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I d ' a X
LLaZﬁTu’]@]Lﬂﬂﬂ\‘]Lﬁai:ﬁz%qﬂﬂqﬂmaﬂqumu
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31 4.36 uLTANgAT A4 heat treatment ﬁqm%gﬁ 800 DIFLTALTOR
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ﬂﬁWﬁWﬂIﬂix‘lﬁ%’N?ﬂﬂ?ﬂ‘Ua{]LLﬁ/’JE‘E@i A4 HNN13 Heat treatment ﬁqmﬁgﬁ 1000

DAL TALT & (3u 4.37) WUINRVaULINTWARBLTIIAN

a

51 4.37 LLﬁaLeﬁﬁﬁﬂgm A4 heat treatment ﬁqnmnu 1,000 adeNLTALTaE SEl mode

U

- MINARaUIAYT LlaBLANNSA
nnmMInasaudiasnladianninvasuiing 5 gas (da3d 4.37-4.41) wuid
ARG 39 ﬁaﬁqm‘mqﬁ heat treatment §1n31 575, 600, 650 BIALTALTLE A1AIN
1aBLanNINAATIGT INNANIINARAUNITLRILUBUDITIFLENS W7 ﬁqm‘vx{}ﬁ heat
treatment T9A9INE LAALNEVEY KsNbgOy, tiasanninaasna bituinaslsdidnnsn

SR A ~ A & a o ' o A A P
wWadsdidaan ladlannsniiay PNHAMNINAFAUNUIUAIFAT A1, A2 e ladian-
ﬂ%ﬂgaﬁqmﬁgﬁ 1,000 BIANLTRLTHE Aa VA1 478 WAL 203 NNAIAL INNNANTNARAL
MRS NUUDBITITANFUTINYINETVEI KNbyogsOso  Totwiwaniilassadralnuuy
= dl A« a 1:3/ 1 U 1 1 dl
tetragonal tungsten bronze %aummn"lmmnmngwu FIULMIFaT A3 Wuidnaan
A« a & A4 o A A [ o A A & g

"l,@aLaﬂmﬂms:uuummmamsJUﬂmngm A1, A2 Ao Tengaga 44 NIBaINNANI
g v A& € VoA A a £ Y A
NARBUNTLAUUUVBITITANTNUINNANLNATUVaINT KgND1o 8030 i varani
intensity éann flddnasnladidnnindranlddan suuiages A4 drasfladidn-

v @

ﬂ’%ﬂg\ﬂag’lwﬁm 800 asemaldor Aa1 152 uldn 1,000 aseioalfos Natiiasan A
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o
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31 4.39 usaadnasnladiannInvauiuaTdngas A2 1 heat treatment Ngnanniidna <)
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31 4.40 ugaednAIN laBlANNInVaLTIeTAINgAT A3 11 heat treatment Nguannildna
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- managavensgyiFe ladidnnin
nnnInasaudmIgEsladiannin wuluduaningas A1, A2, A3, A4
uwaz A5 emsgaduladiinvingegaagamngil heat treatment 1000, 800, 1000,
800 Uz 600 BIALTATURABNIUALAMWNNAK Y NN 4.43 — 447  uazitiludh
A A o o < A ‘ a a a ' a \
annllafisunuiaenaly fa A1 dinsgadeladidnringegaudazanafagiugag 0.2-
0.30, A2 agjlu119 0.05-0.30, A3 ajluz29 0.05-0.11, A4 atluna4 0.05-0.5 uaz A5 ag

A

Tt 008018  uazdmigyideladiinninfidngalafisuiuamnnd  heat
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4.2 unuazunAEIRNTININIINzuUImAaNLaatdaaaa e
n%' v = v
4.2.1 wanmsansniasanvasnsiasaauni@nnlnszuy Ca0-Na,0-P,0,
& AN v o =< a v A & en A
INTWAAWULINT LA NIIANBINTLaTaN LT AWz uURlag T3 Tn1T9aew

g: a é e 1 dl = g; dq’ v 1 g 1
LUUAILAN "'Ii\‘]8@]5’]ﬁ’)%ﬂl"lﬂ%ﬂ’]iﬂﬂH’WI%”II%LL?T]%’%BI‘EE]@]TWﬁ’J‘WIJE]\‘i Ca/P anuaaINgIh

a

284 & hydroxyapatite fialuaasnaiw Ca/P LI 10/6 ﬁqmsmauﬁ'qm%m 1000 °C

U

Tasfisannistwasasammgfidu 10 °c vmmssnfisld 1 $alus wausngdnl
sansanaeuduuiale Tunui ladsdunaniianasasdu (9931 4.48 () ) waziiiarh
mmﬁwqm%gﬁmﬂ 1000 °C 1flu 1200 °Cc Tsnngirdalimusanaeuduuiale
wilaunydifl 1 (f931 4.48 (1)) Sefimsanelasmadssusandinlndlosimaia

USunmwas NaCo, Wi lifiasainit NaCo, Swihiidudiangunniniawandlunis

a

v o v v a o a o J
HRRdULNT I@]Uﬂ?ﬂ’]ﬁ%ﬂﬂﬂ&ﬂ’l@’lﬂﬂqm%ﬁ&l 1300 °C I@muam’lmwu/awadqm%nw

u

(2
o a a

Ju 10°C vinmaveendiald 1 galus wudhgsldaunsanasuuiiluszuuitle @93y

2

v
o

4.48 (7)) Mitlasnnnasnaludand il CalP iy 10/6 Tyanaauinainigs

17N IF9NNTUSUAARINIRA Ca/P  Nikauadea bl 39 lavinnsAnELAEIA Wl

% @ o °

~ ac A A A a a va A A A a €
WCHUUURIMMNITWIVLUBIUNLALNUNIILNINN %’]&l?ﬂiﬂﬂédﬂwﬂ(ﬂL%Gﬂﬂi@]ﬂ&m'ﬁmaéﬁdﬂaaﬂ

a . A ! a o o
loaaslUludsunmansg Ssaznanneszidualuiitadald
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(@)

31 4.48 LROIAN U wBLTILAA T s T A s uN o RN AR RSN TLEN T
(M) 1000 °C (1) 1200 °C W&z (@) 1300 °C
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4.2.2 HANTANBINSLATENUAIBININIWS2UY Ca0-Na,0-P,0, Nvinns3adea

aanlaaadlndTanmans g

v
= '

NNMIIBANLIRINTaRaaNLA luIzuURlueaIEIU 45P,05 — (30-x)Cal —

a

25Na,0 — xZnO (18 x fdwviiu 1, 2, 3, 4, 5 Sauazlasluavesninue) lavltamngl
o o v A v Ao ~ = a R v & ° @
1000 °C ledsurnlaacianumenla uds LLa:m\IaammﬂagiuumLﬂummumn (99
31 4.49) umfldazhanyinisuaazBsalasiatasuadasrauaIdiugnuan (ball-mil)
A & g ° \ = \ \ o o oA o a A
Biluluaauiazyinnsutinsfinmdesagan 2 watefariiniueaziBualasiniaiua
i 3 . & o 6 o = A
tepnaNaIengnues (ball-mil) iuaa 1 §land wazmarimiteaziBualasiaias

UatasnFuENTeEanUan (ball-mill) e 1 3%

gﬂ 4.49 LEAIANEMTWINBLALARTuN M AsuWagIWaN leann TR lld ey

[ ' A o A A ¢ &
RN adIdaan lodad b

A998 4.4 LRAIDATEINVAIEIBNRNVDILTITIAWInTzULLe LT uu lmAuuWarIW e

o A A [ a ]
nnsiladenean loa lulSunmad o

ﬂgﬂ*ﬁl CaCO; (mol %) | Na;CO;(mol %) | (NH4):HPOs(mol%) | ZnO (mol%)
| 30 25 45 0
2 29 25 45 1
3 28 25 45 2
4 27 25 45 3
5 26 25 45 4
] 25 25 45 5
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1
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v S e s
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Intensity (a.u.)
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2 theta (degrees)

31] 4.50 nWuaadWgaInUsznavpasum T uuLeatFaulmasunagNanvian1g

A v a 6 a ' A a
Lﬁ]a@nElﬁlix‘lﬂaﬂﬂvlﬁﬁ@ﬂ%ﬂilﬂnwnﬂ f NNTUBNIILARSLD U
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4.2.3 HANIANBINSLATENUABINNIWS2UY Ca0-Na,0-P,0, Nvinns13aBea
1 1 ®) >
aanlaaadldindSamas 9 Tnaldnisuadamilwia 1 ddaw
- WAMIRIUNAANBHUSN WML INYDITUII%
[ o v A o ' Y A o & A

PNMIFINAGNBUSNIINEATNYBIHILAIN LANU I HauA2zdanwazLIug
181880 wiziimsiuanwdunguianeging (@93d 4.51)

A, v AV o ° & & & A | A A ¢ A

Wathwawif ldunviimstugtidudiassiin wudngunu green body 7ildazdl
ANEMeATY lasanzBwinui ldvinnsileddean ladad lludSunmiasas 1, 2 uaz 3

& = 1 =4 : a 1 1A o A
ISJEI“IJ@G‘YI{'MSJ@ %aa:wmwmmummzmagnmmwuﬁ waziaanuINNUIRINWEIN

(9931 4.52)

31 4.51 URAIAN AU BINILILAaLT sy lmasunasWanin N1 aduEIdaan el

UIumens g

0% 1% ‘ 2%

31 4.52 UEAIANBIULVBITUIU (green body) vasumuaaidouladsunamnaninns

A v Aa 6 = '
Wamadadaan o lulsanmansg
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NAIINNIIUITUIIH  green  body ﬁ"lﬁmunmmﬁnsluqmmﬁ@me] WU

=h.

gaanndl 200 °C lag'lildznnay Tuwniladedaanloa 2 waz 3 Lasidud azi

ANBUNaIBEIUVDITUINWTNDNYG  WUIBwNBlanEmIrlawduLazlFinaasan

é’dgﬂ 453

31l 4.53 LRAINN B ITUNMLILaaLTad lmasunasnanvinnMasacmedidean laa

ludSanmans g

lumzﬁﬁl,mﬁmqmﬂgﬁ 200 °C WALYINNINaUMIY ZrO, TWUINTUINUN bl

anwaszUTnasLazilumiens (as3ul 4.54)

31 4.54 LRAIAN YLV ITWINULTILAaL T T AuuWasWaninnsaacmudsdaan lad

A { a ° Y
smmum:mummml,mwﬁﬂﬂaﬂm{]u 200 °C wazn1ININauag Zro,

q
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TuduvesTununiimakngunnil 400 °C naudis ALO; WAz 400 C Nay
@8 Zr0, WuhFninuvasniseIntdlasiiansasiiufinmuszazgnnasusunuwiunga

v d a Ay v 1 e
na ‘ﬁ\‘lRﬂ‘iﬂm:’ﬁuﬂ’]%‘ﬂ’]ﬂluﬁ]zﬂﬂﬁﬂLLﬂ:Dﬂﬂiﬂ% (@NE‘]J 4.55 LRz 4.56)

51 4.55 LRAIAN AU BITWINBLALAaL T lma s unariWanin NI aeudIqaan loe

LN’]LN’INﬁﬂﬁQfLmQﬁ 400 °C uazyinnInauaiy Zro,

31/ 4.56 LRAINN BT U BLTLaaLTau s asunasinaNvinnaaacadidaan lae

a

Lmmeﬁnﬁqmﬁnu 400°C az¥inn1INauale AlO;
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A 6 ‘d'
- WANIATIIFaUTRAVaIWFavALEnaunlIng
dl' 1 a [ Ay d' 1 nl' a 1
iiasnniufadymiuswnugandunisrnngmngi 200 °C laglifianay
a Ay 1 o a R 1 o Ay ﬁ' a % [
Tumaeisugununaumahldiiensi@s s ssnureianienzdld @

4.57)

31l 4.57 URAIAN B TUIIUL unatdoulamasunarinaninnITasudsdaan bl

= 1 A 1 ldl a ]
ﬂi&lﬁm@ﬂd‘] TGN']%T‘I']?LN’W]QM%QN 200 °C I@Elvlllflﬁ']iﬂaﬂ

a 6 6 Aq’ A ) 3 a

NNWAMITATZAR N FTIIR Iz Na D BRITUNUAYIN M TN G B D E 200

°C lagld zro, Wluansnay 400 °C laudl zrO, Wua1Inay waz 400 °C lasil ALO, 11lu

L A & a X 9 = A A PN A = o, A

snInay wohiikanifeduluuiiszuui laswoilednaingmngliazinldinngwd
P =3 o =3 A o AN v oo A ) o

avaINAgITULAzTalanIU uazilainnwildhaiisuiugiudeyaniasgu

1 dl v v L U J A I

JCPDS wuinmufldraandasnudayaiugiu JCPDS wanuLay 01-072-0126 Faiilu
& = [ = aa ..

Waaiddsznauwas NaPO; lasiilassarsnanuuululuadfin (Monoclinic) Wazannns

asvsauassUTznaun sl inuwsesddsznavaaslaasandozwlng (9931 4.58)
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400°C
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oy J"&L‘JUMMMJMWN ‘\

400°C
Y. Mh |

e R T R R O S Y

Intensity (a.u.)

200°C

NaPO3 JCPDS 01-072-0126

2 theta (degrees)

gﬂ 4.58 NNWLRAINRDIAUTzNa LTI T UNMLIILAaLT N lmasuWasNaNinn15138
v a A { a v v
aadidaanlae sml,mﬁqm%n“u 200 °C (NaualY ZrO,) 400 °C (NAaUAIY ZrO,)

wae 400 °C(NALMIY AlLO,) lasltriuiifuuwnsuataaduan 1 alonk

{ o a 6
4.2.4 HAMIANBINILASBAUNITININWIZUL CaO-Na,0-P,0, fivinmstdadea
a 1 1 [ >
aanloaaslilnisuaeae 9 lasldnsuadaamiuwiai 1 %
- WANIIAINAAN B NNILNINYDITUI 5%
= v a \ & o ) v Al v Ao & A
namAnsuMnEumMIuadasduwig 1 % wudn weuian laeziianwaeiiug
a £ oA o a o & 5 AN v A v o o '
1uigninlennulunsdiue 1 flawt uddnwuzsaswinldaziimamedinuiasnd

ndlua 1 §aw (aa31 4.59)
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31 4.59 urasanBzvaINLTILAaTumAsNWeasWa NN RednTIReen bl

YT e g

o

o v AN oo, & & = A \ [
nnuansbanif ldvi ldaugidudiaeniin wud ansue green body 7

v Ao A a = @ & A A 1 o &
VL@"UZNaﬂjﬂ'mzﬂLSUULLﬂzvl&lNﬂfyﬂqﬂjuﬂ?']NaﬁuL%llaul%ﬂim“']uﬂ']iu@lﬂﬂﬂ 1 gUenw

(9931l 4.60)

51/ 4.60 LRAIRN B DIT I BLILaaLTaulmasunaginanvinnT3acudidaan bae

a ' A o J & =1 a '
luﬂsuﬁmmw 9 ‘nmumsa@mugﬂLﬂummmmnﬂamm

NRIINNIIUNTWITH green body LL@iﬂ:‘g@ﬂ"llﬂLN’]LN’]Nﬁﬂﬁqm%Qﬁﬁi’NG] Tae'lyl
o oA = A o A v A o A A A A €
lE519nan WUl 71400 °C TunuazianwmzAldautaisouaniunnsdiiladedaan

ol 4 waz 5 Wesidud lavdulngTunuaziiimhea (@i 4.61)



109

31 4.61 LRAINN B ITUINBLILaaLToulmasunasinaninns3acudidean bae

2 1 ' o J & & a { a
ludSunmengg nrunIseduzUidudarndn kniniguwnil 400 °C

o o A 2 2 Ao & a v A a
FIRIUNITLNIT 500 °C W‘.IJ’J’]“HHG’]%‘YJ?‘I“IT%&]am&m:wuw’maum’mﬁﬂuLLﬂzﬁ]:&l

anwouzmiumn (a3 4.62)

51l 4.62 LRAIAN IS BITWINBIILAaLT sl a s unariWanYin NI aeudsqaan lae

ludSanmengg LR Iignn i 500 °C

° o A > a & \ v A \ o ' =
AWTUMITLENN 600 °C WUTRNBIAITWINRAaWINITHULdazkasn I NIt
WA 500 °C T laac iR wRINI0anGE LA NUINTWNWA 4 Uz 5 Lilasidue

: d v a J a { v v { a a
Fuuil ldazlansuziuianideadisanusaunguinly (@au 4.63)
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31 4.63 LRAIRNHASYBITWINRINLAALT s I unarWaNin NI adnudsnaan ke

lutlSanmuengg LR Igann i 600 °C

- Nﬂﬂ75?v@ﬂa7ﬂﬁ%7llﬁu
o . = =g v o A . P
ﬂ’]iqﬂﬂ')’]&]ﬂu’]Lluumﬂﬁ"ﬁuﬁquuﬁlzl'ﬁ%aﬂﬂ’]iLL‘ﬂu'ﬂTﬂ@ Archimedes I@]U&lﬂ’]i

{ v A \ & ¥ A '
wWasuwnnmslindueanuea Ssldranunwinunin 0792 giml nafiitasannin

FunuiidgmluwFesmeidjizennuiasisansaldinla

A9 4.5 LFAIANNAW LU WAV ITUINBLMLaaLTaulmasunNasinaNinnaa
o A & e o o v A a a '
MuBIdaan lwads leanmMs TN L INHIRITUaazBalasLaTaduatiay

HENENIAILaNUaA (ball-mill) wan 1 3%

2Nl ANAMUAUILUY (glom )
CNP'lsisinw | CNP 130 | CNP 138 | CNP13a | CNP 132 | CNP 138
AN3t38 Zn0 1% | Zn02% | ZnO03% | ZnO 4% | ZnO 5%

ZnO
400°C 1.95 1.93 1.94 2.01 1.71 1.90
500°C 1.81 1.86 1.82 1.94 1.64 1.87
600°C 1.81 1.77 1.71 1.78 1.68 1.65

TRNLRE CNP fa uwiluszuy Calcium Sodium Phosphate
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mﬂﬂiﬂwﬁﬂﬂﬁmm’lLLsmLﬂuLL@iazqm%Qﬁﬁ]zLﬁﬂﬁdﬁﬁqm'vmu 400 °C  TWwui

u
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YunaveIAd laaautasnin Ca, Na sz P Fapaduinszin zno ﬁtamavl,ﬂluﬂ%mm

a
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U

o 2 1 = v a v
°C lileaaured zn @zn" ) vdiuazimadn lduninluySnaweuinsusesuiiszuy

& o v o AN wa o , & \ Aa € & ¢ & & ,
umivxLl,mw"l,@ml,miuumﬂwmLmqummiummmﬂaaﬂvbm4 Wasidud wuin



112

1 U c; é v a { Y [l v [
ANNAMILUBTA1RAAININ smmmla;gammmezﬁﬁvl,@ﬂavl,wmmimzymL%@!’L@amo

T Lﬁmmﬁ]ﬁmﬁawwmmmﬁ@wm@lumim%w%mmﬁvlﬁ

a

{ =) 1 v Q' J L {
ﬁqmm;]u 500 °C mmv\mLLuuﬁLLmTuumeumﬁauﬂulumrﬁﬁqmmnu 400

U

6 = (4

°C  udazlidrndini uazwutdlamanunmusiuidlunsdidedoanlad 4 1afidud
= >
WANBUN®

faoanndl 600 °C  wuhdanurwuiuiuwliuanss nefiitasnnitgunnd

LY a = o Iy o A =g & v a o @ .
ﬂlﬂjgdmu"lﬂma:ml%mmmwaam ‘]Nﬁ’]L%Q%BW%Lﬂ%@l%t%@l“ﬂﬂﬂl%ﬂ’]ﬂ’ﬂ&]%%’]LL%%

NARIDENILA LT

a 6 n:{'
- HANIATIIFAUTHAVaNUWFEIALIznaUNLIING
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In this research, the fabrication of glass ceramics containing ferroelectric KNN crystals
has been carried out in aluminosilicate glass system by using conventional mixed oxide
technique in alumina crucible. Alumina was chosen to increase mechanical robust and
the stability of KNN glass ceramic in ratio 0, 5, 10 and 15 mol%. The received glass
ceramics were all transparent. The glasses were subjected to heat treatment processes
at the temperature between 600 and 700°C in order to form the glass ceramics with de-
sired crystal phases. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
techniques were used for phase identification and microstructural studies, respectively.
The bulk crystallization of KAISiO, phase was observed in the glass ceramics with heat
treatment temperatures from 600 — 675 °C while KNN phase started to appear at higher
temperature of 700°C. The glass ceramic containing 23.75 mol% SiO, possesses the
optimum values of dielectric constant (&;): ~260 and low dielectric loss (tand): ~0.02
at 10 kHz in room temperature.

Introduction

Ferroelectric glass ceramics have long been studied as alternative ferroelectric materials for
decades, because the combination of electric property of ferroelectric crystals and trans-
parency of glass matrices. This combined property makes them useful in many applications
especially electronic parts, such as electro—optical, microwave and pyroelectric devices.
The varieties of ferroelectric crystals: for examples, BaTiOs, PbTiO3, LaTiO3, Pb(Zr,Ti)O3,
(Sr, Ba)Nb,Og, LiNbO3, KNbO3, NaNbO3 and BiGeOs [1-11], were introduced to merge
into many of glass systems. Among them, Nb,Os based ferroelectric crystals are of partic-
ular interest, because of their good nonlinear photonic properties [11].

Potassium sodium niobate (Ko sNags)NbOs3 : KNN solid solution has been recently
subjected to intensive investigation as a promising lead-free ferroelectric [12]. Because
of the increased environmental awareness, lead-free materials have become the most at-
tractive material for electrical utilities, which promises environmental friendly products.
This brought out the original idea of combining the KNN crystals in some selected glass
systems.
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Figure 1. Ternary diagram showing 4 glasses from KNN-SiO,-Al,05 system and the table of
chemical compositions.

In this research, the fabrication of glass ceramics containing ferroelectric KNN crystals
has been carried out in aluminosilicate glass system by using glass ceramic method in alu-
mina crucible. Alumina ratio of 0, 5, 10 and 15 mol% were added in to the (K 5sNag s)NbO3-
Si0,-Al,03 system. Heat treatment process was used for controlled crystallization in tem-
perature range of 600-700°C for 4 h. The crystallization in the resulting glass ceramics
was studied by XRD and SEM. Dielectric property of the glass ceramics was studied and
reported.

Experimental Procedure

KNN based glass ceramics were prepared by conventional melt quenching technique. The
oxide powders of K,CO3, Na,CO3, Nb,Os, SiO, and Al,O3; were mixed according to
the glass formula as shown in Fig. 1 in an alumina crucible. Then, the prepared mixtures
were melted in an electric furnace at 1300°C for 1 h with heating rate of 10°C min~".
The melts were then quenched between the stainless steel plates at room temperature.
The resulting glasses were subjected to the heat treatment schedule between 600-700°C
for crystallization. Density values of the prepared glass and glass ceramic samples were
measured using Archimedes’ method. The X-Ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM) techniques were used to investigate the phase formation and to observe
the microstructure of the glass ceramic samples, respectively. Two parallel surfaces of
the glass ceramics were polished and coated with silver paste as electrodes for electrical
contact. The room temperature dielectric constant (g;) and dielectric loss (tand) of glass
ceramics were measured at various frequencies from 10 to 1 MHz using an LCZ meter
(HP4276 A).



701xml

GFER_A_577990

60

61
62
63
64
65
66
67
68
69
70
71
7
73
74
75
76
77
78
79
80
81
82
83
84
85

May 9, 2011 13:44

Glass Ceramics from (Ko sNays)NbO3-Si0,-Al, O3 Glass System [3]1/3

3.6

3.5- C1
: C4

C3

W

=
| "
L

e
W
1

[}

Density (gfcmj)
w
(o]
-

3.1+

3-0 T T T T 1 T T
0 5 10 15

Alumina content (mol%)

Figure 2. Variation in density of quenched glasses C1-C4.

Results and Discussion

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

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

Figure 4 shows the example of XRD result of the glass ceramic samples with the
amount of alumina equal to 10 mol% (C2), after subjected to the heat treatment at various
temperatures. The XRD results of other conditions: C1, C3 and C4, were found to exhibit
similar trends to that of the C2 condition. It can be found from the XRD result that
the glass ceramic samples subjected to the heat treatment between 600-675°C contained
only one potassium alumino silicate phase (KAISiO,). Moreover, the crystallinity of this
KAISiO; phase increases with increasing heat treatment temperature as the intensity of
the corresponding diffraction peak increases. The possible explanation is that at higher
temperature the growth rate is high which enhanced the growth of KAISiO; crystals in the
glass matrices. However, the proper thermal analysis such as differential thermal analysis
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Figure 3. Density of glass ceramic samples subjected to heat treatment at various temperatures.

86 (DTA) is needed in order to clarify this point. Additionally, the glass ceramic samples of all
87 conditions which subjected to the heat treatment at 700 °C contained the perovskite sodium
88 potassium niobate ((K,Na)NbOs: KNN) phase. This explains the maximum density value
89 of all samples heated at this temperature as the KNN crystal has higher theoretical density
90 than that of KAISiO,.
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Figure 4. XRD patterns of glass ceramic sample with 5 mol% alumina (C2) subjected to heat
treatment at various temperatures.
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Figure 5. SEM micrographs of the glass ceramic samples subjected to heat treatment at various
temperatures.

The effects of glass composition and heat treatment temperature on the characteristic
of crystallization in the glass ceramics were investigated by SEM and the results are shown
in Fig. 5. The bulk crystallization were started to appear in the glass ceramic samples heated
at 600 °C and higher in all conditions, confirming the existence of the KAISiO, crystals
embedded in these glass ceramics. The crystals become more rectangular in shape with
higher heat treatment temperature of 650 °C. In all conditions, the glass ceramic samples
heated at 700 °C contained the noticeable nano crystals of less than 100 nm dispersed
homogeneously throughout the glass matrix. This may be resulted from the phase separation
of high-niobate phase regions at high temperature. This phase separation was more stable
during 4 h period of heating time and become crystals during crystallization process when
the samples were cooled to room temperature. This is consistent with the work done by
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Figure 6. Dielectric constant (g,) and dielectric loss (tand) of C2 glass ceramic samples subjected to
heat treatment at various temperatures.

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

Conclusions

Glass ceramics embedded with KNN nano crystals were successfully fabricated from the
(Ko.sNag 5)NbO3-Si0,-Al, 03 glass system with a wide range of Al,O3 concentrations from
0-15 mol%. However, the crystals of KAISiO, phase were found to co-precipitate along
with the KNN phase in the sample heated at 700 °C. Further study should be done in order
to fabricate the glass ceramic containing only perovskite KNN phase. This may be done
either by careful control of heat treatment method or by changing based glass composition.
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The optimum values of dielectric property in this work, promise the bright future of this
KNN glass ceramic in electro-optical applications.
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Glasses have been formed from PbO-Bi;0,-GeO, system by conventional melt-
quenching method. The glasses were melted in Pt crucible in an air atmosphere.
The resulting glass pieces were subjected to the heat treatment schedule at various
crystallization temperatures. The glass and glass-ceramics samples were then investi-
gated by XRD and SEM spectroscopy. The dielectric and ferroelectric properties were
also measured. Moreover, DTA analysis has been used to examine the crystallization
temperatures of glasses. The controlled heat treatment process has been applied to
the crystallization temperatures and glass-ceramic samples were obtained. The XRD
showed that the crystals of ferroelectric phase, hexagonal Pb;Bi;(GeO,)s;; PBG, were
precipitated in the glass matrix and this is the dominant phase in the region of 34.50
mol% PbO : 11.49 mol% Bi,0; : 54.01 mol% GeO, on the heat treatment temperature
at 527°C. The dielectric constant (¢,) and P-E loop of Pb;Biy(GeOy); glass-ceramic
confirmed that this material may have high possibility to be ferroelectric at room temper-
ature with coercive field (E.) of 30.9 kV/cm. However, the remanent polarization (P,) =
1.36 wC/cm? is rather small, therefore it is quite difficult to confirm that the P-E loop is
the feature of truly ferroelectric, it may represent a lossy capacitor behavior.

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

Introduction

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

However, some researchers have attempted to make transparent ceramics with ferro-
electrical properties for which such a sintering method is not appropriate. Therefore, the
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37 glass-ceramic method is of interest. Glass- ceramics have several advantages, particularly
38 the fact that they are made from a pore free precursor glass and have good thermal,
39 mechanical and electrical properties. It can be seen that glass-ceramics have a unique
40 combination of properties. As a result of this, they are able to replace the traditional
41 materials in applications where the requirements of better cost and improved performance
42 are needed.
43 Recently, many researchers have been interested in the glass-ceramic method and have
44 attempted to open up entirely new fields. Unfortunately a number of applications still wait
45 for industrial exploitation [3]. One of the interesting phase is Pb3Bi,(GeOy4)3;:PBG which
46 was first reported by Otto and Lierheim [4]. They found that the crystal may be ferroelectric
47 because the cations of Pb?* and Bi3* have asymmetric coordination which can possess the
48 electric dipole moment in the molecule. Moreover, the composition of this phase already
49 contains a good glass former of GeO, which should ease the preparation of the PBG based
50 glass from the stoichiometric composition 3Pb0.Bi;03.3GeO;.
51 This project is aimed at investigating the electrical properties of glass-ceramics formed
52 from the lead bismuth germanate system at various heat treatment temperatures. The glass-
53 ceramic method has been used to prepare the sample and devitrification of the glass is being
54 studied by x-ray powder diffraction analysis. The thermal behavior has been examined
55 using differential thermal analysis (DTA). SEM analysis is used to confirm the crystallinity
56 information from XRD of heat-treated-sample. Measurement of ferroelectric property of
57 the glass and crystalline samples has commenced.
58
59 Experimental
60 Materials Preparation
61 The PbO-Biz0,-GeO, glasses (34.50 mol% PbO : 11.49 mol% Bi,03 : 54.01 mol% GeO5)
62 were melted in a Pt crucible at 1000°C placed in an electric furnace at air atmosphere
63 for 15 mines using reagents of red lead (Pb;O,4), bismuth oxynitrate (BiONO3.H,0), and
64 99.999%germanium dioxide (GeO,). They were quenched between stainless steel plates
65 at room temperature. The thermal properties of selected samples were investigated using
66 differential thermal analysis (DTA) with a stanton redcroft DTA model 673-4, employing
67 a heating rate of 10°C min~! and with quartz as the reference. The resulting glasses were
68 subjected to heat treatment schedules for crystallization at temperature ranging between
69 500-608°C with heating and cooling rates of 5°C min~! and 10°C min~"' respectively and
70 with 4 h dwell at the crystallization temperature.
71 Materials Characterization
72 X-ray diffraction (XRD: Siemen D-500) experiment was used to investigate the phase com-
73 position in glasses and glass ceramics. Scanning electron microscope (SEM: JSM-6335F)
74 was used to observe the microstructures of glass-ceramic samples. The room temperature
75 dielectric constant (&;) and loss (tand) of Pb3Bi,(GeOy,)s glass ceramics were measured
76 using LCZ meter (Model 4276A, Hewlett Packard) at 10, 100 and 500 kHz, respectively.
77 The room temperature ferroelectric properties were examined using a ferroelectric tester
78 (RADIANT TECHNOLOGIES INC.) at 50-90 kV/cm.
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Figure 1. DTA trace of PBG glass.

Results and Discussion

The DTA trace of the resulting glass is shown in Fig. 1. Two exothermic peaks at 527°C
(T¢1) and 608°C (T¢;) were observed. This may imply that there are two phases obtained
at the two different temperatures. The glass transition temperature: T, is found at 408°C

while the melting temperature (Ty,) is found at 757°C. EG-I-&ss—tfaﬂs-r&eﬂ—Eefﬂ-pef&mfe)— Te
éelﬂy‘sta-l-lis&&eﬁ—tem-pef&mfe)—aﬁd Tq Meltingtemperatare): This glass has density value

of about 6.84 g/cm?. In addition, the softening temperature (Ts) observed in the DTA trace
is equivalent to 488°C while the crystallization temperature is as high as 650°C. Therefore,
it is difficult to form a desired shape of glass-ceramic without distortion.

Glasses were subjected to the heat treatment schedules with the temperature ranging
from 500-608°C based on the observed T¢; and T, from the DTA trace (Fig. 1). Density
values and XRD patterns of the resulting glass ceramics are then obtained and illustrated in
Figs. 2 and 3, respectively. From the density data, it can be clearly seen that the precipitation
of crystals in glass enhanced the overall density of the glass ceramics, especially for the
glass-ceramic sample heat treated at 527°C. It can be noted that the glass ceramic samples
heated at 500°C and 527°C contained only single phase which was Pb3;Bi,(GeO4)3:PBG of
JCPDS file No. 00-0341021 with hexagonal structure and residual glass in the amorphous
background. However, the crystallinity of the PBG crystals was found to enhance at higher
heat treatment temperature of 527°C. This temperature corresponds to the peak of T¢; from
the DTA trace, implying that the exothermic peak at T is attributed to the crystallization
of PBG phase.

The higher heat treatment temperature of 550°C resulted in the precipitations of four
secondary phases, including BisGe;0,, Bi,GeOs, Pb3Bi,GeOg and PbGeOs. This may
be due to the compositional fluctuation from the thermal vibration of atoms near Tc»,
causing the transformation of PBG crystals to the more thermodynamic stable phase such



701xml

GFER_A_577991 May 9, 2011 13:14

104
105
106
107
108
109

4/[4] N. Pisitpipathsin et al.

7.20 . L ]
7.10 4
7.00

6.90

Density (g/cm®)

6.80 -

6.70 o

6.60 ; . T T T T T T T
glass 500 527 550 608

Heat treatment temperature (°C)

Figure 2. Density of PBG glass ceramics subjected to various heat treatment temperatures.

as BiyGe;0j; at high temperature. It can be clearly seen that the amount of BiyGe;0;,
increases in the glass ceramic sample heated at the peak temperature (608°C), and become a
major phase while that of the PBG phase decreases dramatically. This may be assumed that
the transformation from Pb3;Bi,GeOg to BisGe;O;, nearly completes at the peak of Tc».
However, small amount of other phases, such as Pb;Bi,GeOg and PbGeOs still remains
in the glass ceramic heated at 608°C, while that of Bi,GeOs disappears. This is probably

o Bi26905
' Pb3Bi26908
© Bi 4Ge3012
° o i PbGeO,
5 e ‘ | o
= | o g ' © Heat treatment at (:OS“C
S i Y. L b @ | | A
Tl SRR L / Wﬂ"‘m‘i' o SR WPOTIY | PP Y W P PP
= o 0 LU
0 @ m " “ Heat treatment at 550 C
5 i | ‘ 4 f’f I\"lll' ' © A
b= ISR Ty oY (Y. MNHMM\’\}‘-\-\. e k'\i ot \ff\'» y
= |.
f .‘ NJ il ; Heat treatment at 52? (_
A
U _Wl.‘.\k\hi ‘ML ‘*%-_.__W_J pramaoreiys _) \\."\';‘\: ULLE SRR T

R T EEE e
’.H Heat freatment at 500°°C

mﬂww Wh LTS T T L T PR TR
JCPDS034-1021
| | |
r — T I T T — T

10 20 30 40 50 60
20 (degrees)

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

explained that the Bi;GeOs phase is a metastable form at 550°C and could not be retained
at higher temperature. This particular phase was reported elsewhere [5, 6] as a metastable
phase among other bismuth germanate compounds in the Bi;O3-GeO, binary system.

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

The dielectric properties in terms of dielectric constant (¢;) and dielectric loss (tand)
of all glass ceramic samples are illustrated in Fig. 5. It is found that the maximum dielectric
constant with low dielectric loss was achieved from the glass ceramic sample heated at the
peak of T¢; (527°C), implying that this PGB phase has high potential to be ferroelectric. In
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order to prove that hypothesis, the polarization-electric field (P-E) hysteresis loop at 5 kV/cm
of this sample was measured and the result is shown in Fig. 6. The result shows a rather lossy
capacitor behavior, which is difficult to confirm the ferroelectric property of this PGB phase.
However, this may be due to the small amount of the PGB phase present in the bulk sample
used for the ferroelectric measurement as this glass ceramic contains thePGB crystals
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Figure 6. P-E loop of the PBG glass cramic subjected to heat treatment at 527°C.
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Glass-Ceramics Containing Ferroelectric Pb;Biy(GeOy); [71/7
Table 1

Density and dielectric properties of PBG glass ceramics
Heat treatment temperature (°C) Density (g/cm3) &r (Troom/1 kHz) tan §
PBG glass 6.71 35.12 0.0537
500 7.05 42.21 0.0614
527 7.21 76.63 0.0389
550 6.82 30.57 0.0394
608 6.76 25.48 0.0384

mostly in the surface area. It may be possible that during electrode preparation, the PGB
crystals on the surface might be polished away, leading to the decrease in ferroelectricity
of the measured glass ceramic bulk. Thus, to prove the ferroelectric property of this PGB
phase, single crystal sample may be needed. The further study in distribute the crystals
homogenously throughout the bulk glass matrix may be of particular interest.

Conclusions

Glass-ceramics embedded Pb;Biy(GeOy)3:PBG crystals were successfully fabricated by the
glass ceramic method. Heat treatment temperature played an important role in controlling
both amount and type of the crystals precipitated in the bulk glass ceramics. Surface
crystallization of the PBG crystals gave the difficulty in preparing the bulk pieces with
homogenous distribution of the crystals throughout the bulk. This resulted in the lossy
capacitor behavior of the P-E hysteresis loop of the glass ceramic sample having even the
largest amount of PBG crystals. However, the maximum dielectric constant of this sample
may imply that this PBG phase may have high potential to be ferroelectric, but further study
is needed to confirm this hypothesis.
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Enhanced Electrical Properties of Lead-Free
Bi,GeOs Ferroelectric Glass Ceramics
by Thermal Annealing

To study the effect of thermal annealing on the electrical properties of lead-free Bi,GeOs

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

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

Introduction

Nowadays, ferroelectric glass ceramics, having properties between glass and crystal, have
shown great potential in electroceramic design, preparation and application. Their lower
temperature preparation and more homogeneous mixing of the ferroelectric and glass phases

Re
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make them useful in low temperature co-fired ceramics (LTCC) and conventional dielectric
ceramic devices [1]. Thus many new glass ceramic compositions are intensively studied
and developed.

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

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

Experimental Procedure

The ternary glass system with composition of 60 mol% BiO; 5: 20 mol% GeO;: 20 mol%
BO, 5 was used to prepare Bi,GeOs glass ceramics following our previous work [9]. The
starting materials of bismuth oxynitrate (BiONO3.H;0), puratonic germanium dioxide
(GeO,) and boric oxide (B,03) were appropriate combined and conventional melted in a
Pt crucible at 1075°C in air atmosphere, using an electric furnace. The melts were held at
the melting temperature for 15 min and then were quenched between stainless steel plates

820 e Annealed at 275°C

8.15 1 = Annealed at 375°C o
8.10 -
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8.00 -
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® ) = I : I . I
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Figure 1. Density of the Bi,GeOs glass ceramics annealed at 275 and 375°C with various dwell-
times.
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Figure 2. XRD patterns of all Bi;GeOs glass ceramics annealed at (a) 275°C and (b) 375°C with
various dwell-times.

at room temperature. After that, the resulting glasses were subjected to heat treatment
schedule in order to form Bi;GeOs phase at 475°C for 18 h using heating and cooling rate
of 5 and 10°C/min, respectively. The Bi,GeOs glass ceramics were subsequently thermal
annealed at 275 and 375°C in an electric furnace under controlled heating and cooling rate
of 5°C/min with dwell time for 4, 8, 12 and 18 h.
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Figure 3. The average erystallites size of the Bi,GeOs glass ceramics annealed at 275 and 375°C at
various dwell-times.

The bulk density and phase fermations of annealed glass ceramic samples were inves-
tigated by Archimedes method and an X-ray diffractometer (XRD), respectively. From the
broadening of X-ray diffraction peaks of Bi;GeOs phase, the full width at half maximum
(FWHM) values of each intense diffraction peaks of (311), (621) and (332) planes were
measured by using computational analysis based on a Gaussian fit and the average crys-
tallite sizes (diameter, d) were calculated by conventional procedure using the Scherrer’s
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Figure 4. The dielectric constant (&,) and dielectric loss (tand) at room temperature of Bi,GeOs glass
ceramics at various annealing times.
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Figure 5. Temperature dependence of the dielectric constant (¢;) of Bi,GeOs glass ceramics annealed
at (a) 275 and (b) 375°C.

formula d = 0.94/8 cos 6 where A is the wavelength of X-ray radiation (Cu Ko = 1.5406A),
B is the FWHM values of the peak at 20 [12]. For measurement of electrical properties, the
two circular surfaces of the annealed glass ceramics were polished and coated with silver
paste as electrodes for electrical contact. The room temperature dielectric constant (e;) and
dielectric loss (tand) at 1 kHz of annealed Bi,GeOs glass ceramics were measured using
LCZ meter. Temperature dependence of dielectric constant of these samples was observed
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Figure 6. Hysteresis loops atroom temperature of un-annealed and annealed Bi, GeOs glass ceramics.
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annealing parameters.

by using LCR meter at 1 kHz. Finally, the ferroelectric hysteresis loops were measured by
using a ferroelectric tester at room temperature.

Results and Discussion

In order to clarify the effect of thermal annealing parameter on the densification of Bi,GeOs
glass ceramics, the un-annealed and annealed Bi,GeOs glass ceramic samples were
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85 measured by the Archimedes technique, using distilled water as the liquid medium and
86 their density data were illustrated in Fig. 1. It can be clearly seen that the higher annealing
87 temperature is, the lower density values are observed. Moreover, the density values of
88 these glass ceramics were found to increase from ~7.72 to ~8.16 and ~7.92 g/cm? for the
89 glass ceramic sample annealed at 275 and 375°C for 8 h, respectively when compared with
90 the un-annealed sample. However, when the annealing time was higher than 8 hours, the
91 densities of annealed glass ceramic samples were dropped with increasing annealing time.
92 This may be probably due to the formation of extra network consisting of tetrahedra and
93 octrahedra germanium coordinated by oxygens [13], leading to the increasing of oxygen
94 vacancies in these glass ceramics.
95 Phase formation study of the Bi,GeOs glass ceramics annealed at various temperatures
96 and dwell-times was carried out by XRD and their diffraction peaks are illustrated in
97 Fig. 2. For un-annealed glass ceramic sample, the only orthorhombic Bi,GeOs phase
98 was observed (JCPDS file no. 036-0289) in the XRD pattern while the major phase of
99 orthorhombic Bi,GeOs and the secondary phase of cubic BiyGe;0;, (JCPDS file no. 034-
100 0416) were found to exist in both XRD patterns of the annealed glass ceramics at 275
101 and 375°C. Moreover, the amount of BisGe;Oj, started to increase with longer dwell-
102 time. Considering the theoretical density of the pure orthorhombic Bi,GeOs phase and
103 cubic Bi4Ge3;01; phase from the JCPDS data, it was found that the orthorhombic Bi,GeOs
104 phase has higher values (~8.14 g/cm?) than that of cubic Bi;Ge3;0;, phase (~7.11 g/cm?).
105 Therefore, it clearly confirms the decrease in density values of the annealed Bi,GeOs
106 glass ceramics at higher annealing temperature and dwell-time as mentioned above. The
107 broadening of X-ray diffraction peaks can lead to the average crystallites size embedded in
108 the glass ceramics. The crystallite size of the Bi;GeOs phase of each annealing condition
109 was estimated using the Scherrer’s equation [12]. The FWHM (full width at half maximum)
110 values of the observed X-ray peaks of (311), (621) and (332) planes were measured by
111 using computational analysis based on a Gaussian fit. After that, the Scherrer’s equation
112 was used to calculate the average crystallite size of Bi;GeOs crystals in all annealed glass
113 ceramics and plotted versus annealing time as shown in Fig. 3. It can be clearly seen that
114 the crystallite size increases gradually with increasing annealing time in both glass ceramic
115 samples annealed at 275 and 375°C. Furthermore, the overall crystallite size of the Bi;GeOs
116 crystals in the glass ceramic samples annealed at 375°C is higher than that of annealed at
117 275°C. This implies that the annealing conditions in both temperature and time affected the
118 growth of Bi,GeOs crystals in the glass ceramics. This difference in the average crystallite
119 size after annealed may play a more important role in the variation of ¢, values and the
120 appearance of ferroelectric behavior [14].
121 The experimental on dielectric measurements at room temperature of Bi,GeOs glass
122 ceramics with various annealing temperatures and annealing dwell-times are graphically
123 presentin Fig. 4. It can be clearly seen that the dielectric constant (&) at room temperature of
124 Bi,GeOs glass ceramics annealed at 375°C are higher than that of Bi,GeOs glass ceramics
125 annealed at 275°C and then the values of dielectric constant dramatically increases with
126 increasing annealing dwell-time. This result has a good consistency with the result of the
127 average crystallite size of the Bi;GeOs phase as described before. The maximum dielectric
128 constant values of annealed Bi,GeOs glass ceramics was found of about 200 at 18 hours
129 and 246 at 12 hours for the annealing temperature of 275 and 375°C, respectively. The
130 considerable increase in ¢, values of annealed samples may net-be-mainly due to the
131 densification of the samples, but also the re-orientation of Bi;GeOs crystals distributed
132 homogeneously within the bulk glass matrix and the increase of the average crystallite
133 size of the Bi,GeOs crystals at higher annealing (375°C). Moreover, the presence of cubic



