using a scanning electron microscope based energy
dispersive X-ray spectrometer (EDS).

3. Results and discussion

The DTA traces of the investigated glass samples are
presented in Fig. 1. It is shown that both 7, and T,
increase when the level of BF increases from 5 to 40 wt %.
The increasing trends of T, and T, with BF content are
attributed to the higher density of BF (4.32 g/cm®) com-
pared to normal 45S5 glass (2.7 g/em?). Generally, the
change in T, with composition reflects a structural evolu-
tion in the glass network, and linear trend observed in this
work (the inset in Fig. 1) confirms that there is no change
in the glass networks of the 45S5 samples with the addition
of BF compounds. The sample with 5 wt% BF however
exhibits two T, values at 594 °C and 664 °C, while the
higher BF content samples show only one 7. This may be
due to the occurrence of phase separation in the 5 wt%
BF glass.

Fig. 1. DTA traces.

Fig. 2. XRD patterns of the glass ceramic samples sintered at 800 °C.

The X-ray diffraction patterns of the samples sintered at
800 °C are shown in Fig. 2. Two major phases, sodium
calcium silicate (Na,Ca,Si3;0y) and barium iron oxide
(BaFe|,0,9), were identified in all of the sintered samples
containing BF. Sodium calcium silicate is nontoxic and its
presence indicates the biocompatible nature of the glass-
ceramics [8]. By increasing the BF content, the intensity of
BaFe|,0,9 increases whereas the intensity of Na,Ca,SizOqg
decreases.

Magnetic hysteresis loops of glass-ceramic samples are
shown in Fig. 3. All of the bioglass—ceramic samples
display similar magnetic behaviours [5,6]. The results are
summarized in Fig. 4. The remanence (M;) and maximum
magnetization increase with an increase in BF contents.
It is well known that the saturation magnetization (M)
depends on the concentration of magnetic phase. With
increasing BF contents, the magnetic response of the
samples increases. The 40BF sample has the highest
magnetic phase with the highest value of saturation
magnetization as shown in the inset of Fig. 3. On the
other hand, the coercivity changed from 4.4 kOe in 5BF to
2.9 kOe in 40BF. It can be noted that the coercivity of the
samples decreases with a rise in BF levels present in the
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samples as indicated in the inset of Fig. 3 showing the plot
of coercivity versus 1/d.

This result is consistent with the finding that crystallite
size depends on the coercivity [7]. In consideration of the
multi-domain structure, coercivity decreases with increas-
ing crystallite size because the domain walls can rotate
easily along the magnetic field [9]. In contrast, for the
pseudo-single domain structure, the coercivity increases
with increasing crystallite size [9]. From the result, it may
be assumed that the BaFe,0;9 crystals growing in the
glass matrices have a multi-domain structure because the
coercivity values decrease with an increase in crystallite
size.

The magnetic loss of the materials can be calculated and
presented in Fig. 4. It is clearly shown that, for an applied
field of + 10 kOe, the area of the hysteresis loop increased
with increasing content of barium ferrite from 5 wt% to
40 wt%. The maximum area was obtained from the 40BF
glass ceramic sample exhibiting the highest magnetic
content and the highest magnetization.

Fig. 3. Hysteresis loops of different glass-ceramic samples containing
different BF concentrations.

Fig. 5 shows the SEM micrographs of all samples
sintered at 800 °C before incubating in SBF. The micro-
graphs reveal the small granular crystals distributed on the
glass ceramic fracture surface. EDS analysis indicated that
these granular crystals (bright areas) contained high con-
centration of Fe, O, and Ba. It may be assumed that these
crystals are BaFe ;09 phase. The dark areas illustrate
glass matrix after sintering at 800 °C (Si, O, Na and Ca).
Moreover, the uniform distribution of BaFe ;0,9 crystals
increased with increasing BF content while their grain size
decreased.

Fig. 6 shows the SEM photographs of all sintered
samples after soaking in SBF for 14 days. New layers
covering the surface of all samples after incubating in SBF
are revealed. EDS analyses showed that the layers con-
tained P and Ca, indicating the formation of apatite layers,
confirming that all samples are bioactive. The surface of
5SBF sample was plentifully covered by apatite layers with
numerous spherical particles. In higher BF samples (10BF
and 20BF), the particle sizes of the apatite phase were
slightly increased. In addition, EDS analysis confirmed the
increase in Ca and P concentrations with simultaneous
decrease in Si, Fe, and Ba ions. Especially, the samples
having higher BF content exhibited better apatite cell
growth. The sharp increase in P concentration is due to
the migration of Ca>* and PO3~ from the solution to the
surface whereas the decrease in Si from the surface to the
solution resulted in the formation of Si—-OH [8]. This is
consistent with pH value of SBF solution as shown in
Fig. 7. The pH of the initial SBF solution increased due to
the ionic exchange between the species H™ of SBF solution
with Ca®™ and Nat from sample, and the continuous
formation of Si—~OH layers. However, in the 40BF sample the
spherical particle did not continue to fill the surface layer,
with some localized coagulation of the particle (Fig. 6(d)).

Fig. 4. Magnetic properties evaluated from hysteresis loops.
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Fig. 5. SEM micrographs and EDS analyses of glass-ceramics: (a) 5SBF, (b) 10BF, (c) 20BF and (d) 40BF.

Fig. 6. SEM micrographs and EDS analyses of glass-ceramic samples: (a) SBF, (b) 10BF, (c) 20BF and (d) 40BF after 14 days in SBF.

EDS analysis showed lower Ca and P than that of the
lower BF samples whereas Si ions were higher. These
changes in ion concentrations may be associated with the
crystallization in glass matrices.

For the XRD results of the sintered samples (Fig. 2), the
higher BF content samples, in particular the 20BF sample,
had lower crystallinity (Na,Ca,SizsOg) those that of the

lower BF samples. This can be clearly observed by the
decrease in intensity of the corresponding XRD peaks of
Na,Ca,Si309 phase with increasing BF content. This higher
glassy amorphous phase also has a positive effect on the
bioactivity behavior of the samples because the appearan-
ceof a crystal phase has an effect on hindering ion exchange
and delaying the formation of the apatite layer resulting in
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Fig. 7. The pH of the SBF media with incubation time.

reduction of the apatite formation. This is consistent with
the work done by Sinsh and Shrinivasan. [7] reporting that
the apatite formation increased when the iron oxide con-
tents increased because SiO, with Fe,O5 did not disturb the
formation of Ca and P on the material surface. It is
confirmed that the addition of the magnetite phase does
not inhibit bioactivity. However, for the 40BF, sample
apatite cell growth decreased dramatically. This might be
because the amount of Na,Ca,SizOy phase which has
predominant effect on bioactivity behavior is less in this
sample, resulting in the inhibition of apatite cell growth.

4. Conclusion

New ferrimagnetic glass-ceramics from the BaFe ;019
(BF)—45S5 system were successfully prepared using the
two-step mixed oxide method. Two major phases, sodium
calcium silicate and barium iron oxide, were obtained and
developed in all sintered samples. The saturation magne-
tization and hysteresis area increase when BF content
increases. The BF crystallite has a multi-domain structure.
All of the glass ceramics possess good bioactivity in vitro
with the formation of a bone-like apatite phase. Hence, the
addition of BF into bioglass 45S5 can improve both the
magnetic properties and bioactivity of the glass materials.
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Abstract

In the present work, the hydroxyapatite (HA) fine powders were synthesized through the co-precipitation in conjunction with
ultrasonic vibration with various pH. The effects of solution pH on the formation and morphology of the HA powders were
investigated. The obtained powders and sintered samples were characterized using various techniques. The bioactivity test was also
examined by using stimulate body fluid (SBF). Pure HA was obtained without any calcination process. The formation and particle
morphology of pure HA powders varied with the pH of the solution, changing from needle like to round shape as the pH increased from
5to 11. The pH 11 ceramic sample exhibited high thermal stability, while pure phase HA was still present after sintering at 1300 °C. The
pH level also affected the properties of the studied ceramics. The bioactivity test revealed that the pH 8 sample showed a higher amount
apatite layer on the surface than the other samples.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: D. Apatite; E. Biomedical applications; Precipitation

1. Introduction

Hydroxyapatite [Ca;o(PO4)s(OH),; HA] is one of the
most widely employed bioceramics since it can be used for
human body part replacement. They can be used to replace
bone and teeth because HA ceramics are inert to body
fluids and have a high compressive strength. The HA may
also be employed in the form of powders, porous blocks or
beads to fill bone defects or voids. These defects may arise
when large sections of bone have been removed (e.g., bone
cancers) or when bone augmentations are required (e.g.,
maxillofacial reconstructions or dental applications) [1].
Recently, HA materials have been applied to drug delivery
systems including the delivery of anti-tumor agents and
antibodies for the treatment of osteomyelilis [2]. Synthetic
hydroxyapatite has also been widely used for repairing
hard tissues due to its chemical and structural similarity to
the mineral phase of bone and tooth. Different clinical
applications of hydroxyapatite involve the repair of bone

*Corresponding author. Tel.: +6653943376; fax: +6653357512.
E-mail address: tawee.tun@cmu.ac.th (T. Tunkasiri).

defects, bone augmentation, as well as coatings for human
body metallic implants [3]. Several different HA synthesis
techniques have been developed in recent years such as
direct precipitation from aqueous solutions [4], sol-gel
procedures [5] and hydrothermal synthesis [6]. The gen-
eration of homogeneous and high purity nano-size pow-
ders is one of the main objectives of HA preparation. The
control of the pH of the solution was found to be an
important parameter for the synthesis of the HA powders
[7]. In this work we present a preparation of HA nano-
powders created using the co-precipitation method in
conjunction with ultrasonics. The reason why this techni-
que was used, is less time consuming synthesis and cheaper
expense for processing. The effect of varying the pH of the
solution was studied. Properties of ceramics prepared from
the synthesized powder were investigated.

2. Experimental

The HA powders were prepared using the co-precipitation
technique. Initially the diammonium hydrogen phosphate
solution was slowly dropped into a calcium nitrate solution.

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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The pH of the mixture was then varied from 4 to 11, by
adding the ammonium hydroxide solution. The ultrasonic
finger was put into the solution and the temperature of the
solution was maintained at 48 °C throughout the precipita-
tion process. After completion of the reaction, the slurry was
formed in the solution. It was separated by filtration and
thoroughly washed with deionized water to remove the
NO*~ and NH*" ions before a final wash with ethanol.

The obtained powders were dried and pressed into discs
of 15mm in diameter and 2 mm in thickness using the
uniaxial pressing technique. Then the green discs were
sintered at 1300 °C for 2 h under normal air atmosphere.
The densities of all ceramics were determined after sinter-
ing using the Archimedes method. The phase purity and
crystal structure of the obtained powders were examined
by X-ray diffraction technique (XRD, Rigaku Mini Flex
II) with Cu-K, radiation (1) 1.5406 (A), employing a
scanning rate of 0.020s~' in the 260 range from 20° to
60°. The morphology of the HA nanoparticles and ceramic
surfaces were examined by scanning electron microscope
(SEM, JEOL JSM-6335F) using a field emission SEM (FE-
SEM). For mechanical examination, the Vickers hardness
test was performed on the polished surface of the samples
using a microhardness tester. For biological testing, the
obtained ceramics were soaked into a simulated body fluid
(SBF) at 37 °C for 14 days. Morphology of the soaked
samples was examined by SEM.

3. Result and discussion

The XRD patterns of precipitated powders prepared at
different pH are displayed in Fig. 1. The diffractograms
revealed that all samples except the pH=4 sample showed
pure HA phase. The analysis was carried out based on the
JCPDS 09-0432. It should be noted that precipitation through

Fig. 1. X-ray diffraction pattern of as-dried HA. Inset shows degree of
crystallinity of HA at various pH values.

the ultrasonic process can produced pure HA powder without
any calcinations process. In addition, the XRD peak positions
of all samples remained unchange, suggesting that the lattice
parameters of the precipitated HA powder remained the same.
Further, the XRD peaks exhibit a low intensity, indicating
that the samples had low degree of crystallinity. To check the
effect of pH on the degree of crystallinity (X,) [8], the X, was
estimated using the expression

By o 2/ X, =K (1)

where By - is full width at half maximum (FWHM) of peak
(0 02) plane XRD reflection and K is a constant (~0.24). In
the inset of Fig. 1, it can be seen that there is no relation
between X, and pH, however the values of X, indicated that
the pH =7 samples exhibited the highest degree of crystallinity.

SEM images of the synthesized powders are displayed in
Fig. 2. All powders exhibited a very fine grain structure
(nano-particles) and pH had an effect on particle morphol-
ogy. Further, the powder exhibited higher agglomeration
with increased pH levels. For the pH 5 sample, the
particles of obtained powder showed a plate like shape
Fig. 2(a). The average thickness of the plate was 20 nm and
500 nm in average length. The shape of particles became
rounded with increasing pH. For example, the pH 7
sample had about 300 nm long spikes (Fig. 2(b)) while
the pH 11 sample showed rather round grain with the
average diameter of 100 nm (Fig. 2(c)).

Fig. 3 shows XRD patterns of sintered pellets prepared
with different pH levels. The main phase of the sintered
pellets is HA, but second phase such as a-tricalcium
phosphate still occurred for most samples. However, it
should be noted that pure phase of HA was present for the
pH 11 samples, while previous works reported that the
second phase only occurred at lower sintering temperature
(<1150 °C). The same results were also obtained by
Mostafa [9] and Raksujarit et al. [10]. This result indicates
that the pH affected the phase of the prepared samples.

Selected SEM images of fracture surface of the ceramics
are displayed in Fig. 4. The porosity levels in the SEM
images of fracture surfaces are consistent with the trend in
measured density values (Table 1). The micro structural
analysis also showed that change in pH resulted in a
change in grain size. Average values of grain size, as
calculated by the linear intercept method, were in a range
of ~1.6-6.8 pm, but the pH 9 samples showed the highest
value of 6.8 pm (Table 1).

It is known that mechanical hardness property is
important for biomaterial applications. In the present
work, the Vickers hardness test was chosen for the hard-
ness examination. The Vickers hardness value as a function
pH is listed in Table 1. It seems that there is no direction
trend between pH and hardness value, but the pH 9 sample
showed the maximum Vickers hardness value of 6.1 GPa.
The higher hardness values of the samples could be linked
to the density data where the high density was found for
pH 9-11 samples.
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Fig. 2. Selected SEM images of hydroxyapatite powders prepared with
different pHs: (a) pH 5, (b) pH 7, (c) pH 11.

For bioactivity test the samples were immersed in SBF at
37 °C for 14 days. Tiny flakes or apatite layer were observed
on the surface of all the tested samples (Fig. 5). This
microstructure is similar to that observed in previous works
[11]. However, the pH 8 sample showed higher amount of the
flake structure (Fig. 5(b)). The Ca/P value has been determined
by EDS at many areas of surfaces and it was in a range of
1.46-1.78. These values suggested a variation of apatite
composition at the surface of the tested samples.

4. Conclusions

This work demonstrated that the co-precipitation
method when associated with ultrasonic vibration could
produce pure homogeneous and fine hydroxyapatite

Fig. 3. X-ray diffraction pattern of the sintered pellets prepared with
different pH levels and sintered at 1300 °C (@ =a-tricalcium phosphate).

Fig. 4. SEM images of fracture surface for the ceramics prepared at:
(a) pH 5 and (b) pH 11.

Table 1
Properties of HA ceramics prepared with different pH levels.

pH Density (g/cm®) Grain size (um) Hardness (GPa)
5 2.75+0.10 2.1940.74 3.124+0.28
6 2.82+0.14 1.64 +0.66 3.394+0.29
7 2.83+0.14 1.72 £0.81 3.50+0.30
8 3.00 +0.10 597+ 1.52 4.63+0.24
9 3.04 +0.08 6.81 +1.48 6.06 +0.25
10 298 +£0.15 4.34+1.26 4.68 +0.23
11 3.024+0.12 2.38 £ 1.06 4.67+0.21

particles. The formation and morphology of the particles
were found to depend on the pH (from 4 toll) of the
solution. The particles changed from plate like to round
shapes with increases in pH level. However, the pH <4
samples showed impure phase while the pH 7 sample had
the highest crystallinity. Properties of ceramic samples
prepared from the obtained powder were found to have
no direction trend with the pH level. However, the pH 9
sample exhibited higher hardness value. In addition, the
pH 8 samples showed a good response for the bioactivity
testing.
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Fig. 5. Microstructure of the samples soaked in SBF solution: (a) pH 5,
(b) pH 8, and (c) pH 11.
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Abstract

In the present work, lead-free (Ba;_Ca,)(Zrg04Tig96)O3 (x=0.00-0.09) ceramics were fabricated via a solid-state reaction method.
The microstructure and electrical properties of the ceramics were investigated. The microstructure of the BCZT ceramics showed a core
shell structure at compositions of x=0.03 and 0.06. The substitution of small amount of Ba>* by Ca’>" resulted in an improvement of
the piezoelectric, dielectric and ferroelectric properties of the ceramics. The orthorhombic—tetragonal phase transition was found in the
composition of x < 0.03. Piezoelectric coefficient of di3~392 pC/N and lowest E.~3.3kV/cm with highest P,~14.1 pC/cm? were
obtained for the composition of x=0.03 while its Curie temperature (7c) was as high as 125 °C. However, the ferroelectric to
paraelectric transition temperature had slightly shifted towards room temperature with increasing Ca>* concentration.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords.: C. Dielectric properties; C. Diffusion; C. Piezoelectric properties

1. Introduction

For a half century, Pb-based piezoelectric ceramics, such as
lead zirconium titanate [PbTiOs—PbZrO; (PZT)], have domi-
nated the field of piezoelectric ceramics worldwide. However,
the volatilization of PbO during processing and the waste
products containing Pb cause a series of environmental
problems. For this reason, numerous researchers have been
developing a number of lead-free piezoelectric ceramics to
substitute the Pb-based ceramics.

Ferroelectric, dielectric and piezoelectric properties of
barium zirconium titanate, BaZr, Ti; _ O3 (BZT), a classi-
cal perovskite-type compound, has been extensively
studied fundamentally and as a material for applications
in electronic devices.

Recently, many researchers have reported that the sub-
stitution of Ca®* to replace Ba>" in Ba,_.Ca,TiO; solid
solutions can cause a slight change in 7¢, but has strongly
lowered the orthorhombic to tetragonal 7o rt transition
temperature, which is of great value in improving the
temperature stability of piezoelectric materials for many

*Corresponding author. Tel.: +66 5394 3376; fax: 466 5335 7512.
E-mail address: kamonpan.p@cmu.ac.th (K. Pengpat).

practical applications [1,2]. Liu et al. [3] reported that a high
piezoelectric coefficient (ds3 about 300-600 pC/N) was
achieved in Ca doped BZT ceramics. Unfortunately, their
optimal composition with high d3; values exhibited a low
Tc (93 K), which limited their use in real applications.

In order to obtain excellent piezoelectric properties and
a high T¢, we redesigned the (Ba;_.Ca,) (Zrg04Tig.96)O3
(BCZT) system. The effect of Ca doping on the structure,
microstructure, dielectric, piezoelectric and ferroelectric
properties of the BCZT lead-free ceramics were system-
atically studied.

2. Experimental procedure

The (Ba;_.Ca,)(Zryo4Tig.96)O3 (BCZT) ceramics for
x=0.00, 0.03, 0.06 and 0.09 were prepared via a solid
state reaction method. High purity (> 99.0%) powders of
BaCO;, CaCOs, ZrO, and TiO, were mixed, dried and
calcined at 1200 °C for 4 h. After that, the calcined
powders were pressed into pellets of 10 mm diameter and
the pellets were sintered between 1300 and 1450 °C for 4 h.
The phase identification and density of the BCZT ceramic
samples were investigated using X-ray diffraction (XRD)

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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and Archimedes’ method. Scanning electron microscope
(SEM) and energy dispersive spectroscopy (EDS) were
used to observe the surface microstructures and quantita-
tive element analysis of selected sintered ceramics with
maximum density. The linear intercept method was used to
estimate the grain size of ceramics. The dielectric constant
(e;) and dielectric loss (tan 0) of the samples were measured
at 1 kHz for various temperatures from room temperature
to 250 °C using a LCZ meter. Polarization and strain were
measured as a function of electric field by using a Sawyer—
Tower circuit. The ceramic samples were polled in a
silicone oil bath at 40 °C at 3 kV/cm for 20 min and the
piezoelectric properties were measured at room tempera-
ture by using a piezoelectric-ds3;-meter.

Fig. 1. XRD patterns at 20 ranging from 20°-70° and inset: a reduced
range for 43°—48° of BCZT ceramics.

3. Results and discussion

The XRD patterns for 20 ranging from 20°-70° and
smaller range of 43°-48° for the BCZT ceramics with
different compositions are shown in Fig. 1. All of the
ceramics show patterns suggesting that Ca and Zr diffuse
into the BaTiO; lattices during sintering to form a solid
solution of highly pure perovskite structure. At room
temperature, the BCZT ceramic for x=0.00 possessed
orthorhombic structure seen as a single peak of the (200)
between 20 of 43-48°. It is also noticed that ceramics with
x=0.03 possess a mixture of orthorhombic and tetragonal
structure. When Ca was added > 0.06, BCZT ceramics
showed a tetragonal structure, with splitting of (002)/(200)
peaks between 26 of 43°—48°.

The SEM micrographs of the BCZT ceramics are shown
in Fig. 2. As can be seen here, samples with a high density
and low porosity are obtained from solid state reaction
method. However, it was found that the core-shell could be
observed at compositions of x=0.03 and 0.06. Also, the
addition of Ca inhibited grain growth as shown in Fig. 2b
and c for the SEM and EDS of the BCZT ceramics with
x=0.03 and 0.06. The Zr-rich phase with a trace of Ca
noticeably occurred at the grain boundary as confirmed by
EDS, which led this phase to form the core-shell structure.
However, the XRD could not detect the phase of these
core shells which may be due to the very small amount of
this phase in the ceramic samples.

Fig. 3 shows the temperature dependence of the dielec-
tric constant and dielectric loss for the BCZT ceramics at
1 kHz. The BCZT ceramics for 0.00 < x < 0.03 display two
obvious polymorphic phase transitions corresponding to
the orthorhombic to tetragonal (7o 1) and tetragonal to

Fig. 2. The SEM and EDS of the BCZT ceramics: (a) x=0.0, (b) x=0.03, (c) x=0.06, and (d) x=0.09.
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Fig. 3. Temperature dependence of dielectric constants (¢;) and dielectric
loss (tan ¢) of BCZT ceramics at 1 kHz.

Table 1
Physical and electrical properties of BCZT ceramics.

X (mol) 0.00 0.03 0.06 0.09
Density 5.93 5.98 5.81 5.73
Porosity 1.51 0.27 0.60 1.18
Emax 9122.0 12716.1 7882.7 8239.6
T (°C) 126.0 125.4 1239 123.0
Tor 62.3 49.0 - -

P, (nC/cm?) 13.2 14.1 12.3 11.5
Prax (0C/ecm?) 22.0 22.0 21.5 21.2
E. (kV/cm) 5.2 3.3 6.9 7.3
ds3 262 392 158 232
Grain size (um) 38.9 36.1 23.8 24.1

cubic phase (T, or T¢). The To_t transition peaks shifted
towards lower temperatures with the Ca addition. More-
over, it can be clearly seen that the & maximum (& ,,y)
increased with the addition of Ca at x=0.03
(&rmax~12716) which is ~40% higher than that of the
undoped sample. However, a slight decrease of T, of
x=0.03 was detected at 125 °C. The considerable increase
in & values for x=0.03 may be due to the coexistence of
orthorhombic and tetragonal phases near room tempera-
ture and their core shell structure. Furthermore, the
density and microstructure may play a role in controlling
the ¢, of these ceramics. The average density and grain size
values of the BCZT ceramics are shown in Table 1. It can
also be noticed that the ¢, of the x=0.06 sample is lower
than that of the x=0.03 sample, which may be attributed
to the reduction of its grain diameter as it is well known
that ferroelectric materials like the BT ceramics have a
grain size dependence on the ferroelectricity [4,5]. The
decrease in & with decreasing grain diameter was also
observed in Reference [6].

The core shell structure in the x=0.06 sample seems to
have insignificant effect on the improvement of ¢. which is
in contrast to that of the x=0.03 sample. The core-shell
ceramics were generally considered to be especially difficult
to possess high ¢, in fine grain ceramics such as the x=0.06
sample [7]. Moreover, the grain growth was inhibited
during sintering as in the core-shell ceramics. The inhibition

of grain growth results in large stresses in the grains and thus
the &; 4y at the Curie temperature is reduced by surface stress
of the grains [8].

Dielectric diffusivity can be clearly found in most Ca
content BCZT ceramics. The diffuseness of the phase
transition can be determined from the modified Curie-
Weiss law, using the following expression [9]:

1 1 (T—Tn)

Sl T St 1
&r Emax 28111ax§2 ( )

where ¢,,,, 1S the maximum dielectric constant, T,, is the
phase transition temperature and ¢, is the dielectric con-
stant of the sample. For BCZT compositions, the diffusiv-
ity and diffuseness parameters can be assessed from the
slope and intercept of the dielectric data displayed in
Fig. 4, which should be linear. The values of y and ¢ are
both material constants depending on the composition and
structure of the materials. The value of y is the degree of
dielectric relaxation, which normally ranges from 1 for a
normal ferroelectric to 2 for an ideal relaxor ferroelectric,
while the parameter ¢ is used to measure the degree of
diffuseness of the phase transition. The value of y of the
prepared BCZT ceramics was found to vary between 1.28
and 1.52, which confirms the occurrence of the diffuse
phase transition. It was also found that the value of ¢
increased with increasing Ca content (x > 0.06), confirming
that the addition of Ca promoted the diffuse phase
transition of the BCZT ceramics.

Fig. 5 shows the plots of the P-E loops at room
temperature for the four tested compositions of BCZT
ceramics. These results display the most prominent fea-
tures, which is slightly changed with increasing Ca content.
The values of coercive field E. and the remnant polariza-
tion P, of BCZT ceramics are shown in Table 1. The value
E. reduced with the addition Ca at x=0.03; however, it
then increased with increasing Ca content for x > 0.06. The
value of P, of BCZT ceramics was maximum at x=0.03
and then decreased with increasing Ca content for
x > 0.06.

Fig. 4. Variation of In(1/e;— 1/g,,4,) Vs In(T— T}y,) of samples at 1 kHz as
function of Ca content.
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Fig. 5. P-FE loops for BCZT ceramics at room temperature at frequency 1 kHz.

The unipolar electric field-induced strain curves of
the BCZT ceramics with various x contents at room
temperature are shown in Fig. 6. The normalized strain
(d¥ = Smax/Emax) of the BCZT ceramics for all studied
compositions is summarized in the inset of Fig. 6 and
was calculated from the maximum strain (S,,,) to the
maximum electric field (E,,,,) [10]. The values of d3; for
the compositions x=0.00, 0.03, 0.06 and 0.09 are 332, 416,
383 and 513 pm/V, respectively. These values indicate that
Ca doping has improved the normalized strain of the
ceramics.

ds3 of the undoped sample is 262 pC/N. With increasing
Ca content (x=0.03), ds; of these ceramics reached the
maximum average value of 392 pC/N. The maximum value
of ds3 of the BCZT ceramic at x=0.03 could be attributed
to the high P, of 14.1 pC/cm? and relative low E,. of
3.3 kV/cm, which indicate an improvement in the poling
process. Furthermore, the improved piezoelectric proper-
ties are considered to be reasonably consistent with the
occurrence of both tetragonal and orthorhombic phase
near room temperature. The composition of the induced
orthorhombic—tetragonal phase transition results in
instability in the polarization state, therefore the polariza-
tion direction can be easily rotated by external stress or
electric field, thus resulting in a high piezoelectricity [11].

4. Conclusions

Ceramics with compositions of (Ba; _ ,Ca,) (Zrg04Tig.96)O3
ceramics were prepared using solid state reaction technique.
The coexistence of orthorhombic and tetragonal phases at
room temperature of the composition x=0.03 leads to the
most extreme increase in the dielectric and piezoelectric
properties of ¢,,,,=12716 and d33=392 pC/N. The core shell

Fig. 6. Unipolar S-E loops and normalized strain (d%) of the BCZT
ceramics.

structure found in the compositions of x=0.03 and 0.06 had
accounted for the reduction of dielectric and piezoelectric
properties of the BCZT ceramics. However, further develop-
ment of this system may be a future candidate for lead free
piezoelectric materials.
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In this research, materials characterization of transparent glass-ceramics containing
ferroelectric potassium sodium niobate (KysNays)NbO;z; (KNN) crystals in a tellurite
glass system were studied. The samples were prepared via an incorporation method.
Glass-ceramics containing KNN crystals were successfully fabricated by mixing KNN
calcined powder with TeO; of about 70 and 80 mol% and melting at 800°C for 15 min
in a platinum crucible. The prepared glasses were then subjected to heat treatment at
350-550°C. The optical properties of the samples were characterized by UV-Vis-NIR
and ellipsometer. It was found that heat treatment temperature had significantly affected
the optical properties. XRD patterns of the glass-ceramics revealed an amorphous-like
structure with different degrees of crystallinity. SEM results confirmed the XRD data,
where the degree of crystallinity increased with increasing heat treatment temperature.

Keywords Potassium sodium niobate; Glass-ceramics; Tellurium dioxide

1. Introduction

Glass-ceramics containing ferroelectric crystals, such as BaTiO3:BT, (KgsNags)
NbO;:KNN and LiNbOj have been studied extensively as they possesses the properties
of non-porous glasses and solid crystals, giving rise to novel materials that have the good
mechanical properties of glass and the electro-optical properties of ferroelectric crystals
[1-2]. Among these crystals, KNN is of particular interest due to its good electrical and
non-linear optical properties [3]. Moreover, KNN contains no toxic lead oxide, which can
easily evaporate and accumulate in the human body. Thus, the KNN crystal has the potential
benefit of reducing the use of lead-based materials which have been used for many decades
in electrical industries worldwide [4].

Tellurium oxide (TeO,), one of the glass forming oxides, is used for producing glasses
with high refractive index (n2). Moreover, its IR transmission range is up to 6 um and
it possesses a large third order non-linear optical susceptibility (x>) [5—6]. These unique
optical and electrical properties make tellurite glass a potential candidate material for IR
windows, all-optical switching devices and laser hosts [7].

In our previous work [8], we prepared glass ceramic KNN-SiO, which contained
KNN single phase by the incorporation method. The resulting glass-ceramics have high
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transmission and high dielectric constant. The crystal size and crystallinity were found to
increase with increasing heat treatment temperature, which then plays an important role in
controlling the properties of the glass-ceramics, including physical, optical, and dielectric
properties. The transparency of the glass samples, however, decreased with increasing
crystal size. The maximum room temperature dielectric constant (¢;) was 474 at 10 kHz
with a low loss (tand) of around 0.02 at 10 kHz.

In this work, KNN powders were firstly prepared by a mixed oxide method and subse-
quently mixed with TeO, in a Pt crucible, and the well mixed powder melted at a suitable
temperature to form a glass. The crystallization of the KNN crystals in the glass was ac-
complished by heat treatment processes which were also used to control the KNN crystal
shape and size. Here, we report the physical, electrical and optical properties of the prepared
KNN glass-ceramics generated using TeO, and a modified incorporation method. Phase
identification, thermal analysis, percent transmission and microstructures of the prepared
glass and glass-ceramics were investigated by X-ray diffraction [XRD], differential ther-
mal analysis [DTA], UV visible spectroscopy and scanning electron microscopy [SEM],
respectively.

2. Experimental

From our previous work, it was found that the incorporation method was a suitable way
to prepare glass-ceramics containing KNN single phase [8]. In the incorporation method
[9-10], KNN precursor was first prepared by using Na,COs (Riedel-de Haén, 99.9%),
K,COs3 (Sigma-Aldrich, 99.9%) and Nb,Os (Sigma-Aldrich, 99.9%) powders. From a
related study [11], KNN single phase was successfully prepared by excess Na,CO3; and
K,COj3 of about 5mol% with ratio 1:1 in order to achieve the pure phase. The starting
powders were mixed by a ball milling technique for 24 hours in a polyethylene bottle using
zirconia balls and acetone as grinding and liquid media respectively. Well mixed powder
was dried by using a magnetic stirring hot plate at 40-60°C for 24 hours and the sample
was kept in an oven for 24 hours at the same temperature. Then, the dried powder was
calcined in an electric furnace at 900°C for 5 hours with a heating rate of 1.67°C/min and
a cooling rate of 5°C/min. The prepared KNN powder was agglomerated and therefore,
was sieved to separate the fine powder. To identify some phase of this KNN powder, XRD
[X-ray diffractometer; D500 type, Siemens, UK], FE-SEM [scaning electron microscope;
JSM 6335F type, JEOL, JP] and EDS [energy dispersive spectroscopy] were employed. The
KNN powders were then mixed with the glass forming substance; TeO, at a composition of
70 and 80 mol%, in order to form transparent glass-ceramics. The components were mixed
in a platinum crucible and subsequently melted at 800°C for 15 min and then quenched
between stainless steel plates. The quenched glass was immediately annealed in another
electric furnace for 6 hours to release their stress. Thermal properties of as-received glass
were measured to find the glass transition temperature (T,) and crystallization temperature
(T.) by using DTA [Differential thermal analysis; Du Pont Instrument, USA]. Then, as-
received glass was subjected to heat treatment (HT) at temperatures ranging between 300
to 550°C depending upon the T, and T, of each glass, for 4 hours. Heating rate of 5°C/min
and cooling rate of 10°C/min was employed.

To analyze the glass and glass-ceramic properties, various techniques were employed.
XRD and SEM techniques were used to investigate the phase composition and to observe
the microstructure of the glass and glass-ceramic samples. The room temperature dielectric
constant (&;) and dielectric loss (tand) of the glass-ceramics were measured at various
frequencies from 10 kHz to 1 MHz using a precision LCZ meter [E4980A type, Agilent
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Intensity (a.u.)

20 30 40 50 60 70 80
26 (degree)

Figure 1. X-ray diffraction patterns of KNN with 5 mol% of Na,COzand K,COj in ratio 1:1 and
calcined at 900°C for 5 h (* K(5NagsNbO; phase)

EMSc CMU. ) 50kV XK 100n m— WD 16.4mm

Figure 2. The SEM image of KNN powder obtained cubic crystal sizes 100-200 nm at 900°C for
5 hours
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Technologies, Malaysia]. The transmission and refractive index values were measured
by UV-Vis-NIR Spectrophotometer [VARIAN Cary 50, USA; & = 190-1100 nm.] and
Ellipsometer [J.A. Woollam Co., Inc. series a-SE™, USA].

3. Result and Discussion

Powder Characterization

Generally, to prepare the single phase of KNN powder by conventional mixed oxide method
is rather difficult. Many studies have revealed that the alkaline carbonate precursor was
sensitive to moisture, leading to difficulty in obtaining the KNN single phase [4]. Bomlai
et al. [11] reported that an excess of 1, 3 and 5 mol% of Na,CO; and K,COj3 with ratio 1:1
resulted in the ease of formation of KNN single phase. We therefore have chosen to prepare
KNN powder with an excess of 5 mol% Na,CO3 and K,COj3 (ratio 1:1). XRD result of the
calcined powders is shown in Fig. 1.

From Fig. 1, it is clearly seen that the KNN single phase can be achieved by the excess
of 5 mol% Na,CO3 and K,COs. To confirm single phase, data was compared with JCPDS
file number 77-0038.

It can be assumed that by using stoichiometric compositions of Na,CO3, K,CO3 and
Nb,Os to prepare the KNN powder, the incomplete reaction via calcination method is likely
to occur because of the compositional fluctuation from easily volatile precursors such as
Na,COj3 and K,COs at high temperature [3].

The FE-SEM micrograph in Fig. 2 shows the morphology of the prepared KNN crystals
with cubic shape and size ranging from 100-200 nanometers. The EDS study (Table 1) also
confirms the composition of the prepared powder which has the weight and atomic ratio of
Na:K close to 1:1 as expected.

Glass Preparation and Properties

Transparent KNN glasses were obtained after melting and quenching of KNN and TeO-,
powder with weight ratio 30:70 and 20:80 mol%. As-received glasses were orange in color

Table 1
Quantitative analysis of calcined KNN powder at 900°C for 5 hours by EDS technique.

Element | Weight% Atomic%

OK 41.35 72.88
Na K 6.14 1.53
KK 8.73 6.30
Nb L 43.78 13.29

Totals 100.00
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Figure 3. Physical appearances of 30KNN-70TeO, glass-ceramics after various heat treatment (HT)
temperatures a) 300°C b) 325°C ¢) 350°C d) 420°C and e) 522°C.

and had low mechanical strength as shown in Fig. 3 and 4. Thus, annealing is an important
process which was employed to reduce stress in the quenched glass. Annealing temperature
for the glass were decided from the DTA traces of the two glasses and were chosen near
their T, points. DTA traces are shown in Fig. 5.

Fig. 5 shows that 30KNN-70TeO; and 20KNN-80TeO; glasses have T, around 300°C.
Crystallization temperatures of the two glass compositions were different. For the 30KNN-
70TeO, glass, T¢; and T, at 420°C and 522°C were observed while for 20KNN- 80TeO,
glass, T.; and T., were at 408°C and 498°C. Small differences between these thermal
parameters may arise from the difference in TeO, concentration. It may be assumed by
considering the difference between T¢; and Ty (Tc;—T,) of each glass that the 30KNN-
70TeO, (T¢-T; ~120°C) is more stable than that of the 20KNN- 80TeO, (with T¢;—T,
~108°C).

The heat treatment process was employed in order to crystallize KNN crystals in the
glass matrix with the desired crystal size. The glasses were subjected to a heat treatment
schedule at 300°C, 325°C, 350°C and at their T,; and T,,. The heat treatment near T, in
the range of 300-350°C was performed to achieve transparent glass-ceramics, while the
heat treatment at T, and T, was for checking formation of crystal phases at their crys-
tallization temperatures. The appearances of all glass-ceramics are displayed in Fig. 3 and
Fig. 4.

Glass-Ceramics Properties

The XRD results in Fig. 6 of the heat treated glass-ceramics revealed that KNN;
(Ko.5Nag 5)NbO3 was not retained by the incorporation method. This may be due to the very
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Figure 4. Physical appearances of 20KNN-80TeO, glass-ceramics at various heat treatment (HT)
temperatures a) 300°C b) 325°C ¢) 350°C d) 408°C and e) 498°C.

low viscosity of telluride glasses at their melting temperatures, giving rise to compositional
fluctuation in these glasses [5—7]. However, the heat treatment temperature plays an impor-
tant role in controlling the crystal phase in these glass-ceramics. At low HT from 300°C to
350°C, the resulting glass-ceramics for both compositions, contained similar crystal phase,

Exothermic

Endothermic

80TeO, - 20KNN

70TeO, - 30KNN

420°C

522°C

0 100

T » T
200 300

T
400

Temperature °C

T
500

T
600

700

Figure 5. Thermal analysis (DTA) of KNN-TeO, glasses which were melted at 900°C for 15 minutes

and quenched between stainless steel plates at room temperature.
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Figure 6. XRD patterns of two series of glass-ceramics after various HT temperatures. (ll KNbTeOq
peaks, © T.O, peaks and ¢ Na,NbsO;; peaks)

which may be identified as the typical cubic structure of (K,Na)NbO3 with random variation
of K and Na ions in the A-site of the unit cell. This result is consistent with the work done
by Jeong et al. [10] who studied the glasses of xK,;O-(14-x)Na,0-14Nb,05_72TeO, where
x = 0~12 mol%. For HT at 300°C, the glass-ceramics sample for the 30KNN-70TeO,
glass series exhibited slightly amorphous patterns with a trace at crystalline peaks of the
same cubic (K,Na)NbO;3 phase. For the 20KNN-80TeO, series, the crystalline peaks of
the cubic phase were more revealed, indicating a higher degree of crystallinity. This is
more evidence of greater glass stability of the 30KNN-70TeO, glass series over that of

Table 2

The calculated average crystallite sizes in two glass compositions.

Heat treatment temperature (°C)

Crystallite size (nm)

30KNN- 70TeO,
300
325
350
420 (Ter)
522 (Tep)
20KNN- 80TeO,
300
325
350
408 (Te1)
498 (Te2)

35
62
31
35
46

46
111
69
111
62
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Figure 7. Dielectric constant (a) and dielectric loss (b) of two series of glass-ceramics at various HT

temperatures and frequencies (Color figure available online).



Downloaded by [Chiang Mai University] at 03:49 27 April 2014

162/[504] Ploypailin Yongsiri and Kamonpan Pengpat

5.4
T o
5-3 -1 /
i 0]
5.2 - 10
o ! / o
= 514
:'Ea
= 504
2
4.9 4 O —1— 30KNN-70TeO,
4 / —O— 20KNN-80TeO,
484 0—0
1 M 1 M ] M ] ' 1
300 350 400 450 500

Heat treatment temperature ("C)

Figure 8. Density of glass and glass-ceramics versus HT temperature.

the 20KNN-80TeO,, confirming the DTA result as mentioned before. Moreover, this also
affirms the previous work done by Jeong et al. [10].

The glass-ceramics heat treated at T, and T, for each glass series are also illustrated
in Fig 6. It can be seen that the 30KNN-70TeO, glass ceramic with HT = 420°C (T,;)
contained two other phases apart from the cubic (K,Na)NbOj; phase, which may be identified
as KNbTeOg (B) and TeO, (©), while that of the 20KNN-80TeO; glass ceramic had no trace
of any other phase apart from the (K,Na)NbOj3. At T, for both glass series, the additional
Na;Nb4Oj; (#) phase was clearly revealed, together with two phases of KNbTeOg4 (M) and
TeO; (®). However, the amount of KNbTeOg phase of the 30KNN-70TeO, (HT at T, =
522°C) was greater than that found in the 20 KNN-80TeO2 (HT at T., = 498°C).

From the full width at half maximum (FWHM) values of the most intense diffraction
peak detected from XRD patterns, the average crystallite sizes (diameter, d) were calculated
by conventional procedure using the Scherrer’s equation.

092
" Bcos@

where, A is the wavelength of X-ray radiation (CuKa = 1.5406 A°), 8 is the FWHM of the
reflection peak that has the maximum intensity in the diffraction pattern. The diffraction
peak located at 26 = 28° (260 = maximum intensity peak) has been considered for this
estimation. The calculated average crystallite sizes are summarized in Table 2. It can be
seen that the crystallite size analyzed from XRD increased with increasing heat treatment
temperature. The crystallite sizes are varied after different heat treatment glasses because
of the occurrence of new phases at high heat treatment temperatures.

Fig. 7 shows the dielectric properties of the heat treated glass-ceramics at various tem-
peratures. The maximum dielectric constant was found in 30KNN-70TeO, glass-ceramic
heat treated at T.,, which was as high as 650 at 1 kHz and the dielectric loss was rather
low about 0.02. It can be seen that the dielectric constant increased with increasing heat
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Figure 9. The percent transparent of glass-ceramic which heat treated at various temperatures.

treatment temperature. The overall dielectric values of both glass-ceramics indicate that the
higher amount of KNN addition in such a series of 30KNN-70TeO, glass-ceramics could
improve their dielectric properties.

Densities as a function of HT temperature of the prepared glass-ceramics are shown
in Fig. 8. The density variation was consistent with the dielectric trend which was found
to increase with increasing HT temperature. Higher values were found in the series of
20KNN-80TeO, glass-ceramics. This may be due to the lower value of density of KNN
(4.64 g/cm?) than that of TeO, (5.67 g/cm?)

Fig. 9, shows optical transmission spectra of the quenched and heat treated samples of
the 30KNN-70TeO,and 20KNN-80TeO, glass-ceramics. All optical transmission spectra
were recorded at room temperature. The percent transmission of all glass-ceramics tends
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to decrease with increasing HT temperature. The low transmission in glass-ceramics of
20KNN-80TeO; series heat treated at 300-325°C confirms the appearance of glass-ceramics
as shown in Fig. 3 and 4, having low transparency. The 30KNN-70TeO, and 20KNN-
80TeO, samples heat treated at their T, are opaque. The effect of HT temperature on
the transparency of glass originates from the type and size of crystals precipitated in the
glass matrix. For visible light, samples possessing crystals larger than 200 nm should show
light scattering and hence the respective samples should be opaque. Transparent samples
should contain crystals <200 nm and also a small crystal size distribution. For 30KNN-
70TeO, glass-ceramics, the crystal size may play an important role in the transparency of
the glass-ceramics as the increase in HT temperature caused the decrease in transparency
up to the HT 350°C. This is consistent with the XRD result where the crystallinity of the
(K,Na)NbOs crystals increased with increasing HT temperature. When the HT temperature
was 420°C, a secondary phase of KNbTeOg occurred and reduced the transparency of the
glass ceramic greatly. For the 20KNN-80TeO, glass-ceramics, there is no good tendency
between transparency and HT temperature. Considering their corresponding XRD patterns,
only one crystal phase of cubic (K,Na)NbOs was observed in all glass-ceramics with
HT temperature from 300°C—408°C. The highest degree of crystallinity was found in
the glass-ceramic sample with HT of 408°C, while other lower HT temperature samples
(300-350°C) posses similar crystallinity. It may be assumed that the crystal sizes in these
20KNN-80TeO, glass ceramic series may come from the inhomogeneous distribution of
the cubic (K,Na)NbOs in the glass matrices. The corresponding SEM micrographs of these
glass-ceramics are shown in Fig 10. It can be clearly seen from the micrographs that, some
large crystals (bright phase) were inhomogeneously dispersed in the glass matrices.

Figure 10. SEM photographs of 20KNN-80TeO, glass ceramic heat treated at HT of 300°C—408°C.
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Table 3
Refractive indices of various heat treatment temperature glass-
ceramics samples of two glass composition.

Heat treatment Refractive index of
temperature (°C) various HT glasses (at 532 nm.)

30KNN- 70TeO,

300 2.090
325 2.012
350 2.086
420 (Tey) 2.154
20KNN- 80TeO,
300 2.165
325 2.183
350 2.089
408 (Te1) 2.177

Table 3 shows the refractive indices of the heat treated glass-ceramics at various
temperatures. It can be noted that the overall refractive indices of 30KNN-70TeO, glass-
ceramics are lower than that of 20KNN-80TeO,. This consistent with the density result, as
in general the higher density of glass is, the greater refractive index is obtained.

4. Conclusion

Various materials characterization techniques were performed to study the effect of heat
treatment temperature on physical, phase, dielectric and optical properties of KNN-TeO,
glass-ceramics prepared via incorporation method. It was found that the amount of KNN
in glass controlled the thermal stability of glass where a higher amount of KNN (30 mol%)
promotes the stability of the glass. The XRD revealed similar crystals phase of cu-
bic (K,Na)NbOjs in all glass-ceramics with low HT temperature of 300°C—350°C. The
glass-ceramics heat treated at T.; and T, of each glass composition contained additional
NayNb,O1, KNbTeOg and TeO, with amount depending on the added KNN content. The
crystal phases and their sizes in turn play the most important role in controlling physical,
appearance, density, dielectric and optical properties of the heat treated glass-ceramics. It
was found that the larger amount of KNN (30 mol%) gave improved properties of the glass-
ceramic, as a glass-ceramic with high transparency, good mechanical and high dielectric
constant could be obtained. Further studies should add for more understand KNN-TeO-,
phenomena.
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Effect of BCZT on Electrical Properties
and Bioactivity of 45S5 Bioglass
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In this work, ferroelectric Bag.oCap.sZro.osTip.os03/4585 bioglass composite or
(BCZT/45S85 composite) has been produced for orthopedic applications. The BCZT
concentrations ranged from 0—15 wt.%. The BCZT/45S5 composite was prepared by
conventional melting method at 1300°C for I h following by heat treatment schedule at
the crystallization temperatures of glass. The effects of BCZT addition on the dielectric
and piezoelectric properties and the biocompatibility of BCZT/45S5 composites were in-
vestigated. It was found that, the addition of BCZT improved the hardness and dielectric
properties of materials, which may be caused by the presence of the BCZT. Moreover, the
bioactivity of the 4585 bioglass was improved with addition of BCZT phase as evident
by the formation of bone like apatite layers on the surface of all BCZT/45S5 composites
after soaking in simulated body fluid (SBF).

Keywords 45S5 Bioglass; Barium Calcium Zirconium Titanate; Ferroelectric;
Piezoelectric

1. Introduction

Due to the disadvantages related with bone grafting and bone replacement procedures
using autograft and allograft, the development of synthetic bone replacement materials has
continuously augmented. The materials, having biomechanical properties matching that of
bone and sufficient bioactivity to form a bond with living bone and soft tissues, are of
particular interest in the biomaterials field [1].

4585 bioglass is a commercially available inorganic material which has been used as
bone replacement for more than 20 years. This bioactive glass was firstly developed by
Hench et al. in 1969 [2]. The chemical composition of this bioglass composites of 45 wt.%
Si0;, 24.5 wt.% Na0, 24.5 wt.% CaO and 6 wt.% P,0Os. The bioactivity of this glass
resulted from the formation of a hydroxycarbonate apatite (HCAp) layer on its surface.
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This layer is chemically similar to the mineral part of bone. The rate of HCAp formation
has a significant effect on the tissue bonding rate, following a sequence of reactions between
the implanted material and the physiologic fluids and surrounding tissue [3].

Many researchers have found the improvement in osteobonding and bone growth on
the surface of polarized hydroxy apatite (HA) due to the generation of a permanent surface
charge on the materials in vitro. Nagamura et al. [4] found that apatite crystal growth on
HA was accelerated by the negatively charged surface. Moreover, it is known that bone
displays intrinsic piezoelectric behavior and possesses a charge under the application of a
mechanical stress. It has been hypothesized that stress-induced potentials in bone affect the
activity of osseous formation [5].

Ferroelectric materials have attracted some interest in medical applications. Feng et al.
prepared HA-BaTiO; composites with piezoelectric coefficient (ds3) of 6 pC/N, which
promoted osteogenesis in the jaw bones of dogs [6]. N. Pisitpipathsin et al. studied HA-
BaZrg0sTip 9503 composites, and found that the bioactivity of the HA composites was
improved with 10 wt.% BaZr(sTig9503 after soaking in simulated body fluid (SBF) for
15 days [7].

In this work, the fabrication of BCZT/45S5 composites with the amount of BCZT
being 0, 5, 10 and 15 wt.%, was carried out in order to study phase evolution and the me-
chanical and electrical properties and bioactivity of BCZT/45S5 composites. The selected
Bag.9>Cag 03Zrp 05 Tig.osO3 (BCZT) phase has a high piezoelectric coefficient (ds3) of about
365 pC/N [8].

2. Experimental

2.1 Materials Preparation

The BCZT/45S5 composites with Bag g,Cag g3Zrg 05 Tio.9503 (BCZT) concentrations 0, 5,
10 and 15 wt.% were prepared by melt-quenching method. The mixed powders of these
compositions were prepared from reagent grade Na,COs3, CaO, NH4H,PO,, SiO, and
Bay.9,Cag 0Zro.05Tip.9503 powders. The powders were mixed and melted in Pt crucibles for
1 h at 1300°C. Each melt was quenched between stainless steel plates at room temperature.
The thermal properties of the selected samples were investigated using difference thermal
analysis (DTA). The resulting glasses were subjected to heat treatment schedules for crys-
tallization at temperature of 750°C with heating/cooling rates of 5/10°C/min, respectively
and with 4 h dwell time.

2.2 Materials Characterization

X-ray diffraction (XRD: Siemen D-500) technique was employed to investigate the phase
composition in the prepared BCZT/45S5 bioglass composites. Well-polished surfaces were
subjected to Vickers indentation (Galileo Microscan, LTF S.p.a., Antegnate, Italy) for
hardness (Hv) determination. The room temperature dielectric constant (¢;) and loss (tand)
of BCZT/45S5 bioglasses was measured using LCZ meter (Model 4276A, Hewlett Packard)
at 100 Hz to 2 MHz. The dielectric constant was calculated from the capacitance by the
following equation [9]:
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where C is the capacitance (farads), g is the free space dielectric constant value (8.854 x
1072 Fm™"), A is the capacitor area (m?) and d is the thickness (m) of the BCZT/45S5
composites. In vitro test was carried out by soaking in SBF. The SBF was buffered at pH 7.4
and maintained at 37°C in order to simulate near physiological condition for 7 days. After
that, the formation of apatite layers was investigated by using scanning electron microscope
(SEM Model JEOL JSM-5910LV). The piezoelectric properties were measured at room
temperature by using a piezoelectric-ds3-meter (S5865 d;3 METER).

3. Result and Discussions

In this study, the heat treatment temperature (750°C) was determined from thermal param-
eters, such as, glass transition temperature (T,) and crystallization temperature (T.), mea-
sured from the DTA trace of the 45S5 bioglass (0 wt.% BCZT) as shown in Figure 1. From
the trace, two exothermic peaks at 759°C and 916°C were observed, which corresponds to
two crystallization temperatures T¢; and Tc;, respectively. The softening temperature (Ts)
was found at 689°C while two glass transition (T,) temperatures observed in the DTA trace
were calculated to be at 560°C (Tg;) and 844 (Ty).

Consequently, the heat treatment temperature of 750°C as mentioned earlier, was
chosen between T (689°C) and T.; (759°C) of the 45S5 bioglass (0 wt.% BCZT), to avoid
the crystallization peak of T, (759°C), which also applied to other higher BCZT content
samples. Generally at the peak of T, the crystallization occurs at the highest rate, leading
to a high migration rate of atoms or molecules. Thus, a porous body of the BCZT/45S5
composites may be obtained after the chosen heat treatment process.

The increasing trend of density data of the BCZT/45S5 composites with increasing
BCZT content is illustrated in Figure 2. However, the SEM micrographs of the BCZT/45S5
composites (Fig. 3.), show interesting result as the highest porosity sample was obtained
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Figure 1. DTA trace of 45S5 bioglass.



Downloaded by [Chiang Mai University] at 03:39 27 April 2014

BCZT/45S5 Bioglass [685]/147

3.0 110
n‘n
E_z.s- 19
=) ©
a. o
@ 28- -a%
.g T
4
= 274 17
m .
o
2.6 16
0 ' 5 10 15

BCZT content (wt.%)

Figure 2. The density and Vicker hardness value of the BCZT/45S5 composites for various BCZT
contents.

from the highest BCZT content sample (15 wt.%). This may result from the higher density
of BCZT (~5.70 g/cm?®) than compound with of 45S5 bioglass (~2.78 g/cm?).

The linearly increasing trend of hardness (Hv) versus BCZT content, similar to the
density trend, was also obtained as illustrated in Figure 2. This is believed to be contributed
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Figure 3. SEM micrographs of the BCZT/45S5 composites; (a.) 0 wt.% of BCZT, (b.) 5 wt.% of
BCZT, (c.)10 wt.% of BCZT, (d.)15 wt.% of BCZT.
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Figure 4. XRD patterns of BCZT/45S5 composites for 20 between 20° and 60°.

by the occurrence of grains in these composites. Grain boundaries are known as stress
concentration sites, which acted as effective obstacles to dislocation pile-up in the adjacent
grains, leading to harder materials [10]. This was the reason that the highest BCZT con-
tent sample (15 wt.%), has the smallest grain size, possessed the highest hardness value
compared to those with larger grain or no grain boundary as in the lower BCZT content
samples (0—10 wt.%). As can be seen in Fig. 3, the higher grain boundary was obtained
from the higher BCZT content samples.

The XRD profiles of heat treatment BCZT/45S5 composites for 26 between 20° and
60° are presented in Figure 4. The main diffraction peaks of all ceramics corresponded to
the crystal structure of the sodium calcium silicate (Na,Ca,;SizOg) (JCPDS0075-1687). The
BCZT peaks are clearly observed for the high BCZT content samples of 10 and 15 wt.%.
The relative intensity of the Na,Ca,Si3Og9 phase was found to decrease with increasing
BCZT content. This may be due to the decomposition of Na,Ca;,Si309 to from a trace of
unknown secondary phase (*), at the high BCZT content of 15 wt.% samples.

The frequency dependence of the relative permittivity (e;) is presented in Figure 5.
Results indicated that all BCZT/45S5 samples showed a degree of dielectric dispersion at
low frequency ( f < 1 kHz). The permittivity magnitude and degree of dispersion increased
with increasing BCZT content, which may be caused by the presence of the added ferro-
electric BCZT phase [11]. The dispersions of the BCZT/45S5 composites may result from
the dipole moment of ions and the presence of some dc conductivity in these materials
[12, 13]. The dielectric loss (tand) of the BCZT/45S5 composites is presented in the inset
of Figure 5. It can be seen that the tand values of the BCZT/45S5 composites were between
0.1-0.4 at 1 kHz.

The ac conductivity (o) of the BCZT/45S5 composites was investigated at different
frequencies as shown in Figure 6. The ac electrical conductivity of the BCZT/45S5 samples
was calculated from the following equation [14]:

Ouc = WEWE, tan § 2
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Figure 5. The frequency dependence of relative permittivity and dielectric loss (tand) of BCZT/45S5

composites.

where ¢, is the vacuum dielectric permittivity and w is the angular frequency (27 f). At
low frequency (<0.3 kHz), the conductivity showed insignificant changes with varying in
frequency. However, at higher frequencies (>0.3 kHz) the conductivity increased almost
linearly with frequency (f) following the universal power law behavior [15] such that
o (w) aw" where n is 0.58 < n < 0.70. Moreover, the ac conductivity at a particular
frequency increased with increasing BCZT content. It can be assumed that all BCZT/45S5
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Figure 6. The frequency dependence of ac conductivity of BCZT/45S5 composites.
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Figure 7. SEM micrographs of the BCZT/45S5 composites before and after 7 days in SBF.
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composites exhibited the ac conductivity of the insulating phases [13], as we(eg, contributes
to the conductivity in the power law region.

The variation of the piezoelectric coefficient (ds3) as the function of BCZT content is
plotted in the inset of Figure 6. All BCZT/45S5 composites exhibited no piezoelectric effect
(ds33 = 0 pC/N). In polymer-piezoelectric composites the polymer can mechanically possess
the piezoelectric and prevent it from developing a strain during the poling process. This can
lead to mechanical depolarization and loss of piezoelectric properties of composites [16].
For the case of these BCZT/45S5 composites the volume fraction of the glass matrices is
much longer than that of the BCZT phase, leading to overall zero value of ds3. Thus, in
order to improve the piezoelectric properties of these materials, a higher amount of BCZT
phase of >20 wt.% should be considered.

SEM micrographs of the BCZT/45S5 composites for various BCZT contents before
and after incubating in SBF for 7 days are presented in Figure 7. Apatite formation was
observed on the surface for all samples. However, the morphology of the formed apatite
layers varied with the different BCZT content in the composites. After incubation for 7 days,
the surface of 0 wt.% BCZT sample was fully covered by one apatite layer, and this layer
was composed of fiber-like apatite. For the sample containing 5 wt.% BCZT, the newly
formed apatite layer was slightly compact. However, for the 10 wt.% BCZT samples, the
surface was composed of two different zones of numerous small spherical particles and
was a compact layer. Also for the 15 wt.% BCZT samples, different morphologies of
the apatite layers were clearly observed. Furthermore, for the 0 and 15 wt.% of BCZT
sample surfaces many pores were observed after soaking in SBF, which may be due to
the dissolution of crystal phase during soaking in SBF [17]. Apatite formation upon the
surface of BCZT/45S5 composites when in contact with physiologic fluids is speculated
to progress by the following mechanism. The BCZT/45S5 composites release Na™ and
Ca’*ions from the glass which exchange with the H* and H;0" ions from SBF to form
hydrated silica (Si—-OH) groups on the glass surface. Apatite nucleation was induced by
the Si—-OH groups through the formation of calcium phosphate and amorphous calcium
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'v 0 0 ..... O
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Figure 8. The pH as a function of immersion time in SBF for BCZT/45S5 composites.
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silicate. Once nucleated, the apatite can grow spontaneously as the SBF fluid is highly
supersaturated under normal condition. The Na* and Ca”* ions released from the surface
of the composite also accelerate apatite nucleation by increasing the ionic activity product
of apatite in the SBF fluid. The dissolution of BCZT/45S5 composite is dependent on Na™
and Ca?* within it [18, 19].

The pH as a function of BCZT/45S5 composites immersion time in the SBF medium
during 7 days is shown in Figure 8. Ions were leached out from the composites, and then
exchanged with H and H;O™ ions from the SBF solution. It was apparent that the pH of the
SBF solution increased by the dissolution [20]. The dissolution rate as well as pH increment
decreased after about 5 days due to the decrease of Nat and Ca®* ionic concentration in
surface. The BCZT/45S5 composite samples with high BCZT content of more than 10 wt.%
possessed the highest rate of dissolution. This may affect the formation of the apatite layer,
especially their morphologies as can be seen in the corresponding SEM micrographs in
Fig 6.

4. Conclusions

Bioactive ferroelectric BaggoCag 0gZr.05Tig.9503/45S5 composites (BCZT/45S5 compos-
ites) for orthopedic applications were successfully formed by conventional melt quenching
and heat treatment techniques. The addition of BCZT improved the Vickers hardness and
dielectric property of materials, which may be attributed to the presence of the ferroelec-
tric phase. The frequency dependence of ac conductivity and permittivity trends of all
composites are typical of insulating component materials. Moreover, the bioactivity of a
45S5 composite was improved with addition of BCZT content as evident by the formation
of bone like apatite layers on the surface of all BCZT/45S5 composites after soaking in
simulated body fluid (SBF).
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In this work, we have studied the effects of camphor addition on the properties of porous
ceramics of P;0s-CaO-Na,O glass for biomedical applications. Mixed powders were
formed into pellets and subsequently sintered at the temperatures ranging between 550
and 650°C. The sintered ceramics were investigated in terms of pore characteristics,
phase formation, and in vitro bioactivity. The pore sizes of the structures were observed
by SEM to be in the range of 150—400 pum. XRD results revealed that calcium phosphate
and sodium phosphate phases were formed in the porous ceramics. In vitro bioactivity
was assessed in SBF solution and the results confirm the formation of apatite like cells
on the surface of all glass ceramic compositions.

Keywords P,05-Ca0O-Na,O glass; Porous ceramics; Calcium phosphate

1. Introduction

Bioactive ceramics such as hydroxyapatite, S-tricalcium phosphate, silicate based glass
and phosphate based glass have been of much interest for biomedical applications [1-7],
particularly, phosphate based glass, as it has greater osteoblastic activity comparing to
hydroxyapatite [8, 9]. P,Os5-CaO-Na,O glass is one of the bioactive phosphate based
glasses, which has already played a vital role in areas of clinical medicine [9-13].
P,05-Ca0-Na, 0 glasses were found to exhibit low thermal parameters (glass transition
temperature (Ty), crystallization temperature (Tx) and melting point (Ty,)), depending on
the amount of CaO content in glass composition [9—12]. CaO also has a strong effect in
reducing the CaO dissolution rate in distilled water and simulated body fluid [SBF]. The
thermal parameters increased and dissolution rate decreased with increasing CaO content
as the network of cross-linked PO?[ groups with Ca’* are stronger than that of the chain
structure of PO?[ groups with Na™ [9, 13]. The suitable composition of this glass system
was found for samples where the amount of P,Os was more than 40 mol% especially for
the 45 mol% sample which also possessed good biocompatibility [9, 10]. Phosphate phases
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which are essential in controlling biocompatibility can be formed in this P,Os-Ca0O-Na,O
glass system [11].

Porosity also plays an important role in bone substitute applications for bone tissue
regeneration, cell increment and drug delivery. Dimension, morphology and distribution
of pores are important factors to control bone tissue regeneration and a pore size range
of 100400 pm has been accepted as a suitable condition for cell in growth. Moreover,
interconnectivity of pores in substitute bone is equally important for bone tissue regener-
ation, which allows penetration of the osteoblast-like cells [14, 15]. Porous structure was
formed by including volatile materials which are burnt out during sintering. The volatile
materials used were organic compounds such as paraffin, naphthalene, carbon, starch,
flour, hydrogen peroxide and polymers. The pores characteristics (fraction, size, morphol-
ogy and distribution) were controlled by the type, amount and properties of the volatile
materials and the evaporation and sublimation mechanisms of the volatile materials dur-
ing the burn out process [14, 15]. In addition, Ramay and Zhang [16] prepared porous
hydroxyapatite scaffolds by a combination of gel-casting and polymer sponge methods.
Their results showed that the scaffolds prepared have an open, uniform and interconnected
porous structure with a pore size range of 200-400 xm. Due to the low sintering temper-
atures of P,Os-Ca0-Na,O glass production, low boiling point volatile materials should be
considered.

In this study, camphor (C;oH;c0) was chosen as a suitable volatile material for forming
P,05-Ca0-Na,O porous ceramics because the evaporation process of camphor can be
completed at its boiling point as low as 204°C (Materials Safety Data Sheets: (MSDS)).
The influence of camphor addition on the porosity of the prepared ceramics with various
compositions of P,Os-Ca0-Na,O glasses and a comparison of their properties with that of
natural bone were reported.

2. Experimental

2.1 Glass Preparation

Three glasses were prepared from (NH4),HPO,4, CaCOj3 and Na, CO; with nominal compo-
sitions as shown in Table 1. The precursors were weighed and melted in an alumina crucible
at 1200°C for 1 hour in an electric furnace. The homogeneous melts were quenched to room
temperature onto a stainless steel mold and the quenched melts was subsequently pressed
by another stainless steel plate to avoid crystallization. An automatic milling machine
was employed for grinding the prepared glasses into a fine glass powder of about 2 um
in size.

Table 1
Nominal glass compositions, thermal parameters and sample codes used.
Content (mol%) Thermal Parameter (°C) [17]
Code P205 CaO NazO Tg Txl sz
P4sC3oNo3 45 32 23 440 578 —
P4sC36Nyo 45 36 19 446 564 593

P4sCyoNis 45 40 15 455 606 625
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2.2 Preparation of Porous Ceramics Using Camphor

The three glass powders (70 wt%) were mixed with camphor (30 wt%) and the batches
were pressed into pellets. The pellets were sintered in an electric furnace using a 3-stage
schedule, including heating from room temperature to 204°C (boiling point of camphor)
with heating rate of 5°C/min for 1 h (to burn off the camphor), afterward heating to the
sintering temperature with heating rate of 5°C/min for 2 h, and finally cooling down to
room temperature at a cooling rate of 5°C/min. Sintering temperatures, ranging between
550 to 650°C were employed as they are in the range of the crystallization temperatures of
this P,O5-Ca0-Na,O glass system as show in Table 1 [17].

2.3 Characterization of the Porous Ceramics

The density and apparent porosity analysis of the porous ceramics were measured at room
temperature via ASTM C20-00 (2010) Standard test methods. The shape and size of pores
were investigated by scanning electron microscopy (SEM: JSM-6335F). Strength was
measured using a universal testing machine (Instron model 55R4502) in compressive stress
mode.The crystal structures of the porous ceramics were identified by X-ray diffraction
(XRD: Bruker AXS D8 ADVANCE) and energy dispersive X-ray spectroscopy (EDX). Mi-
crostructures of the prepared ceramics were investigated by scanning electron microscopy
(SEM: JSM-6335F).

2.4 In Vitro Bioactivity

Simulated body fluid (SBF) is an acellular solution with ion concentration similar to
those of blood plasma, in order to reproduce formation of apatite on bioactive materials
in vitro [18]. The SBF was prepared by dissolving reagent-grade chemicals in deionized
water. The reagent-grade chemicals consisted of sodium chloride (NaCl), sodium hydrogen
carbonate (NaHCO3), potassium chloride (KCl), di-potassium hydrogen phosphate trihy-
drate (K,HPO4-3H,0), magnesium chloride hexahydrate (MgCl,-6H,0), calcium chloride
(CaCl,) and sodium sulfate (Na;SQOy4). The solution was buffered to pH standards with
Tris-hydroxymethylaminomethane ((HOCH,;)3CNH,;)(Tris)) and hydrochloric acid (HCI)
[19]. In vitro studies showed that when hydroxyapatite [20], silicate-based glass [6, 21]
and phosphate-based glass [22-23] were immersed in SBF, apatite formation could be re-
produced on their surfaces. These apatite layers are chemically and structurally equivalent
to the mineral phase in bone.

In this study, the samples were immersed separately in solutions of SBF under a static
regime [24] and stored with constant volume in the incubation apparatus for 7 days at a
temperature of 37°C. After being immersed, the ceramics were rinsed with deionized water
and dried in desiccators at room temperature [21]. The ceramics were then analyzed using
SEM and energy dispersive spectroscopy (EDX) to investigate apatite formation.

3. Results and discussion

3.1 Phase Formation

The XRD patterns of all porous ceramics after sintering are shown in Fig. 1. The crystalline
phase precipitated in sintered ceramics could be clearly assigned to four phases comprising
two calcium phosphate phases and two sodium phosphate phases (with the same com-
position). The calcium phosphate phases were Ca,P,O7; (JCPDS file no. 73-0440) and
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Figure 1. XRD patterns of all ceramics and of S-Ca,P,0; phase file no. 03-0604 (e), Ca,P,0;
phase file no. 73-0440 (o), NaPOj; phase file no. 76-0788 (¢), NaPOj; phase file no. 11-0650 (¢) and
unknown ( ).

B-Ca,P,0; (JCPDS file no. 03-0604) while sodium phosphate phases were NaPO3 com-
pounds with different JCPDS file no. of 11-0650 and 76-0788. The sodium phosphate
phases increased with increasing sintering temperature to near crystallization temperature
at Ty, and decreased with increasing sintering temperature above Ty;. Calcium phosphate
phases were formed at the sintering temperature near crystallization temperature at Tx,.
The P4sC4N;s sample that was sintered at 650°C contained the highest amount of
B-Ca,P,07 phase, which is considered to be suitable for bioactive applications [8, 9].

3.2 Compressive Stress and Density

Fig. 2 shows the results of density and compressive stress of porous ceramics at various
sintering temperatures. For the high Na,O content glasses of P4sC3;Ny3 and PysCsNyo,
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Figure 2. Relationship between compressive stress and density of porous ceramics.
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the increase in sintering temperature from 500 to 600°C improve the compressive stress
and density of the porous ceramics, while further increasing of the sintering temperature
up to 650°C decreased both values. For the lowest Na,O content glass of P4sC40Njs, both
compressive stress and density decreased with increasing sintering temperature.

3.3 Porosity

Fig. 3(a) shows apparent porosity of the three glass sample series. As expected, opposite
trends between porosity and density were observed. It can be seen that the P45C3;No3
samples have lowest porosity ranging between 20-35%, while those of P4sC36Nj9 and
P4sCyoN15 were between 40-50%. Pore morphologies of all prepared porous ceramics are
closely similar as shown in Fig. 4, showing facture images of the three ceramics sintered
at the temperature of 650°C. The average pore size shown in Fig. 3(b) revealed the similar
trends for all samples with sizes ranging between 150-400 pm, which is suitable for cell
growth as described in previous works [14, 15]. However, poorly interconnect pores were
formed by the evaporation process of camphor.

The changes in density and compressive strength depend very much on the structure
of the glass network. In general, the basic building blocks in the P,O5-CaO-Na,O glass
consist of chain structures of POZ_ tetrahedral structural units while the modifier ions of
Ca®* and Na* act as charge compensators. The divalent cations Ca?* can form cross-links
between non-bridging oxygen atoms of two different PO?[ tetrahedral chains, leading
to the strengthening of phosphate glass network [9, 13]. The density data of the porous
sodium calcium phosphate glasses in Fig. 2, shows the lower density values of high CaO
samples (P45C36Nj9 and P45C4oN;s), which may be attributed to the crystallization of
some crystal phases during sintering. Sodium phosphate and calcium phosphate phases
are distributed throughout the glass matrices as can be seen in the larger magnification
micrographs in Fig. 5 as investigated by EDS. It is interesting to mention that the high
Na,O content samples (P45C3,N»3 and P45C36Nj9) contain the highest amount of NaPOj;
phases especially at low sintering temperatures (550 and 600°C). The surface crystallization
of these crystal phases with needle like shape occurred as shown in Fig. 5, or the bright
spots in the lower magnification micrographs in Fig. 4(a) and (b) of the ceramic fracture
surfaces. This may reduce the pores and enhance the densification in the glass matrix by
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I | P
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Figure 3. (a) Percentage of apparent porosity and (b) pore size of porous ceramics.
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200 pum

Figure 4. The facture images of porous ceramics sintered at 650°C: (a) P4sC3,Nas, (b) P4sC36Njo
and (c) P4sCyoNis.
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Figure 5. Energy dispersive X-ray spectroscopy (EDX) of calcium phosphate and sodium phosphate
phases formed on porous ceramics after sintering at 650°C.



Downloaded by [Chiang Mai University] at 03:45 27 April 2014

Effect of Camphor Addition [679]/141

'\ Scale 1054 cis Curpor: 0.000

Figure 6. Mictrostructures and energy dispersive X-ray spectroscopy (EDX) of porous ceramics
after sintering at 650° Cafter immersion in SBF solution for 7 days: (a) P45C3,Nas3, (b) P4sCisNjo, (c)
P45C40N15 samples.

pulling in the glass particles to be closely attached to each other during sintering. This may
result in the highest compressive stress and density values and lowest porosity values of
the P45C3,N»,3 ceramics.

3.4 Assessment of Bioactive in Vitro

The bioactivity of porous ceramics was assessed in vitro using SBF solution for 7 days
and the results are shown in Fig. 6. Formation of bone like apatite layers during bioactivity
experiments was evaluated by the investigation of surface morphology. SEM and EDX were
used to detect chemical composition of this apatite layer. Apatite-like layers were found to
form on the surface of all calcium phosphate porous ceramics, confirmed by EDS spectra
where phosphorus (P), calcium (Ca) and oxygen (O) atoms were detected in the apatite
layer. On each surface, the formation of individual apatite grains like spherical balls, with
diameters in the range of nanometers are clearly revealed. Apatite cell growth increases
with increasing Na,O content [19-20]. Samples having sodium phosphate crystals as a
major phase exhibit better apatite cell growth.

The mechanism of apatite cells formation may be explained by initial dissolution of
Na® and Ca?* ions from the surface of ceramics which accelerate apatite nucleation
in SBF solution [19, 22]. The dissolution rates of calcium phosphate phases are lower
than that of sodium phosphate phases as the network structure of PO,~ groups forming
cross-links with Ca>* is stronger than that of POi_ groups forming chain structure with
Na™ [9, 13]. Therefore, the P45C3,Np; sample series (Fig. 4(a)) with highest Na,O content
and containing NaPO; as a major phase possesses the optimum bioactivity as compared
to the other samples.

4. Conclusion

Porous ceramics from the P,05-Ca0O-Na,O glass system were successfully produced by
camphor addition. Changes in CaO/Na,O ratio played an important role in controlling the
densification and phase formation of the ceramics. The pore sizes formed by burnt out
camphor were in a range of 150—400 pm for all sample conditions, and are suitable for cell
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growth. The crystalline phases precipitated in sintered ceramics could be clearly assigned
to calcium phosphate and sodium phosphate phases. In vitro study revealed the formation
of apatite layers for all porous ceramics with the maximum apatite cell growth found in the
P45C3,No3 sample series with the highest content of Na, O and containing sodium phosphate
as a major phase.
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Microstructure and Dielectric Properties of
Bismuth Germanate Glass-Ceramics

PURIPAT KANTHA, NUTTAPON PISITPIPATHSIN,
AND KAMONPAN PENGPAT*

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

Bismuth germanate composites containing Bi,GeOs-BiyGe;0; phases were prepared
by glass ceramic method and sintering techniques. The existences of three bismuth
germanate crystals of Bi;GeOs, BiyGe;0;; and BiBO; were found in XRD patterns.
The amount of each phase depended mostly on the sintering temperature where the
Bi,Ge;0; phase was found to increase with increasing sintering temperature. The
mixing of round and pyramidal shape crystals was observed in the sample sintered
at 650°C. This gave rise to the improvement in its dielectric properties where the
&, was found to increase from ~78 to ~395 for the sample sintered at 500°C and
650°C, respectively. Moreover, the tan$ was found to decrease greatly with increasing
sintering temperature. Thus, this Bi,GeOs-Bi,Ge;0;, composite may be considered as
a promising candidate of microwave dielectric materials.

Keywords Bismuth germanate; glass-ceramics; dielectric properties

1. Introduction

Glass ceramics, having properties between glass and crystal, have shown a great potential in
electroceramic design, preparation and application. Thus many glass ceramic compositions
are being intensively studied and developed. A glass ceramic embedded with Bi,GeOs
crystals is one of particular interest as it is an environmentally friendly material and it was
found to exhibit ferroelectric properties as first reported by Pengpat and Holland [1, 2].
After that, our work has been on the fabrication of these glass ceramics and we reported
that it has a large dielectric constant (&;) of 77 with a low dielectric loss (tand) of about
0.005 which suits the requirements for use in microwave devices [3, 4]. The &, of Bi,GeOs
glass ceramics was found to increase up to 246 with a low tand after being annealed at
375°C for 12 h, due to the enhanced crystallinity of the glass ceramics [5]. However,
these BioGeOs crystals, having needle like shape, were crystallized near the surface and
distributed heterogeneously within the bulk glass matrix. This non-uniform distribution
together with the large amount of residual glass left in the glass matrix may cause the
reduction in dielectric constant of the overall bulk glass ceramics. In order to enhance the
electrical properties of these glass ceramics, the amount of Bi;GeOs crystals should be
increased and distributed homogenously in the samples.

Received June 29, 2012; in final form October 15, 2012.
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In general, to produce materials for use in microwave devices, the conventional sintering
method has been utilized due to its low cost and easier preparation in comparison to other
methods of production. However, the Bi;GeOs phase cannot be prepared by this method
due to the metastable form of the Bi,GeOs phase [1-2], thus making it difficult to synthesis
by the conventional mixed-oxide method. Therefore, the glass ceramic route was chosen to
prepare the pure Bi;GeOs phase before the sintering method.

In this work, pure Bi;GeOs glass ceramic was reground and pressed into pellets
in order to enhance the surface area of the Bi;GeOs crystals. This action may help to
homogeneously distribute the ground Bi,GeOs crystals within the pressed glass ceramic
pellets or compacts. The pressed compacts were then subjected to the sintering method at
different temperatures in order to recrystallize and form dense body of glass ceramic samples
with mixed phases between Bi;GeOs and BisGe;O1,. The cubic phase of Bi4Ge;O,; (non-
ferroelectric phase) is actually one of most interest for bismuth germanate phases from the
Bi,03-GeO; glass system, as it possesses valuable electrical properties [6-9]. Therefore,
we assume that mixing between BisGe;0;, and Bi;GeOs phases may help to improve the
dielectric properties of these composites as similar results were reported by other studies
of binary systems of BNLT-BZT [10] and BNLT-BT ceramics [11]. Phase formation and
microstructure of the as-sintered samples were then investigated using X-ray diffraction
(XRD) and scanning electron microscopy (SEM) techniques. The physical and electrical
properties of the sintered glass ceramics were finally characterized and discussed.

2. Experiments

2.1. Glass-ceramics Preparation

The glass ceramic route was employed for growing pure bismuth germanate (Bi;GeOs)
crystals in the glass matrix following procedures from our previous work [1-5]. Bismuth
oxynitrate (BiONO3.H,0), reagent grade germanium dioxide (GeO,) and boron oxide
(B,03) were used as starting materials and weighed according to the composition of
60 mol% BiO;5: 20 mol% GeO,: 20 mol% BO, 5. The mixed powders were melted in
a Pt crucible at 1075°C for 15 min and splat-quenched on a stainless steel plate at room
temperature to form glass. The as-received glasses were subjected to a heat treatment
schedule, in order to form pure Bi, GeOs phase, of 18 h at 475°C using heating and cooling
rates of 5 and 10°C/min respectively. After that, all samples were ground and made into
pellets of 10 mm diameter using uniaxial pressing. The pellets were subsequently sintered
between 500°C and 650°C in an electric furnace under a controlled heating and cooling
rate of 5°C/min with a dwell time of 4 h to recrystallize and achieved a dense body for the
Bi,GeOs-BiyGe; 0Oy, glass ceramic samples.

2.2. Glass-ceramics Characterization

After sintering, X-ray diffraction with CuKe radiation and scanning electron microscopy
(SEM) were used to investigate the phase formation and microstructure of Bi,GeOs-
BiyGe; 0y, glass ceramic samples. For dielectric measurements, two flat circular surfaces of
the selected glass ceramic samples were polished and coated with silver paste as electrodes
for electrical contact. The capacitance and loss tangent (tand) with variation of temperature
between room temperature and 500°C were measured using a LCR meter over a frequency
range of 1-100 kHz. The dielectric constant (¢,) was calculated from the capacitance by
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the following equation [12]:
& = Cd/gpA (1)

where C is the capacitance (farads; F), ¢y is the free space dielectric constant value
(8.854 x 1072 F/m), A is the electrode area (m?) and d is the thickness (m) of the glass-
ceramic sample.

3. Results and Discussion

3.1. Phase Formation

Phase formation investigation of the bismuth germanate glass ceramics sintered at various
temperatures was carried out by XRD and their diffraction peaks are illustrated in Fig. 1.
The main diffraction peaks of all recrystallized glass ceramic samples contained Bi, GeOs
phase with orthorhombic structure (JCPDS file no. 036-0289) after being sintered at 500°C,
similar to that of non-recrystallized Bi,GeOs glass ceramics as reported by Pengpat and
Kantha [1-5]. The diffraction peaks of the interested bismuth germanate phase: cubic
BisGe; O, (JCPDS file no. 034-0416) were also found to coexist with the main phase for
all sintered samples. The BiyGe;Oj, phase increased gradually with increasing sintering
temperature and then started to be the dominant phase with a smaller amount of Bi,GeOs
phase in the glass ceramic samples sintered at temperatures from 600°C and higher. This
is consistent with the results reported in [1-2] as the Bi4Ge; O, phase preferred to crys-
tallize in the glass matrix after heat-treatment above 545°C. However, a phase of BiBO;
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Figure 1. XRD patterns of bismuth germanate glass ceramics recrystallized at various sintering
temperatures.
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(JCPDS file no. 27-320) was also observed in those glass ceramic samples which may be
due to compositional fluctuation during sintering.

3.2. Density and Surface Morphology

Figure 2 shows the SEM micrographs of the as-sintered surfaces of all bismuth ger-
manate glass ceramics. It can be clearly seen that at the higher sintering temperature, lower
amounts of pores were observed in the surface of the glass ceramic samples. This agrees
well with the density data where the density value increased at higher sintering temper-
ature as shown in Fig.3. From the SEM micrographs in Fig. 2, not only the reduction of
porosity was found but also an alteration of morphology was observed with increasing the
sintering temperature. At lower sintering temperature, an agglomeration of round shape
crystals was revealed while two different types of round and pyramidal shape crystals
were observed in the glass ceramic sample sintered at the highest temperature of 650°C.
These pyramidal crystals may be Bi;Ge;Oj, phase, similar to the work done by Souza
[7] who studied the Bi4Ge; 01, glass ceramic of the BiO; 5-BO; 5-GeO, system. However,
Bi,GeOs and BiBO; phases were not obviously distinguished from the corresponding SEM
micrographs.

‘I.'L..
L5

EMRS Gy CHMU™

Figure 2. SEM micrographs of bismuth germanate glass ceramics subjected to various sintering
temperatures: (a) 500°C, (b) 600°C, (c) 625°C and (d) 650°C.
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Figure 3. Density and average grain size of bismuth germanate glass ceramics sintered at different
temperatures.

3.3. Dielectric Properties

Figure 4 shows the temperature dependence of the dielectric constant (&) and dielectric loss
(tand) of sintered bismuth germanate (Bi,GeOs-BisGe3; 0, ) glass ceramics measured at dif-
ferent frequencies. All recrystallized bismuth germanate glass ceramics exhibited a higher
dielectric constant with increasing temperature (from room temperature to 500°C) with di-
electric constant decreasing with increasing frequency. This behavior is consistent with that
of relaxor-liked ferroelectrics [13]. Higher values of ¢, at lower frequencies could be due to
the contribution from many different types of polarizations (i.e., interfacial, dipolar, atomic,
ionic or electronic contribution) in the material, with some of that polarization having less
contribution to &, at high frequency [13]. Not only that, dielectric anomalies, indicating
some phase transition (Tx) at around 200—400°C, were found in Bi,GeOs-BiyGe; O, glass
ceramic samples sintered at 600 to 650°C, while the sample sintered at 500°C showed no
transition in both ¢, and tan$ curves. The glass ceramic sample sintered at 500°C contained
Bi,GeOs as the major phase, therefore the phase transition may not be observed for this
sample as the Bi,GeOs single crystal has a high phase transition temperature of more
than 527°C [1]. For the samples sintered at higher temperatures (600-650°C), the phase
transition Tx may be attributed to some structural change of the BisGes;O,, which was
found to be a major phase in those high sintering temperature ceramics, as confirmed by the
XRD patterns in Fig.1. Moreover, the higher the sintering temperature, the more profound
relaxor behavior was obtained.

Considering the dielectric loss (tand) of Bi,GeOs-BiyGe; 01, glass ceramics, it was
found that the tand of all sintered glass ceramics exhibited a strong dependence with both
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Figure 4. Temperature and frequency dependence of the dielectric constant (e,) and dielectric loss
(tand) of sintered bismuth germanate glass ceramics.

temperature and frequency. The samples sintered at higher temperatures had lower dielectric
loss for all frequencies. This may be attributed to the reduction of porosity and increase in
density of the samples sintered at higher temperatures as confirmed by SEM micrograph
(Fig. 2) and density data (Fig. 3). The dielectric loss values of these ceramics dramatically
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Figure 5. Leakage current density of sintered bismuth germanate glass ceramics at different voltages.

decreased at high frequency (100 kHz), which may be useful for microwave applications
where low loss is particularly needed at high frequency.

The leakage current density of all recrystallized glass ceramic samples was measured
and plotted versus applied voltage as shown in Fig. 5. Higher leakage current densities were
observed for the ceramic sintered at 500°C which also exhibited the highest dielectric loss.
As sintering temperature increased, the leakage current density was found to drop to the
range of 1078 to 10~7 A/cm?. This confirmed that the high temperature sintered samples
have lower conductivity.

4. Conclusions

To homogeneously distribute Bi,GeOs crystals formed by the glass ceramic method, they
were reground and sintered from 500 to 650°C to re-grow Bi,GeOs crystals and form dense
bismuth germanate glass ceramic bodies. The Bi,GeOs phase only remained as a major
phase in samples at 500°C while BisGe;O;, phase started to be the dominant phase in
samples sintered at 600°C and above. The sintering temperature also altered their density,
microstructures as well as their dielectric properties. The maximum density with well-
defined microstructures was achieved for the sample sintered at 650°C. This sample also
provided the highest dielectric constant of 395 with the lowest dielectric loss of 0.29 at the
measured temperature of 500°C, compared to that found in the other sintered samples. This
may have further applications as microwave dielectric materials.
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The properties of 0.94BNT-0.06BT/xNiO lead-free nanocomposites were investigated. The NiO additive influ-
enced dielectric properties as well as the phase transition behavior of the samples. Dielectric properties under
applied magnetic fields were also measured. After addition of the additive, the loss tangent could be controlled
by an applied magnetic field. Furthermore, the P-E hysteresis loop changed from a normal hysteresis loop for the
unmodified sample to a constricted loop for the x = 0.5 and 1.0 vol. % samples, and then became a lossy capaci-
tor hysteresis loop for the x = 2.0 vol. % sample. These results suggest that NiO nanoparticles have a strong

influence on the properties of the composites.

Keywords: magnetocapacitance, ferroelectric, nanocomposites

1. INTRODUCTION

Due to environmental concerns, many lead free electro-
ceramics have been investigated, such as bismuth sodium
titanate ((BiosNays)TiO;, BNT), barium titanate (BaTiOs,
BT), and potassium bismuth titanate ((KosBios)TiOs;, KBT)
based materials."” Among them, BNT is an interesting lead
free piezoelectric material with a perovskite structure. It has
Bi’" and Na" on the A-site of the 4BO; perovskite structure
with a rthombohedral symmetry.”! BNT has recently been
considered to be a promising lead-free piezoelectric material
to replace the widely used lead based materials, due to its
high remnant polarization at room temperature. However,
the large coercive field of BNT ceramics makes them hard to
pole as a result of their weak piezoelectric properties. To
overcome this problem, many BNT-based solid solutions
have been fabricated to improve the properties. Among these
solid solutions, (1-y)BNT-yBaTiO; (BNT-BT) ceramics have
been intensively investigated by many authors after Xu et al.
proposed that their BNT-BT ceramics had a morphotropic
phase boundary (MPB) for 0.06 <y < 0.10, and the y = 0.06
sample exhibited high piezoelectric properties.”

Recently, magnetoelectric (ME) ceramics have attracted
considerable attention for their impact on basic science and
electronic applications. The properties of these MEs are
thought to be induced by the interaction between electrical

*Corresponding author: rujijanagul@yahoo.com
©KIM and Springer

and magnetic dipoles. Unfortunately, single phase materials
which exhibit a large ME at room temperature are very rare.
Therefore, researching large ME materials has been an
interesting topic of research in recent years. Recently,
significant ME values have been found in some multiphase
materials, such as composites of BT/CoFe,O, and lead
zirconate titanate (PZT)/nickel ferrite.”'” However, the
nanocomposites which show the ME effect have not been
widely investigated. Furthermore, many authors have
reported that nanocomposites show other interesting properties
compared to ordinary composites, such as the enhanced
mechanical properties of PZT/ALO; nanocomposites."! In
the present work, we report on our investigation of a new
nanocomposite of BNT-BT/xNiO. BNT-BT (at a composition
of y = 0.06) ceramics and NiO nanoparticles were used as
the matrix and dispersed phases of the nanocomposites,
respectively.

2. EXPERIMENTAL PROCEDURE

0.94BiysNaysTi05-0.06BaTiO; powders were prepared
using the conventional solid-state mixed oxide method. The
mixed raw metal oxide powders were calcined at temperatures
ranging from 800°C to 900°C for 2h. The high purity
perovskite phase obtained using powders at the optimum
calcination temperatures were then combined with NiO (x =
0.5, 1.0 and 2.0 vol. %) nanoparticles (average particles size
less than 100 nm) and sintered at 1100°C for 2 h. Phase
formation was determined using the x-ray diffraction
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technique (XRD). The dielectric properties were determined
at various temperatures and magnetic fields by using an LCR
meter (Model 4276A, Hewlett Packard). The P-E hysteresis
loop was measured at room temperature using a ferroelectric
tester (Radiant Technologies Inc.).

3. RESULTS AND DISCUSSION

The phase formation of the studied samples was determined
using the XRD technique at room temperature. The XRD
patterns in Fig. 1 indicate that all samples exhibited a pure
phase with rhombohedral symmetry. Peaks of secondary
phases, such as Bi;»TiO and BisTi;O;2, were not observed
in the XRD patterns. This result is consistent with that
reported in previous works."* Furthermore, no peak was
observed for the NiO phase in any of the XRD patterns. This
may be due to the low level of NiO additive which was too
little to be detected at the sensitivity level of the XRD
instrument. In addition, intensities of the XRD peaks decreased,
and their XRD peak widths decreased, with increasing NiO
concentrations. These results indicate that the NiO additive
produced a lower degree of crystallinity. Furthermore,
structural and chemical composition heterogeneity may have
occurred in higher NiO content samples due to the
unintentional reaction between the matrix phase and the
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Fig. 1. XRD patterns of BNT-BT/xNiO nanocomposites.
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Fig. 2. Dielectric constant (&) and loss tangent (tan o) as a function of
temperature for the nanocomposites.

nanoparticles and/or the partial interdiffusion between BNT-
BT and NiO."*!*!

Figure 2 displays plots of the dielectric constant and loss
tangent versus temperature for various NiO concentrations.
All samples showed a weak frequency dispersion of the
dielectric constant. However, the additive produced a higher
dielectric constant-temperature stability, especially for the
0.5 and 1.0 vol. % samples. Two phase transition peaks in
the dielectric curve were observed for the BNT-BT ceramic.
These peaks correspond to the rhombohedral to tetragonal
(T+~100°C - 180°C) and tetragonal to cubic (7w~300°C -
340°C) phase transitions. The characteristics of the
permittivity curves for the BNT-BT ceramics agreed well
with the work done by Xu e al®® After addition of the
additive, however, a variation in 7, and 7}, was observed, i.e.
there was no trend observed for these temperatures.
Furthermore, the two phase transition peaks merged into a
single diffuse phase transition at higher NiO contents
(x=2.0 vol. % sample). These behaviors may be due to
heterogeneity of the structures of the composites. Figure 2
also shows the loss tangent as a function of temperature for
various frequencies. The loss tangent tended to decrease
with NiO content for the x < 1.0 samples, but it increased
with further NiO content (x = 2.0 vol. % sample). The
increase in loss tangent for the x = 2.0 vol. % sample implies
that the x = 2.0 vol. % sample had higher electrical
conductivities.

To determine the degree of the diffuse phase transition
after adding the additive, the diffuseness parameter (0,) was
determined, using the following expression:"

Emarl & = exp((T = Tn)/257) 1

where &, is a dielectric constant at 7,,. The value of &, was
calculated from a plot of In(&mw/&) versus the (7 — Th)™.
Figure 3 illustrates the values of J,as a function of NiO con-
tent. The parameter J, increased from 141 K for the unmodi-
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Fig. 3. Diffuseness parameter as a function of NiO content. Inset
shows In(&.ma/&) versus (T — T)* of the samples.
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fied sample to 198 K for the x = 2.0 vol. % sample, confirming
that the addition of NiO promoted the diffuse phase transi-
tion in the composites.

Figure 4(a) illustrates the variation of magnetocapacitance
as a function of applied magnetic field at a 1 kHz frequency.
The magnetocapacitance decreased with increasing magnetic
field for all samples. The rate of change in the magneto-
capacitance increased with increasing NiO content, i.e. the
2.0 vol. % sample showed a larger change in dielectric
constant than the 1.0 and 0.5 vol. % samples, respectively.
Figure 4(b) displays the magnetoloss as a function of the
applied magnetic field at 1 kHz. The samples showed a large
change in magnetoloss. The magnetoloss increased with the
applied magnetic field, where a higher NiO content sample
showed a higher rate of change of the magnetoloss value.
This result suggests that the loss tangent can be controlled or
tuned by the applied magnetic fields.

Figure 5 presents the ferroelectric hysteresis loops of the
studied samples. The pure BNT-BT ceramics exhibited a

(a)
00 = .

A
*

>

|- BNT-BT/0.5 vol% NiQ
A BNT-BT/1.0 vol% NiO

% BNT-BT/2.0 vol% NiO
T T 30

(b) * *
* A
* . 15 £
-
A " " =
] .
- 0
0.0 0.3 0.6 0.9 1.2

Applied magnetic field (T)

Fig. 4. (a) Magnetocapacitance (MC) and (b) magnetoloss (ML) as a
function of applied magnetic field of the samples.
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Fig. 5. Polarization (P) versus electric field (£) of the samples. Insets
show current density (J) versus E.

normal ferroelectric behavior, characterized by a square
shaped hysteresis loop. The ferroelectric behavior in this
work is similar to the work done by Xu et al..* For samples
with higher NiO contents, the hysteresis loop became a slim
and constricted loop. The reason for the presence of the
constricted loop in this work may be due to charged defects
and/or defect complexes which occurred in the samples due
to partial interdiffusion at the interfaces of the BNT-BT and
NiO phases.!"" These defects may act as pinning points for
the domain rotation which resulted in low polarization
values.""'*'"! Furthermore, it has been suggested that the
formation of complex defects can reduce the coercive field,
compared with the defect-free case."*'* In the case of the x =
2.0 vol. % sample, a lossy capacitor hysteresis loop was
observed, indicating that this sample had a high conductivity.
Plots of current density versus electric field of the samples at
room temperature are illustrated in the insets of Fig. 5. The
current densities at 13.3 kV/ecm were 20.1, 2.8, 3.9 and
9.8 mA/cm” for the 0.0, 0.5, 1.0, and 2.0 vol. % samples,
respectively. The reduction in current density for the 0.5 and
1.0 vol. % samples is consistent with the decrease in loss
tangent at room temperature. However, the 2.0 vol. % sample
exhibited a breakdown at an applied electric field of 13.3 kV/
cm. The electric breakdown confirms that the 2.0 vol. %
sample had high conductivity.

4. CONCLUSIONS

In the present work, lead-free BNT-BT/xNiO nano-
composites were fabricated for the first time. The additive
did have an influence on dielectric behavior. Obvious changes
in ferroelectric properties were observed after adding small
amounts of the additive. The additive also produced a large
change in loss tangent value under an applied magnetic field
suggesting that the loss tangent of this material can be tuned
by the magnetic field. Based on these data, the nanocom-
posites of BNT-BT/xNiO showed many interesting behaviors
as compared with pure BNT-BT ceramics.
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In this research, the fabrication of lead-free ferroelectric glass-ceramics from the (KosNays)NbO; system via
incorporation method was carried out. For the incorporation method, calcined KNN was added into glass batches
as a heterogeneous nucleating agent. Glass-ceramics KNNs were prepared from two compositions of KNN-SiO,
with a ratio of 75 : 25 (C1) and 80 : 20 (C2) mol. %. Thermal properties resulting from DTA showed samples C1
and C2 having glass transition temperatures of 532°C and 520°C and crystallization temperatures of 645°C and
620°C, respectively. The prepared glasses were subsequently subjected to a heat treatment schedule in a temper-
ature range of 500°C - 575°C for crystallization. XRD results showed that the KNN phase occurred in C1. The
C2 glass-ceramic samples contained unidentified phases together with the KNN phase. From SEM observation,
it was found that bulk crystals with an equiaxed shape of KNN phase dispersed well in all glass-ceramic matri-
ces. Crystal sizes increased with increasing heat treatment temperatures. In C2 glass-ceramics, unidentified

phases were found together with the KNN phase.

Keywords: transparent glass-ceramics, KNN, incorporation method

1. INTRODUCTION

Glass ceramics containing (KosNays)NbO; [KNN] ferro-
electric crystals have been studied extensively since the
1970s'" as they possess the properties of non-porous glasses
and solid crystals, which have given rise to novel materials
that have the good mechanical properties of glass and the
electro-optical properties of ferroelectric crystals."*" This
makes them suitable for electro-optical applications such as
electronic parts.** Moreover, KNN is a lead-free ferroelectric
material, making it environmentally friendly.

In this work, in order to reduce the chances of any unwanted
second phase that frequently occurs in the conventional glass
ceramic method,” the incorporation method was used to
prepare glass-ceramics with KNN as the single crystal phase.

2. EXPERIMENTAL PROCEDURE

Glass ceramics containing KNN crystals were prepared
from the incorporation method by using pure KNN powder
mixed with SiO, and then melted by using conventional
melting techniques. Similar to our previous work, for preparing
powder and glass, KNN powder was calcined at 900°C for
4 hours. Then, the prepared KNN powder was mixed with

*Corresponding author: kamonpan.p@cmu.ac.th
©KIM and Springer

Si0; in a composition of 75 : 25 mol. % (C1 system) and
80 : 20 mol. % (C2 system). The KNN-SiO, batches were
melted at 1300°C for 15 min, and then quenched at room
temperature. The quenched glasses were subjected to heat
treatment schedules in order to study the effect of subsequent
heat treatment temperature on phase formation.

The glass-ceramics were characterized in terms of thermal,
physical, optical and electrical properties by DTA [Differential
thermal analysis; Du Pont Instrument, USA], Archimedes
method, XRD [X-ray diffraction; D500 type, Siemens, UK]
and SEM [Scanning electron microscope; JSM 6335F type,
JEOL, JP], respectively.

3. RESULTS AND DISCUSSION

The as-quenched glasses were transparent and light
yellowish. The DTA traces of the C1 and C2 KNN glasses
are shown in Fig. 1.

The endothermic peaks and exothermic peaks correspond
to the glass transition [7;] and crystallization temperature
[T,]. The glass thermal stability factor (D = T. — T,) was
found to be approximately 100°C for the C1 system and
110°C for the C2 system, meaning that the C2 glass has
slightly better stability than that of C1 glass. The high thermal
stability factor specifies the ability of glass to form nano-
structured glass-ceramics that controlled heat-treatment.""”’
The two glass systems were then subjected to heat treatment
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Exo

Tc = 620°C
Tg = 520°C
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300 ) 460 ' 560 ' 560 . ?60 . 800
Temperature (°C)
Fig. 1. DTA traces of the as-quenched glasses.

Fig. 2. SEM micrographs of glass-ceramic samples after heat treat-
ment at various temperatures.

schedules depending on their 7, and 7;. The glass appearance is
shown in Fig. 2 compared with their microstructure.

The SEM micrographs in Fig. 2 show a bulk crystallization
of the KNN crystals with a rectangular shape occurring at
the lowest heat treatment samples for both C1 and C2. After
a higher heat treatment, an irregular shape of crystals is
revealed. The increments in the size of crystals embedded in
the glass matrix caused degradation with the glass transparency
due to light scattering from the glass sample that has a
crystallite size larger than 200 nm." The crystals of all

Table 1. Physical properties data of C1 and C2 glass systems.

. Average crystallite D1elect'rlc
Heat treatment Density size (nm) properties
temperature  (g/cm’) (1 kHz)
L D & tand
Cl-quenched  3.61 - - - -
C1-525°C 3.62 21930+16 108.94+3 111 0.005
C1-550°C 3.77 294.74+22 188.82+ 15 153 0.042
C1-575°C 391 44424 +35 26645+ 18 278 0.001
C2-quenched  3.70 - - - -
C2-500°C 374 11645+10 109.32+8 17 0.037
C2-525°C 3.77 886.84+57 157.23+10 134 0.068
C2-550°C 390 478.38+31 175.75+27 698 0.043
*L, length, D, diagonal values.
-E | | HT at 575 °C
e
p _ HT at 550 °C
w
S M HT at 525 °C
£ -
N‘A As-quenched glass
o] 1
|l o
1 J .I HT at 550 C
’; L-J.I“J -
% HT at 525 °C
‘B
=
% M HT at 500 °C
(1] I’I'I 2‘0 3‘" -lll'l S‘I'I 6‘1] ?‘l’l !;Il a0

20

Fig. 3. XRD patterns of glass-ceramic samples at various tempera-
tures. (a) C1 system, (b) C2 system.

samples were homogeneously embedded throughout the
glass matrix with random orientations. The average crystal
sizes were observed from the SEM micrographs and are
summarized in Table 1.

It can be seen from Table 1 that the crystallite size of two
glass-ceramic compositions increased with an increasing
heat treatment temperature. At the lowest temperature, the
crystallite size was smaller than 200 nm and may give less
light scattering than the larger crystals. C2 glass-ceramic
samples heated at 525°C and 550°C show a different
morphology than other samples. This may be due to the
occurrence of secondary phases as confirmed by XRD

Electron. Mater. Lett. Vol. 9, No. 6 (2013)
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results shown in Fig. 3. The density of the as-quenched glass
was the lowest, and the heat treatment caused a general
increase in density, as well as their dielectric constant (&). It
can be assumed that the higher density and & of these glass
ceramics resulted from the growth of the KNN crystals
during the crystallization process.

The XRD patterns in Fig. 3 show diffraction peaks of the
as-quenched glass and glass-ceramics. In both the C1 and C2
systems, the XRD patterns of the as-quenched glass and heat
treated glass at 525°C and 500°C contain only a broad peak
around the diffraction angle of 26 = 30, which indicates a
highly amorphous nature. The samples heat treated at higher
temperatures (C1; HT >525°C, C2; HT >500°C) have
diffraction peaks around 26 = 23°, 32°, 46°, 52° and 57°,
which confirms the existence of crystalline phases in the
amorphous matrix. These crystalline phases were assigned
to the potassium sodium niobate crystal phase (JCPDS
number 77-0038). However, in the C2 glass system, other
additional diffraction peaks occurred, which were marked as
unidentified phases. (¥)

4. CONCLUSIONS

The ferroelectric glass-ceramics from the KNN-SiO, system
were successfully prepared via the incorporation method.
The heat treatment temperature played a significant role in
controlling the microstructure, crystallite sizes, and crystal
quantity of the glass ceramics. Nano-crystals of KNN with a
crystallite size lower than 200 nm were precipitated in a heat
treatment temperature around 500°C (C2 system) and 525°C
(C1 system). The results from XRD and SEM confirmed
the formation of KNN nano-crystallite in the glass matrix.
The crystallite sizes estimated from FE-SEM are in
nanometer to micrometer scales depending on heat treatment
temperature.
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The magnetic bioglass-ceramics were introduced for hyperthermia treatment of bone
cancer. The aim of this work was to study the magnetic properties of ferrimagnetic
glass-ceramics from SrFe;;0,9(SF)-SiO;-CaO-Na,O-P,0s system by using the mod-
ified solid-state sintering method. The results showed that sodium calcium silicate
(NayCaySisO;s), strontium iron oxide (SrFe;;09) and iron oxide (Fe;O3) were precipi-
tated in all samples. The saturation magnetization (M), remanence (M,) and coercivity
(H.) increased by the addition of SF in the bioglass. The samples were soaked in simu-
lated body fluid (SBF) for 14 days in order to investigate the bioactivity of the samples
in vitro. The apatite layer was found on the surface of all bioglass-ceramics confirming
their biocompatibility and it increased with increasing strontium ferrite content.

Keywords 45S5 bioglass; ferrimagnetic; solid-state sintering; biocompatibility

Introduction

Bioglass® 4585, firstly discovered by Hench et al. [1], is one of the commercially available
bioactive materials used extensively in medical applications. After his discovery, many
researchers have focused on studying and developing this bioglass for a variety of medi-
cal applications [2, 3]. Recently, development of bioglass-ceramics with good bioactivity
and possessing magnetic properties has received much attention as a thermo-seed in hy-
perthermia treatment of cancer, especially deep seated bone tumors. When glass-ceramic
granules are implanted around tumors and then subjected to alternating magnetic field, heat
is generated from the magnetic loss killing the tumors. In order to evaluate the materials
for hyperthermia applications, room temperature hysteresis cycles were performed at much
lower field amplitudes, for example about 500 Oe. Generally [4], such tumors are effec-
tively destroyed at temperatures around 42-45°C, without damaging of normal tissue. For
this purpose, ferrimagnetic bioactive glass-ceramic is one of the potential candidates and

Received December 9, 2012; in final form August 25, 2013.
*Corresponding author. E-mail: kamonpan.p@cmu.ac.th
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is being developed. Shah et al. [2] reported the ferromagnetic ZnFe,O, containing bioac-
tive glass-ceramic system xZnO:25Fe;05:(40-x):Si0,:Ca0:7P,05:3Na,0 (x = 4, 6, 8§,
10). Results showed that the saturation magnetization, coercivity and hence hysteresis area
increased with increasing ZnO content. The Li, O-MnO,-CaO-P,0s5-Si0;-Fe, 05 glass sys-
tem containing Li and Mn ferrite phase also shows high bioactivity [3]. Li et al. [4] reported
the doping of Mn ferrite in CaO-Si0,-P,05-MgO-CaF, bioglass-ceramics, resulted in the
development of magnetic properties. However this dopant reduced the bioactivity of the
materials. Nevertheless, to the best of our knowledge, bioactive glass-ceramics containing
strontium ferrite (Sr) as the magnetic phase has not been yet reported.

The motivation for the addition of Sr ferrite is due to its good biological properties and
magnetic properties [5]. Researchers have shown that ion release from Sr doped silicate
glass enhanced bone cell activity. Moreover, these Sr-doped glasses promoted osteoblast
proliferation and alkaline phosphatase (ALP) activity when directly applied in contact with
cells as solid bioglass-discs.

The present work, therefore, attempted to fabricate the Si0,-Ca0O-Na, O-P,Os bioactive
glass-ceramics containing SrFe ;09 (StF) using the modified solid-state sintering method.
In this method, SrF crystals were firstly produced using the solid-state sintering technique
and then added to 4555 bioglass powder, which was then further mixed and sintered to form
the glass-ceramics. The influence of SrF addition on the structural and magnetic properties
of the prepared glass-ceramics was studied and the bioactive properties of these materials
were also investigated in vitro.

2. Experimental

2.1 Preparation of Materials

The samples were obtained using the modified sintering method. Firstly, strontium ferrite
was produced starting from a mixture of Fe,O3; and SrCOs, keeping the proportional ratio
of 6:1. The mixture was calcined at 900°C for 6 h.

Secondly, 45S5 bioglass was produced by melting appropriate combinations of 45 wt.%
Si0,, 24.5 wt.% Na, 0, 24.5 wt.% CaO and 6 wt.% P,Os5 in an alumina crucible. The mixture
was melted at 1300°C for 2h. The glass was crushed and ground into powder which was
then mixed with the calcined strontium ferrite SrFe ;019 at 5, 10, 20, and 40 wt.%. The
respective samples were labeled with code names: SSrF, 10SrF, 20SrF, and 40SrF. The
green bodies were then sintered at 800°C for 2 h.

2.2 Materials Characterization

Thermal parameters (the glass transition temperature; T, and crystallization temperature;
T.) of each samples were measured using differential thermal analysis (DTA). The phase
structure was detected by X-ray diffractometer (XRD). Magnetic properties were mea-
sured by a vibrating sample magnetometer (VSM) at room temperature. Scanning electron
microscopy (SEM) was used to characterize the microstructures of the magnetic bioglass-
ceramics. In vitro test was carried out by soaking in simulated body fluid (SBF) for 14 days.
The variation of ion concentrations in the SBF solution after soaking the sample was mon-
itored by using inductive coupled plasma model (ICP). The changes in pH of the SBF
solution as a function of time were measured using a pH meter.
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Figure 1. DTA traces and densities of glass samples. (Color figure available online.)

2.3 Cytotoxicity Measurement

Human osteoblast cell line (hFOB) cells were plated in each well of a 96-well plate at
the density of 10000 cell/cm? in the total volume of 100 i1 and the plate was incubated
for 24 hours to let the cells attach on the surface of the well plate. Then, 150 ul of the
fresh medium was replaced and UV-sterilised materials discs (size 0.06 g) were added onto
the cell layer in each well. The cells were cultured with the materials for 4 days and the
methyl-thiazolyl-tetrazolium (MTT) assay was then performed.

MTT assay was performed by removing the culture medium from each well and 150 p1
of working MTT solution was added into each well. The plate was then incubated for 4 hours
with the MTT solution and the solution was discarded. Each well had 100 ©l DMSO added
and then shaken on a shaker for 5 minutes. The materials were carefully removed from the
well and the solution was determined by the light absorption at 540 nm.

3. Results and Discussion

The inclusion of SrF content was found to affect the thermal parameters (T, and T.), as
shown in the DTA traces (Fig. 1). The trend of increasing density with SrF content was
observed as 45S5 has a lower density (2.7 g/cm?) than that of the StF crystal (5.1 g/cm?) as
illustrated in the inset of Fig. 1. Generally, changes in thermal parameters with composition
reflect a structural evolution in the glass network, and the linear trend of density value
observed in this study confirms that no change in glass network occurred in the 45S5
bioactive glass samples with the addition of StF compounds.

The phase formation behavior during the sintering process of the samples was investi-
gated by XRD (Fig. 2). During the sintering process of 5SrF-20SrF with constant heating
rate (5°C/min), the developments of three crystalline phases were obtained, including
sodium calcium silicate (NasCaySigO;g), strontium iron oxide (SrFe;;,019) and iron oxide
(Fe,0O3). The intensity of the SrFe ;019 and Fe, O3 signal increased while the intensity
of NayCaySigO;g signals decreased with increasing strontium ferrite content (5-20 SrF).
However, the intensity of Fe,O3 phase was found to disappear in the 40SrF sample. These
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Figure 2. XRD patterns of the glass-ceramic samples.

samples were sintered at the same temperature of 800°C, however, their T.(s) are different
as can be seen from the DTA result (Fig. 1). These T, (s) correspond to the crystallization
of the NasCasSicO;g phase, which was faster for the lower T, samples (5-20 StF). The re-
maining heating may cause the decomposition of SrFe,09, giving rise to the Fe, O3 phase
in these samples. The higher amount of SrF in the 40SrF sample with high T, provided
higher stability of the StF phase.

The Hysteresis loops of all samples (Fig. 3) exhibit similar magnetic behavior, showing
a wide hysteresis loop and high coercive field which confirms the characteristic of a
hard magnetic material. Magnetic properties were strongly dependent on the added SrF
content. The saturation magnetization (M), remanence (M,) and coercivity increased with
increasing SrF content as shown in the inset of Fig. 3. The 40 SrF sample had the highest
magnetic phase with the highest value of saturation magnetization.

In addition, magnetic loss of materials can be calculated and is presented in the inset
of Fig. 3. It is clearly seen that, for an applied field of £10 kOe, the area of the hysteresis
loop increased with increasing content of SrF. The maximum area was obtained from the
40SrF glass ceramic sample exhibiting the highest magnetic phase content.

The enhancement of this magnetic property was a consequence of the crystallization
process. The lower SrF content samples (5-20 wt.%) contained the magnetite Fe,O3 phase
which played an important role in the enhancement of magnetic properties of the glass
ceramics. Moreover, the XRD pattern of the 20SrF sample showed a small trace of the
wanted StF (SrFe|»0;9) phase which could easily be obtained for the higher StF samples
such as the 40 SrF samples.
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Figure 3. Hysteresis loops and magnetic properties of the glass-ceramic samples.

Figure 4. Backscattered images and EDS analyses of glass-ceramics.
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Figure 5. SEM micrographs and EDS analyses of glass-ceramic samples after 14 days in SBE.

Figure 4 illustrates the backscattered micrographs of all samples sintered at 800°C
before incubating in SBF. The micrographs reveal small granular crystals distributed in the
glass ceramic fracture surface. EDS analysis indicated that these granular crystals (bright
areas) contained high concentration of Fe, O, and Sr. It may be assumed that these crystals
are SrFe;;09 phase. The matrices (dark area) of all samples consisted of Si, O, Na and
Ca atoms as shown in the corresponding EDS spectra. Therefore, NasCaySigO;3 crystals
may be embedded in these matrices. However, the difference in atomic number of the glass
matrix and NasCasSicO;g crystal may be too low to show the atomic contrast image of
these two phases using backscattered mode.

Figure 5 shows SEM images of the sintered samples for various SrF content after
being incubated in SBF for 14 days. The surfaces of all samples were covered by a newly
formed layer of numerous spherical particles. EDS analysis revealed that these spherical
particles contained very high concentrations of P and Ca, indicating the formation of a
hydroxyl carbonate apatite (CHAp) layer. This could mean that all of the samples were
bioactive. With increasing StF content, the particle sizes of CHAp slightly increased. Also,
the samples having higher strontium ferrite contents (20SrF) exhibited better apatite cell
growth. EDS results also showed a remarkable increase in Sr content, while Si content
decreased with increasing SrF content. This may be attributed to the substitution of some
Ca sites of the hydroxyl carbonate apatite layer by Sr ions to form (Ca,Sr)s(PO4);(OH)
phase as also reported in [7]. Pina et al. also reported that the Sr-substituted Ca-P
layer is expected to produce enhanced biological and chemical responses in the body
[8]. These results confirm that the addition of the SrF magnetite phase does not inhibit
bioactivity.

Figure 6 shows the variation of Ca and P ion concentrations as well as pH values in
the SBF 14 days. In the first 3 days, P and Ca ions increased with increasing SrF content
in all samples. This can be explained by the rapid ion exchange mechanism between the
glass network modifiers (Na* and Ca?*) with H* (or H;0™") ions in the SBF solution. The
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Figure 6. Ion concentrations and pH value of SBF after incubating for various times.

pH value in the first 3 days also increased due to the consumption of H* ions from the SBF
solution and the continuous formation of Si—OH layers. After 3 days, the concentrations of
calcium and phosphorus slightly dropped, especially for the 40SrF sample. The decrease
in Ca and P ion concentrations may be associated with the migration of Ca’* and PO,*~
to the silica-rich surface which caused the rapid growth of the carbonated hydroxyapatite
(HCA) layer [9].

The results shown in Fig. 6 confirm that the apatite formation observed with SEM
and EDS (Fig. 5) was a result of reprecipitation of the ions dissoluted from the materials.
Both calcium and phosphate concentration was subsequently drop in the late time point
becoming carbonated hydroxyapatite covering the surface of the materials. Consistently,
the pH of the material dissolution remained high to support the apatite layer formation. The
formation of the apatite layer implies biocompatibility of the materials to bone.

The cytotoxicity test by MTT assay, using hFOB as a model, indicated that the studied
glass-ceramic samples were non-toxic to the cells when the samples have an increasing SrF
contents ranging from 5—40 wt.% (Fig. 7). A significant increase in metabolic activity of the
cells incubated with the materials was observed when the SrF content increased. Especially,
the samples with the highest StF contents (40 wt.%) exhibited better living cellular activity.
This finding has a good consistency with the SEM results, ion concentration and pH after
the materials were incubated in SBF for 14 days. This evidence shows that hFOB cell
activity could be improved by the presence of SrF content in the glass-ceramic samples.
This result confirmed that all of the tested materials are biocompatible and bioactive.
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Figure 7. MTT Assay in hFOB in 4-days culture in glass-ceramic materials.

To confirm that the materials are biocompatible to the bone cells, MTT assay was
employed and it was clearly shown that the cellular activity was higher when the percentage
of SrF increased. It was shown that the materials are highly biocompatible.

4. Conclusion

Magnetic glass-ceramics of the glass-ceramics system SrF-Si0,-Ca0O-Na,0-P,0s5 were
obtained by modified sintering method. These glass-ceramics contained SrFe;,019, Fe,03
and NayCaySicO;5 phases. Characteristic of a hard magnetic material were found for all
samples as confirmed by their hysteresis loops. The addition of SrF not only improves the
magnetic properties of the glass-ceramics, but also enhances the bioactivity of the samples
especially for the highest BF content sample (40SrF).
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The fabrication of bioactive glass ceramics containing BaFe ;09 (BF) crystals has
been carried out for the application in hyperthermia treatment. The BaFe ;0 19 powder
was firstly prepared and subsequently mixed with the non-silicate P,Os-CaO-Na,O
bioactive glass with various BF concentrations. After that, the glass ceramics were
produced via a sintering method at 600°C and their crystal phases were examined by
XRD and in vitro test was carried out by soaking in simulated body fluid. Remanence
and saturation magnetization and coercivity were deduced from magnetic measurement.
It was found that the samples exhibited magnetic behavior which is similar to hard
magnetic materials.

Keywords Ferrimagnetic; hyperthermia treatment; non-silicate bioglasses; sintering;
glass-ceramic method

1. Introduction

Non-silicate glasses of the CaO-P,0O5 system have a potential use as bone substituting appli-
cations, because their chemical composition is closely similar to that of natural bone. They
have bioresorbable property which enables these glasses to be dissolved in physical fluids.
The implant glass can be slowly replaced by regenerated tissue and has good biocompati-
bility and non-toxicity [1-2]. Recently, development of bioactive glass-ceramic containing
magnetic properties has received much attention as thermoseed in hyperthermia treatment
of cancer, especially effective in treating the deep seated tumors [3—4]. When granular seeds
of glass-ceramics are implanted around tumors and then subjected to alternating magnetic
fields, heat is generated from magnetic loss killing the tumors.

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

171



Downloaded by [Chiang Mai University] at 03:27 27 April 2014

172 P. Intawin et al.

Several materials that generate heat by hysteresis loss and contain bioactivity be-
havior have been investigated. Singh et al. [8-9] showed the structural and magnetic
properties of ferrimagnetic bioglass ceramics in the system [0.45(CaO,P,05)(0.52-x)Si0,
xFe»030.03Na, 0], x = 0.25, 0.05, 0.10, 0.15, 0.20 and heat-treated in the temperature
range of 600-1100°C . Moreover Bretcanu et al. prepared ferrimagnetic glass-ceramics
with the composition in the Si0,—-Na, O—CaO-P ,05 -FeO-Fe, O3 system, as a function of
the melting temperature. These materials were obtained by melting of commercial reagents
in the temperature range of 1400-1550°C [5-7].

The present work, therefore, attempted to fabricate bioactive glass-ceramics containing
Ba-ferrite phase from P,O5-Ca0O-Na,O system by a modified sintering method. Effects of
BF addition on the magnetic properties and bioactivity of the prepared bioglass-ceramics
were observed.

2. Experiments

2.1 Preparation of Glass Ceramics

Barium ferrite (BaFe,0,9: BF) powder was produced by solid-state reaction technique
using Fe, 03 and BaCOj; as starting materials with a ratio of 6:1. The mixture was ball
milled and calcined at 1100°C for 3 h in ambient atmospheric pressure using an electric
furnace and a heating rate of 5°C/min.

The reagent grade Na,CO;, CaCO3 and NH4H,PO, powders of 40Ca0O-15Na,0O-
45P,0s (in wt.%) bioglass composition were mixed with the calcined barium ferrite
(BaFe;,019: BF) by 5, 10, 20 and 40 wt.%. The mixtures were then melted at 1000°C
for 1 h and quenched between stainless steel plates to form bioglass. The quenched bio-
glass was ground into fine powder and subsequently dry-pressed into pellets in a steel die
at 16 Mpa. The green bodies were sintered at 600 for 2 h in an electric furnace (heating
rate 5°C/min).

2.2 Characterization of Glass Ceramics

Differential thermal analysis (DTA) was performed on finely powdered glass using 1600
DTA, Du Pont Instrument with a heating rate of 10°C/min and with alumina as the reference
material. The glass transition temperature (T,) and crystallization temperature (Tx) were
identified from the DTA traces. X-ray diffraction (XRD: Siemen D-500) was used to inves-
tigate the phase composition of the glass ceramics using a Philips powder diffractometer
with CuKe (A = 1.54178 A) radiation. The phases formed were identified by comparing
the experimental diffraction patterns with the diffraction database. Magnetic measurements
of glass ceramic samples were performed at room temperature. The glass ceramics were
investigated using the vibrating sample magnetometer (VSM) at 8 kOe. Hysteresis loops
were obtained in terms of M-H curves. The scanning electron microscope (SEM: JSM-
6335F) was used to record images of the microstructure of the glass-ceramics and energy
dispersive X-ray spectrometer (EDS) was used for compositional analysis of the bulk and of
individual features. The glass ceramic samples were investigated for bioactivity by immers-
ing in simulated body fluid (SBF). The SBF was buffered at pH 7.4 and maintained at 37°C
for 7 days. After that, the glass ceramic samples were analysed for the apatite formation by
using a scanning electron microscope based energy dispersive X-ray spectrometer.
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Figure 1. DTA traces. (Color figure available online.)

3. Results and Discussion

3.1 DTA Analysis

The DTA traces of glass samples are shown in Fig. 1 and are annotated with the glass tran-
sition temperatures (T'y) and crystallization temperatures (T'x) which are then graphically
plotted in Fig. 2. It is shown that both T’y and T increase when the level of BF increases
from 5 to 40 wt. %. Generally, a change in T, and Tx with composition reflects a structural
evolution in the glass network, and both linear trends observed in this study confirm that the
presence of BF in the glass samples only increased the melt viscosity and the crystallization
temperature of the glass samples, without affecting the structural continuity of the parent
glass matrix.

3.2 XRD Analysis

The phase formation behavior of the samples after sintering process was investigated by
XRD. Fig. 3 shows the XRD patterns of glass-ceramic samples with different BF content
after sintering at 600°C. The patterns demonstrate the presence of four prominent crys-
talline phases: barium ferrite (BaFe;,0,9) (JCPDS 27-1029), sodium calcium phosphate
(Na; gCa; 1 PsO17) (JCPDS 47-0863), calcium hydrogen phosphate (CaH,P,07) (JCPDS
51-0200) and calcium phosphate (Ca;P,O7)(JCPDS 71-2123). The peak intensity of bar-
ium ferrite increases with increasing BF content, indicating an increase in the amount of
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Figure 2. T, and T of quenched glasses versus BF content.

barium ferrite phase in the glass ceramics, which shows its growing crystallization due to
the increase of BaO—Fe,O; interactions.

3.3 VSM Analysis

The magnetic properties were measured at room temperature using the Vibrating Sample
Magnetometer (VSM). The applied magnetic field (H) was swept from 8 to - 8 kOe with
both field alignment in-plane and out-plane sample orientation. Fig. 4 shows the VSM hys-
teresis graphs of glass ceramic samples. It can be found that the remanence magnetization
(Mr) and coercivity (Hc) increase with increasing BF content as shown in the insets of
Fig. 4. It may be assumed that the number of magnetic domains and hence the saturation
magnetization are proportional to the crystallized BaFe ;09 content. BaFe ;019 is a feri-
magnetic phase and contributes to lower the saturation magnetization. Magnetic properties
of the materials i.e. remanance magnetization (Mr), saturation magnetization (Ms), coer-
civity (Hc) and hysteresis area are also listed in Table 1. Crystallization of ferrimagnetic
BaFe,0;9 increases with the increase in BF content. Accordingly, the increase in saturation
magnetization is in good agreement with the crystallized BaFe ;0,9 content in the XRD
results.

3.4 In Vitro Analysis

Figure 5 shows the SEM micrographs of glass ceramic samples at various BF contents
after immersion in SBF for 7 days. It is evident that the surfaces of all samples were
covered with spherical Ca-P particles, which can be presumed to be an apatite layer. EDS
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Figure 3. XRD patterns of the glass-ceramic samples sintered at 600°C. (Color figure available
online.)

shows the Ca-P concentration changed in SBF during the in vitro assay. The concentration
of Ca and P were found to increase with increasing BF content. These changes in ion
concentration may be associated with the crystallization of apatite phase. The addition of
BaFe ;0,9 to CaO-P,05-Na,O composition activated the apatite formation on the surface
of the glass-ceramics, confirming their bioactivity.

Table 1
Magnetic parameters of glass-ceramics
Magnetic parameters 5BF 10BF 20BF 40BF
Saturation magnetization Ms (emu/g) 1.54 3.13 7.7 14.82
Coercive force Hc (Oe) 4386 4466 4545 4641
Remanence magnetization Mr (emu/g) 0.97 1.91 4.8 9.11

Interpolated hysteresis area (erg/g) &= 8 kOe 31467.24 63277.19 152175.65 291241.24
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Figure 4. VSM hysteresis loops of samples SBF, 10BF, 20BF and 40BF at 8 kOe.

Figure 5. SEM micrographs of glass ceramic samples after 7 days of immersion in SBF
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4. Conclusion

Bioactive glass ceramics with barium ferrite content (BF) varied from 5 - 40 wt.% were fab-
ricated. The (BaFe;20,9), (Na;3Ca; 1P60;7), (CaH,P,07), (CayP,07) and (NaFe(P,07))
phases were detected in the XRD patterns of the prepared glass-ceramics. Vibrating sample
magnetometer (VSM) data at 8 kOe showed that remanence magnetization, coercivity and
hence hysteresis area increased with the increase in BF content. In vitro tests have been
conducted on the glass ceramics samples by examining their apatite-forming ability in SBEF.
SEM studies revealed an increase in apatite-forming ability with an increase in BF content
in the prepared glass-ceramics.
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The effects of Zn’* and Nb** co-doping (x mol%ZN) on the electrical properties of
lead-free BagogCay 10Z19.10Tio9903-Seed ceramic systems, where x = 0.0-1.0 mol%
have been studied. The ceramics were prepared using the solid state reaction technique.
The phase of the samples showed pure perovskite structure. The density values of the
ceramics were in the range of 4.86-5.78 glcm®. The maximum dielectric constant was
40893 for 0.8 mol% ZN. The highest values of P, ~ 5.85 uClcni?, dz3 ~ 381 pCIN and
k, ~ 38% were obtained for the sample of 0.4 mol% ZN.

Keywords Lead free ceramics; phase formation; piezoelectric properties; perovskite
structure

1. Introduction

In recent years, lead-free materials have received considerable attention because of their
good piezoelectric properties and high curie temperatures and they have great potential
for use in piezoelectric devices [1-3]. Work on lead free materials has been focused on
modified BaTiO3-base ceramics because of the phase transition temperature of BT which
can be modified by A-site or B-site substitutions such as by the addition of calcium
(Ca) into the barium (Ba) site or zirconium (Zr) into the titanium (Ti) site [4]. Lead free
(Ba;xCay)(ZryTi;y)O3 (BCZT) ceramic is one of the modified barium titanates which
attracts considerable attention because of its high piezoelectric properties, good dielectric
properties and large tunability [5—6]. From previous reports, these properties are found for
Bag g5Cag 1572101 Tipg and it can be easily sintered because no volatile composition exists
for this system [5-6]. However, these ceramics require very high calcining and sintering
temperatures of about 1300-1350 °C and 1500-1540 °C, respectively for forming pure
perovskite phase. Recently, the doping of various elements in BCZT ceramics (such as
CeO or ZnO) has been widely reported due to their denser microstructure with lower
calcining and sintering temperatures which results in improved electrical properties [7-8].
In addition, the Nb,Os doping was reported to help promote domain wall motion, enhancing
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the densification and resistivity of piezoelectric ceramics [9—10]. However, BCZT doped
with ZnO and Nb,Os co-doping has not been reported. In the present work, we studied the
effect of Zn**tand Nb>+ co-doping on the properties of BaggCag Zrg  Tip 9 ceramic systems
by seed-induced method. Using seed compound to induce formation of the perovskite phase
at low temperature because the energetic barrier of phase formation was decreased [11].

2. Experimental

BagoCag 1 Zro 1 Tig9O3 (BCZT)-Seed ceramics doped with x mol% of Zn>* and Nb>*
were prepared by the solid state reaction technique. BCZT seed was synthesized from
BayoCay 1Zry 1 Tip9O3 powder by the molten-salt route. Reagent grade metal oxide pow-
ders were ball-mill for 24 h in ethanol with zirconia grinding media. The powders were
then mixed with KCI-NaCl salt (1:1) and calcined at 1000°C for 2 h.

The powders were then washed with hot deionized water and dried in an oven at 120°C.
Then, 5 mol% of the BCZT seed powders were mixed with BCZT and x mol% of Zn-Nb
(x=0.0,0.2,0.4, 0.6, 0.8 and 1.0). The slurry was dried and calcined in crucibles at 1200°C
for 2 h. The dried powders were then mixed with organic binder (3 wt% PVA) and pressed
into cylindrical pellets 10 mm in diameter and 1 mm in thickness using a force of 1 ton. The
pellets were sintered at 1400°C for 2 h (after the PVA binder was burned out at 500°C for
1 h). Phase formation and microstructure of the samples was studied via X-ray diffraction
(XRD) and scanning electron microscopy (SEM). For electrical properties characterization,
the sintered ceramics 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 frequency and temperature with an automated dielectric
measurement system. The ferroelectric properties were measured using a Sawyer Tower
circuit. The electrode specimens were poled in a silicone oil bath at 28°C by applying a DC
field of 3 kV/mm for 30 min. Then, the poled samples were characterized for piezoelectric
properties using a KCF S5865 d33 meter. The electromechanical coupling coefficient k;, of
poled samples was investigated by a resonance and anti-resonance method with using an
impedance analyzer.

3. Results and Discussions

The XRD patterns of the ceramic samples as a function of x mol% Zn-Nb for BCZT-
seed ceramics are illustrated in Fig. 1(a). The samples exhibited pure perovskite phase
for all conditions. All samples exhibited coexistence between the orthorhombic phase and
tetragonal phase. The existence of tetragonal phase in ceramics is confirmed by the splitting
of the (002)/(200) peaks at 26 of 44-46° [5, 12—13]. Fig. 1(b) shows grain size and density
values of the samples. It was observed that as the ZN content increased from 0.0-0.4 mol%
the grain size increased. As the ZN content increased from 0.6 to 1.0 mol% it was found
that the grain size decreased. The sample of 0.4 mol% ZN showed the largest grain size of
13.5 pum. (Grain size was measured by the line intercept method from SEM micrographs).
The increasing grain size was found to have an effect on the density of ceramics. However,
for these conditions there is very little change in density value.

Figure 2 indicates the dielectric constant (a) and dielectric loss values (b) as a function
of frequency at room temperature. The graph is expanded for the frequency range of
1-100 kHz (as shown in Fig. 2(al) and (b1)). The results show that the dielectric constant
(&r) and dielectric loss (tan §) values of samples at 0.0-0.6 mol% ZN change with frequency
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Figure 1. (a) XRD diftraction patterns and (b) density and grain size values of the sintered BCZT-
seed-mol% ZN ceramic samples.

and significantly change with ZN content of 0.8—1.0 mol%. The &, of ceramic were in the
range of 1500—45000 (measured at 1 kHz) with the highest value found for 0.8 mol% ZN
content. The high dielectric constant can be due to the densification and mechanisms of
domain wall mobility when Zn-Nb dope the ceramics [14]. Dielectric loss for ceramics
showed significant change with frequency because the concentration of charge carriers was
not constant [15].

Moreover, the tan § values in the frequency range of 1-100 kHz were less than 0.04
for the samples of 0.0-0.6 mol%ZN.

The relationship between dielectric properties and temperature is displayed in
Fig. 3. From the figure, the ceramics exhibit two phase transitions corresponding to the
orthorhombic-tetragonal (To.r) at ~50 °C and tetragonal-cubic (T.) phase transitions were
observed for the samples with mol% ZN = 0.0-0.4 [12]. With increased ZN content
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Figure 2. Dielectric constant (a) and dielectric loss (b) as a function of frequency at room temperature.
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Figure 3. Dielectric constant (&,) and dielectric loss (tan §) as a function of temperature and frequency
for BCZT-seed-x mol% ZN ceramic samples.

(ZN = 0.8-1.0 mol%) the transition of orthorhombic to tetragonal phase at room tem-
perature was not observed. The tetragonal-cubic (T.) phase transitions temperature was
reduced from 100°C to 40°C with increased ZN content. These results suggest that the
Curie temperature decreased because the substitutions of Zn>* and Nb>* ions lead to defor-
mation of the ABOs lattice [5]. Thus, the increasing ZN content had an effect on the phase
formation from tetragonal to cubic phase at lower temperatures [7]. Also, the dielectric
peak at T, becomes broader with temperature for samples of 0.8—1.0 mol% ZN which may
be the diffuseness of the phase transition in BCZT ceramics [16]. In addition, the maximum
dielectric constant (dielectric constant at T.) tended to increase with increase of ZN content
from 0.0-0.8 mol% ZN and then decrease at 1.0 mol% ZN. The highest dielectric constant
of 40893 was found for the 0.8 mol% ZN sample. The dielectric loss shows similar behavior
as the dielectric constant behavior. Hence ZN co-doping improved the dielectric properties
of BCZT ceramics.

The samples of 0.0-0.6 mol% ZN content were selected for investigation of the ferro-
electric and piezoelectric properties because these samples exhibited low dielectric loss at
1 kHz (lower than 0.03). The hysteresis loops (P-E loop) of the samples for 0.0-0.6 mol%
ZN are shown in Fig. 4(a). It can be seen that all samples indicated ferroelectric behavior
with a slim loop. The remanent polarization (P;) of the ceramics tended to increase with
increasing ZN content (as shown in Fig. 4(b)). Maximum P,~ 5.85 wC/cm? was obtained
for sample with 0.4 mol% ZN and the coercive field (E.) value decreased with increasing
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Figure 4. (a) Polarization vs electric field hysteresis loops and (b) P, and E, values for BCZT-seed-
mol% ZN ceramic samples.

ZN content. The decrease of E. for ceramics may be because the Nb°>* doped BCZT can
promote domain wall motion in ceramics [10]. The 0.4 mol% ZN sample showed highest
P, which suggests that this sample should have better piezoelectric properties [17]. Fig. 5
illustrates the piezoelectric coefficient ds3, voltage piezoelectric coefficient g33 and planar
mode electromechanical coupling coefficient k;, of ceramics as a function of mol% ZN. The
coefficient g33 was calculated by the equation [18]. It can be observed that ZN co-doping
has a large effect on the ds3, kj, and g33 values.

The value of d33 and k;, tended to increase with increased ZN content for 0.0-0.4 mol%
and then decrease for sample of 0.6 mol% ZN (maximum values of d33 and k;, were 381
pC/N and 38%, respectively). The value of g33 increases from 10x 10~ Vm/N for 0.0 mol%
ZN to 23x 1072 Vm/N for 0.2 mol% ZN and then gradually decreased with increasing ZN
content. The highest values of d33 and k, for BCZT ceramics may be attributed to the
coexistence of orthorhombic phase and tetragonal phase near room temperature [5, 19].
The large P, and low E. values for sample of 0.4 mol% ZN may result in enhanced
piezoelectric properties because these values indicate improvement of the poling process
[20]. Moreover, it was found that the piezoelectric properties were associated with grain
size of BCZT ceramics. The decreased ds3 and k, values of 0.6 mol% ZN may be due to the
decreased domain size (grain size decreases) which constrain the movement of the domain
walls in polarization process [21].
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Figure 5. (a) Piezoelectric coefficient (ds3), piezoelectric voltage coefficient (g33) and (b) electrome-
chanical coupling coefficient (k,) for BCZT-seed-mol% ZN ceramics.
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4. Conclusion

The effect of Zn-Nb co-doping on the electrical properties of BCZT ceramics produced
by seed-induce method were investigated. It was found that the seed induce method re-
duced the calcination temperature to a lower temperature (by ~100-150°C). All ceram-
ics indicated existence of orthorhombic phase and tetragonal phase. The ZN co-doping
demonstrated enhancement of the dielectric constant (&,,,x ~ 40893). The highest values of
P, ~5.85 uC/cm?, ds; ~ 381 pC/N and k, ~ 38% were obtained for the sample of 0.4 mol%
ZN.
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In the present study, potassium sodium niobate (KNN) doped with Er;O3 in TeO, glasses
were successfully prepared using melting-quenching method. The glass composition of
70KNN-30TeO; mol% doped with 1 mol% of Er,03 has been chosen. A batch was
subsequently melted at 800°C and 900°C for 30-60 min and heated at the temperature
ranging between 300-530°C in order to form the glass ceramics with desired crystal
phases. XRD results showed that KNN crystals distributed over the glass-ceramic sam-
ples. From SEM observation, it was found that nano-crystals of several phases were
precipitated in all glass-ceramic matrices. Dielectric constant increased with increasing
heat treatment temperature.

Keywords Potassium sodium niobate; glass-ceramics; tellurite glass; incorporation
method

1. Introduction

Ferroelectric glass-ceramics have been studied extensively as they possesses the properties
of non-porous glasses and solid crystals [1-2]. (K¢ sNag 5)NbO3: KNN is one of ferroelectric
materials and shows an interesting electro-optical property [3-5]. In this study, we have
produced the glasses based on this KNN phase using tellurium oxide as a glass former and
doped with Er,O3 for achieving glasses and glass-ceramics with desired opto-electrical
property. Tellurium oxide (TeO,), one of good glass forming oxides, has a high refractive
index (n > 2). Its IR transmission range is up to 6 wm and possesses a large third order non-
linear optical susceptibility (x>) [6~7]. Moreover, many researchers have been interested
in glass—ceramics doped with rare earth (RE) ions, such as Er’*, Eu’*, Yb**, and Pr3™,
because these RE ions promoted a good luminescence media via energy transfer which are
able to generate an amplifier [8-9].

In this work, KNN-TeO, glass-ceramics containing KNN crystals with small amount
of (1 mol%) Er, O3 were prepared using incorporation method. In the incorporation method,
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a simple mixed-oxide technique was firstly employed to synthesize the KNN single phase
powder before mixing with the glass former oxide and dopant of TeO, and Er, O3, respec-
tively and then the mixture were melted-quenched to form glass. The crystallization of the
KNN crystals in the glass was accomplished by heat treatment processes which were also
used to control the KNN crystal shape and size. Here, we report the physical, thermal and
electrical properties of the prepared KNN glass-ceramics.

2. Experimental

The glass of 30KNN-70TeO, (mol%) doped with 1 mol% of Er,Os was prepared using
incorporation method. KNN powder was firstly prepared by high purity Na,CO3 (Riedel-
de Haén, 99.9%), K,COj3 (Sigma-Aldrich, 99.9%) and Nb,Os (Sigma-Aldrich, 99.9%)
powders. High purity of KNN powder was prepared by excess Na,CO3 and K,CO; of
5mol% with ratio 1:1. For incorporation method, the prepare KNN powder was then mixed
with the glass forming substance; TeO;, in order to form transparent glass-ceramics. The
components were mixed in a platinum crucible and subsequently melted at 800°C for
30 min (A), 800°C for 60 min (B), 900°C for 30 min (C) and 900°C for 60 min (D) and then
quenched between stainless steel plates. The quenched glass was immediately annealed
in another electric furnace for 2 hours to release their stress. Thermal properties of as-
received glass were measured to find the glass transition temperature (T,) and crystallization
temperature (T.) by using DTA (differential thermal analysis; Du Pont Instrument, USA).
Then, as-received glass was subjected to heat treatment (HT) at temperatures ranging
between 300 to 550°C depending upon the T, and T, of each glass, for 4 hours. Heating
rate of 5°C/min and cooling rate of 10°C/min were employed.

To analyze the glass and glass-ceramic properties, various techniques were employed.
XRD (X-ray diffractometer; D500 type, Siemens, UK) and FE-SEM (scanning electron
microscope; JSM 6335F type, JEOL, JP) techniques were used to investigate the phase
composition and to observe the microstructure of the glass and glass-ceramic samples. The
room temperature dielectric constant (e;) and dielectric loss (tan§) of the glass-ceramics
were measured at various frequencies from 10 kHz to 1 MHz using a precision LCZ meter
(E4980A type, Agilent Technologies, Malaysia).

3. Results and Discussions

3.1. Thermal and Physical Properties

The DTA curves were recorded for the precursor glass powders and the results are shown
in Fig. 1. All glass conditions (A-D) exhibits glass transition in the temperature ranging
between 375-388°C (T, ) followed by two exothermic peaks around 430°C (T, ) and around
530-540°C (T,), corresponding to their crystallization. Silica (SiO,) was used as standard
reference and showed the reference peak around 580°C. From the DTA data, the glass
thermal stability factor (T;—T,) has been determined and it was found that glass A with
30 min dwell time has better stability than that of glass B with 60 min dwell time, both were
melted at 800°C. The most stable glass is glass C using the melting temperature and dwell
time of 900°C and 30 min, respectively, with the stability factor of approximately 57°C.
The glass stability factors of all glass samples are indicated in Fig 1. The high thermal
stability factor identifies the ability of glass to form nano-structured glass—ceramics which
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annealed at 250°C/ 2 h
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B 800 °C/ 60 min
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A 800 °C/ 30 min
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Figure 1. DTA curves of as-received glass powders at two different melting temperatures of 800°C
and 900°C and 30 and 60 min dwell times. (Color figure available online.)

can be controlled by heat-treatment process. Then, these glasses were subjected to heat
treatment schedules depending on their thermal profiles.

3.2. XRD Characterization

In Fig. 2, the XRD results of the heat treated glass-ceramics contains no KNN;
(Ko5Nag5)NbO; crystal phase. This may be due to two reasons, first, the very low vis-
cosity of telluride glasses at their melting temperatures; 800°C and 900°C, giving rise to
compositional fluctuation. Another one is, because the melting temperature of TeO, is
relatively low (732°C), therefore it is easily evaporated resulted in the slightly change in
glass compositions during melting at elevated temperature [11]. The heat treatment tem-
perature also plays an important role in controlling the crystal phase in the glass-ceramics.
As-received A. glass sample exhibits amorphous pattern with very small trace of crystalline
peaks of cubic KNN phase, while that of other B.-D. glasses contained clearer crystalline
peaks of the cubic KNN. When all A.-D. glass samples were heat-treated at 325°C, they
exhibit similar crystalline phases, which may be identified as the typical cubic (K,Na)NbO;
phase with random variation of K and Na ions in the A-site of the unit cell [12]. The heat
treated samples at T.; and T, for each glass composition are also illustrated in Fig 3.
Glass ceramics heat treated at = 430°C (T,;) contained two other phases apart from the
cubic (K,Na)NbOj phase, which may be identified as KNbTeOg (o) and TeO, (®). At Ty,
the additional Na,NbsO1; (#) phase was clearly revealed in all glass ceramics, together
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Figure 2. XRD patterns of all glasses and glass-ceramics produced from different conditions. (Color
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Figure 3. SEM micrographs of heat treated samples.

with two phases of KNbTeOg (o) and TeO, (®). It may be assumed that the intensity of
glass melted for 60min was not different from glass melted for 30min, meaning that the
melting time has slight effect on the crystallization in glass-ceramics. This may be due to
the slightly different in stability factors of these glasses which lie between 48-57°C.

3.3. SEM Observation

FE-SEM was used to investigate the morphology and crystallite size in the prepared glass-
ceramics as shown in Fig. 3. At lowest heat treatment temperature of 325°C, no crystalline
evidence is clearly revealed by using secondary electron image (SEI) mode except in D.
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glass. This may be caused by the difference in crystallite size of the cubic (K,Na)NbO;
phase in this glass-ceramics, however, the careful study such as Scherrer equation should
be performed to confirm this assumption. The small bulk crystals of the KNN phase with
rectangular shape occurred in all glass-ceramic samples subjected to the heat treatment
at 430°C. For higher heat treatment temperature at 530°C, irregular shape of crystals is
revealed. The crystals of all samples are homogeneously embedded throughout the glass
matrix with random orientations. However, by using SEI mode the atomic contrast between
the cubic KNN phase and other co-precipitated phases could not be revealed.

3.4. Dielectrics Property

Figure 4 shows the dielectric properties of the heat treated glass-ceramics at various tem-
peratures. The maximum dielectric constant was found in C. glass ceramic heat treated at
T.», which was as high as 675 at 10 kHz and the dielectric loss was rather low about 0.01. It
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Figure 4. Dielectric constant and dielectric loss of all glass-ceramics at various heat treatment
temperatures and frequencies. (Color figure available online.)
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can be seen that the dielectric constant decreased when increasing dwell time. This may be
due to the fluctuation of glass composition which is evidenced by the difference in stability
factor of each glass condition.

4. Conclusion

The ferroelectric glass-ceramics from KNN-TeO, doped Er,O; system have been suc-
cessfully prepared via the incorporation method. The melting temperature and dwell time
did not played a significant role for the type of crystalline phase in the glass ceramics.
Dielectric properties of these glasses and glass-ceramics are high compared with another
KNN containing glass-ceramic system. By the way, these glass ceramics possesses poor
mechanical robust and low transparency. The more detail studies in terms of mechanical
and optical properties, therefore, are needed in future works.
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Electrically active bioglass has received much attention as artificial bone graft material.
In this study, the dielectric and piezoelectric properties of calcium phosphate-barium
zirconium titanate bioglass-ceramics (CPGs-BZT bioglass-ceramics) were investigated
as a function of BZT content. The BaZrysTipos03-40Ca0-45P,05_15Na,0 bioglass
(CPGs/xBZT where x = 0, 10, 20, 30, 40, 50 wt.%) was prepared by an incorpora-
tion method. Crystallization temperature of each glass was measured by differential
thermal analysis (DTA). XRD and SEM techniques were also used to characterize the
phase formation and microstructure. The results showed that the BZT content caused
an increase in dielectric and piezoelectric properties. The bioactivity of BZTICPGs
bioglass-ceramics was found to be higher than that of the pure CPGs after soaking in
SBF for 14 days.

Keywords Bioglass; calcium phosphate; barium zirconium titanate; piezoelectric

1. Introduction

Inrecent years, researchers have paid attention to the development of new types of materials
that stimulate a biochemical response from living tissue in order to obtain a strong chemical
bond with biological fixation between the prosthesis and surrounding tissues [1,2]. Several
glass compositions have been developed which have been revealed to be bioactive as they
possess a property that causes the formation of a hydroxyapatite (HA) layer on their surfaces
upon immersion in relevant physiological fluids [3]. The groups of materials that exhibit
most potential uses are calcium phosphate-based glasses (CPGs), for the reason that they
are easily degradable, and their degradation rate can be tailored to suit the end application
[4]. Furthermore, CPGs have high potential for using as biomaterials in bone substituting
applications and reconstruction of bone as their chemical compositions are closely similar
to that of hard tissue, such as bone [5]. They also have good biocompatibility. Moreover,
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they are able to dissolve after time to fill the defect with new bone and without toxicity [6].
The initial network former of these glasses is phosphorous pentoxide (P,Os) and sodium
oxide (Na,0) as well as calcium oxide (CaO) as network modifiers [4].

Unfortunately, in various situations, bone substitution by biomaterials has not been
completely successful as there is a problem in reconstructive surgery, mainly due to the
poor quality of the bone growth around implants [7]. Many researchers have found im-
provement in osteobonding and bone growth on the surface of polarized hydroxyl apatite
(HA) due to the generation of a permanent surface charge on the materials in vitro. Naga-
mura et al. [8] found that apatite crystal growth on HA was accelerated by a negatively
charged surface. Basset et al. [9, 10] independently showed in the sixties that bones pro-
duce electrical charges when deformed and found a relationship between piezoelectricity
and callus formation. They also proposed that stress-induced bioelectric potentials control
both bone cell activity and the orientation of their molecular bioproduct. Some research
has attempted to combine the bioactive properties of HA with a piezoelectric and high
permittivity ferroelectric material, such as BaTiO3. Feng et al. [11] prepared HA-BaTiO3
composites, which promoted osteogenesis in the jawbones of dogs. No reaction phases
between the two phases were observed from X-ray diffraction analysis and the composites
exhibited a ds3 piezoelectric charge coefficient of 6 pC/N. There was, however, no indi-
cation of the precise composition of the composites. N. Pisitpipathsin ez al. [12] studied
HA-BaZr( 5 Tip.9503 composites, and found that the bioactivity of the HA composites was
improved with 10 wt.% BaZr(sTig9503 after soaking in simulated body fluid (SBF) for
14 days.

In this work, the physical and electrical properties and biocompatibility of 40CaO-
45P,05_15Na;0-x BaZr o5 Tig 9503 bioglasses for orthopedic applications have been in-
vestigated by the addition of BaZr( o5Tig.9503 in 40Ca0-45P,05_15Na, O bioglass, where
x ranged from 0 to 50 wt.%. The electric and biocompatibility of the prepared BZT/CPGs
bioglass-ceramic samples were also investigated.

2. Experimental Procedure

Calcium phosphate glasses (CPGs) with the weight composition of 45P,05_40CaO-
15Na, 0 were prepared from (NH4 ), HPO,4, CaCO3 and Na, O powders by conventional melt
quenching method. The starting materials were mixed together and melted in alumina cru-
cibles at 1000°C for 1 h. The melt was quickly poured into water for quenching and then the
quenched CPGs were ground. Subsequently, barium zirconium titanate (Ba(Zry o5 Tig.95)O3,
BZT) powder was added to the prepared CPGs powder at 0, 10, 20, 30, 40, 50 wt.% and
melted at 1000°C for 0.5 h. The melted CPGs-BZT bioglasses were placed onto a stainless-
steel plate which had been preheated to 450°C and quickly pressed by another stainless steel
plate. After that, the CPGs-BZT bioglass were placed back into the furnace for annealing
at 450°C for 8 h. Differential thermal analysis (Stanton Redcroft DTA model 673-4) was
used to find the proper heat treatment temperatures for crystallization in order to change the
bioglasses into bioglass-ceramics. The CPGs-BZT bioglasses were subjected to heat treat-
ment schedule at 550°C (according to the DTA result) for 2 h and cut into samples with the
size of 5 x 5 x 1.5 mm. The respective bioglass-ceramic samples were denoted as GOBZT,
G10BZT, G20BZT, G30BZT, G40BZT, and G50BZT following the added wt.% BZT
content.

The microstructures of all CPGs-BZT bioglass-ceramics were observed by a scanning
electron microscope (SEM) equipped with an energy dispersive X-ray analyzer (EDX). All
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bioglass-ceramic surfaces were sputter coated with gold for electrical contacts. Micrographs
were used to study the distribution of BZT particles and morphology of the phases occurring
in each bioglass-ceramic. To identify the crystalline phases that precipitated during the
heat treatment, the CPGs-BZT bioglass-ceramics were ground and analyzed using an
X-ray diffractometer (XRD) with CuKo (1.54A) radiation. The data were recorded over
the 20 range of 20° to 60°. The X-ray diffraction patterns were identified according to
standard JCPDS card to monitor the peak positions and their corresponding intensity data.
The bioactivity of CPGs-BZT bioglass-ceramics was studied by soaking the bioglasses
samples in approximate 15 ml of simulated body fluid (SBF). The SBF solution had ion
concentrations and pH nearly equal to those of human blood plasma. The glass samples
were immersed in SBF solution for 14 days at 37+0.5°C.

3. Results and Discussions

Phase formation study of CPGs-BZT bioglass-ceramics after being subjected to heat treat-
ment at 550°C was carried out by X-Ray Diffraction. It can be noted that the samples
subjected to heat treatment above 550°C were deformed. Therefore, in this work, we show
only the result of the samples heat treated at 550°C. The XRD patterns of all bioglass-
ceramics are presented in Figure 1. It can be seen that, using the same heat treatment
temperature of 550°C, the resulting samples exhibited fully crystalline, partly crystalline
and non-crystalline structure depending on their compositions. The bioglasses having lower
BZT content (GOBZT, G10BZT, G20BZT) contained calcium phosphate phase of Ca,P,0;
(JCDPS File no. 073-0440) and barium titanium zirconium oxide phase (JCDPS File No.

G-50BZT
G-40BZT
G 30BZT
2 G-20BZT
I P °
z .
% G-10BZT
E .
G-0BZT
[ ]
vIC DPS ro 036 0019 Barium Titanium Zirconium Oxide
| |
‘ ‘ (] JCDPS No. 073- 0440 Calcium Phosphate
‘ “ Ll _.I ] | ‘|I 1 Ill 1_|J 'l . "-Ll:
2 40 50 60

2Theta (Degree)

Figure 1. The XRD patterns of all CPGs-BZT bioglass-ceramic samples.
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Table 1
Density, porosity, microhardness, glass crystalline temperature (T.) and piezoelectric
coefficient (ds3) of CPGs-BZT bioglass

Density  Porosity  Micro hardness  Crystallization Piezoelectric

Sample (g cm™d) (%) (GPa) temperature (°C) coefficient (d33)
GOBZT 2.676 1.676 3.717 625 23
G10BZT 2.834 3.329 6.047 643 33
G20BZT 2.971 0.459 16.001 652 31
G30BZT 3.199 0.092 18.330 722 29
G40BZT 3.463 0.091 12.744 723 29
G50BZT 3.050 0.996 7.697 725 21

036-0019), while the bioglasses with high BZT content (G30BZT, G40BZT, G50BZT)
remained mainly amorphous.

It is generally accepted that the controlled heat treatment of glasses above the glass
transition temperature (Tg) and crystallization temperature (T.) leads to the transformation
of the glasses into their corresponding polycrystalline glass-ceramics. The thermal heat
treatment of calcium phosphate glasses results in the release of stresses from the glasses
and the possible formation of crystalline phase along with the residual glassy phase [13].
The crystalline temperatures (T.) deduced from the DTA analysis are presented in Table 1.

80
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Figure 2. Room temperature dielectric constant (g,) vs BZT content at various frequencies from
1 kHz to 1000 kHz. (Color figure available online.)
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The T.(s) of the CPGs range from 625-725°C. Therefore, the amorphous like XRD patterns
of the high BZT content from 30-50 wt.% were obtained at a low heat treatment temperature
(550°C), as they have higher T, than those of low BZT content samples.

The density of CPGs-BZT bioglass-ceramics varied from 2.676 gcm ™ to 3.463 gcm ™3,
while the porosity between 0.091 and 3.329% as shown in Table 1. The density of
CPGs-BZT samples increased with increasing BZT content up to 40 wt.% and then
decreased at 50 wt.%. It was observed that addition of BZT resulted in creation of ionic

G408 1

Figure 3. SEM micrographs of CPGs-BZT bioglasses after immersion in stimulated body fluid
(SBF) for 14 days. (original magnification: x 10000)
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cross linking between non-bridging oxygen of two different phosphate chains. The maxi-
mum density was observed for G40BZT sample which also possessed the lowest porosity.
The microhardness value varied from 3.717 to 18.330 GPa as presented in Table 1. The
maximum microhardness of CPGs-BZT bioglass-ceramic samples can be observed for
G30BZT bioglass. As expected, high values of piezoelectric coefficient (d33) were obtained
from these CPGs-BZT samples with a range of 21-33 pC/N, compared to other previous
work.

Figure 2 shows the room temperature dielectric constant (g;) at various frequencies
from 1 kHz to 1000 kHz and BZT contents. The highest dielectric constant was obtained
for the GIOBZT sample at all frequencies. This sample also possesses the highest value of
ds3 (33 pC/N). Moreover, it can be seen that the higher BZT content samples (G30BZT to
G50BZT) have low values of dielectric constant. This may be due to the amorphous nature
of these samples with no trace of ferroelectric BZT crystals as confirmed by the XRD result.

The scanning electron micrographs of all CPGs-BZT bioglass-ceramics after immersed
in stimulated body fluid (SBF) for 14 days are illustrated in Fig. 3. SEM observation revealed
a layer of hydroxyl-carbonated apatite on the surfaces of all CPGs-BZT bioglasses and
greatest for GI0BZT sample, confirmed by the EDS analysis with highest Ca/P ratio in the
inset of Fig. 3. It may be assumed that the 10BZT sample possesses the optimum amount of
BZT in this bioglass-ceramic series, as it shows bioactivity, appropriate dielectric constant
and the ds3 value of about 33 pC/N.

4. Conclusion

Biocompatible piezoelectric 40Ca0-45P,05_15Na, O-xBaZr 5 Tip 9503 bioglasses for or-
thopedic applications have been produced by addition of BaZrjosTigos03 in 40CaO-
45P,05_15Na,0 bioglass, where x ranges from 0 to 50 wt.%. The results showed that
the main phases identified from XRD analysis were Ca,P,0O7 and Ba(Zr,Ti)O3. In terms
of biocompatibility, all of the CPGs-BZT bioglass-ceramics revealed good bioactivity by
in-vitro evaluation in SBF due to the formation of apatite-like layers at the reaction sur-
face. Biocompatibility of bioglasses can be controlled by optimizing the design of bioglass
composition and BZT phase. The addition of 10 wt.%BZT resulted in optimum in this
study.
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ABSTRACT

We report the fabrication of high purity natural tapioca starch (N'TS) fibers by using
amodified electrospinning technique with a dehydration process using a-20°C ethanol collector
bath to complement the conventional electrospinning technique. Electrospun fibers with
diameters of 1.3-14.5 um were generated from a simple solution of starch in deionized water
with starting concentrations of 3.0 to 5.0 wt%. X-ray diffraction and FTIR analyses were
employed to study the phase and functional groups occurring in the prepared N'TS fibers.
X-ray diffraction revealed an A crystalline type structure of the starting NTS and FTIR confirmed
that the functional group of the N'TS electrospun fibers remained unchanged, indicating
unmodified N'TS fiber products. The water swelling ratio was 148 % for the electrospun NTS
at solution concentration of 4.5 wt% and 78% for 3 wt%. It has been found that using N'TS
fiber as a disintegrating excipient in tablet form for pharmaceutical applications was not
comparable with a superdisintegrant. However, by using a combination of N'TS powders
and NTS fibers, in particular in lower percentages, there were good results, with a disintegrating
time of about one and half minute. These fibers were found to enhance swelling which shows
that this fiber is a promising candidate for drug release applications.

Keywords: electrospinning, tapioca starch, electrospun fibers, starch fibers

1. INTRODUCTION

Natural starch has been compounded
with other polymers to produce modified
fibers using the electrospinning technique for
applications in the field of controlled drug
release [1]. These starches are biodegradable
polymers with excellent biocompatibility and

non-toxicity but often present difficulty when
being formed. Additional polymers, for
example synthetic polymers of Poly(lactide);
PLA, Poly(caprolactone); PCL and Poly(vinyl
alcohol); PVA or natural polymers of chitosan
and alginate, are added to starch solutions to
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improve the forming properties[1]. The need
for high purity natural starch fibers without
any additional added polymers requires the
use of an improved electrospinning technique.
In this modified process, a simple starch in
deionized water solution is modified by use
of an ethanol bath collector at -20°C.

In general, starch is the main energy
storage resource for all higher plants and has
gained much attention as a naturally occurring
constituent of biodegradable thermoplastic
materials [1-2]. Such materials are known as
natural biopolymers, and have been widely
used for the entrapment of food ingredients,
fillers, binders, and disintegrants in the
pharmaceutical field as they are cost effective,
non-toxic, biodegradable, edible, and can be
metabolized by the human body [1-3].

Two main components of biopolymers
are amylose and amylopectin [4]. Three crystal
structures (A, B, C) have been described,
depending on the starch region and the type
of processing of the starch products [4].
Differences between these polymorphs are
found in the hydrogen-bonding pattern, the
water content, and in the conformation of
the polysaccharide chain. A-starches are
usually found in grains while B-starches are
found in tuberous plants. C-starches are rarer
and found mainly in a few plant sources
including the pea. Single helical V-type
structures have also been observed when
amylose crystals are prepared from complexes
[4]

Starches and their derivatives play an
important role in drug delivery as a form of
adjuvants in tablet and capsule formulation
[5]. In recent years, polymers based on
starches have shown potential applications in
matrix construction, such as matrix tablets
for drug delivery applications and have been
used widely because of the simple and low-
cost manufacturing process [6, 7].

Natural tapioca starch (NTS) is of
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particular interest among commercial
starches due to alower amylase content than
most starches, low levels of residual materials
and high molecular weights of amylose and
amylopectin which enable this starch to be
directly used as a native starch substitute
in industrial applications as well as a
starting material for physical and chemical
modification [8]. The use of tapioca starch is
also of much interest in Thailand since
Thailand is one of the world leaders in tapioca
product exports.

The electrospinning technique is
composed of two distinct process,
electrospray and spinning (electro + spinning),
which can produce fibers on the microscale
to the nanoscale from a wide range of natural
and synthetic polymers [9]. For the basic
electrospinning set up, a high electric field is
applied to droplets of a polymer solution
(or melt), coming out from the tip of a die,
which acts as one of the electrodes. The
theory is based on the assumption that
when a high voltage, usually in a range of 1 to
30 kV, is applied to the polymer melt or
solution, it will experience two major types
of electrostatic and coulombic forces. The
first electrostatic force originates from the
repulsion between the surface charges while
the second is generated by an external electric
field [9-10]. These electrostatic interactions
cause the droplet to accelerate, undergo jet
bending instability and split into micro or
nanofibers as a non-woven mat on the
grounded collector [9-12]. It has been found
that microfibrous and nanofibrous structures
from the electrospinning technique possess
large surface area to volume ratios [13].

The initially generated mats then need to
be separated and structured using an
electrospinning technique to generate
processed fibers which have modified
properties including different diameters,
composition, structure, morphology and
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orientation depending on the fiber spinning
method [14]. Modification of the setup for
electrospinning can be done in by modifying
the collector and spinneret. Reneker et al.
produced a fluffy columnar network of fibers
called a “garland”, which slowly moved in
large loops and long curves and provided
relatively uniform mats [14-16]. Ultra-thin
fibers with high productivity were successfully
fabricated using an array of multiple hollow
needles as the spinneret as reported by Chu
et al. [14, 17]. Many researchers have used
spinnerets consisting of two coaxial capillaries,
resulting in electrospun composite nanofibers
with core/sheath or hollow structures[14, 18-
20]. With these approaches the structure and
morphology of the electrospun fibers can be
carefully controlled.

In addition, the morphology and
properties of the electrospun fibers are
highly tunable by modifying any number of
fabrication parameters, including the
concentration of polymer solution, the
voltage between the nozzle and collector,
humidity in the chamber, temperature, and
solvents [12, 21]. The choice of solvent is
also critical as to whether fibers are capable
of forming and can also influence fiber
porosity. To allow for sufficient solvent
evaporation to occur in the time between the
capillary tip and the collector, a volatile solvent
must be used. Phase separation may also
occur during the fiber jet trajectory through
the atmosphere toward the collector before
the solid polymer fibers are deposited.
This process is greatly influenced by the
volatility of the solvent.

The traditional electrospinning technique
requires starch fibers to dehydrate in the short
traveling time between the nozzle and
collector. This is particularly difficult for
starches such as pure Tapioca starch fibers
since they can become quite swollen and be
difficult to dehydrate. Thus, an innovative

215

method capable of fabricating electrospun
tapioca starch is required. The research
described here examines the fabrication of
highly pure Tapioca starch fibers, using a
modified electrospinning setup with the
addition of an ethanol collector bath cooled
at-20°C in order to increase the dehydration
speed of the swollen electrospun tapioca
fibers. The processing parameters include
such intrinsic properties of the polymer
solution as concentration and viscosity and
operation conditions such as the strength of
the applied electric field, the distance between
the nozzle and collector, and the flow rate.
The prepared NTS fiber properties such as
size, structure, morphology, water swelling
ratio and disintegration properties [22-23]
were then investigated.

2. MATERIALS AND METHODS
2.1 Preparation of Natural Tapioca Starch
Solutions

NTS was purchased from E.T.C.
International Trading Co., Ltd. (Thailand)
and deionized water was supplied by
Electroceramics Research, Physics and
Material Science, Chiang Mai University,
Thailand. They were mixed in concentrations
of NTS of 3, 3.5, 4, 4.5 and 5 wt% and the
mixtures were then stirred for 20 min at
75°C in order to fully dissolve the starch.
After that, the prepared solutions were cooled
to room temperature to be ready to be
electrospun.

2.2 Electrospinning of Tapioca Starch
Solution

Electrospinning is a process adapted
from electrospraying where droplets of solid
polymer are formed instead of fibers.
In electrospinning, a number of processing
parameters are, carefully controlled in order
to generate the polymer fibers with the
desired formation and structure as opposed
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to just droplets. Three important parameters;
the applied voltage, polymer flow rate and
capillary-collector distance, are normally
optimized. In this work, to form the required
NTS fiber structure, these three parameters
were first varied and then kept at optimum
values of 20 kV for the applied voltage,
10 ml/h for the polymer flow rate, 0.9 mm
diameter of the tip and 15 cm for the capillary-
collector distance.

Figure 1 shows the experimental setup
for the modified electrospinning technique.
The ethanol bath at -20°C (Ethanol of 99.9%

Automatic Feeding needle .

High Voltage Supply
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purity from Merck), was added to a typical
syringe pump electrospinning system in
order to enhance the rate of dehydration of
the electrospun tapioca starch fibers. A metal
grid was used as a target immersed within the
ethanol bath. Tapioca starch pastes of various
concentrations were forced through the
needle using a syringe pump and then were
electrospun directly to the metal target in the
-20°C cooled ethanol bath. After that, water
and ethanol stored within the electrospun
tapioca starch fibers were removed using a
vacuum pump.

. Collector Bath

-

Figure 1. The modified electrospinning setup with -20°C ethanol bath.

2.3 Structure Characterization

FT-IR analysis was used to qualitatively
characterize the functional groups of the
tapioca starch powder and the electrospun
fibers. The FTIR spectra were collected at
a resolution of 2 cm™ on a Nicolet 6700
FT-IR, from Thermo Electron Scientific
Instrument,LLC (USA). The X-ray diffraction
(XRD) patterns of the tapioca starch powder
and fibers were investigated using an
X-ray diffractometer (X’ Pert Pro MTD,
PANalytical) with Nickel-filtered Cu Ka
radiation at 40 kV and 50 mA in the 26 range
of 5°- 60°.

2.4 Morphology Observations

The morphology of the tapioca starch
fibers was examined using a scanning
electron microscope (SEM; SNE-3000M,
Nanoeye) to determine the pore and diameter
characteristics. The samples were arranged
on a metal stub using carbon adhesive tape
and coated with gold under vacuum before
observation.

2.5 Water Swelling Ratio

NTS fibers were left in a hot air oven;
redLINE (BINDER, Germany) at 30+£0.5°C
for 2 days. The water swelling ratio (WSR)
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of the electrospun tapioca starch fibers
was calculated using the following equation:

W1 B Wo o

WSR = W, % 100%
where W is the weight of the tapioca starch
fiber which was dried at 60°C until a
constant weight was achieved and W, is the
weight of the fully swollen fiber after being
centrifuged at 4000 rev/min for 10 min.
All the experiments were performed in
triplicate [24- 26].

2.6 Disintegration Properties

In this test, the electrospun NTS fibers
at 4.5 wt% of N'TS solution were compared
with NTS powders. N'TS fibers of 4.5 wt%
were was used as a disintegrating excipient
in tablet form with concentrations of 1,
2.5, 5, 7.5 and 10 wt% in dibasic calcium
phosphate dihydrate, compared with the
same amount of tapioca starch, and the
effects of both excipients on disintegration
were studied. A direct compression dibasic
calcium phosphate dihydrate (Sudeep Pharma
Ltd., India) was tumble-mixed for 5 minutes
in a plastic bag with the starch. Subsequently
the homogeneous powder was thoroughly
combined with magnesium stearate as
lubricant, in the amount of 0.5 percent by
weight, for one minute. The mixed powder
was then compressed on a single stroke
tablet-making machine (Hanseaten ExactaE1,
Germany) using a compression force of
1800 kg. The tablets so obtained have a
round shape and a flat surface, with a diameter
of 10 mm, and a weight of 500 mg per
tablet. The tablets were checked for hardness
by hardness tester (Erweka, TBA-100,
Germany). The tablet is placed between two
jaws that crush the tablet. The machine
measures the force applied to the tablet and
detects when it fractures. And disintegration
time was measured by disintegration apparatus
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(Pharmatest, PTZ-AUTO, Germany) in
distilled water at 37°C, following USP 32/
NF 27.

3. RESULT AND DISCUSSION
3.1 Structure and Morphology
Characterization
3.1.1 FT-IR analysis

Figure 2 shows the FT-IR spectra of the
native tapioca starch powders and electrospun
tapioca starch fibers. It can be seen that the
FTIR spectra of the native tapioca starch
powders have three main peaks with
maximum absorbance at 1149 cm™, 1077
cm?and 995 cm'. The bands at 1149
cm'and 1077 cm™ are associated with the
ordered structures of starch, whereas, the
band at 995 cmis indicative of amorphous
structured starch [27]. Other characteristic
bands at 1210 cm™ and 1720 cm™ can be
attributed to the bending and stretching
vibration of the C-O bond while the broad
3423 cm'band corresponds to the stretching
vibration of the O-H bond [28].
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Figure 2. The FT-IR spectra of NTS powders
and NTS fibers.
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It can be seen that the intensity of the
995 cm'band of the electrospun N'TS fibers
increased between the NTS fibers with
concentrations of 3.0 wt% and 3.5 wt%.
These results suggest that the ordered
structure of the native starch was disrupted
which may occur during the preparation of
the tapioca starch solution at 75°C to dissolve
the starch in deionized water. The heat
required during this process may disrupt the
structure of the starch, resulting in a more
amorphous structure of the electrospun
fibers. For the N'TS fibers prepared by NTS
solution concentrations up to 4.0 wt% and
4.5 wt%, the 995 cm band were decreasing.
This is indicative of the increase in crystallinity
of the fibers containing higher concentrations
of tapioca starch due to the retrogradation
of starch [27].

Itis also interesting to note that the native
starch has a prominent band at 927 cm™.
This is a water sensitive band characteristic
of hydrophilicity in starches [29]. Considering
the FT-IR spectra of all electrospun fibers,
the intensity of this band slightly
increased compared to that of native tapioca
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starch powder, suggesting an increase in
hydrophilicity. This may be related to the
enhancement of the amorphous nature in the
electrospun starch samples with a concomitant
decrease in their ordered structure [24].

3.1.2 X-ray diffraction studies

The X-ray diffraction patterns of the
NTS powder and electrospun NTS fibers
are shown in Figure3. From the XRD
patterns of the NTS powders there are
diffraction peaks at 26 of 15.2, 17.2, 19.9,
23.3 and 26.5 degrees, which are characteristic
of an A-type starch [30]. All of the XRD
patterns of the NTS fibers illustrate an
amorphous type pattern showing a very
broad pattern. For the electrospun fibers
with 4.5 wt% of N'TS concentration there is
a noticeable diffraction peak at around
20=13°. This may be attributed to increase in
crystallinity of this 4.5wt% electrospun fiber.
This result agrees well with FT-IR spectra as
an increase in the crytallinity of the electrospun
NTS was observed in these high concentration
samples.

Intensity (a.u.)
f

Starch powders

J T
40 50 60

20 (Degree)

Figure 3. XRD patterns of NTS powder and the electrospun NTS fibers with starch
concentrations of 3.0 wt%, 3.5 wt%, 4.0 wt%, and 4.5 wt%.
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3.1.3 Morphology observations

The morphology of the NTS fibers
was observed using a Scanning Electron
Microscope and is shown in Figure 4. The
electrospun NTS fibers have diameters of
1.3-14.5 um. All formed well defined mats
except for that of the 3 wt% sample, which
showed a large connected area. This may be
due to the incomplete dehydration process
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of the 3 wt% electrospun fibers where the
remaining water may later dissolve some
fibers resulting in a large connected area.
It can be also noticed that the increase in
NTS concentration gave rise to smoothness
in the electrospun fibers with an optimum
value of 4.5 wt%. The 5 wt% solution caused
the block up of the spinneret tip as a result
of its high viscosity.

(e)

(d)

Figure 4. The morphology of the electrospun NTS fibers with starch concentrations of
(@) 3 wt%, (b) 3.5 wt%, (c) 4 wt% and (d) 4.5 wt%.

3.2 Water Swelling Ratio

The tablet disintegration process is the
beginning of the drug release process. If the
tablet has rapid disintegration time this
results in fast release. Swelling is the main
mechanisms of the disintegration process.
Normally, swelling agents absorb amounts
of water and generate driving forces to
disintegrate the tablet into small pieces
before the dissolution process [31]. For drug-
release application purposes, the water
swelling ratios (WSR) of each of the
electrospun NTS fiber mats were measured.
Figure 5 shows the relationship between the

WSR of the electrospun NTS fibers and their
concentrations. It can be clearly seen that
the WSR of the NTS fibers increased as the
concentration of the N'TS solution increased.
Considering the morphology of the
NTS fibers (Figure 4), the increase in N'TS
concentration not only affected the
smoothness of the fibers but also increased
the surface area of the fiber mats, leading to
an increase in their WSR. This result is
consistent with the FT-IR result as an increase
in hydrophilicity of the electrospun NTS
fibers was also observed with increasing
starch concentration.
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Figure 5. The relationship between the starch concentration and water swelling ratio.

3.3 Disintegrating Properties

The average disintegration times of
tablets which contain 4.5 wt% NTS fiber
(table 1) in percentages of 1, 2.5 and 5 wt%
were 284,241 and 223 seconds respectively.
In comparison with NTS powder of the
same amount, it was found that the
disintegration times of tablets using N'TS
powder as disintegrate were more than
10 minutes longer than that of NTS fiber.
For higher content, i.e. 7.5 and 10 wt%, the
NTS powder showed lower values of 55
and 80 seconds disintegration time, while
NTS fiber took 234 and 462 seconds. With
higher content of N'TS fiber, it was possible
to prevent water uptake by the tablet surface
thus also delaying disintegration because of
its high swelling property, leading to blocking

the water. From the results obtained, it can be
concluded that NTS fiber can be used in
much smaller amounts than N'TS powder to
promote tablet disintegration. This research
controls the hardness in the range of 5-7 kgf
for comparable disintegration times of
NTS powders and NTS fibers. When 2.5 or
5.0 wt% each of N'TS fiber and N'TS powder
were used in combination in tablet, it was
evident that there were synergistic effects
leading to a shorter tablet disintegration
time, i.e. 95 and 84 seconds, compared with
using a single component with the same
amounts. To find other possible applications
in pharmaceutical formulations of this
new NTS fiber, further studies will be
conducted.
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Table 1. The disintegration times of tablets which contain N'TS fibers and NTS powder.

Disintegrations times (sec.)
NTS fibers (wt%) NTS powders (wt%)

No. [Emcompress| 1 25 5 7.5 10 1 25 5 7.5 10
1 > 900 276 251 217 213 490 > 900 > 900 > 900 67 80
2 > 900 248 251 243 229 400 > 900 > 900 > 900 55 69
3 > 900 274 241 202 232 508 > 900 > 900 > 900 46 111
4 > 900 258 267 260 228 486 > 900 > 900 > 900 39 90
5 > 900 330 225 204 253 539 > 900 > 900 527 63 76
6 > 900 318 213 215 249 354 > 900 > 900 698 59 51
X 284.0 | 2413 2235 234.0 462.8 54.8 79.5

SD 329 19.6 23.1 14.8 70.6 10.6 202

4. CONCLUSION

An electrospinning technique with the
addition of a cooled collecting bath of
ethanol at -20°C was employed successfully
for the fabrication of highly pure electrospun
NTS fibers. Starch concentration of 4.5 wt%
in deionized water gave rise to electrospun
fiber mats with a smooth and homogeneous
fiber surface. The largest surface area was
also obtained for the 4.5 wt% sample which
resulted in the highest value of the water
swelling ratio. The structural studies in both
FT-IR and XRD revealed an increase in the
amorphous nature of all electrospun NTS
fibers compared to that of NTS powder.
This electrospun high purity N'TS fiber mat
may be of particular interest in drug-release
applications. The use of NTS fiber and
NTS powder in combination with a lower
amount as disintegrant for each tablet,
rendered good disintegrating times of about
one and a half minutes. N'TS fiber itself,
however, cannot be compared with a
superdisintegrant. To ensure the safe use of
this product, further experiment in
biocompatibility should be conducted.
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Abstract

Lead free piezoelectric ceramics (1 —x)BNLT —xBZT with x=0.00, 0.06, 0.09 and 0.12 were prepared using a two-step mixed oxide method.
Dielectric, ferroelectric and piezoelectric properties of the ceramics were improved by the addition of the BZT. XRD results show tetragonal
symmetry structure of the BNLT-BZT ceramics. It was found that the tetragonality increases with increasing BZT content. The optimum
composition is x=0.09, where the maximum values of the piezoelectric constant ds3 (~ 126 pC/N) and dielectric constant (~2400) were
obtained at room temperature. This BNLT-BZT system can be a promising candidate for lead-free piezoelectric ceramics.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: C. Dielectric properties; C. Piezoelectric properties; D. Perovskites; D. BaTiO; and titanates

1. Introduction

Lead-based piezoelectric materials are a source of pollution
in electronic industrial applications and mostly come from the
production of Pb(Zr,Ti)O3 (PZT), PbTiO3 (PT) and Pb(Mg;,
3Nb,/3)03 (PMN) compounds. Many researchers have focused
on finding alternative piezoelectric materials containing no
lead [1-6]. Bismuth sodium titanate (BNT: (BiysNags5)TiO53)
based materials have been of particular interest in the field of
piezoelectric materials and devices for the past few decades
[7-9]. BNT crystals have a perovskite structure with rhombo-
hedral symmetry at room temperature and two phase transi-
tions at T, (~220 °C) and T,, (~320 °C) where ferroelectric
(FE) rhombohedral changes to antiferroelectric (AF) tetrago-
nal, and AF tetragonal changes to paraelectric (PA) cubic,
respectively. However, the drawback of BNT ceramics is the
difficulty in poling due to high conductivity. This may be
attributed to mobile ions (Na™, Bi**) which diffuse easily in
the material when an electric field is applied during the poling
process, especially at elevated temperatures. Consequently, the
dipole moments cannot be completely aligned along the
direction of the applied electric field. This results in less the

*Corresponding author. Tel.: +66 44 224542,
E-mail address: soodkhet@sut.ac.th (S. Pojprapai).

polarization of the material and poor piezoelectric and ferro-
electric properties. This problem can be solved by doping
A-site and B-site cations in BNT crystals. Recently, many
works showed the improvement of piezoelectric and ferro-
electric properties due to the effect of dopants in BNT-based
materials such as BNLT [10], BNT-BT [11-13], BNT-BZT
[14,15], BNT-KN [1,16] and BNT-BT-KNN [17]. In addition
to BNT-based ceramics, barium zirconium titanate (BaZr,.
Ti; _,O3: BZT) solid solution has been investigated to develop
high-quality lead-free ceramics because of its high dielectric
constant and low loss [18]. The substitution of Zi*t jons by
the Ti*" ions in BaTiO; significantly improves the overall
electrical properties of the material due to its better chemical
stability [19]. It is known that the ferroelectric phase transition
temperature of BZT changes with Zr* ™ content. If x content is
more than 10 mol%, BZT ceramics exhibit relaxor behavior
[20] while the x content is less than 10 mol%, the BZT
ceramics exhibit normal ferroelectric behavior [21]. Recently,
Yu et al. reported that Ba(Zry o5Tip95)O3 exhibited relatively
high piezoelectric and ferroelectric properties (e.g. 236 pC/N)
compared to other lead-free ferroelectric materials [22]. In this
present work, we aim to study the ferroelectric, piezoelectric
and dielectric properties of (1 —x)BNLT —xBZT with x=0.00,
0.06, 0.09 and 0.12. To improve the electrical properties of
BNLT-BZT ceramics, the ceramics were prepared by using

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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the two-step mixed oxide method. The comparison between
electrical properties of BNLT-BZT and that of BNT-BZT
obtained from previous works was reported.

2. Experimental

The starting chemicals for producing the (1—x)(Big4g7
Nag.4g71Lao0172TiO3: BNLT) —x(BaZrg 95 Tip.0s03: BZT) cera-
mics, where x=0.0, 0.06, 0.09 and 0.12, were high purity
(>99.0%) powders of bismuth oxide: Bi,O; (Fluka), sodium
carbonate: Na,CO; (Riedel-de Haén), lanthanum oxide: La,Os
(Fluka), titanium dioxide: TiO, (Riedel-de Haén), barium carbo-
nate: BaCO; (Fluka) and zirconium dioxide: ZrO, (Riedel-de
Haén). BNLT and BZT powders were prepared separately by
calcination at 900 °C and 1250 °C for 2 h, respectively and they
were then mixed corresponding to the above formula using the
ball-milling method for 24 h with ethanol as a milling media. The
dried powders were then sieved to prepare pellets of 10 mm in
diameter, which were subsequently sintered between 1075 °C and
1500 °C in an electric furnace and air atmosphere under
controlled heating and cooling rates of 5 °C /min for 4 h. Phase
identification and microstructure of the resulting ceramics were
performed by using an X-ray diffractometer (XRD: Philip X'pert)
with Cu K, radiation and scanning electron microscope (SEM,
JEOL JSM5910LV). The mean linear intercept method was used
to determine the grain size of each sintered sample. Two circular
surfaces of the sintered ceramics were polished and coated with
silver paste as electrodes. The room temperature dielectric
constant (g,) and dielectric loss (tan ) of the ceramics were
measured at 1-100 kHz using an LCZ meter (HP4276A). After
the samples were poled for 15 min at 3.0 and 4.0 kV/mm, the
piezoelectric charge constant (d;;) was measured by using a
piezoelectric-dss-meter (APC product inc. S5865). A Sawyer-
Tower circuit was used to measure the hysteresis loop of the
ceramic samples at room temperature under an electric field of
7 kV/mm.

3. Results and discussion

The phase formation study of (1 —x)BNLT —xBZT ceramics
where x=0.00-0.12 was carried out by XRD (see Fig. 1). It is
found that each XRD pattern exhibited a pure perovskite phase
and no second phases. All diffraction peaks were matched with
the perovskite Big4g71Nag4g71La0.0172TiO5 phase with rthom-
bohedral structure similar to that of the pure BNLT ceramics
found in our previous works [2,3,5] Slight shift in d-spacing
and splitting of the peak was observed around 46.5°. This
implies that there was a change in the lattice parameters and c/
a ratio of these ceramics. The lattice parameters were then
calculated by using JADE software (version 6.5). Lattice
constants (A) as a function of BZT content are shown in
Fig. 2. From the results, it implies that the fraction of the BZT
content affects the crystal structure, tetragonality (c/a ratio) of
the BNLT-BZT ceramics (e.g. tetragonality increases with
increasing BZT content). This phenomenon can be caused by
the substitution of Ba®", and Zr* " into BNLT crystals. The
ionic radii of Bi® +, La®>* and Na™ in the 12 fold coordination

I ‘ " , 0.12BZT
‘ ,l A y 0.09 BZT

0.06 BZT
) _Jl_.l__l__l__,\_g
\ I A ﬂ 0'29 BZT
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20/degrees
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Fig. 1. X-ray diffraction pattern of (1 —x)BNLT—xBZT ceramics where
x=0.0-0.12.
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Fig. 2. Lattice parameters and c/a ratio of (1 —x)BNLT—xBZT ceramics
where x=0.0-0.12.

site and Ti*" in the 6 coordination site for Big 4371Nag.4871-
Lay017,TiO3 perovskite structure were 1.400 A, 1.360 A,
1.390 A and 0.605 A, respectively. The larger ionic radius
Ba2 ™" (1.610 A) for the 12 fold coordination site and Zr*™
(0.720 A) for the 6 coordination site enter the Big 4g71Nag 4571-
Lag 017, TiO5 perovskite structure and substitute for the Bi*T,
La3+, Nat and Ti** ions, having smaller ionic radii, resulting
in the elongation of the crystal structure. Therefore, it can
imply that the substitution of Ba*" into the Bi*", La®", Na™
sites and Zr* " into the Ti* ™" site lead to deformation in lattice
parameters and increasing tetragonality. The rhombohedral
structure of BNLT ceramics changed continuously into a
tetragonal one when the BZT content increased [23].

Fig. 3 shows the as-sintered surface of the (1—x)
BNLT —xBZT ceramics. The microstructure results agree well
with the XRD results, as no impurities were observed in the
sintered pellets, which exhibited dense microstructures without
abnormal grains. Round grains were observed in the pure
BNLT (x=0.0) and rectangular grains were found in the
BNLT-BZT samples. These results indicate that the addition
of BZT content has an effect on the morphology of the
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Fig. 3. SEM micrograph of (1 —x)BNLT —xBZT ceramics where (a) x=0.0 (BNLT), (b) x=0.06, (c) x=0.09 and (d) x=0.12.
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Fig. 4. The relationship between grain size and BZT content of the (1—x)
BNLT —xBZT ceramics.

microstructure. From microstructural analysis, it was revealed
that BZT addition causes a notable decrease in grain size as
shown in Fig. 4. The average values of grain sizes, measured
by the linear intercept method, decreased from~7.4 pm for
pure BNLT to~1.5pm for the x=0.12 sample. This is
consistent with our previous work [24,25] where the substitu-
tion of larger A-site cations Ba’ " into the Bi* " site, which
possessed a smaller ionic radius, contributed to the inhibition
of grain growth.

The dielectric constant (g,) of the (1—x)BNLT—xBZT
samples with various frequencies at room temperature is
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Fig. 5. The dielectric constant and dielectric loss at room temperature as a
function of BZT content in (1 —x)BNLT —xBZT system.

shown in Fig. 5. It can be seen that the BZT addition enhances
the dielectric constant of BNLT ceramics. The dielectric
constant at 1 kHz was approximately 685 for pure BNLT
(x=0.0) and increase up to~2400 at x=0.09, then decrease
with further BZT addition. These results were partly attributed
to ion substitution. In A site, when BZT is added into BNLT,
the Ba>™ ions replace Na™ and act as donor ions. Then, A-site
vacancies are created. Chopra et al.[26] reported that if the
vacancies were in the lattice, the transfer of atoms would be
easier than that in a perfect lattice and the domain wall motion
could be induced by a smaller electric field. Thus, the
increasing dielectric constant of ceramics was also attributed
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to the increment in the magnitude of dipole moment due to the
creation of cation vacancies in BNLT-BZT ceramics. How-
ever, the decreasing of dielectric constant at x=0.12 may be
due to the excess of Ba>™ ions which replace the La® " and/or
Bi’ " sites, leading to oxygen vacancies. It is known that
oxygen vacancies are the main cause of domain wall clamping
which leads to the reduction of dielectric constant [27]. In the
other hand, the substitution of Ti*t site by Zr*T ions
improves the dielectric constant [14,22]. Low dielectric loss
was observed for all samples. These properties may be useful
for applications where low loss is particularly needed such as
in capacitors and insulators.

The hysteresis loops of the BNLT-BZT ceramics, measured
at room temperature using a Sawyer-Tower circuit, are
illustrated in Fig. 6. The relevant remanent polarization (P,)
versus the BZT content was then plotted in Fig. 7. For the
x=0.00 sample (pure BNLT), the hysteresis loop exhibits a
typical ferroelectric P-E loop with high remanent polarization
while slim hysteresis loops with small remanent polarization
were observed for the BZT added samples (x=0.06). For
x>0.06, we observed double hysteresis loops. When BZT
content increased, the hysteresis loop became an antiferro-
electric-like shape. These results are closely similar to that of
our previous study [3] as it was found that double P-E loops
are observed in BNLT ceramics with added BT > 6 mol%.
This result implies that the anomalies in P-E loops resulted
from the transition to an antiferroelectric phase at low
temperature after adding BT and/or the electro-mechanical
interaction between the polar and non-polar regions, which
co-existed in the ceramics [28]. The addition of BZT causes a
decrease in the remanent polarization. The same trend was also
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observed for the value of E. as shown in Fig. 7. Good
ferroelectric properties are generally shown in the sample with
high value of the P, and low value of the E,.. From Fig. 7, the
BZT addition in BNLT ceramic with x=0.06 caused the
reduction of E. while high P, was maintained. Therefore, it
may be assumed that the 0.94BNLT-0.06BZT system has
good ferroelectric properties with a high value of remanent
polarization of 30.0 pC/cm? and a coercive electric field of
20.8 kV/cm. The low E. of these samples indicates that the
sample can be poled easily because the ferroelectric domains
can be reoriented by the low applied field. In addition to P, and
E., the characteristics of ferroelectric properties can be
qualified by the hysteresis loop squareness (Ry,). The Ry

35 - 450

145

301 140
Nﬁ 25 435 ’é‘
EE 20 1% 3

S i

= 125 :g%
o~ 15 {20 W

o4 N L - 11

— g 10

5 15

T T T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 010 0.12
BZT content (x)

Fig. 7. Room-temperature remanent polarization (P,) and coercive filed (E,) as
a function of BZT content (x).
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coefficient can be calculate with the equation below [29].

P, Py 1Ec

Ra=(77)+("5%) m
where P, is the saturated polarization obtained at some finite
field strength below the dielectric breakdown. Py g, is the
polarization at the field equal to 1.1Ec. It is known that the
ideal square loop, Ry is equal to 2.00 [3]. As listed in Table 1,
the loop squareness parameters R,y values of ceramic samples
were in the range from 0.26 to 1.55.

To study the piezoelectric property of the samples, the ds3
piezoelectric coefficient was measured at room temperature
using a ds3-meter. Two conditions of poling were used in the
present work, the samples were poled at 3 kV/mm and 4 kV/
mm at 50 °C for 15 min. The measured piezoelectric coeffi-
cient as a function of BZT content is shown in Fig. 8. It is seen
that the electric field for poling has a strong effect for the ds3
piezoelectric values, where the higher field gives rise to the
higher d;; values. In addition, d;3 values increase with
increasing BZT content. For 3 kV/mm poling, the ds; value
was increased from 71 pC/N for pure BNLT to 76 pC/N for the
x=0.09 sample, followed by a reduction of d33 value to 73 pC/
N for the x=0.12 sample. The reduction of the d3; value for
higher BZT content may be due to the difficulty in poling as
suggested above.

In case of poling at 4 kV/mm, the ds; and piezoelectric
voltage coefficient (g33) of the poled (1—x)BNLT—xBZT
ceramics as a function of BZT content are tabulated in Table 1.

Table 1
The electrical properties of the (1 —x)BNLT —xBZT samples.

Composition (X) ¢, (at 1 kHz) Ry, ds3" (pC/N) ga3" (% 1073 Vi/N)

0.00 685 1.55 98 16.2

0.06 1762 0.83 98 6.28
0.09 2400 0.26 126 5.93
0.12 1600 0.29 118 8.33

“Poled at 4 kV/mm.
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Fig. 8. Piezoelectric coefficient (d33) at 3 and 4 kV of BNLT-BZT ceramics.

Table 2
The important dielectric and piezoelectric properties of the BNLT and
0.91BNLT-0.09BZT samples compared to that of previous works.

Samples 8,“ (Truom) tan 6 (Truom) d33
(pC/N)
BNLT (this work) 685 (1kHz)  0.05 (1 kHz) 98
0.91BNLT-0.09BZT (this work) 2400 (1 kHz)  0.05 (1 kHz) 126
BNLT [10] 550 (1kHz)  0.04 (1 kHz) 91

0.94BNT-0.06BT [12]
0.91BNT-0.09BZT [14]

950 (10 kHz)
~880 (1 kHz)

0.01 (10kHz) 125
0.03 (1 kHz) 147

“Frequency at 1 kHz.

The coefficient g33 was calculated via [30]:

(@)

where ¢ is the permittivity of free space and ¢, is the relative
permittivity. The &, was measured at room temperature and
shown in Table 1. The significant effect of the ds3 piezoelectric
coefficient was found. The highest piezoelectric constants
dsz were 126 pC/N and 118 pC/N for 0.91BNLT-0.09BZT
and 0.88BNLT-0.12BZT samples, respectively (poled at
4kV/mm) as compared with that of pure BNLT sample
(98 pC/N). The improvement of piezoelectric properties is
attributed to the deformation of the BNLT lattice caused by the
incorporation of Ba®™ ions, which probable substitute Bi3+,
Na‘t or La’" ions at A-sites and/or Zr*™ ions, which
substitute Ti*" at B-sites of a BNLT perovskite structure.
The difference in diameter of replacement ions induced a
geometrical deformation of the BNLT lattice. This can lead to
greater domain mobility, and therefore the piezoelectric
properties are significantly enhanced [31,32].

Some electrical properties of the present work and results
from other research groups are listed in Table 2. It should be
noted that most of electrical properties of the present samples
were enhanced by BZT addition. The optimum properties were
observed at x=0.09 sample. Although the d5; value (126 pC/
N) in this work is less than that found by Peng et al. [14]
(147 pC/N), dielectric constant of our sample (~2400) was
much greater than that found in the previous work (~880).
Therefore, the x=0.09 sample was selected as the composition
with optimum properties for this non-lead based system which
offers a wide temperature range to use in electronic applica-
tions as an environmentally friendly piezoelectric material.

4. Conclusion

In the present work, (1 —x)BNLT —xBZT ceramics with
x=0.00, 0.06, 0.09 and 0.12 were prepared using a two-step
mixed oxide method and a normal sintering technique. A
perovskite phase with the mixing of rhombohedral and
tetragonal symmetries was observed in all of the BNLT-
BZT samples. BZT addition enhanced dielectric constant (e,)
of BNLT ceramics while low dielectric loss (tan §) remained.
Furthermore, the d33 piezoelectric coefficient was improved by
the BZT addition. Hysteresis loop of BNLT ceramics exhibited
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a typical ferroelectric P-E loop and then deformed to
antiferroelectric-like shape with increasing BZT content. The
optimum composition for lead-free ferroelectric ceramics is
x=0.06 because it has good ferroelectric properties with a high
value of remanent polarization of 30.0 pC/cm® and a low
coercive electric field of 20.8 kV/cm. However, the optimum
composition for the lead-free piezoelectric ceramics is x=0.09,
where the maximum values of the piezoelectric constant
(d33~126 pC/N) and dielectric constant (¢,~2400 at 1 kHz)
at room temperature were obtained.

Acknowledgments

The authors are thankful to financial support from SUT
Research and Development Fund, Suranaree University of
Technology.

References

[1] N. Pisitpipathsin, W. Koontasing, S. Eitssayeam, U. Intatha,

G. Rujijanagul, K. Pengpat, T. Tunkasiri, Morphotropic phase boundary

of lead-free piezoelectric ceramics from BNT-KN system, Advanced

Materials Research 55-57 (2008) 225-228.

P. Kantha, K. Pengpat, P. Jarupoom, U. Intatha, G. Rujijanagul,

T. Tunkasiri, Phase formation and electrical properties of BNLT-BZT

lead-free piezoelectric ceramics system, Current Applied Physics 9 (2009)

460-466.

N. Pisitpipathsin, K. Pengpat, P. Kantha, W. Leenakul, S. Eitssayeam,

G. Rujijanagul, T. Tunkasiri, Dielectric properties of lead-free solid

solution of Big4g7Nag4g7l.ag 017 TiOs—BaTiO3;, Phase Transitions 83

(2010) 875-883.

N. Pisitpipathsin, P. Kantha, K. Pengpat, G. Rujijanagul, Influence of Ca

substitution on microstructure and electrical properties of Ba(Zr,Ti)O;

ceramics, Ceramics International 39 (Suppl. 1) (2013) S35-S39.

[5] P. Kantha, N. Pisitpipathsin, K. Pengpat, Enhanced electrical properties
of lead-free BNLT-BZT ceramics by thermal treatment technique,
Ceramics International 39 (Suppl. 1) (2013) S59-S63.

[6] J. Rodel, W. Jo, K.T.P. Seifert, E.M. Anton, T. Granzow, Perspective on
the development of lead-free piezoceramics, Journal of the American
Ceramic Society 92 (2009) 1153-1177.

[71 Q. Xu, X. Chen, W. Chen, S. Chen, B. Kim, J. Lee, Synthesis,
ferroelectric and piezoelectric properties of some (Nag sBig 5)TiO3 system
compositions, Materials Letters 59 (2005) 2437-2441.

[8] D.Z. Jin, X.M. Chen, Z.C. Xu, Influence of dispersed coarse grains on
mechanical and piezoelectric properties in (Bij,Nay)TiO3 ceramics,
Materials Letters 58 (2004) 1701-1705.

[9] H. Nagata, T. Takenaka, Additive effects on electrical properties of
(Biy2Nay2)TiO3 ferroelectric ceramics, Journal of the European Ceramic
Society 21 (2001) 1299-1302.

[10] A. Herabut, A. Safari, Processing and electromechanical properties of
(Big sNag s)( —1.5xLa,TiO5 ceramics, Journal of the American Ceramic
Society 80 (1997) 2954-2958.

[11] T. Takenaka, K. Sakata, K. Toda, Acoustic wave characteristics of lead-
free (Bij;nNay)o.99Cag 01 TiO3 piezoelectric ceramic, Japanese Journal of
Applied Physics (Suppl. 28-2) (1989) 59-62.

[12] T. Takenaka, K. Maruyama, K. Sakata, (Bi;;,Na;,;)TiO;—BaTiO3 system
for lead-free piezoelectric ceramics, Japanese Journal of Applied Physics
30 (1991) 2236-2239.

[2

—

3

[t

[4

—

[13] R. Dittmer, K.G. Webber, E. Aulbach, W. Jo, X. Tan, J. Rodel, Electric-
field-induced polarization and strain in 0.94(Bi,;,,Na;,2)TiO3-0.06BaTiO5
under uniaxial stress, Acta Materialia 61 (2013) 1350-1358.

[14] C. Peng, J.F. Li, W. Gong, Preparation and properties of (Bi;;,Naj/)
TiO3;-Ba(Ti,Zr)O5 lead-free piezoelectric ceramics, Materials Letters 59
(2005) 1576-1580.

[15] B. Parija, T. Badapanda, S.K. Rout, L.S. Cavalcante, S. Panigrahi,
E. Longo, N.C. Batista, T.P. Sinha, Morphotropic phase boundary and
electrical properties of 1—x[BigsNags]TiOs—xBa[Zr(5Tip75]05 Lead-
free piezoelectric ceramics, Ceramics International 39 (2013) 4877-4886.

[16] H. Ishii, H. Nagata, T. Takenaka, Morphotropic phase boundary and electrical
properties of bismuth sodium titanate—potassium niobate solid-solution
ceramics, Japanese Journal of Applied Physics 40 (2001) 5660-5663.

[17] J.E. Daniels, W. Jo, J. Rodel, V. Honkimaki, J.L.. Jones, Electric-field-
induced phase-change behavior in (BigsNags)TiO;—BaTiO3;—(Kg sNag s)
NbO;: a combinatorial investigation, Acta Materialia 58 (2010)
2103-2111.

[18] S. Mahajan, O.P. Thakur, D.K. Bhattacharya, K. Sreenivas, A compara-
tive study of BagosCagsZroosTip 7505 relaxor ceramics prepared by
conventional and microwave sintering techniques, Materials Chemistry
and Physics 112 (2008) 858-862.

[19] Y. Zhi, A. Chen, R. Guo, A.S. Bhalla, Dielectric properties and high
tunability of Ba(Tig7Zry3)O3 ceramics under dc electric field, Applied
Physics Letters 81 (2002) 1285-1287.

[20] P. Kumar, S. Singh, J.K. Juneja, C. Prakash, K.K. Raina, Influence of
calcium substitution on structural and electrical properties of substituted
barium titanate, Ceramics International 37 (2011) 1697-1700.

[21] F. Moura, A.Z. Simoes, B.D. Stojanovic, M.A. Zaghete, E. Longo
J.A. Varela, Dielectric and ferroelectric characteristics of barium zirco-
nate titanate ceramics prepared from mixed oxide method, Journal of
Alloys and Compounds 462 (2008) 129-134.

[22] Z. Yu, C. Ang, R. Guo, A.S. Bhalla, Piezoelectric and strain properties of
Ba(Ti, _,Zr,)O; ceramics, Journal of Applied Physics 92 (2002)
1489-1493.

[23] R.D. Shannon, Revised effective ionic radii and systematic studies of
interatomic distances in halides and chalcogenides, Acta Crystallogra-
phica Section A 32 (1976) 751-767.

[24] S. Eitssayeam, U. Intatha, G. Rujijanagul, K. Pengpat, T. Tunkasiri,
Structural and electrical properties characterization of (1 —x)
PbZr( 5,Tip 4303—xBaFe, sNbg 505 system, Applied Physics A 83 (2006)
295-299.

[25] P. Jarupoom, K. Pengpat, N. Pisitpipathsin, S. Eitssayeam, U. Intatha,
G. Rujijanagul, T. Tunkasiri, Development of electrical properties in lead-
free bismuth sodium lanthanum titanate-barium titanate ceramic near the
morphotropic phase boundary, Current Applied Physics 8 (2008) 253-257.

[26] S. Chopra, S. Sharma, T.C. Goel, R.G. Mendiratta, Structural, dielectric
and ferroelectric properties of La doped PbTiO; sol-gel derived thin
films, Ferroelectrics 327 (2005) 97-101.

[27] Y. Xu, Ferroelectric Materials and their Application, Elsevier Science
Publishing Company, Inc., New York, 1991.

[28] J. Suchanicz, Behavior of NaysBijsTiO3 ceramics in the A.C. electric
field, Ferroelectrics 209 (1998) 561-568.

[29] A. Prasatkhetragarn, N. Vittayakorn, S. Ananta, R. Yimnirun, D.P. Cann,
Synthesis and dielectric and ferroelectric properties of ceramics in (1 —x)
Pb(Zr,,Ti;2)O3—(x)Pb(Co;3Nby/3)O3  system, Japanese Journal of
Applied Physics 47 (2008) 998-1002.

[30] A.J. Moulson, J.M. Herbert, Electroceramics Materials, Properties,
Applications, second ed., J. Wiley and Sons, New York, 2003.

[31] X.Y. Zhou, H.S. Gu, Y. Wang, W.Y. Li, T.S. Zhou, Piezoelectric
properties of Mn-doped (NagsBig.s)0.02BagosTiO; ceramics, Materials
Letters 59 (2005) 1649-1652.

[32] T. Takenaka, T. Okuda, K. Takegahara, Lead-free piezoelectric ceramics
based on (Bi;»Na;,»)TiO;—NaNbOs, Ferroelectrics 196 (1997) 495-498.



1201C¢L.

wuvaanealoor-n

WU 1 v0eT 11U 3 Wi

AL TILRLLATRLY
Sufudwe =@ 5.0, 2599 i e
o v oa au a awv A e 2 Cf‘l’{"747
ﬂ]ﬂﬁ?ﬂﬂﬂﬁﬂﬂ‘:fﬂgﬂﬂﬁum AUBUAIUD “, W-a LIfY P SR i S

& o

e a - '
FydnuaidwunnsszAugszninlszma

o

nitlszAng

O niseenuuunaaduat Wiuundasast
O D‘iﬁ*ﬁﬁﬂ? ) Uszianmmaaium
Tt wiasaviioyelumvesuantias/eyaniiast Suhanwlamnn = TR, —
YOIVANTIRI/OYANTUAT MmnIZI Y YAINTIAT WA 2522
ufluiin Taonszs wigdRanitng @i 2) we2s3s SusenanTiins/eyAnsiin invRAmTtiasoyAndting
waz Wiz iy gAanTas (ATUT 3) 1 2542

y .
MeilaveId i

A A - a a w ¢
|.fi]ﬂllﬁﬂdﬂlﬂﬁﬂigﬂﬂjfﬂmﬂm

ur’n’-mﬁ'1ﬁnswguﬁm%’u“l-i’ﬁ]u'i'ﬁq%nm P _ -

2 m'uas'uammmn15aﬂrumubmmmmwﬂmwm?'m‘muuwaﬂnmm EJUNL?]UIM#IH"HJIJF?1‘IJEJmﬂ‘1J‘n
Tudwou A mu“luﬂﬁﬂﬁu‘mu . LI, S @

s fuofuiniiinseyiniias naziog(auh ouudszmen 0 490 dynd -
unrinnandual \ T 3 i 05321073102
10t 239 0.F 200 a.qw 8.flo s e 33 Tnsms 053-210733
gl 50200 Uszmang 3.4 38 -

4.a@ntlumisvesuanitaseuansiag
[] dszpvgdosnuun M dsulou [ ]dvesudndlnomadu

s dunuieg aavit ouu Smda niallsudid) 5.1 dumuiavil 1320
UNAINGITIU TUNITIUNT 5.2 Tnafmn 0532107312
miwsamanindaumalygwazawnoana lulab 53Inims 053-210733
UM AN 1Ml 5.4 Bid panuwan(@gmail.com
239 puu e duagmn duneiiiad T i lni 50200

6. AtlssAug foonuuunaniaat uaziing (v ouu sz
I HALAT.AMANIIY avia 710G 171/126 1. 7 A, lywaa s 0.0137 250l 50140 Yszma Ine
2 AINUIARM ATNT AUNFS #IE]Q‘ 155/3 1. 2 A duden o.dias v.Felvi 50300 Yszmaing
3.57.A5.00U7@ 3N 'nag 244/155 1. 4 A MUDINTIY B HIIA 0. woalmi 50230 UszmaIng

7. fweudndiayeuantiasiiuniniefoadeetudweidy
mjasuammﬁfauﬂmum "Il’ﬂ'i‘lﬂi)'l11ﬁ“uﬂWﬂ'i‘llﬁ‘ﬂ‘ﬁ‘ufﬂ'ifﬂuﬂﬂﬁﬂﬂiu 1mummﬂuﬂwamﬁmum
it - Fuih - A weduAndiaseudnbiasiuonninieduatesiuswerduma e
| AweduimalszAugnasedis [ gadadnadosminduehifiang | venldounlanlszinnveadng

wingg Tuns i lienszysivazdoealdasudi Wiaiiihuenmsunhounuiuii Tasspmnooinudonazisveinaaisvazidon

oA m o '
INUIANAINA 1A




wuvadaweal-n ( luae )
WU 2 YBT3 HIN

8 M3tufveueNT e IMISN

o o a
Mk 45 dydnuaii munms .
Jutufe @INA sz D e ANULZAIVO
UizAugiznnalizma

| W e e -ooe oW - oa ' 4 o - « = . e e - e 3 -
84 [ duoiuantiaseydniinsvednt ited ldoud et luiunldoudweiuansas eyanivas lusmalszmeniluniwsn
Tae
- 1 ar 3 ) 1: T J ar w o d’ o ﬂ’
] dtwenasndnguwiendwedl || vethwenmisndanguvasniniutiudved

=

o A a owoof g woa & w = oa w - T L .
fug visenmseenuuuraniun gueiuantaseudnsiias Iduaninslssavimissauvesigihudia

9.MInaaINTlae
Funana Fullaauans Hin

10.m31)5zANTINeINaTW

- E o & d - =
10.1 mynzisurnny 10.2 Wnehninu 10.3 aojudninualszing

4 ' " o A4 o i v A e @ o A e A aw Adwe g
1 fuesuaniiiaseydndtias vetuenmsnnnanlszmaneuluiugudmvell nazezintudvesudnsinseyanasiinia
o o o o M o a g
liluﬂ1ﬂ11ﬂﬂn1&lu 90 U uﬂ“WﬂluaHﬂTUSu Tﬂf]1lﬂﬂu£ﬂuﬂ1ﬂ1

L dangy Ul i ume | Lwemiu EY Ll Buq

W o | s - Y a A o o A s A w - s os o
I2HUDTUANTUAT/OUTNTUAT mai‘ﬁaﬁuﬂﬂﬁz ﬂ‘lﬁim‘um'lﬂ'l‘llﬂﬁ'ﬂﬁﬂﬁﬂﬂi HIDTUIANZIIUU Lmzﬂizmﬁjmymmqﬁmumu
MAIINTUN iAoy WA

I fveiudnhinseyantinsve I 193oununoay Tumsdszns Tawon
l3.fi111a%"uﬁniﬁmmqﬁﬂ%ﬁmﬁﬂi:nwﬁ'ﬁu 14.enmlszneu1ve
N, HLUURUNA YD 3 wih M enmsuansantlunisvesuantiinseyintiag
v. 3 wazidsanilszavg [ ]mis@esusnsmsuansmsilszang/mseenuun wansm
W3 BRI T MLURARS U 6 mh M misdeneusmie
n. dododnd 1w [ ] ienasswazibeaioaiugain
Lo 6 g 3w [ ] ionananisveiufuduswe lumsdszmeniiuuiu
V. MWHERLUUHARS U dveluilizmalny
| 1oy 31 - Wi [ Jienasvenldesunasszinnuesind
_ i 7 - i [ Jienmsduq
. umagnislizAvg 1w

15. i wesusesn
M mislszaugi hinotuveiuantiing eyantiiasunneu
M REE TAMBITUUFO9IN. ]

16.awilove ([_|fvosuaniiag /oydntiing M daumu) oy

Y

(WNAINIYITTH TUNITTUNT)

Aunudivueudmn




Wi 3 voadwou 3w

wuvadaweal-n ( ludo )

- o =W o i o '
6./ilseRugfoanuuundniaust nasiiog (avi ouu dszne ) (de)
4. 0.03. Q0 dmAdoy oY 100 . 7 (Auuaren) a.fi gl ol vaFualmi 50200 UszmeIng
5. UAgRWNG newan ey 1/13 1. 4 arhonale o.duna 9.9asann 53130 Yszmaing

4N

(UNAINIYITTH TUNITTUNI)
RO THTLRTGRIRTY




	RSA5480027_s01
	RSA5480027_s02
	RSA5480027_s03

