AN 4.7 uamA1AfllaBidAsEnuazAINsgaudanielaBidasiEnaeadsndn BNT uay

oy - - 4
BNT Miaaday Zr Ngaungi 320 °C (grungReFaes BNT) uasfiaoad 1 kHz

gumdweas | Zr(mol%) FrmaitlaBidnyiEn Anegaudenelagiinian
°c) () (tan &)
0 2100 0.04
5 880 | 0.1
10 1400 | 0.1
1000
15 2100 0.17
20 3500 0.7
0 2090 0.05
3 1750 0.09
10 1500 0.06
1050
15 1890 0.18
20 2050 0.20
0 1750 0.04
5 1995 0.02
1100 10 1680 0.05
15 1410 0.06
20 1490 0.14
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1 o a = ! a a a =
AT 4.8 Li.ﬂBVNﬂﬁﬂ\ﬂﬂlﬂ\ﬂLﬂuﬂﬁli‘ﬂLLﬂ:ﬂ']ﬂ’]ﬁ‘ﬁ;fyLaﬂﬂﬂdlﬂﬂtaﬂﬂi‘ﬂ‘ﬂ]ﬂqmﬁ‘ﬂﬂﬂ BN

oy ' - 4
WaZBNTHIRRME Zr Tigaunniivies (25°C) uazfimaud 1 kHz

aomniTweed | Zr(mol%) ApefiinBidnEn Annegeuideneladidnvian
) (&) _ (tan &)
0 600 0.06
3 7850 4.9
10 1250 0.7
1000
15 680 0.18
20 670 0.51
0 600 0.07
5 2000 1.16
10 600 0.12
1050
15 620 0.11
20 2050 0.4
0 580 0.7
5 650 0.06
1100 10 690 0.08
15 600 0.08
20 600 0.12
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4.3 DANAMLALNARILUALAD A ENIALAY

- o - - A of
4.3.1 naanaaaseunetatalnfsufiniuafiaasasne

wdamnnsfiTnsenaalodis BNT Adveawmuiuesdilsznaumutaulasneg
#ldnanalilianimanes Tngifunnmesiaaouiiazgnidaadly BNT Sifuna 0-0.3
moi%  anniwharmihansiomasninmemmageuaiisgssiaiiAstusasmeiianig
Aennaasediand (XRD) iadaennsndaulalunsenuas lnfmenzandansy ns
WAaunazes BNT ﬁu?zgw??i‘rmnﬁqﬂ AINNINARBINLTNRUNYHTgUUYH 800-1000
°C dunsaldisiunne BNT @adefamuiidautqigeld unsdnenizaasuennim
mndgauIesiifiendeanqomgRusdImidfdnvasmilousy g 422 uaneu
nmmedeiesfdiandrass BNT fdedaeiamlufnasnmisainuaals]

a ‘It ] -J |
goungf 800 °C huaan 2 Falua azdunmlédn 0.2 uaz 0.3mol%w azifinaaslaay

=b. =b

1 d 1 1 f\ﬁil
wanwilaanulazes BNT Aaudieges Teanadnhazndufineesansisznavueentlasns
o [ ! i Ve - -31' o I T
veaniiuasdilsznay  willgnrsaszylddau - nmafnTuraanasiindiaiiazanan
nnrenivanun [4gandigedninlunisezane  (Solubilty limit) 189vediauly BNT
o w oa : d 4 o
dwiulunsdizes 0.05 uAT 0.1mol%W aziuddffunneanaturewinalas et
o ! Hd I = Yl o [ % 2 L =l
aandallAnsnlassaiqanianudeiladdnrazinsduduiay lnefiauntasmsine

A L\ . " o /A4
\dnagIugae 0.23-0.27 um MensiidauasldiRasnaivany Wedainluaasnsdindamad

] = o o a € = J LS|
IiAeudaasitgns AsgninuindugsinieAnsaniFsely
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a % unknown phase

Intensity (a.u.)

10 15 20 25 30
260 (degree)
1t 422 wamdgtuuunisideniuue e Adndaedsa BNT L3qVsUas BNT (Rasfaaiaainy

Funnd 0.05, 0.1, 0.2 uaz 0.3 wlafidusiaaiug Mniniswauaalosmanmagi 800 °C

o

i &
dlaAsuRRUATIAB AN TTIA LAY
annNsEY BNT Tiveamuduasdlrznay 0.05 uaz 0.1efifulantus win

:ﬂﬁmmmm‘%“ﬂummﬁﬂu

'ﬁﬁiﬂ*ﬁmﬁugﬂ‘trﬂﬂm Auanefiawilen (binder) PVA 4119t 2 nan TaadnenisdaiiléSauna
Ausuguinany 15 an.  anduihdwnwihedieilinsfinsndeulafvanzan
dwumasnniinfigamgiisswing 1050 - 1200 °C udatiwnsAneiaasdilsznay
HArAuge AT sAL R AEnT (XRD) linassuanalugyl 4.23

figrannd 1050 °C azwuil 0.05mol%wW T ﬁﬁﬂmmMmémlun’]"]m'iﬂﬂﬁ'mmﬂu
waniulaivalugiefunaled athelsfiannd 0.1moi%w #u Usngdufiateaeduiiiie
wikdgafuinulussuaslnd Aadedn asszneufifiiadinaraduasisznaviisen
freaziatins wiiBunadeudeinaiadnkivhasinesantsinaniRiesssfinannin

ﬂfqmﬁqi 1100 °C Wi TusTiAakan 0.05 uaz 0.1mol%w Siiurnaasaay

L
antiagasinauiialuwun AL LLIes A lendifauazes lussauaadunianala
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v :
o o o

(Background) i guilawingouugiiigaau vinldafiluagansnsainldinafngfies
=i a o y‘ié’
gnvirensfiaansazarezesudsln
l; - i 1 1 4 [} o 1
fgamgll 1150 °C aziudy unuaslifiviaduluagios Aumdiuazaanudiy

e ool

(Y = ﬂ’i’ [ o 9 = ar [ :’, & al
AUAVNFTRIRA AT ULNUNNALILNIBITIFIaNT ARANHULARIEARTLTEY BNT 6ati A9dl
{AseaFenanmiauiy

dwiufigauuail 1200 °C wudn Wawefin BNT fidadaeiamuind ity

= A 9/ - d’i’ = 1 n} L] = -4
ﬂ"l"ﬂ‘l&:’ﬂt@ﬂiu'ml‘ﬂ QULNANITUABNTU "I\iiﬂﬁqﬂ’]i‘ﬂﬂ'ﬂtuﬁﬂ"l%ﬂﬁ"]:ﬁﬂlﬂ

% unknown phase

(a)

e

Intensity (a.u.)

| i

’ | 0.1W 1050°

/\A—J \Aw\\
o W

JCPDS file 36-0340
, i s

i
T

29 (degree)
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é
! %unknown phase
S
(b) s
)
)
; ‘ 1
£ \ N
_J|PUR 1100°
! JCPDS ﬁle.‘as-m#L)
L SRR L R T A N T A R B
0 15 20 25 30 35 40 45 50 55 60
260 (degree)
(c) s

s

Intensity (a.u.)

i
WWNA_ _ | } \ I\ | '| 0 1W 1150 %

E:cnsw 1150
U

RE,1150]
| JCPDS me\;aa 0340

I A I ¥ I * I I ! I 1

0 15 20 25 30 35 40 45 50 & 60
20 (degree)

ﬂll’ - [ 4 = ar - ﬂ'A
9l 4.23 uNuAWANIREIUNIaNRAlendaaaadn BNT Reseiaimunndunash
AN (a) 1050 °C (b) 1100 °C uae (c) 1150 °C
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A nean1samzidnsaslanaianqanareean e dniadnlnpessnium
niasmuiuadAdsznay  faunfacqanssAlBiAnArauLLLAIN 1A LANALAAAIANTIS
4.9-4.11

AINAEN 4.9 WUIBIANTUIaEin BNT Hauasandradn uasilaidasion
o o 2 =l 3 -2 t73 é dy - o/ 1 =
Mg finsulauialaiuidntes uasilladunaiuiiaressasuanvinaznuda luasin
BNT Azilmsumn@nuuusinunsu (Intragranular fracture) usiluiisndin BNT Rasan
0.1mol%W wusdnasumndnuuumNIaLNgY (Intergranular fracture) Teanaaziiulals
! as ¥ = o o [ g e o a W
dnnsilleasuicamuag luuaniain Wsainsuil amnnnudeanndu AmFuAuANUS

] o ar as or 4 - A’
FINTUIANTULATAN BN sWANTIN AL E N e asiamuie Mg N Tuma fgeay
AneuziuaLaii A9lueeme 4.10 uaz 4.11
- ! - o aa a

Tudeuraarsfin BNT Rasne - 0.05mol%W | Inngmuunidunainuiasaing

-] ﬂw di nla < =l -7 a‘d o 1 [
aanaiulaneantidanndwnay dupe Hlanafranfdnwasduidiuuouluagiuias

‘J 1 ' ] 1 1 ll" J J o 1 & A
afwidunsy  medilasvaieiiduiduiuwiy  ansasdusaundaluegfandiuain

5 ar o o GJ ] -" or I
wHUA R ueesRdend dufuamainuuduwuuluduusingns anaasdumes

o or = 1 s nll : & o 9 = =l a a 3 9
i’!']i‘ﬂi?:@ﬂﬂlﬂ'l'ﬂ'ﬂﬂﬂ\‘lﬂLHNNHQWN‘LNNN']LﬂN'EIWJ‘ﬂuQ"Iu Ae LTl L‘N‘ﬁ'ﬂumﬂﬂlu‘lﬂ
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o o A o
AT 4.9 UARNIANAFINNNN9aNIATEY BNT UaT BNT \Aadatiealaumndanniinanisiug

& i = e‘ o o ]
niinfigauuqd 1050 °1 FaendasqanssAiBidnarauluUdeInsaNANGaee 6000 Wi

FUNTUYNALAY | UNALNTY
%lnalua (lumsaw) fiufin fufnasraauANYn

0.0 0.35
i

0.03

0.05 0.44
t

0.01

0.1 0.60
=+

0.02
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A9 4.10 wamilAzeaieneqanIATes BNT waz BNT Iafaeiamuvdianniinanisn

ﬂ] = 4 = o !ﬂ o 1
niingaumgR 1100 °1 drandesqanssmiBifnarauiuudeensaNinaeaL1e 6000 Wi

Fuuieaiay | 1uiangw
%laelug (lumsaw) Fufin NufnrassaeuAnYn

0.0 0.89

i
0.02

0.05 -
0.1 0.89

d
0.03
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TN 4.11 wamelanai1an1eqaniAged BNT ez BNT (adaeieainunddaniivinnisun

.J - J 0w I
NinTigungf 1150 °1 faendesqanssmBidnareunuudesnsafinndaasng 6000 i

WFunouieainy | 1unangTy
%lnslua (lumran) Fufn Fufaraqsasuaniin
0.0 1.48
s
0.013
0.05 ;
0.1 1.35
=
0.07
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4.3.3 HANIRINAAAUANTANINIENTNIBILT RN

] o

8
auiulunmasesillFAneteantAnen1an neesansmsdntasim AL Fnn

:Jal o

wandiameduasddesnaulaglfianismsasataunuiwivkasiasasnisasiaiga
1 IG’ 1 1 - J aa ['d
W AdRlAuanlumse 412 wudr Aumunuduresssfin BNT innaoumgRduines
fAnlndiReeiu Aeagludn 95% Tavpanuvwwiugeqa (Waufudiain JCPDS) Tefl
o 1 A - of 1
ausanAdesiulanavaanalumee 4.9-4.11 wsillafuieamuasly wudiuualiiu
. - . o Ty W
Mg indanumuinanas dunalsaanaunguidinaululassfnqania toe
ﬁ} as rol ] ar a8 v o A’i’ = ] nAde‘
e RTwneiing A miulusuy BNT Resafivdinuil gwlewirguuginad
- J & o = J A =
galumsundunefaengsiindelauiFgnanmageqana 1150 °C  uasfigounl

Turafge ANUMUILLLIETEn BNT WazI918n BNT RadavkamuilArlndimesiu

1 o 1 1 = ﬂr A k
ATN 412 WAANAINITUARILASATATNUUILLUIEY BNT LUTENEUAT BNT VIL%’EIL;]!’JEI

ar J a
AW Ne M HsN

gomgRlneiin | PEunoniasmu fauazaeq AN %
°C) (mol%) NIRRT LAY (g/cm’) AN UL LT
1050 0.0 19.078 £0.412 | 5.765 £ 0.006 96.14
0.05 18.289 £ 0.837 | 5.865 L 0.034 -
0.1 13.200 £ 0.276 | 4.611 1 0.014 -
1100 0.0 20.678 £ 0.505 | 5.876+0.016 97.99
0.05 18.900 £ 0.132 | 5.785 £ 0.019 -
0.1 18.811 £ 0.425 | 56.574 £ 0.032 -
1150 0.0 20.556 +0.836 | 5.676 £ 0.021 94.65
0.05 18.544 £0.403 | 5.766 £0.017 5
0.1 19,744 £ 0.213 | 5.695  0.067 b
*ANANANUIULNNN =] 284 BNT HAwinfiu 5,997 g/em’® (a0 JCPDS)
4.3.4 HAN17ATIAAALANTTFLIINATALET1HN
Sathasinfiunaenaiinudsunianisiadanuuds  Taaldinauuyl

(Knoop Hardness test, HK)

Anwnaf  (Vickers Hardness test, HV) WasNIn193iRAN

o - - gl e
AIMNENATBNTREILEN  (crack length) MAmannisnagaaianawuLinnasineinun g
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'Lumsﬁmm‘uﬂﬁiﬂufa@ﬁ’mmﬂ’q (Young's Modulus, E) WASANAMNNUNIY Aasasiien
(Fracture toughness, Ko)  Teaimsnfin BNT fiflveamuiuasdrznaunudn sranna
LL‘j\Tﬁﬁ"lTI'T?‘WGm@U&uLﬂuﬂﬂi‘ﬁ'mﬁﬁlﬂ’JﬂuLLﬁﬂLL‘].Iﬂ.I“gﬂﬂ'lﬂ (micro hardness) A1 A58 4.10
mmmuﬁmmmmﬁnﬁ"lﬁq"ﬂﬂmﬂé’mﬁumammﬂ'ﬂmnwmuu'u fiufa ArAnnaudetunn
wmumﬂummmmmm BNTummﬁwmmnmwunmmuqu 1100 °C uazudndlaifiu
vamuadliazinlidauuisanaduiieasuangesan iy wazdmIngann
TanvaF1enqamauiaasnudn amidndgiinlfaaminuiy weAaaLiases
ﬁﬂtﬂfaﬁﬁmLmuﬂ'ﬁ‘*mmﬁmn‘iﬂi’u@:ﬁﬂlﬁtﬁmgwa;ul,ﬁuu'méuﬁ"mm (1979 4,10)
Fuagfnasiiesansgsiin BNT fdveaimuduasdilsznaniilfainnimanes
fuamlumae 413 FeasnudnidlafiBunnseaiamuiunniy Az il Aua g da
ﬂfaqtmmnmn'ﬁu Lu@qmmnummﬂmmuﬂamw BNT 1f3qv3 dwaluum?ﬂmuﬂumrw
arnm‘wnu\mum‘mﬂmu 0.1mol%W memuqmmma:‘ 1050 °C wumuﬂmammmﬂ@u

o
"il"Nﬂ’T VN'IA'EH’Q PWENHNIRTN F]Q’]EJW?LHI’N‘IIU\T’IN

|
o o

’1ﬂ’J'IﬁJWWI]’MGI‘Bﬂ"]ﬁ‘LLﬂﬂ‘Hﬂ‘lI‘BQ BNT ﬂN'VI\‘MLFIuW‘JJQWNﬂ'IlﬂﬂLﬂﬂ\ﬂﬂlll.'ﬂi"mﬂ BNT
o
nne ﬂA"HJ]N'IiULﬂf]i‘ muu ﬂ.Luu'lmn Wﬂm‘HQN"ﬂuLﬁlﬂi‘@\iﬂ’ﬂ 1000 °C aNilEdnalas

TINT29L9580 BNT I."I'Elﬂﬂﬂﬂﬁﬂtﬁlﬁlﬂmﬂﬂ\‘mi‘ﬂﬂﬂ’l"lL’Jl‘j"mﬂ BNT Lantiag

A9 4.13 ANURITNNALNDEN9T89390N BNT WAZ BNT \adasviaa sy

gl | Yol | ArAenauds AANILEN AYTNENITEN ANNBAAR ATNNUNIY

WNn | femmu | Tundeaes Tumlnzang 7REUAN UBIEN AaNITUANYN
’c) (%) yU (GPa) | 7Aninaf (GPa) (um) (GPa) (MPa.m'?
1050 0.0 4,09+ 0.58 6.33£0.83 12465 116,28 | 43.33t785 | 0.30%+0.06

005 | 336*006 | 7.12%t0.16 121.66 £0.28 | 50.39£28.17 | 0.30 % 0.09*

0.1 1.9810.13 1.61%0.09 201.85%4.49 | 13.22%055 | 0.31% 0.01

1100 0.1 3.48 0.18 7.18 £ 0.21 119.88£6.92 | 44.03%x7.39 | 030+ 0.02
005 | 435%042 | 6.14%0.25 12474835 | 6530%514 | 0.37%0.05

0.1 468019 | 507%o0.18 134.09t3.69 | 61.04%7.88 | 0.35+0.05

1150 00 | 525+055 | 6.27%10.38 144.88 1 6.20 | 58.50 £30.07 | 0.37 £0.02
0.05 | 478050 | 6.27%0.42 130.33 £3.11 | 80.38%£41.34 | 0.37+0.11
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5000 : ; : . : . . : 2.0
- —co=—1qkH2 l 1.8
—a—10kHz L
4000 ~ —o—100KkHzZ e 1.8
a | —<—1MHz o
& )
=
§ 3000+ )
[} w
s 8
o
£ 2000 s
L [5]
I @
2 1 o)
2 a
=2 1000 4
0
0
0
Temperature (C)
(a)
5000 . . ) - 2.0
—<—1kAz r
1| —a—10kHz 3.8
anoo o | ZITIRMEE L1
Ox -4 2
=
£ 3000 —1.2 &
5 B w
L 2000 - E
8 g
2 . ]
2 8
Q 1000+
0
0
Temperature (°C)
(b)
5000 3 . g . T ’ : 2.0
] | —s—ThkHz
—a—10 kHz il
4000 o | —=—100 kHz 1.8
—<—1MHz
=i 1.4
) 5
= £
£ 3000 - 12 &
2 =
§ 8
(+]
£ 2000+ E
5] @
Q2 -
2 a
QO 1000 -
0
0

Temperature (°C)
(e)
1 4 a g 2 1 a g = - o
71l 4.24- neluamsAnasil inBidpsinuazAngodeladifaseneaamin BNT Radaai

) -J ey [ 3
AUl (a) 0.00 mol% (b) 0.05 mol% (c) 0.10 mol% ngrUnNIULAasT 1050 °C
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T L T
| [—e—1kHz [
—a—10kHzZ 1B
= —o—100kHz L
4000 A G 18
= [k
= 3
3000 - 12 8
7] F 2]
E b -1.0 8
g oo
Q2000 - 0.8 £
]
=] i E
2 k 08 T
° I 2
Q  qo00 = 0.4
- 0,2
0 T T Ll T - 0.0
0 100 200 3100 400 500
Temperature (°C)
(@)

5000 . 2.0

—s=s—1kHz E
4 - 1.8
—a—10kHz L
4000 | —>—100kHz 1.8
——1MHz -
L. 1.4
o™ 2 -
T (3000 - —1.2 §
g N |8
8 F o
Q "
£ 2000 - = 0.8
% A
) 1o 2
%g _ ~o0.6 2
] & - L
1000 o »’“ﬁ; oS A 0.4
n.a-ﬂ':':;’i vﬂv,fﬁ e ~
dara—n o= s I
I IR 0.2
0 e 2R "’a—-a-:—::ﬂ—':—q-d-dnq-dﬂddqwﬂQ—d—- o
T - 2 » ]
a 100 200 300 400 500
Teperature (°c)
(b)

5000 : . ; = - 2.0
—o—=qkHz 7 A
—as—10kHz A

4000 | —o—100kH2 2 L1.6
—<—1MHz W 2 -

i 1.4
‘E- 2 o e D e D D s S e =
£ 2000 12 &
% 0
§ - ~1.0 &
b 1 e, - L
;§ 2000 et T e ~0.8 §
o 1 o Los 2
a 11. e /_ [=)
1000 a%__ﬁg 0.4
= o
a_wﬂ""oﬁ} .q - .&"'A'n'm_p [
—at ~0.2
d—c—pd—dd-q_::?k:Eth\Lﬂﬂk?ﬂ“ﬂm &mdvmwm'”-#f:4yoﬂr&ﬂ“”ymdoﬂ-
0 Y i L ‘gﬁﬂﬁEEEEE?dm - ; 0.0
0 100 200 300 _400 500

5000

Teperature ("c)

(c)

] ﬁz = d = 1 o = - ar
71 4.25 neluansAnpsilaBidsnuazAngo falaBidAsEnaacursiin BNT @Rasaai

A UL (a) 0.00 mol% (b) 0.05 mol% (c) 0.10 mol% ﬁ@quﬁﬁ%umﬂi" 1100 °C



Teperature (°c)

(c)

5000 . = r . T : 2.0
—s—1kHz e
—a-—10kHz L

4000 —o—100kHZ
—<=—1MHZ

= B
Eg 3000 &
g 3
8: a—o o
~§ 2000 3
i o o £
= e i
1000 j@ﬁ ,_a-n“'f; 0.4
-E:n-o_n—ﬂ—ﬂ-c—n-a-u.a.n-m::-ﬂ-ﬂ"a" = —A‘A._APAFQ-‘AA.A r 0.2
_,_ar“""n;&!mm B, —at " oet=o=0=5 -.— :
S e o P s e A OO O B E ]
0 T L3 T L P v T 0.0
100 200 300 400 500
Teperature (°c)

5000 . 2.0
—=—1kHz [k
—a—10kHz L

4000 —o—100kH2 ~1.8
—<—1MHz : -

1 q 1.4
Cy 3 L =
E 3000 L1z §
k7] 5 3 0
R 1.0 @
8 %_ g
-g 2000 o8 ¥
@ 7 L ﬁ
L 0.6
a yal o
i
1000 j’?i = 0.4
e -
M -o=c— = ,.e—ﬂ’c’-‘_o'z
i v NN S P
M%M geo—a—o—0= i L EPEES
o : ; : 5 -nl-a-q <= : -t 0.0
100 200 aoo 400 500
Teperature (°c)
(b)
5000 . : X . 2.
|[—=—1kHz > 4 |
—a—10kHz 4 j L
4000 - | —e—100kHz ‘ 1
—<—1MHz e 78 L
= - = 1.
— L B
§ 2990 4 N 1.2 §
- - i ed)
1 - - -—
o m— %\\g o
2 2000 — - “\,\I /-o. §
é . _:‘.‘: . v ._0. 2
B f(“ = e = i a
1000 - s M/-/ —0.
F ﬁﬁ.
% \n\c\._\:_ = ~
i A,‘._A""A ":\A\_& o i aaa _c,c—"’“’—o
0 Sy b T o—g=c=0=CT0T 3 L a—aeamaaae—] 0
0 100 200 aoo 400 500

71 4.26 neluaanAr AT laBif AsEnuazANg A laRifAsENa09Es TN BNT \adaeni

L A=J T} a
AmluFuna (a) 0.00 mol% (b) 0.05 mol% (c) 0.10 mol% NRauRgNTURas 1150 °C
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T

Dielectric constant (g )

r

Dielectric constant (g )

r

Dielectric constant ()

5000

4000

3000

2000

1000

5000

4000

3000

2000

1000

5000

4000 -

3000 -

2000 -

1000 -

T ] 1 L]
—e=—0.00 mol% ;1_5
—eo—0.05 mol% B
—-—0.10 mol% —1.8
— 1.4
- 1.2
gl 1.0
pcf::a_::.&_& L
o..%:{?&?\ ~0.8
— oo r
- s n“iﬁ':g:‘:—oﬁ
S =5
: = 0.4
EEETS-00T - 0.2
Cn - = s penemea R ERITRTIEE 0.0
100 200 300 400 500
Temperature (°C)
(a)

T 1 1 1 20
—=—0.00 mol% -1.8
—o—0.05 mol% L
—a—0.,10 mol% - 1.8

1.4

100 200 300 400 500
Temperature (°C)
(b)

T 1 T T 2'D
—o—0.00 mol% 1.8
—o—10.05 mol% L
—a—0.10 mol% -1.8

1.4
L2
ﬂ;ZWk&m L1.D
_A—ﬁ;&::agi:t:: i
SRS os, 0.8
" o S L
‘%\%\-n.a
- 2]
S E -—u 4
e 5
Mﬁ“ r
L 0.2

——

T T
100 200 300

Temperature (°C)

(c)

Dielectric loss (tans)

Dielectric loss (tans)

Dielectric loss (tans)

21l 4.27 nsiuansAnAsiilaBifinsiinuazrngryidelaBifnsEnaasasiin BNT @asaeii

aa o d] ‘j
mﬂul.mﬁigmw;]u'num'a? (a) 1050 °C (b) 1100 °C (c) 1150 °C NANE 1 MHz
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] a o _= ={ A
A9 4.14 WanaAn laBid AsEn ISy BNT-W (28-500 °C ) in9ud 1MHz

W (mol%) | amumnAnnidn CC) | AlaRidasEn (g,) | Curie temperature  (°C)
1050 2710.994 &7
0.00 1100 2453.599 324
1150 2495.708 321
1050 2224.521 3;1 9
0.05 1100 2746.694 318
1150 2818.304 315
1050 2344.448 326
0.10 1100 2243.701 319
1150 2408.877 320
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4.4 TaNalgRaNAALUARanqg laaldsI T e

4.4 1 paanninsseumintadalnfausauaiinadislaallnday
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Effects of Dysprosium Oxide Addition in Bismuth Sodium Titanate Ceramics

ANUCHA WATCHARAPASORN*, SUKANDA JIANSIRISOMBOON & TAWEE TUNKASIRI

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand

Abstract

This research focuses on the preparation and characterization of dysprosium-doped bismuth
sodium titanate (BNT) ceramics. The compounds were prepared using the conventional
mixed-oxide method. The amount of dysprosium oxide used was varied from 0 to 2 at.%. The
mixed powders were calcined at 800 °C and checked for phase purity using X-ray diffraction
technique. The powders were then cold-pressed into small pellets which were subsequently
sintered at 1050 °C for 2 hours. The results from density measurement and SEM micrographs
showed that highly dense and high-purity ceramics were obtained. The grain size of Dy-
doped samples was found to decrease with increasing Dy content. Compared to pure BNT,
the addition of Dy;03 in BNT ceramics slightly increased the dielectric constant values near
room temperature. In addition, the Dy doping resulted in a more diffused transition
temperature, less frequency dependence of the dielectric constant and very low values of the

dielectric loss.

Keywords: bismuth sodium titanate, dysprosium oxide, dielectric properties



1. Introduction

It is well known that addition of one or more rare-earth oxides into another oxide
compound can induce changes in its various properties. In electroceramic material such as
lead zirconate titanate (PZT), the addition of an off-valent rare-earth ion (e.g. La’") has been
found to affect its physical as well as electrical properties. Some La-doped PZT (or PLZT)
compositions were found to produce ceramics with high density and good transparency which
make them suitable for electro-optic applications [1]. For non-lead electroceramics, Yamaji et
al [2] have investigated the effect of doping Dy,0Os in BaTiO;3 and found that the average
grain sizes of doped ceramics were smaller while the dielectric constants were greater than
those of undoped BaTiOj; over a wide range of temperature.

The doping of rare-earth ions in BigsNagsTiO3 or BNT, one of the potential lead-free
ferroelectric materials, has not been much investigated. Herabut and Safari [3] studied the
effect of lanthanum ion addition and found that, at small doping (< 2 at.%), the dielectric,
piezoelectric and electromechanical properties were improved. Aparna et al [4] also found the
relaxation behavior in impedance and dielectric properties in La-doped ENT, indicating its
possible application over a wide temperature range.

In order to further investigate the influence of rare-earth ions in bismuth sodium
titanate, this research studies the addition of dysprosium oxide at low doping level, and their

physical and electrical properties are characterized.

2. Experimental Procedure

The Dy-doped BNT powders were prepared from the mixed powder of Bi;O3 (>98%,
Fluka), Na,CO3 (99.5%, Carlo Erba), TiO; (>99%, Riedel-de Haén) and Dy,0; (99.9%,
Cerac). The amount of Dy,0O3; used was calculated according to the chemical formula,

(Bip sNag 5)1-1.5xDyx 1103, where x = 0.005, 0.010, 0.015 and 0.020. The starting powder



mixtures were ball milled for 24 hours, calcined at 800 °C for 2 hours, and checked for phase
purity using a powder X-ray diffractometer (Siemens D500). During calcination, the weight
loss was found to be minimal (< 2%). The calcined powders were then ball milled for another
24 hours and pressed into small pellets, which were subsequently sintered at 1050 °C for 2
hours in a presence of BNT powder in order to compensate for evaporation loss that might
have occurred. The densities of these samples were measured using a simple mass-volume
measurement as well as the Archimedes’ method. For the morphology studies, each sintered
ceramic was polished and thermally etched at 950 °C for 15 minutes. A scanning electron
microscope (JEOL JSM-5910LV) was used to investigate their microstructural details. The
dielectric constant and dielectric loss were measured over a wide range of temperature using
an LCR HITESTER connected to a high temperature furnace. The results between doped and

undoped samples were compared and discussed.

3. Results and Discussion
3.1 Physical and structural characterization of undoped and Dy-doped BNT ceramics

Figure 1 shows the powder X-ray diffraction patterns of all samples investigated. The
positions and intensities of X-ray diffraction peaks of doped BNT’s are very similar to the
undoped one and correspond to the thombohedral lattice. The sample with highest Dy content
shows a small impurity peak whose phase could not be determined. Within the detectability
limit of the X-ray diffractometer, the rest of the samples were virtually single phase. There
was a slight shift in X-ray peaks among these samples. However, it was irregular and a
general trend could not be established. An example of (111) peak positions is shown in Table
1. One difficulty related to the studies of Dy-ion substitution in BNT lattice is the fact that Dy
is actually a multivalent ion, i.e. it can be +2 or +3, and these valences give different ionic

sizes. Another difficulty is from the findings of Tsur et al [5] and Lee et al [6] on rare-earth



ion doped BaTiO; and Ba(Ti,Zr)O; ceramics that Dy ion is amphoteric, i.e. it can go to either
A-site (Ba) or B-site (Ti,Zr). In BNT, A-site has two ions (Bi and Na) and this causes further
complication in determination of Dy distribution in the lattice, and consequently how the
lattice changes its shape.

Microstructures of the ceramics were revealed by SEM micrographs as shown in Fig.
2. It can be seen that in general, doping with Dy resulted in a decrease in grain size which is
in agreement with a previous study on BaTiO; system [2]. The largest effect on grain size
reduction was observed in the sample containing 2.0 at.%Dy. It can also be noticed that the
doped samples contain a higher number of pores than the undoped sample, suggesting that
the former had lower densities than the latter. This observation was supported by the
measured density values as listed in Table 1. In any case, the densities of all samples were at
least 95% of their theoretical values. Detailed investigation of the surface morphology of
most Dy-doped ceramics showed some regions containing a small amount of tiny particles.
The energy dispersive analysis suggested that these were titanium-rich phase. Apparently,
such small amount of impurities could not be detected by X-ray diffraction technique and

their peak intensities were at or below the background level.

3.2 Dielectric properties of Dy-doped BNT ceramics

The temperature and frequency dependence of dielectric constant and dielectric loss
were plotted in Fig. 3. In Fig. 3 (a), the dielectric constants of all samples at 1 kHz and 10
kHz are shown. Near room temperature, the values of all samples were comparable although
the Dy-doped samples had slightly larger values than those of the undoped sample (see also
Table 1).

At higher temperatures, the values of dielectric constant for pure BNT and Dy-doped

BNT started to deviate. At 0.5 at.%Dy doping, the values became higher while for the other



doped samples, the dielectric constants were lower than those of the undoped sample. This
trend was similarly observed in Dy-doped BaTiO; where the maximum dielectric constant
was obtained at 0.4 at.% Dy doping. The authors suggested that the abnormally high values
of dielectric constants at this amount of doping were attributed to the interfacial
polarizational Maxwell-Wagner effect [2]. At higher Dy content (i.e. 1.5 and 2.0 at.%), the
dielectric constants of Dy-doped BNT samples became independent of frequency. It can be
noticed that for pure BNT, the transition temperatures (Tc) for both frequencies were near
320 °C, which is in agreement with the literature value. There was almost no shift in Tc when
Dy,0; was added into BNT. This behavior was also observed in Dy-doped BaTiO; by
Yamaji et al [2]. They found that as Dy concentration varied from 0.4-1.2 at.%, the T¢ values
of Dy-doped BaTiOs decreased only very slightly, i.e. from 122.5-119.3 °C. It is possible that
valence fluctuation of Dy ions and charge compensation played a role in this small shift of
Tc. In this experiment, the addition of Dy also caused the transition temperature to become
more diffused.

In Fig. 3 (b), the dielectric loss of the Dy-doped BNT and pure BNT were compared
at 1 and 10 kHz. It can be seen that, with low or no Dy doping, the loss increased with
temperature, following the temperature dependency of the dielectric constant. At higher Dy
doping (1.5 and 2.0 at.%), the loss remained very low (i.e. less than 0.05) over the whole
temperature range of measurement. Hence, the combination of low loss, and nearly no
dependence of dielectric constant on temperature and frequency is quite attractive for actual
applications. Future studies should be carried out to improve the magnitude of dielectric

constant while keeping the dielectric loss low.



4. Conclusions

Highly dense dysprosium doped BNT ceramics were successfully fabricated using
conventional mixed-oxide method. The microstructures of the samples showed that the
average grain size decreased with increasing dysprosium content. The dielectric property
measurement showed that the dielectric constant near room temperature of the dysprosium-
doped samples were slightly greater than those of the undoped sample. At higher
temperatures, however, the values started to deviate. Except at lowest doping, the values of
the dielectric constant of Dy-dbped BNT were lower than those of pure BNT. In addition, the
higher amount of Dy doping caused the dielectric constant to become nearly independent of
frequency and have very low dielectric loss. These properties suggests a possible use of these
materials in applications where constant values of dielectric constant are required, providing

that its magnitude could be further increased.
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Table 1. Some properties of pure and Dy-doped BNT at room temperature.

BNT 0.5 at.%Dy 1.0 at.%Dy 1.5 at.%Dy 2.0 at.%Dy
position of (111) 40.28 40.24 40.23 40.34 40.21
peak (degrees)
grain size (um) 3.0+0.5 1.8+0.3 1.2+0.1 {180 1 0.7+02
density (g/cm’) 5.87 5.75 5.78 X 5.83
dielectric constant 434 505 LN 487 490
(1 kHz, 40 °C)
dielectric loss 0.06 0.05 0.05 0.04 0.04
(1 kHz, 40 °C)
dielectric constant 407 473 480 457 467
(10 kHz, 40 °C)
dielectric loss 0.05 0.05 0.04 0.04 0.04
(10 kHz, 40 °C)
dielectric constant 2285 2765 1767 1024 886
(1 kHz, 320 °C)
dielectric loss 0.19 0.56 0.18 0.03 0.01
(1 kHz, 320 °C)
dielectric constant 1867 1822 1379 987 875
(10 kHz, 320 °C)
dielectric loss 0.10 0.25 0.14 0.02 0.01
(10 kHz, 320°C)

(The table can be placed right before Conclusions.)



Figure captions

Fig. 1. X-ray diffraction patterns of sintered Dy-doped ceramics according to chemical
formula, (Big sNays)1-1.5DyxTiOs.

(this figure can be put after the first paragraph of section 3.1)

Fig. 2. Scanning electron micrographs of BNT ceramics: (a) undoped, (b) 0.5 at.%Dy, (¢) 1.0
at.%Dy, (d) 1.5 at.%Dy, and (e) 2.0 at.%Dy.

(this figure can be put after the second paragraph of section 3.1)

Fig. 3. Tempwere_ﬂ:ure dependence of (a) dielectric constant and (b) dielectric loss of BNT and
BNT doped with various concentration of Dy at 1 kHz and 10 kHz.

(this figure can be put after the second paragraph of section 3.2)
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In the past few decades, the production of piezoelectric and dielectric materials has
considerably increased world-wide especially in the electronic ceramic industries. However,
most of the important commercial ceramics, consist of lead-based compounds such as
Pb(Zr,Ti)O; (PZT), PbTiO; (PT) and Pb(Mg;sNby3)0; (PMN) which normally require
sintering temperature about 1200-1250 °C. At these temperatures, vaporization of lead tends to
occur at unknown rate and is considered to be one of the most important environmental
pollutants, Therefore, a number of researchers have attempted to find new lead-free or low-
lead-content ferroelectrics having similar properties to those found in the lead based materials.

Bismuth sodium titanate (BigsNag 5)TiO; or BNT is known to be one of the promising
candidates for lead-free materials. It is ferroelectric at room temperature, having the perovskite
structure with a formula ABO; where Bi and Na situate at A site [1]. It also has a rhombohedral
crystal structure [2]. The BNT compound has an anomaly phase transformation of ferroelectric
rhombohedral to antiferroelectric tetragonal at about 220 °C and to paraelectric tetragonal phase

at T, = 320°C [3]. The tetragonal phase above 320 °C finally changes to cubic phase above 520
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°C [4]. At 320 °C, the dielectric constant is highest and temperature dependence of the BNT
ceramics shows a diffused behaviour with strong ferroelectricity similar to relaxor-type
ferroelectrics [5, 6]. Therefore, BNT seems to be a potentially good candidate as lead-free
ceramics for many applications such as dielectric, piezoelectric and pyroelectric applications [7,
8].

The piezoelectric properties such as piezoelectric constant (ds3) and electromechanical
coupling factors (ks3 and ks;) of the BNT ceramic are still below those of the high-lead-content
piezoelectrics especially commercial PZT. Hence, many attempts to improve the piezoelectric
and dielectric properties of BNT have been carried out. Kuharuangrong and Schulze [9]
reported that Pb-doped BNT ceramics showed a uniform small grain structure with high density.
Subsequently, they obtained high dielectric constant. However, the studies of optimum
processing parameters for the fabrication of BNT ceramics having optimum dielectric properties
have scarcely besn done. Consequently, the possibility of improving such properties via
optimization of processing parameters might be an easy and economical way. According to
Kashcheev and Zemlyanoi [10], powder processing via vibro-milling could stimulate a higher
grain activity [10] and the onset of sintering was observed to occur at lower temperature.
Therefore, in this work, vibro-mill was employed to produce BNT powders. In addition the
effects of sintering temperatures, density, phase formation as well as microstructural evolution
of ceramics have been carefully studied in order to find the optimum processing conditions for
forming highly dense BNT ceramics.

The BNT (BigsNag sTiOs) powder of stoichiometric composition was prepared using a
vibro-milling technique. Bi,03 (Fluka, > 98.0 % purity), Na;COs (Aldrich, 2 99.5 % purity)
and TiO, (Aldrich, > 99.5 % purity) powders were used as starting materials. The oxide

powders were milled via a McCrone vibro-mill using a common plastic container for 30
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minutes and 1 h with zirconia balls in ethanol and dried at 120 °C for 12 h. The powder
mixtures were calcined at temperatures between 500 °C and 1100 °C for 1 h with
heatiﬁg/ cooling rate of 5 °Cmin’ in air. After that, all calcined powders were investigated by X-
ray diffraction techniques in order to identify the crystalline phase existing in the calcined
powder.

Powders containing 3 % poly-vinyl alcohol (PVA) were pressed into discs of 10 mm in
diameter and 2 mm in thickness. They were sintered at 1100 °C, 1150 °C and 1175 °Cfor2hin
an air atmosphere. The density of each sample was measured by the Archimedes method. The
relative densities were calculated as a percentage of the theoretical densities. Microstructures of
these samples and the calcined BNT powders were observed using a scanning electron
microscope (JEOL, JSM-840A). An average grain size was obtained using a mean linear
intercept method. Both surfaces of the sintered ceramic discs were polished and painted with
silver-paste. The «electricai measurements such as dielectric constant (g;) and loss tangent (tand)
were measured at 1 kHz using an LCZ meter (HP 4276A). For comparison, BNT ceramics
prepared from conventional ball-milled powders were also carried out. The calcining and
sintering temperatures were 700 °C and 1100 °C, respectively. The microstructural evolution as
well as other properties of these ceramics are also investigated.

The X-ray diffractograms of calcined BNT powders prepared via vibro-milling method
are shown in Fig.1. The single BNT phase started to show up at 700 °C and above. Every XRD
peak could be attributed to thombohedral perovskite-BNT phase, consistent with JCPDS file
number 36-0340. This temperature was slightly higher than that reported by Hao ez al [11] who
could obtain phase-pure BNT powder at 600 °C. This may be due to the differenc.:es in the

synthesis method since Hao ef al [11] employed the stearic acid gel method to synthesize the
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Big sNaysTiOs; nano crystalline powders. The X-ray diffractogram of the calcined powders
prepared using a conventional ball mill and the ceramics sintered at 1100 °C showed no
signicant difference to that shown in Fig. 1.

Scanning electron micrographs of BNT powders obtained via vibro-mill and
conventional ball-mill techniques, calcined at 700 °C for 1 h are shown in Fig 2. The average
particle size of BNT powders estimated from both SEM micrographs were almost the same (0.2
— 0.4 um). However, our results are comparable to that of Pookmanee et al. [12] despite the
fact that they obtained the BNT powders through hydrothermal route.

Micrographs of BNT ceramics sintered at 1100 °C, 1150 °C and 1175 °C prepared from
vibro-milled powders are shown in Fig 3. (a, b and c¢). It can be seen that as the sinteﬁng
temperature was increased, the grain size also increased remarkably. At 1175 °C, exaggerated
grain growth qccurred_ A micrograph of ceramic sintered at 1100 °C using conventional ball-
milled powders is shown in Fig. 3(d) for comparison. It can be seen that grain sizes of BNT
ceramics obtained from vibro-milled powders are much smaller than that prepared from
conventional ball-milled powders. SEM ‘analysis confirmed that all BNT ceramics were
sintered to a highly dense state. Some physical properties of BNT ceramics were summarized in
Table 1. together with that of Kuharuangrong and Schulze [9], Pookmanee ef al. [12] and Peng
et al. [13]. It can be seen that the densities of ceramics sintered at 1100 °C, 1150 °C and 1175

| °C were almost the same, about 95% of the theoretical density (5.99 g/cms)= which was in the
similar range of that found in Herabut and Safari [13] of between 93% to 95% and Nagata and
Takenaka [14] of more than 90%. Furthermore, these density values were significantly higher
than that obtained from the conventional ball-mill, i.e. ~ 85 % in our result and 88% from Peng

et al. case. [15]
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In Table 1, the dielectric constants at room temperature (g;) and at Tc (€max) of the BNT
ceramics, prepared from vibro-milled powders, show a relatively higher value than that of
Kuharuangrong and Schulze [9]. This may correspond to the effect of smaller grain size
ceramics causing higher values of the dielectric constants as previously reported by Kinoshita
and Yalilaji [16]. Similar results were obtained in our experiment when the ceramics obtained
by two techniques were compared at the same sintering temperature. BNT ceramics from vibro-
milled powders had an average grain size of 1.25 um with €, of 773 while ceramics from ball-
milled powders had a grain size of 5.22 um with €; of 613. However, the ceramics (vibro-mill)
sintered at different temperatures gave no trend for the dielectric constant at room temperature
but the clearer trend was found for the & max at 1 kHz as the & max value increased with
decreasing grain size. It seems that sintering temperatures affected both the grain size and
dielectric properties simultaneously.

The plots of & as a function of temperature for BNT ceramics prepared using various
processing conditions are shown in Fig 4. The maximum e increases as the sintering
temperature increases. ~The Curie temperature was slightly reduced when the grain size
decreased. Similar trend was observed in BaTiOs ceramics [16]. Similar change of phase
(antiferroelectric to paraelectric) which yields the maximum dielectric constant at Tc was also

reported in lead based compound such as lead barium zirconate [17].

In conclusions, BNT compounds were successfully synthesized using powder mixture
obtained via rapid vibro-milling method. Calcination was carried out at 500 - 1000 °C for
vibro-milled powders and 700 °C for ball-milled powder. The average particle sizes of BNT
powders obtained from both milling methods, calcined at 700 °C showed no significant
difference and were in the range of 0.2 — 0.4 um. The average densities of ceramics obtained
from vibro-milled powders were about 95% of the theoretical density and were higher than that
obtained from ceramics prepared from ball-milled powder (ie. ~ 85%). The dielectric

properties of the former were also higher than the latter. The results in this investigation suggest
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that vibro-milling technique is an efficient way to produce high quality BNT powders and

ceramics.
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Lists of table and figures

Table 1. Relative density compared to the theoretical density, grain size, & max and T of the
BNT ceramics.

Fig. 1. XRD patterns of BNT powder milled via vibro-milling calcined at various
temperatures for 1 h with heating/cooling rates of 10 °C/min.

Fig.2. SEM micrographs of BNT powder calcined at 700 °C for 1 h with vibro-milling
technique prepared through (a) rapid vibro-mill and (b) conventional ball-mill

Fig. 3. SEM micrographs of BNT ceramics at different sintering temperatures (a) 1100 °C /2
h(b) 1150 °C /2 h and (c) 1175 °C /2 h (via vibro-milling) and (d) 1100 °C /2 h (via
conventional ball-milling)

Fig.4. Dielectric constants for various sintering temperatures of BNT ceramics.

Table 1. should appear after 3™ paragraph, page 5.
Fig. 1. should appear after 2" paragraph, page 4.
Fig.2. should appear after 2* paragraph, page 5.
Fig. 3. should appear after 3™ paragraph, page 5.

Fig. 4. should appear after 2° paragraph, page 6.
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Table 1 Relative density compared to the theoretical density, grain size, & max and T; of the

BNT ceramics.

Sintering | Relative | Grain o tand (%) T
&
Milling technique | temperature | Density | Size | atroom | atroom N ’
at1 kHz | (°C)
) () (um) | temp. | temp.
Ball-milling* 1100 85 533 613 2.0 2200 320
Vibro-milling* 1100 95 1,25 773 1.5 3050 310
1150 95 2.55 770 1.7 3400 310
1175 94 2.85 736 2.0 4200 320
Kuharuzngrong and 1175 96 8.0 700 - 2700 320
Schulze [9]
Pookmanee [12] 1175 96 - - - - -
Herabut and Safari
] 1050 95 3.8 240 1.1 - .
[13]
Nagata and :
» 1200 >90 - - - - -
Takenaka [14]
Peng et al. [15] 1180 88 - ~700 1.75 3700 320

*prepared in this work
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Fig. 1. XRD patterns of BNT powder milled via vibro-milling calcined at various

temperatures for 1 h with heating/cooling rates of 10 °C/min.
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(@) (b)

Fig. 2. SEM micrographs of BNT powder calcined at 700 °C for 1 h with vibro-milling

technique prepared through (&) rapid vibro-mill and (b) conventional ball-mill
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Fig. 3. SEM micrographs of BNT ceramics at different sintering temperatures (a) 1100 °C /2 h
(b) 1150 °C /2 h and () 1175 °C /2 h (via vibro-milling) and (d) 1100 °C /2 h (via

conventional ball-milling)
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ABSTRACT

Zirconium-doped bismuth sodium titanate (BNTZ) powders were prepared using a
conventional mixed-oxide method. After checking for phase purity by X-ray diffraction analysis,
the synthesized powders were pressed into small pellets and sintered at high temperatures to
form dense ceramics. All ceramic samples were found to be single phase with a rhombohedral
structure similar to the undoped (BNT) sample. The measured densities wete approximately at
least 95% of their theoretical values. This observation was supported by the fact that a very
small fraction of porosity was observed in the SEM mictographs of these samples. The grain
sizes of Zr-doped BNT were slightly larger than that of the undoped sample. Mechanical
properties of Zr-doped and undoped BINT was measured using the Knoop indentation technique.
It was found that, in general, the hardness and elastic modulus of BNTZ ceramics increased
with increasing zirconium content. The results suggest a way to improve the mechanical
properties of BINT ceramics.

Keywords : bismuth sodium titanate, mechanical properties, microstructutes, solid solution.

1. INTRODUCTION

Itis well known that many solid-solution
systems can produce semiconducting materials
with properties that are useful for electronic
and optical applications. For electroceramics,
the discovery of lead zirconate titanate
(Pb(Zr,Ti)O, or PZT) and its excellent
piezoelectric properties has led to commercial
uses of this material as transducers, actuators
and sensors [1-3]. One requirement that needs
to be considered when using ceramics as
transducers or actuators is their mechanical
properties since those ceramics must be
subjected to vibration and strain. It was found
for lead-based systems that by mixing
antiferroelectric PbZrO, and ferroelectric

PbTiO,, the solid solutions of PZT with good
electrical and mechanical properties could be
obtained. Similar studies in non-lead
ferroelectric materials such 2s bismuth sodium
titanate (Biy Na TiO, or BNT) howeverhave
not received much interest and most of the
time, only their electrical properties were
measured [4-7]. From electrical measurements,
BNT seems to be one of the potential lead-
free ferroelectric materials that may replace
lead-based compounds in the near future.
Consequently, in this research, the effects of
adding zirconium oxide into bismuth sodium
titanate ceramics are investigated and their
mechanical properties are characterized.



2. MATERIALS AND METHODS

The starting materials consisted of Bi,O,
(96%, Fluka), Na,CO, (99.5%, Analyticals),
TiO, (>99%, Riedel de Ha*n) and ZrO,
(>99%, Riedel de Ha*n) powders. The
stoichiometric amount of starting compounds
- was measured and used according the
chemical formula, Bi, Na Ti Zr O,, where
x = 0, 0.05, 0.1, 0.15 and 0.2. Each mixture
was ball-milled in ethanol for 24 h, calcined
at 800 °C for 2 hours and checked for phase
_ purity using an X-ray diffractometer (Siemens
D500). The calcined powders were then
ground, sieved, and pressed into small pellets
having diameter of about 15 mm in diameter
and 2 mm in thickness. These pellets were
sintered at 1000 °C for 2 hours. All sintered
samples were re-checked for phase purity
using X-ray diffraction analysis. The measured
density of the sintered samples were
approximated using the Archimedes’ method.

Chiang Mai J. Sci. 2006; 33(2)

A scanning electron microscope (JEOL JSM
5910LYV) was used to study the microstructure
and chemical composition of . these samples.
A Knoop microhardness tester (Matzuwa
MXTo-7) was used to study their mechanical
properties.

3. RESULTS AND DISCUSSION

The X-ray diffraction analysis of the
calcined powders shows that all Zr-doped
samples (BN'TZ) are virtually single phase and
maintain the thombohedral structure of pure
BNT (Figure 1). X-ray pattern from JCPDS
reference (file no. 36-0340) was also plotted
for comparison. A systematic shift of peaks
in the XRD pattern of BNT was most likely
due to the error in zero-positioning of X-ray
instrument. Nevertheless, the relative intensity
and positions for X-ray peaks of the sample
agreed with the reference pattern. Compared
with undoped BNT sample, a slight shift of
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Figure 1.

X-ray diffraction patterns of BNT and BNTZ powders. Note that BNT005

corresponds to BNT doped with 5 mol% Zz. JCPDS powder X-ray pattern (file no.
36-0340) was also given as a reference.
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X-ray peak positions in BNTZ specimens
indicates that their unit cell sizes are slightly
larger than that of pure BNT. This is most
likely due to the replacement of Zr ions into
Ti sites and the fact that the ionic size of Zr
ion is larger than that of Tiion, Determination
of small impurity peaks observed in the
sample with high Zr content was rather
difficult since most of the peaks were at or
below the background level. By matching the
peaks with JCPDS reference patterns, it is
possible that the impurity belongs to a
compound in Bi~Ti-O system. However, the
amount present in the sample was so small
that it should not have any significant effect
on mechanical properties of samples under
investigation. '

&

Figure 2. SEM micrographs of Zr-doped BNT ceramics with the Zr content of (2) 0 mol%
(b) 5 mol% (c) 10 mol% (d) 15 mol% and (e) 20 mol%

X-ray diffraction analysis of BNTZ
ceramics indicates no change in chemical
composition and erystal structure from those
of calcined powders. The densities of the
BNTZ ceramics were measured to be in the
range of 5.70-5.90 g/cm® and they increased
with increasing amount of Zr. These values
may be compared with the value of 5.87 g/
cm?® for pute BNT. All BNTZ samples had a
slightly lower density than BNT except the
sample with highest Zr content. Similar trend
was observed in BNTZ ceramics prepared at
higher sintering temperatures. SEM micrographs
of BNTZ cetramics in Figure 2 shows that the
grain size increases slightly as the amount of
Zt increases and they all have a larger average
grain size than BNT.
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Figure 3. Knoop hardness and Young’s modulus of BNT and BNTZ ceramics

Figure 3 shows the values of Knoop hardness
and Young’s modulus of BNTZ ceramics. The
Knoop hardness of BNTZ ceramics was
measured to be in the range of 3.27-4.05 GPa
and it increased with increasing Zr content.
These hardness values of Zr-doped BNT are
slightly higher than that of undoped BNT
(i.e. 2.97 GPa). The Young’s modulus of BNTZ
ceramics were calculated to be in the range
of 21.6-35.7 GPa. These values are higher than
the value of 16.7 GPa in pure BNT. There
are two main factors that can cause this type
of observed mechanical properties ie. Zr

concentration and microstructure of the -

ceramics. Although it has been known that
pure metals can be hardended by addition of
solute atoms, there is not much information
on the effects of solid solution on mechanical
propetties of ceramics. It is possible that in this
case the variation of ionic size in the lattice
could moderately inhibit the deformation
caused by the hardness indentor and resulted
in an increase in hardness and elastic modulus
with increasing Zr content. From microstructural
aspect, the differences in density and grain
size of BNT and BNTZ ceramics were cuite

small and these wete expected not to play a
significant role in determining the mechanical
properties. The grain size independence of
hardness was also reported in the case of
PLZT ceramics [8]. In this investigation, it
seems that by doping BNT with zirconium,
the mechanical properties of the ceramics can
be improved. '

4, CONCLUSIONS

The bismuth sodium titanate zirconate
solid-solution ceramics have been successfully
prepared and characterized. The results from
X-ray diffraction data showed thatall samples
were virtually single phase. A slight shift of
X-ray peaks when ZrO, were added into BNT
compound suggests that larger Zr ions occupied
Ti sites. From SEM micrographs and measured
density, all ceramic samples investigated were
very dense. The grain size of Zr-doped BNT
specimens were found to be slightly larger
than those of undoped BNT. The Knoop hardness
and Young’s modulus were found to increase
with increasing Zr content. This seems to suggest
a way to imptrove mechanical properties of
BNT compound.
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Abstract

Bismuth sodium titanate is known to be one of the potentlal non-lead ferroelectric materials.
In this research, bismuth sodium titanate powders doped with 0-0.3 mol% tungsten were
prepared by calcining the starting powder of bismuth oxide, sodium carbonate, titanium oxide
and tungsten oxide at 800-1000 °C for 2 hours. Phase analysis by powder X-ray diffraction
analysis indicated the presence of unknown peaks whose intensity increased with tungsten
oxide concentration. The powders were then subjected to pressing into small pellets. These
pellets were then sintered at temperture in the range between 1050-1150 °C. Phase analysis
showed that, at higher sintering temperature, impurity peaks disappeared. At any sintering
temperature, the microstructures of fungsten doped bismuth sodium titanate ceramics showed
an increase in porosity with increasing tungsten concentration. At higher temperatures,
however, densification process was more complete and porosity was reduced. One peculiarity
was the plate-like structure of bismuth sodium titanate doped with 0.05 mol% tungsten.
Energy dispersive X-ray microanalysis indicated that the plate-like structure was tungsten -
rich. One advantage of adding tungsten oxide into bismuth sodium titanate seemed to be the
hardening of the gram This could be seen from the study of fractured surfaces such that the
all undoped ceramics showed intragranular fracture while the doped ceramics, especially at
0.1 mol% tungsten doping, showed mtc.rgranular fracture. The results of this investigation
sugges ted a p0331b1e method to improve the grain strength.

Background ' .
Bismuth sodium titanate (BigsNag sTiO3 or BNT) is known to be.one of the potential non-lead
ferroelectric materials that may replace lead-based compounds in the near future [1-4].
Consequently, optimization of its properties is necessary. To use this material as a transducer
and actuator like the established materials such as lead lanthanum zirconate titanate (PLZT),
both mechanical and electrical properties need to be carefully characterized. For the former,
_microstructure of the ceramic was one of the most important properties that determine its
mechanical propeme‘ :

The use of tungsten in electroceramics has been mostly in the lead-based compounds such as
in relaxor ferroelectric solid-solution of complex perovskites, Pb(MgisNbys,Ti)O; and
Pb(Mg1sW 12, Ti)Os or PMNPT-PMW system, whose temperature coefficient of
electrostriction was found to improve and hence the material ‘could be used Wlth high
- efficiency over a wide temperature range.[5].

Unlike the charge compensated PMNPT-PMW materials, the presence of small amount of
tungsten ion as donor dopant in B-site.of A *B™0; perovsklte structure would be
compensated by A-site vacancies. Since the charge of tungsten ion is +6 (as in WOs), the

03



23"MST Annual Conference . Journal of Microscopy Society of Thailand 2006, 20(1):93-99

expected amount of tungsten substitution is expected to be quite small. Nevertheless, such
defect formation was found to cause some desirable changes 1n other properties in
electroceramic materials doped with some other donor ions such as Nb*. The improvement in
properties include enhanced domain reotientation, lower coercive ﬁcldLs higher remanent
polarization, higher dielectric constant and reduced aging [6]. With these advantages, the
present paper report the synthesis and phase analysis of tungsten doped bismuth sodium
titanate powders and ceramics. Their microstructural mvestlgatlon was also carried out and
discussed.

Materials and Methods

The powders of BiyO; (98%, Fluka), T102 (99%, Riedel-deHaen), Na;COs3; (99.5%,
Analyticals) and WO3 (99.9%, Fluka) were used as starting materials. The amount of WO;
used was varied from 0-0.3 mol%. The powder mixture was ball milled in ethanol for 24
hours, dried, re-ground and calcined at 800-1000 °C for 2 hours. The obtained powders were
then checked for phase purity using an X-ray diffractometer (JEOL JDX-8030). These.
powders were then made into small pellets ‘before being subjected to sintering process at the
temperature from 1050-1150 °C. The sintered ceramics were then analyzed for their purity
using X-ray diffraction analysis. All samples were ground and polished using SiC paper and
alumina particles prior to thermal etchingr at 900 °C for 10 minutes. The topography of etched
and fractured surfaces of the ceramics were studled using a scanning electron microscope
(JEOLJ SM5910LV)

Results and Discussion
Synthesis and phase analysis of W-doped BNT powders _
Figure 1 shows X-ray diffraction patterns of undoped and W-doped BNT calcined at 800 °C.
The patterns for the powders calcined at higher temperatures did not show any difference and
were not shown here. Based on the JCPDS reference file, all X-ray patterns maintained the
same rhombohedral structure. However, as indicated by the + symbol, extra peaks from
second phase started to appear at 0.1 mol%W doping and become significant at 0.2 and
0.3mol%W doping. By matching with available data, the second phase seems most likely to
be Bi,T1,07. To minimize the effect of impurity phase on determination of various properties,
“the samples with 0.2 and 0.3mol%W doping were excluded from further processing and
characterization. '

Figure 2 shows SEM micrographs of as-received undoped and W-doped BNT calcined
powders. It can be seen that there was appreciable agglomeration of particles which caused
some difficulties in determining the actual particle sizes. However, from the protusion part of
agglomerates, the average particle size was found to be about 0.25 pm. No significant
difference in particle size was observed for all samples under investigation.

Fabrication and characterization of W-doped BNT ceramics

The calcined powders were ball milled and sieved prior to pelletization. The pellets were
sintered at temperatures ranging from 1050-1150 °C. Further increase in sintering temperature
caused appreciable reaction between the pellets and the supporting -alumina plate, and
therefore 1150 °C seems to be very close to the sintering temperature limit for this system. X-
ray diffraction analysis of the ceramics shows that generally the intensity of impurity peaks
observed in the W-doped calcined powders was reduced and disappeared at 1150 °C. Figure 3
shows the X-ray diffraction patterns of 0.1mol%W doped BNT ceramics sintered at various
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Figure 1. X-ray diffraction patterns of BNT powders doped with 0-0.3 mol% tungsten.
JCPDS reference pattern (no. 36-0340) was also given for comparison. The symbol (+)
indicates second-phase peaks.

s z 2 g E

Figure.z. SEM micrographs of calcined BNT' powder with various W concentrations (a) 0
mol%, (b) 0.05 mol% and (c) 0.1 mol%. ' :

temperatures. Standard JCPDS pattern of undoped BNT was also plotted for comparison.
When the green bodies of doped BNT were sintered at 1050 °C, there was extra peaks present
that were not in the calcined powder, especially the one with higest intensity near 12.8
degrees. These peaks however were not present when higher sintering temperatures (i.e. 1100
and 1150 °C) were used. It seems that, in W-doped BNT, there was a certain range of
sintering' temperature where high-purity ceramics can be obtained. In this investigation, the
temperatures between 1100 and 1150 °C were optimum for ceramic processing.
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Figure 3. X-ray diffraction patterns of 0.1 mol%W doped BNT ceramics sintered at
various temperatures. The symbol (+) indicates second-phase peaks.

Figure 4 shows the scanning electron micrographs of polished and thermally etched surfaces
as well as the fractured surfaces of undoped and W-doped BNT ceramics. From the figure, the
W-doped samples had a slightly larger grain size than the undoped ceramic. This trend was
also observed in the ceramics sintered at higher témperatures. For 0.05 mol%W -doped
samples, the plate-like structure was observed at all sintering temperatures. Energy dispersive
. analysis of these plates suggested that they were possibly W-rich phase. The presence of this
second. phase might be due to inhomogeneous distribution of tungsten in the ceramics. At 0.1
mol%W doping, the surface topography of the ceramics was quite porous which was in
agreement with the relative low density obtained by Archemedes’ method. One of the
interesting results for doping BNT with tungsten was the fracture behavior of the ceramics.
While intragranular fracture was observed for undoped BNT ceramic, the W-doped ceramics
showed that fracture occured along the grain boundaries. This seems to suggest that fracture
strength of the grains was somewhat improved with increasing tungsten concentration.

Figure 5 shows the grain structure of 0.1 mol%W doped BNT ceramics at various sintering
temperatures. It can be seen that as the temperature was increased, the density as well as grain
size of the ceramics increased. From the results discussed in this section, it may be concluded
that for W-doped BNT system, an optimization of smtenng temperature as well as tungsten
content were important to form phase-purf' dense ceramics.
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Figure 4. SEM micrographs showing etched surface and fracture surface of BNT ceramics
doped with various W concentration; (a), (b) 0 mol%; (c), (d) 0.05 mol%; (e),(f) 0.1 mol%
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Figure 5. Grain structure showing a decrease in porosity and an increase in grain size
for 0.1 mol%W doped BNT cerarnics as the sintering temperature was increased.
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Conclusions _

Tungsten-doped bismuth sodium titanate powders were successfully synthesized and their
ceramics fabricated. At a fixed tungsten concentration, X-ray diffraction patterns of calcined
powders were the same regardless of calcination temperatures used in this investigation. °
Phase analysis also showed that the amount of second phase increased with increasing
tungsten concentration. After being pelletized and sintered at various temperatures, the results
showed that high-purity and denser W-doped BNT ceramics could be obtained at higher
temperatures. However, there was an optimum range of sintering temperature that needs to be
chosen for fabrication of this material system. From the microstructures of fracture surfaces of
W-doped BNT ceramics, the results indicated that addition of WOs; in BNT could be an
effective way to strengthen the grains, hence better mechamcal properties.
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§l permeation chromatography (GPC), NMR spectroscopy, UV-vis spectroscopy, and fluorescence spectroscopy.

The findings indicate that the modified Homer-Emmons route gave PFVs with marginally lower molecular weights
it substantially fewer defects than those prepared by using the Gilch route.

D0I8-EFFECT OF COUPLING AGENT ON MECHANICAL PROPERTIES OF HIGH DENSITY
MLYETHYLENE FROM RECYCLED DRINKING WATER BOTTLES MIXED WITH BAGASSE
FBRES

Achara Sangthon and Nitat Jira-arun*

‘Department of Industrial Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

£- mail address: scici003@chiangmai.ac.th

Abstract: [n this research, the effects of vinyltriethoxysilane coupling agent on mechanical properties of high
density polyethylene from recycled drinking water bottles mixed with bagasse fibres as a reinforcing agent were
sudied. The size of bagasse fibres used was in the range of 14 — 18 mesh and their content was 15 percent by
weight of polyethylene. The orientation of fibres in polymer was random. The amount of coupling agent used were
10, 20, 30, and 40 percent by weight of bagasse fibres. Specimens were formed by compression molding by
pressing machine under a pressure of 750 psi, at the temperature of 180 °C, and the pressing time of 10 minutes.
The mechanical properties determined were tensile strength, percentage elongation at break, Young's modulus, Izod
impact strength, flexural stress, and Rockwell hardness. From the experiments, it was found that the optimum
mechanical properties were obtained when using coupling agent 20 percent by weight of bagasse fibre.

EW19-EPOXY-GLASS FIBER COMPOSITES CURED WITH MICROWAVE
Dumrong Jaroendee, Varaporn Tanrattanakul*
Polymer Science Program, Faculty of Science, Prince of Songkla University, Songkla 90110, Thailand

‘ e-mail: varaporn.t@psu.ac.th

Abstract: The objective of this work was to compare the mechanical properties of epoxy glass fiber composites
ared by thermal heating and microwave heating. Epoxy-anhydride (100:80) resins were cured in a domestic
microwave oven and in a thermal oven. The hardening agents included methy! tetrahydrophthalic anhydrice and
methyl hexahydrophthalic anhydride. Glass fiber used was chopped strand mat. Thermal curing was performed at
150 °C for 15 and 25 min for resins containing 1% and 4% accelerator, respectively. Microwave curing was carried
out at a low power under various cure time. Mechanical properties were investigated according to ASTM standards.
Itis found that microwave-cured composites showed similar or higher mechanical properties than oven-cured
composites, and the effective cure time in the microwave oven was 15-30% of cure time in the thermal oven.

E0020-Microstructure and Mechanical Properties of Zirconium-Doped Bismuth Sodium Titanate
Anucha Watcharapasomn, Sukanda Jiansirisomboon and Tawee Tunkasiri

Department of Physics, Faculty of Science, Chiang Mai University, Muang, Chiang Mai, 50200, Thailand
e-mail address: anucha@stanfordalumni.org

Abstract: Zirconium-doped bismuth sodium titanate (BNTZ) powders were prepared using the conventional mixed-

oxide method. After checking for phase purity by X-ray diffraction analysis, the synthesized powders were pressed

into small pellets and sintered at high temperatures to form dense ceramics. All ceramic samples were found 1o be

single phase with a rhombohedral structure similar to the undoped (BNT) sample. The measured densities were

gpproximately at least 95% of their theoretical values. This observation was supported by the fact that a very small

fraction of porosity was observed in the SEM micrographs of these samples. The grain sizes of Zr-doped BNT were
. slightly larger than that of the undoped sample. Mechanical properties of Zr-doped and undoped BNT was measured
i using the Knoop indentation technique. It was found that, in general, the hardness and elastic modulus of BNTZ
ceramics increased with increasing zirconium content. However, further investigation by increasing the amount of
ziconium is needed to confirm these preliminary results.

E0021-Phase Formation of Lead Indium Niobate-Lead Titanate Powders
Supattra Wongsaenmai , Supon Ananta, and Rattikorn Yimnirun
Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand
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