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Abstract

Project Code : PDF41
Project Title : Synthesis fine powder barium titanate for high quality capacitor ceramics.
Investigators : Gobwute Rujijanagul and Tawee Tunkasiri

Dept. of Physics, Fac. of Science, Chiang Mai Univ., Chiang Mai THAILAND

E-mail Address : -

Project Period : 2 years

Objectives : 1. To prepare fine powder of BaTiO; and to characterize its properties.
2. To study the effect of doping on dielectric properties of BaTiO;
3. To prepare BaTiO; for use in capacitors.

Methodology : This research is divided intd two main parts

in part |, barium titanate powder was prepared by precipitation method.
The measurement of physical properties of the powder were carried out. Microstructure
of the powder was studied by electron microscopy. Furthermore, the dielectric
properties of barium titanate doped with ¢.8-5.0 mol percent of Dy,0, were studied.

In part I, effect of dopant such as Nb, Ni, Ta and Sn and sintering |
conditions on the dielectric properties of BaTiC; prepared from mixed oxides method
were studied.

Results : 1. The particle size of BaTiO; powder prepared from precipitation method
is in nanometer order. The particle size increases with increasing caicining
temperature. The capacitor made from BaTiO; doped with 0.8, 0.2 and 5.0 mol percent
of Dy,0O; gave the dielectric constant of 4,000, 3,600 and 3,300 respactivaly.

2. Dielectric properties of BaTiO; doped with Sn depends on the sintering
ternperature and the sintering time.
Discussion Conclusion : By comparing the dielectric properties of Dy doped
Barium titanate ceramics prepared from precipitation method and the properties of the
capacitors from industrial, it can be concluded that the Dy doped Barium titanate
ceramics can be use as a capacitors.
Suggestions f Further Implication / Implementation
1. TiCl,is a dangerous starting material for preparation BaTiQO;,, other starting materials

should be considered to prepare BaTiO,

2. Changing the T, of BaTiO, doped with various percents of Sn should be studied.

Keywords : BaTiO;, capacitor, precipitation
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LW calcine ﬁqm‘ngﬁ 1000 °C wasNtuInhudeTEisey X-ray diffraction 926
X-ray diffraction pattern INTUIN LRI o/a 10987 Lagld peak (202) Waz
(220) fausasluaned 2.2

- \ A s ol |
AW 2.2 AITIIURAIHNANITHIAY c/a '.Ua\ﬂmjﬂLﬂs&l&]\l@ﬂ@‘lU’Jﬁn’]iﬂn@:ﬁﬂauf’]&]

NomAaniiens e
] u

{13 BaTio,; Ausduulapnns c/a ratio
anAzNouNamundl (°c)

40 1.004
60 1.004
70 1.004
80 1.004

90 1.004
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o [ ] -y ~ 't :
NN 2.2 u.am'l.%munmmmnu’nqmuqum‘mnm:ﬂau‘luuwﬂﬂ‘a cl/a

MAIIIN calcine W7

P -

A L L 24 v e 1 ]
mmn"uaHamaﬂuua:m‘smmmwmwn’wﬂnm:nawﬂqmuqu 80 °C we

Lﬂuqmugﬁﬁmmzamiam‘smaaa'ﬁ'wiia'lﬂ
.« L 7]
2.3.6 HANISANEIMNISATHAINNTOU

a ) nl' o 1 i r- A

11 BTO ﬂ'l.@mnmmﬂm:nauﬁuﬁqmnn“u 80 °C mﬁnmgmndauuuﬂm

4 . - a Y ol . . .
nadwanuion  wululahandensAdaoweIadda Differential  Thermal Analysis

A o~ -~ =3 s 1 1 - A ]

(DTA) Fudunafiamawnziarsaragig NANVUANGIIVBIG RN VBIFIIAIDENY
ﬁ'umsé’wﬁqﬁqmuqﬁ wIaaALANEINY mmmuamwﬂ‘lﬁﬁqﬂﬁ 212 uaudio
= X - Py . 4 a - -
AazdiinInddla Thermogravimetry (TG) @ailuinafiamsiesmzians vnany

1 - :’ s dlﬂl d‘ - v 4
uan@saduIanIaiIrunueNim Tl sowud aqqmwgu GRERFi3 Llﬁﬂd1ﬂﬂ03ﬂﬂ 213

1.4+

2.0*}

AT (*C)

~1.0 4

-2.90

-3.01

I

_d‘o -

| 1 [ I
250.0 50C.0 75¢.0 1000 .0 1250.0

Temperature [*C)

gﬂ‘ﬁ' 212 gﬂuﬁﬂwﬂm‘ﬁm‘i'}:ﬁ BTO #ena%ad Differential Thermal Analysis (DTA)
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Bal103 # 1BaTi03: BaTiD3
X Weight (Nt. ¥) -

T

LR SR

T 2 1st Oerivalive (%/min = 10

e 9 A,

95.9 - co

§

L s o T

90.0 30 e

g% 0 - oo ]

. :
- F-15.0 =
©  80.0 =
x @
w 6 =
E" 75.0 E
¥ m.n-l k-25.0 &
=

65.0 F-30.¢

50.0 - --35.0

55.0 - [--40.0

50.0 F-45.0

] | T ] 1 I T T ¥
100.0 . 200.0 300.0 400.0 500.0 600 .0 700.0 BOO .0

Tenperature (*C)

o - v
71f1 2.13 sUusaINITIeT=z¥ BTO ¢t Thermogravimetry (TG)
u u

Tumsdnwmsauteulasnisls DTA us: TG va9m3 BaTio, fildanny
ANATNOUTINVEIRYT TiCl,, BaCl, usaz Diethyl Oxalate wuasasinmnUSouuyag
LWUY  endothermic LAzWuin1 BaTiOg ﬂ:ﬁn’mﬂﬁ'uml,ﬂmag 3 'ﬁwﬁaﬁ'ﬁnqmnqﬁ
148 °C, 346 °C UR: 729 °C wuin ﬁqmﬁﬂ“ﬁ 148 °C flumssaneveniuszms
afiun3dunriinasniyl, 'ﬁqmwnﬁ 346 °C Imnuamuwuilsadiasan CO, ﬁlm'mag;'lu

A’) o 4 ) i -~ { 1 A’ -
L%ﬂﬁ'ﬁgﬂﬂ']ﬂ@]ﬂﬂﬂvll] muﬁqm'v\nu 728 °C flﬂ']ﬂ'l.lﬁU'HI.I.IJE*N‘U'Nﬂﬂ']dﬂ'lﬁlul.‘uﬂﬂ'ﬁ

U
1 [ = . ﬁA’ L
ATaNUNIEING BaTiO, T BONNAUURT

- [ 4 wd . = 1
2.3.7 Nﬂﬂ"l'iﬁﬂ'ﬂ"‘lllaz?tﬂ‘i’l:ﬂ‘ﬂ'ﬂ’l‘iﬂlﬂ? calcine QMWQNN’N 9
A28 X - ray diffraction

NN Lﬂ‘i']z'ﬁ'ﬂ’ldﬂ')']&lgi}uﬂlad m‘s@'ﬁﬂuﬁ"n]’aﬁwﬁu W2 3rimMsfnwna
e P

vosganniififldeay mm‘%’uaJTrﬂUﬁ‘iﬁ'ﬂ*}i@mﬂ:ﬂam'mﬁqquﬁ 80 °C W I¥NAIILNIRTT

q

o a a o P b+ N
BTO Miamuwndl 400 - 1400 °C T@mmm‘smaummaoqmﬂguﬁnf] 100 °C annuuIan

ot

daTERaNg X- ray diffraction “IJI\'SET’]M’HEILLRNNR'BBJ X - ray diffraction pattern
anwnnil 400 , 500, 600, 700 , 800, 900, 1000, 1100, 1200, 1300 waz 1400 °C ‘l@T@‘fag:Jﬁ
2.14
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3N 2,14 3usean TiiaTzd BTO filinhgumniiena s &au X - ray diffraction
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nnmuhasesoulduiimn calcine ﬁ'qm‘mgﬁ 400 °c fi9 1400 °c lanlwi
mapwuamng 100 °C udhnadwEaldnfnwiiassieng  Xoray diffraction
Wwunanwrasilafianuuandraiuaanly ﬁfuﬁaqquﬁ 400 °C £19 600 °C ®17 L4
naaouiilae ugasrhasdisssudailu BTO ot Lm:ﬁqmwg?ﬁ 700 °C {14 1400 °C
dnwzuasm siiodinTeidie X-ray diffraction udIwuinaTildda BaTio, Femunsn
Wiy gu9in JCPDS card No. 5-0626

4 'S . ]
2.3.8 WanIANBINI BaTiO, Naasundi calcine 619 9) @8 SEM
NAINMTIATIEZHNMIUaNNTaN  UazM AN RouL8IDIRIN
al \ A a [ i , ‘a4 w s E]
wisulasmsanaznauiiufgmn)iiensg dae X - ray diffraction wd3sldviinisdnm
1 L] i b aa ' A =
da lapmmibian BTO AldanmunaisulesiBnmianaznauiinfigunni 80 °C aniwn
. i oo & P a o
calcine figaunniidne g laniindsuudasnumniinng 100 °C anamnyil 400 °C &g
v o a Y] o
1400 °C udnhwdesizany Scanning Electron Microscopy (SEM) TN&1UNTOURAIND
[y e
1eiaa51 2.15

U

(a)

ao

3UN 215 uaasnamMaTeia Il calcine fiaunniidnag day SEM
(a) 400 °C
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(b)

()

A:J C=) AI dl - 1 A
EU‘YI 2.15 LLH@GNGT‘I']TJL@W’]:VTE?’]SY]LN'} calcine wqmwgu@mﬂ] @18 SEM
(b) 500 °C (c) 600 °C
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(d)

(e)

a o

3Uf 215 waeananTieTzAmIfie calcine figmunnienge e SEM
(d) 700 °C (e) 800 °C
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(@

gﬂﬁi 215 UAAINAMTIATIEWEN TN calcine ﬁqmwgﬁ@mq @18 SEM
(fy 900 °C (g) 1000 °C
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(h)

(i)

A a P = a a
E‘IJ'YZ 2.15 LL&@GN&HWT’)LQS’I&‘W&W‘SWLN’W calcine ﬂqmwgumm a8 SEM
(h) 1100 °C (i) 1200 °C
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(k)

o

P a A P a
E'L]'YI 2.15 LLﬁ@GNﬂﬂ’W?Lﬂ?’]:ﬁﬁ’l‘iﬂLNq calcine ﬂqm‘ﬁﬁ&l@]’]\ﬁ‘] A3 SEM
(i) 1300 °C (k) 1400 °C
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- a < < o= v » )
LLR:LNBH’]WTT’ILNWY]E!N“T\IJ@VN‘] WTILATITNEIE SEM WUIIFEFITZUNT

A

WRsuwladlatiadanelu fiawvnd 700 °C dausadlusUf 2.15 nsdaiaiouls
q L] a4 4

]
]

= 1 =l | A 1 :4. d‘ = ’
Tmmﬁmmnm:ﬂauﬂm:ugﬂﬂamm: mgﬂﬂamum:nu.am‘lugﬂanﬂu pattern #
winanvasasieionldlasiinmianasnauituiiuginlug

< . | P
2.3.9 HANMIANBIIRIADUAIAVDIATINLRA calcine NaANDEIA 9
. | P
IINNIIKN calcine &7 BTO T@uﬁn’mﬂﬂuuuﬂmqmﬂgﬂnnﬂ 100 °C lan
o o o > { . o oo
FuINYmWUDE 400 °C wﬁaqmugu 1400 °C uAMRITRLRN calcine ngmn)iiengg
Ty £ . . ¥ -] o o
WUATIZWEIE X - ray diffraction MINEKIIEIIURIIUIRBRNNATEIRITA (111) peak
wmwmmagmﬂmﬁ musnuEalufivusigUii 2.16

Particle size {um)
8

15 T T T T T T T
600 700 800 900 1000 1100 1200 1300 1400

Temperature (°C)

jUf 2.16 LLﬁmmwﬁuﬁuﬁi:wjﬂwmmmgmaua:qquﬁ calcine 284 BaTiOg
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IMMINAIBINMITAWITIROUMAIHNNM IR X- ray  diffraction
pattern 898137 LFINMT calcine G"lv'al.wiqmﬁgﬁ 700 °C - 1300 °C wwi*nﬁaqmuqﬁ
13 calcine Lﬁuﬁuﬂmmagmmmm‘m:l.ﬁm‘fuﬁm URZAINMIRUNANIN SEM ume
2w particle size AAMIMIRIINIEMS Xeray wudmwafidmanldfidiinniwwe

'naqumﬂﬁ'lﬁmnmw SEM

2.3.10 HAN1IANBINNAN c/a ratio YaIE15T LRAINNTIMA calcine ﬁlqmngﬁwha 9
et BTO fusdsaldnnnisanmznowiin vumhgungiisneg lazfin
Lﬂ‘é"auuﬁaaqmﬁqﬁﬂﬂq 100 °C G'lv’al.wiqmugﬁ 400 °C Iutagmnadl 1400 °C Ui
ATl X - ray diffraction niuinhandwinm oa laonld X - ray
diffraction pattern ‘ﬁ peak (202) €1 cfa ratio ﬁ‘[ﬁmmmuﬁﬂﬂﬁé‘ﬂu‘?ﬂﬁ 217

1.010

1.008 1

1.006 1

1.004 1

cl/a

1.002 -

1.000 4

.% T T T T T T T
&0 700 800 900 1000 1100 1200 1300 1400

Termperaturte(°C)

jusﬂﬁ 2.17 UFG9AN c/a BAIFT NIFINMTANAENAUTIVLEIUILLH calcine

figompniansg
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nnmmasasinmnlaneaindneasasfldannnis caline éﬁu@iqquﬁ
700 - 1300 °C WUEIN1eNNS calcine 5&Lqumwgﬁ 700 - 800 °C azilasaade
NANTIWLLL cubic UWRYENTTLNA calcine ﬁqquﬁ 900 °C uflagmannil 1300 °C 3zl
laseaFhanAniiluiuy tetragonal %ammsnnmﬂé"é‘mﬁwﬁa’hLﬁamm@mu‘,mﬂmaams
BaTiO; 'Lmy}il‘ru 813 BaTiO; azuansn mwauaLily tetragonal A

1 . P2 | o
2.3.11 wan1s@nsrarsiiaisala 91nn1sika calcine NamugRag 9

LT

LRI ANA
Wa9nnsEnn Aaseieny SEM wudn 813 BaTiOs 7 beesdusiunuiln

' o A a I [ V) o o & - o v R -
n&y Lwam:m'lumnmnmmﬂuagmﬂmm aan Fuh lduandrlasnissuasiaasg
ultrasonic LTWIRIWIK 30 WIT @1 TDUEAS 166 Ul 2.18

3UA 2,18 UEAINAMNTILATIZNENT LN calcined igunniie19q
UM LA LONAI678 uitrasonic @18 SEM
(a) 400 °C
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(b)

(c)
U 218 UEAIHANMTUATIERET Tl calcined NigmenAiidng g

o

LIl LAN@67 ultrasonic §78 SEM
(b) 500 °C (c) 600 °C
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(d)

(e)

JUN 2,18 uaINAMTILATIERENT LKA calcined fignnniengg
us v lduandaey ultrasonic §78 SEM
(d) 700 °C (e) 800 °C
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(g)

a = a - a
77 218 uFeIRAMTIATIZNENT Al calcined fgunniiengg
LaMN U LeN@678 ultrasonic @1y SEM
(f) 800 °C (g) 1000 °C
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(h)

(i)

P P =l . P a
sUf 2.18 LAAINANITILATIZWRNT ALK calcined faunniane g
LAY RLaNAI678 ultrasonic 628 SEM
(h) 1100 °C (i) 1200 °C
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(k)

o - [3 cJ . = oo
JUT 218 uRMINANIIATNZYIRTT PN calcined Aignunniiangg
k@Y LWLANGe28 ultrasonic @2t SEM
() 1300 °C (k) 1400 °C
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2.3.12 HAMSANBIIWNIAERNIATDIATT ianmznawiafgmmugiana 9
nasomin luvin Wiarsuandaaae Ultrasonic
W1&13 BaTiO, ?i"l.@'fmnn’rmnm:naw&mﬁqmﬂgﬁ 60, 70, 80 uax 90 °C un
LW calcine ﬁqmﬂqﬁ 1000 °C wAsIINIWIornl¥ms BaTiO, AT (agglomerate)
Aansuandalaum it ldudae wias uitrasonic 1Tkaaun 30w nasaminda
oum sl ud T deTeddas 1eias X - ray diffraction amiudatuen X - ray
diffraction pattern ﬁ"[ﬁmﬁﬁmmmaqmﬂ-?‘i (111) peak Fymuninusasldasluaad
2.3

P = -3 N P ol ol 1
AT 2.3 MTRUIAIHAMTIATIZY BaTiO; Miadsulagitmanaznauiiy
P - a o o o - .
faonnlane g nasenii ldvinliuanea daa ultrasonic

#717 BaTiO; ﬁmﬂﬂ:ﬂauﬁqquﬁ 'umﬂaq.mmaams
(°C) (pm)
60 0.241
70 0.241
80 | 0.241
90 0.241

M TILEAI AN LTTLHIUNT  ultrasonic  RITUAR wuwagmﬂé‘am
- r 9 PR~ P . o w A .
Wiy MInAW  SEM mlvxmmwaq,mﬂmm:nqmumnmaanwmms ultrasonic @9
( - o 7 = -l o Y
muInasUiesmafiiunnnw SEM Usznaudmisaumaldng  finizmudinud

& 1 e« - A’ =l d‘
dundudau laveuwnaidng Sazflawineyniaaido 0241 pm

4 . .
2.3.13 HANTSANHANINDUNIAVBIFITALA calcine NYtun A

an d o o L7 s L 7 .
wasnmsAw L s suan@aae uitrasonic

Farans BTO Aldminmianeznauiia ﬁqmﬂgﬁ 80 °C WILHY calcine
Tmui‘m’mﬂﬁuuuﬂmqmuqﬁnn6] 100 °C é‘]v“au@iqmmqﬁ 400 °C suflagmnni 1400 °C
Wui1ans BTO Aldwdsanms calcine udazuaanuEuLEmMIn BaTio, ﬁqmnqﬁ
700 °C Ltazﬁqmvﬁqﬁ 700 °C flasmsazuaaanizeedanwiuian dadondnwnznis
Goadudutauilin agglomerate Lﬁa‘lﬁmmmﬂﬁaaamﬂuawmmﬁ'm=] arinsahas
luFudroeias ultrasonic WS 30 Wl miudnhs s euld wdiehn
Alasizviens X - ray diffraction Qﬁﬂﬁuﬁdﬁﬂuﬂﬁ’luﬁmﬁﬂﬂu’lﬂmj‘..mﬂf}l (111) peak 'ﬁd
mmmuamwa‘lﬁﬁogﬂﬁ 2.19
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¥ 8 B B

Particle size (um)

8

15 . . . —
600 700 B0 900 100G 1100 1200 1300 1400

Calaining Temperature (°C)

- ; P . o =
3% 2.19 weaynaTed BaTio; itk calcine Hamn)iaingg

o o o v W o,
PRIFNNFN DA UANAIGIY ultrasonic

ﬁauamlugﬂﬁ 2.19 9:inleMTaTan BaTiOz 9INNNSANATNAUTIY &7
ardudmunuwilungu (agglomerate) G'fnfutﬁa'ﬂ@lamﬁﬂﬁmnmné’uﬂuagmﬂLﬁm6]
udnhumiawiaaynia lagld X- ray diffraction Fadlahion X- ray diffraction pattern
MEMIMMTIIRAUMA WU mmﬂ'uaqmgmﬂﬁﬁﬁmm‘l@ﬂajmﬁuv.me la
Lﬂ%uuLﬁuuﬁ‘um’mmﬁmmjaamsﬁﬁﬂﬂ'lﬁﬁﬂﬁ'tmnG‘ﬁ inda ml.mﬂﬁ'vﬁumnms

whsurniunguaasaumain g Aimsaanuiuies

2.3.14 wadnsmTdoasalgidnisanaznaniia laely X-ray diffraction
& & = & A o -l ol ' v oA o 2+
TusueaniiiutuarauiidumsIossllusfianaznauiiy wudainien Ba

. A+ . 3 .\ i [ | \ | o
solution, Ti solution, Dy " solution WAz Diethyl Oxalate ®UDATIRIURIIEG Tapffins
| a ' 3+ & 1 a
Waruulaidamaiw 109 Dy (Iw 0.0, 0.8, 20 Uaz 5.0 mol% INANAZNBUTINN
aoanndl 80 °C \uanwu 3 Holaw udBahaTlénim calcine fiaannil 1000 °C
[ b+ o a & . . L & & [y o
warmuslnhamandenzsidis X - ray diffraction nisamuu eduglans uddah
ik sinter Aigunndll 1360 °C UA2 I9TAA1AMUNAG" (shrinkage) urzTneN dielectric

UVRIRIT
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iWaeTnusmilasnanaznauiivlesnsduainis 0.0, 0.8, 2.0 uaz 5.0
g ot y al - o as E a . o o
mol% udianaznauiufiamnnd 80 °C MAIINUUIININKT calcine figaungdl
o o - Y . . i . .
1000 °C Taudrdrhmsiieneiaie X - ray diffraction Tazley X - ray diffraction
pattern AIKAAINAM AR IAeaFURA 2.20

1.933

Is0a -

L & 13
1,098

28

d a o .
31Jﬁ 2.20 WA X - ray diffraction Pattern 2a3miiaIodlalangdBnisanaznauiau
(a) 0.0mol% (b) 0.8mol%
(c) 2.0mol% {d) 5.0mol%

d' L g (13 = | i J [l '
WUNBLAG mmqmaﬂﬂﬂ Dy asdIunanniiiuwinehanssnuitiiwaweiong
P = L o v . I . ad - LY
ISty 9:v ¥ BaTio, (flu Semiconductor Talignwanudn
musn Wnushacl il capacitor
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2.3.15 HRANBINTTNARIDDIAT
Wans BTO flduimn calcine ﬁqnmgﬁ 1000 °C Lﬁ%us‘fﬁoma’ﬁugﬂuﬁ;’n
LW sintering ﬁqmﬂgﬁ 1360 °C iflunauin 4 Falay uwitehniriammadanu
FUTOUFR Na'lﬁ'@'fa;sﬂ'?i 2.21

24

Shrinkage(%)

Dy doped(mol%)

3Uh 2.21 Laad oS suan suadIvedan A e nmIanasnauiiy

- 2l 3+ .
lasmadnania Dy solution

‘J ] B "I A o - @ 1 s
Uil 2.21 wohmmasanniigafinslédt Dy 0.8 mol% Aenadatyiiu
22.89%
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2.3.16 HanNI@ANBWIAT dlelectric
A J + o g e : . . ]
Luammsmwgﬂum Ty w§R90mAn Dielectric constant N
. " . A s oy |
Dissipation Factor Ngaungiidne g ‘%amm-smmm‘lﬂmgﬂ © 222 usz 2.23

9000 -/ —

80600

—— pure BaTiO3

€ - —— Dy0.8%
£ 600 —— Dy2.0%
g 1 | —— pys.o%
o 5000 -
(&)
‘= 4000
B
D 3000 |
Q@
0O 000 -

1000 4 J

0 T T T T m—
20 40 60 80 100 120 40 180 180

Temperature (°C)

a ' . R P | [ = .
JUH 2.22 uaas " Dielectric constant NiuspulUaINUgMAYl V83Ixs BaTiO;
A -
@738 0.0, 0.8, 2.0 WAL 5.0 mol%

pur;BaTiOa o f
19 ‘ Dy0.8% {1%
—— Dy2.0% o I:.-=
Cv5.0% 1/ "/.:f W |
oa f |I'| [\ [/ JH'. |
A |II |1. | .ﬁ-lll-"/ b
« rfl I",II \ f\| V\ i |I|."|I" \f] HI [ ]
g =1 I [V
AR NRIDATY
\II fl.ll's {1 "} il " i Illl { W \ill 4
o I'..'l I"", |I II"I_"|, |' LI! | |II | i i
[ WY | il [
Y \ \/ ]
o4 | 1]
/\UI L
| v g
e W @& W ™ e ™ e
Temperature(®C)

31Jﬁ 2.23 us®Ie Dissipation Factor ﬁtﬂﬁvuuﬂaaﬁ‘uqmﬁgﬁ %098 BaTiO,
Gume13s 0.0, 0.8, 2.0 usz 5.0 mol%
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2.3.17 ua@dnun Microstructure 2313519 513nAlal A28 Dy
dl o AJ P A L2 L5 L —= -
dehafiugludindausianaseudiondasgansiaididnason aunsd
uwadldaazuil 2.24

Eﬂﬁ 2.24 FUuEAI Microstructure B9IANT
{a) 0.8 mol% (b} 2.0 mol%
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(c)

o
Eﬂ'n 2.24 u&a Microstructure UBIAT
(c) 5.0mol%

- , ! , o \
NNFUA 2.24 WuIWa09 grain azagluszdy 2540 lulasuas laswuin

eaSunanlddunazin ldinswmanay

2.4 a3Unan1IMaanIn1saing BaTio, capacitor lap3En1sanaznan

1. lunInasassunsofiazieduums BaTio, lagdimyenaznauiia @y
mslEasaadn @a BaCl, TiCl, uas Diethyl Oxalate é'ﬁowujm:ﬂauﬁ'lﬁa:ﬁqmauﬁ?}
Iu BaTio, iinvieaznaufiledunimn calcine égal,wiqmm;lﬁ 700 °C Tl

2. dlglavnaeumauedans  BaTio;  fudouldlasitmsanaznauiy

{e

. a i o . o & .
GLL@IQN%Q&J 700 - 1300 °C WU’TILME]EJN“QQJIHTY]‘E calcine LWL 817 BaTiO; TLEN

WaUUGN1IL1u tetragonal IRUDH

P B0

3. PINNTANINFNUENTI dielectric 1aI&1TlALNNTRINY capacitor 91NMNT
. . . (% ) A 3+ 4o '
AN@ZNaUIIN YIRT BaCl,, TiCl, W8z Diethyl Oxalate WIauvI&1IL28 Dy ﬁamwmu
' . . R . - i A ' i - cw 3
@149 Wuinen dielectric °uaammmﬂﬁqm:mmmQ‘lwma 4000 ioldl Dy Ui
AV e ' a AW e ' ' A A &
0.8 mol% LLﬂ:ﬂW?ﬂvLﬂQ:vLNLLﬁﬂGQMWQuﬂ'ivlﬂ LRZTINAT  tand  WEAIIRVIVNILATH UL

gunnYinilu capacitor e
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-

. o val w [ ' P
4. BaTiO, ﬂm“:’mﬂ@rﬂanum:xm:ﬂmﬂunquhmlmﬂagmﬂ'nunuqnquu

calcine

Haglvie)

1. lummesssitldlfeslay Nb usinduanld@aldy by wweldeann
wiaa e Nb Aazanei idlurasfiiiniimeass
n: <l . o ol & [d L o4 =
2. Waannaaiuy BaTio, lasdtnianaznaunusuiludsels Ticl, (lu
E oo A4 e & . - - ol v - P
a13a3dy Tasnvhilanuiunsaud Taadl pH<1 TalumneTousenaivuluszuuifinng
g ) J . A g a W g =l a
aaniuaonin  lab  wuhasiideuiusuanunuasi igvnmmasasfioiniu
] J -l Lo a ] 'ﬂ
otnawin @slumunadsulitlasedumvilundashllauszmasanuguuissimea wia
14 grove box fifimmugumaaissluusimdlulasian udndsnngimmeanadle
rmmasaaiuan 1 fnd dnngineiasganiufilfiiadryaifiasnmnanuiunie
{ ] d' o s ‘rv L5 a i AR A'
vasmifddevaanin  Tuyacimindounsauidgaiudslildiungdeuuruiiasn
miﬁmﬁaa%iu’-‘sl.':mﬁl,ﬁ'\‘lﬂﬁﬁn'ﬁ‘ﬁau'l@Tsnﬂ
- ' o oa el & o o
nnmananndy  unsdnifavilfitenilesldnenunmassimssi
capacitor LatAT solid state reaction 1@ fIneuuasNe capacitor AT ¢, §9 uszm3
IFuluguwoamniitaandis
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3.1.1.2 N1SUIAINITNARA (Shrinkage)
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3.1.1.5 nmaaadfiudszy (Capacitor)
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. ) A , o o oo w = I3
(density)  URZAINITMAGT  (shrinkage)  vssuulFuufenuafidocrufivaanlas
. - A = o e , \ [V
(Ba(TisSno.1)05) Umatluglfl 3.6 Fudunmuusamsnnuduiuisznindinmadaniy
punpliduaed wuinladunadwasfinnaraiinmadinniu uazgUf 3.7 uaas
Bt o 1 [l ~a A 3 L2 =
AR AUDITEVINA I UNUULUBUAE AT UGS TavstAnladimidwaaiionn 16
) o W P \ 3
s v iasfianuwwiwiugge fa 5.631 giom

2D Graph 8
%
15
)
S~
el
@ 14 -
on
O
X
£ 13
-
c
w
12 4
1" — T T T T T T T
o 2 4 8 8 10 12 14 16 18
Time(h)

U 36 NIMNLAAIAITNRUWUETE R INTARSI N UIAINSTMADS

5.64

5.50 -

5.58 -

Density(g/cm?)

5.56 -

5.54 T T T T T T T T

Time(h)

a4 ] 4 o
Eﬂﬁ 3.7 NTINLIRININRY W%ﬁi:‘lﬂ’)'ldﬂ’l’] URUILUUILRZIRINIBUL AT



51
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Tedinvisniuwniaefanugudumaledidnaindagumpliundouly Wanudeeia
1 kHz Lm:mmmﬁmmﬂum’lwm@ﬁgﬂﬁ 3.10 LLazgﬂﬁ 3.11 SvezugaamaFouiioy
mﬂaﬁiﬂ?nﬁﬂm'%nﬁqmugﬁ%m@ai‘@haejf‘fmqmmglﬁﬁﬁ@hmﬁ‘l@&é‘n@%ngaqmﬁﬁa
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INMTNORBINL mnﬁwqmwgﬁ%uma%ﬁNaﬁﬂﬁ’mmﬁiﬂ‘éﬁnﬂ%ngaqﬂ
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Tnumed e, ffgs INT1ZN9198 Sno; PzaIna 1 domain wall RARMTHWEY LAY tand 9]
ﬂ'ﬁa@aaaU'Ni'mﬁmﬁaag;hama:ﬁtﬂu paraelectric LL@iﬁqmﬂQﬁgq é tand azlaiilu
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of | P - ,
meh 3.2 madFoufinuan T, uaz Te Ananiifuiaadenag

naduiaas (h) T¢ (°C) ‘ To (°C)
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3.2 15§19 BaTiO, capacitor Al3am28a15138 Nb uaz Ta
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panloanial 0.2 mol%, 0.4 mol%, 0.6 moi%, 0.8 mol%, 1.0 mol% WRy 1.2 mol% ¥ad

z o £ "% o ; ll‘: 0 S'lﬂ' -

mnuummwau'lmmLma‘lsnuummmwugﬂ mnuum“lﬂtm-‘ﬁumamqmnqu
4 - ] L [} d.l o - A - Ad

1360 °C \WalWifiannuunss u.mmm‘m"l@“lﬂmr.ﬂummnﬂs:?twaﬁnmgmauﬁﬁma

Mymw uazqmﬂmﬁmﬂﬂﬁtﬁn@‘%nmaqm-s TﬁmLLnuqﬁmimaaouﬁmﬁogﬂﬁ 3.14
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TiO

nasilen 18 1.

au 1w

UALATIA

waalmgeumgR 1150 °C

UALATTAU

HAW NE. O Uaz Ta O
25 2 5

panitlen 18 1.

UALALTAU
HAN PVA, PEG

ndxiiian 18 1.

UALRETAU

\
X P o .
‘ilug']_l TRUTAL 1 AW

BRI 1360 °C

AnwaniBife

J

ANTTRANINNIENH

- X-ray Biffraction
- ANUUAFY
- ATINMUNLLY

o a
Eﬂﬂ 3.14 LLN'LLJ;}&Iﬂ’]'S‘YIGmad

1
arFneleBdnsiEn
1

YINIRUNN elecirode

I

£, tand Winuiugumndl
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WUNBUR  EMTUNIT Xoray, MIMAIANUNART, MINEINTURUWIUUN MIANED

' . . o & o P of 2 v v
URZNIIANWIAN dielectric lavhauduasuluwidof 3.1.1.2 — 3.1.1.5 Hldurasiuds
s uthadu

3.2.2 HANTINARDY
3.2.2.1 HANSIOTUNFAISA10H9
& = ool , . % AW
Tunisneansfimaasuasleiinas Solid State Reaction 49&1TAIRIINANT
HENAZRBIHTHNTELIRMITINA 2 NTEUIWNT A MIkuas lmiuazm s duaad dalu
\ o ' o o
MINARBINUTY  §IITREUT U MTIHNEE mRes  wasnaannfidhariuealmd
L ] Ail e r-r-| il ¥ = Aﬁl L T E i AJ
WAL o9 liduiniadtudy uaziiovhuiiinsuaduieefezwud g1n
+ ] It =l - 1 ol o dl dl rr- - J o=l
Tearusnoniiiufniotdon uazfim daaniaf 3.3 laudi pure BaTio, veilfinias TR
Y v ' [V N =1 [ o W &
flouanarsnuiiesinaunannSuimeasdd dope At ldunsnluifiess lavianwnz

o .
sample 11 dope @18 Ta,05 1.2 mol% L&z diFm

a519% 3.3 LUaAINANMTRINGFUDY sample BaTiO; dope @28 Nb,Og 0.8 mol%
Uae Ta,05 w3699 Wae pure BaTiO,

wWafimudnisisa Ta,0s fu04 sample
0 MELRGEN
0.2 RTELRL DI
0.4 miasdan
0.6 wiasdau
0.8 (mRsvdan
1.0 (mRavdan

1.2 L
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3.2.2.2 uan1saTvdauasiia3onlddaniaIos X-Ray Diffractometer (XRD)
TuapuirnmaasiasousmsfildiinuuSondouua (BaTio,) wiali Tami
a3 BaTiO; THWMIUAS Miud 1S e de3% Xeray diffraction udwuIIETARIY
miueslmif 1150 °C {hwaan 1 $9lus axfilasesine tetragnal WastunFou oy
i1 d-spacing 289 BaTiO,; 970 JCPDS card no. 5-0626 N1 BaTiO; sample Puedoule 0z
Wwiann diffraction pattern va9asTiaduale wdiing peak wilanysaud 20 ~ 28.4°
Aadu G'fau.am‘lugﬂﬁ 315 #ilaunaludn d-spacing paIETEratheelndfpanas

[ o . o v & . - v
ROAAKEINU JCPDS card no. 5-6026 U84 BaTiO, Fuaaabiiduwinantiiedonlavas
1% BaTio; uan

2.035

FILE : BATIDIKA
Cate & r9p8- 2- 8

Covnin
(3.2

2.397

7089 — -

.90

—hlﬂ!il
12158
1.074

i ?.1?'5

[ PREEY

[ [ ] 0.8 100.4Q

:
I

Eﬂ‘ﬁ 3.15 UAY X-ray diffraction a3 BaTiO, nLa3tyle
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3.2.2.3 HANIRIAIAMTUN AN (Shrinkage) UAZAIAITUIRUIUKK (Density)
P03 sample
= e & - G - o [
AsFNMRNTANMEATWTaIRTINIwAawHE (TN IfnwnKsTaIRILeUR
1 . s [ . - AT o W
fidadinsvea (shrinkage) WAZAIUWUIUUY (density) vadutiFusdmuuanlilaqn
o r - o = a  ar
RI7len smuammﬂaaeuam’lugﬂw 3.16 waxgUi 3.7 A TlunIinaan U EUANT
sendaamITwaanulTu1ne s ey uazaanmniuiLUTn e s ldUanudnen

17 4
16 4
15 1
14 4

13 4

Shrinkage(%)

12 4

10 T T T T T
0.0 .2 4 8 8 1.0 1.2

Ta205 (mol%)

37U 3.6 ugaseMuRIMuETzwIde M MafLazUTnumsldY Ta,0;

INHAMINAADI WU pure BaTiO, axiilafioudminadagigeda 15.3%
Leniioldl Nb,O; 0.8 mol% a8 nsmadm 12.6% uazifiaiafiandnsldy Ta,0, tRx
Tuflo 0.2 mol%, 0.4 mol%, 0.6 Mal%, 0.8 moi% uas 1.0 mol% uas szwUiUasiamns
mwasaiuualifudas g Audu wifimslay 1.2 mol% Ta,0, s:iisulafiausnimads
faa
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6.0

59 1

5.8 1

5.7

Density(glcm3)

5.6 4

T —T T T

0.0 2 4 ) R 1.0 1.2

Ta,0,(mol%)

5.5

A s & i i ] L)
i 3.17 UERIA MU FUWUTTzR Tda MU RLazUS U mun 13I8y Ta,05

. o o o &
PMNHANTINARDI WUNT mol% nslal Ta,0s iudu ansezlianunuiuin

4 o ¥ o o ' | a
Wy uweusey wafinnslédy 1.2 mol% ﬂ:ajmmwwmuuua@lmﬁwqﬂﬂ 1.2 mol%
, Vo o oo . - v A =
Ta,0s a:ﬁmnwmuuuaﬂaaua:a:ﬁmmq@matﬁuunumau Fainvnfpivasiunmihi

15 a Ta,05 ity

3.22.4 Nawaamiﬁnvﬂmaaﬁ‘wmaqamnTmumigé'nvm:ﬁ'vana{
“: A‘ [ L ¥
mynaassvuaeuiliunsfinminavalasoaiiomeganin  (Microstructure)
" - '™ ' - 'Y ar ' -
T@mmsg anmuzfiresanidlatanainyld  vasInEwaTzUIuANSEuaaTuLAA e

A )
NITATIVFOU TINANTITVIAED LLﬂ(ﬂﬂuEﬂﬁ 3.18
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Eﬂ‘ﬁ. 3.18 WUEAINIUDI BaTiO; ceramics Aleere Nb,Os 0.8 mol%
WAz Ta,05 YT 9
(a) Pure BaTiO;  (b) Ta,0s 0 %
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(d)
E‘Uﬁ 3.18 WEAIAIAY BaTiO, ceramics 71618 Nb,Og 0.8 mol%

Waz Ta,05 HIUNmMEN 9
(©) 0.2 % (d) 0.4 %
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BaTiO, ceramics HlaLUa8 Nb,O5 0.8 mol%

U 3.18 waaIfIv09

U

Rz Tay,0s5 U199

(e) 0.8 %

(f 1.0 %
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(9)

3U7 3.18 usa3finuas BaTiO; ceramics fildeinn Nb,Os 0.8 mol%
waz Ta,05 USanua9 g
{g) 1.2%

ﬁnﬂmwrhU'Imaaﬁ”’mmaqamﬂ‘uaamﬂ@ug}é‘ﬂwmzﬁﬁmma%ﬁ pure
BaTiO, azdianwmeluinsuliifiuagnatoion udiflavininns dope 8 Nb,Os 0.8 mol%
a9 Az Ta,05 Sinmdnsg wuinlassefsvasfnesfoululesd 0.6 mol% wa
Ta,0s vx3ufiuinslidnvmradnaaniing usnioiulSunm Ta,0, 3wlsn sz
Fwevasaanandulugiug usziflo dope 12 mol% Ta0s snwmlasiaiises
wWisuulsdldnlay Dunsuldidiuogstaauinets m Q@ﬁmaztﬂuﬂ.ﬂﬁ’hﬁmnﬁ@

lassainalnitosaTuaz R oaa a9 UNANIITNARAIDU
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3.2.2.5 uaN15I0@1 Dielectric constant (¢) uazaudninafaugidenig
= £ s - ‘J

Tadidna3n (tand) \Wsuivamnndl os a2 ad 1 kHz
AN g, WazFN tand Lﬁamﬁ'uqmugﬁmaam‘séﬁamam‘%ﬂﬂﬁ m ANuf 1 kHz
a & ' S [ - o a P
T@umm@amnmmmqmuqu 0-150 °C mmsmﬁuuﬂﬁw"l.@mgﬂﬂ 3.19 d&msunli

P ' & = a & o e a

3.20 a:uammsuﬁuummummslmﬂa‘:mmgzyt.auma‘lmaLanmnwqmngumaﬂ P

ar ' & =l a o o ' -
F1TNI0E7ING 8 ’1;[@1 WI RS UNBOUEIAY uaza Te ’%ZLLE’@GIH@]’\?’IGY] 3.4

aN397 3.4 mIIuusuan T AYFunos Ta,05 (%) 6149

Suntw Ta,05(%) T(°C)

Pure BaTiO; 129

0 132

0.2 126

0.4 127

0.6 127

0.8 133

1.0 127

1.2 96
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16000
—— N0, 0% Ta,0, 0% oy
— Nb,0, 0.8% Ta,0; 0% [
Nb,G; 0.8% Ta,0, 0.2% fo
14000 - Nb,O; 0.8% Ta,0; 0.4% |
—— Nb,0, 0.8% Ta,0, 0.6% \
— Nb,O 0.8% Ta,0, 0.8% \
—— NB,0, 0.8% Ta,0, 1.0% / .
~ Nb,O; 0.8% Ta,0; 1.2% '|I
g
12000 - / |
|
10000
— .
c \
(411 |
) 1
n \
c |
o) |
o 1
© 8000 \
= |
B .
Q |
Q / \
(i ]
6000 -
4000
|
|
2000 -
0 T T T T T T T T
0 20 40 60 80 100 120 140 160
Temperature (°C)

U

A | - = A a o d Lz 4 . at 1
U 3.19 waasrlaBiinaSnngmwnniengg e ladene Ta,05 daeSanmens g
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— Nb,0, 0.0% Ta,0, 0.0%
- Nb,O, 0.8% Ta,Og 0.0%
— Nb,O, 0.8% Ta,0, 0.2%
— Nb,0, 0.8% Ta,0, 0.4%
- Nb,O, 0.8% Ta,0, 0.8%
Nb,O, 0.8% Ta,0, 1.0%

- Nb,O, 0.8% Ta,0, 1.2%

tand

e o — \\
o] . ' . . —— - -EEIF.."L.:_
Q 20 40 80 80 100 120 140 160

Temperature (°C)

o

A ' o = A 13
U7 3.20 uamsAuwneesnnugyiimsleBianainngungiidngg

u

- o [y .
Walad Ta,05 dr811Runtmeng 9
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INMTIAAT Dielectric constant (g} Wazsin Dissipation factor (tand) Wisy

[
- a =

vanmnil AWl 1 kHz 189 sample Y13 8 1@ WU pure BaTiO; 3:iifn & anw

ﬁl' ) v a - s!’ x Py -‘l 3 = 2 LT 4 v ]
uaqmwnmwumu LRs®T g, 'il:LWJJ’UuDU’NT’]ﬂLTJl&IEQNﬂQNL?IW'lﬂﬁqm“QNﬂ? (To) uaz

L]

-

B.

-

mamuqmmqug‘i’%ﬂﬂuﬁdmiﬂzﬁm g aNad laoll peak gmqmﬁ T, = 129 °C udidla
Aorsandanams dope @28 Nb,Os; 0.8 mol% mﬁIﬂﬂmiL‘ﬁajm‘i dope Ta,05 WL
nyfldasfisnenedionin pure BaTio; laudanaldand g sezUnngiiin peak
%um 2 peak Lﬂﬂ dope 0 mol%, 0.2 moi%, 0.4 mol%, 0.6 mol% Ta,0s "IJN peak Winas
e &, gfaqmay;ﬁqmnqﬁ 32 °C, 29 °C, 31 °C st 34 °C Ul peak AignI9ziie G
qﬂagﬁqmuqﬁ 132 °C, 126 °C, 127 °C Muf1ay %qmmﬁqmﬂqﬁﬁﬁﬂﬁ £, :‘thg'mgﬂ
tw peak ﬁﬂmﬁ’ﬁﬁaqmwgﬁﬂ? (T.) DOIRIT &IUNTT dope 0.8 U 1.0 mol% Ta,0s 9%
WU peak winazwely uren € m:ﬂ'auﬂ’qamﬁlwﬁwqquﬁﬁauﬁaqmw&ﬁg“i lapaz
§ T, = 133 °C usz 127 °C AWE9U §IumT dope Ta,05 1.2 mol% 1iu axifiniaem g,
a:ﬁmgamnﬁqﬂ laafl T, = 96 °C LLazﬁ'ﬂHm:ﬂﬁNil:Lﬁuﬂ’mth!‘}ﬁ La‘jamuqﬂ T, fi
rfifnanatainmaiy SnmaEsudisuenuuanasuainiwWans v sample 7
79 ssinléiudo dope Ta,0p nAuTz1FeN €, ﬁdﬂgﬁ‘fuﬁ'w UazuanANTiA
Dissipation factor (tan8) Va4 pure BaTiO; Fofentuadtimiuouudiforinms dope @1t
Ta,Os a:wud’mﬁuwﬂﬁuﬁmammLﬁaqmuqﬁtﬁu%uua:ﬂmﬁﬁLLﬁﬁﬂﬂFiauﬁ;a Farin
M7 dope Nb,O, Uaz Ta,0, adlUlu BaTiO, udvnliedn ¢, ge“i’fmﬁmﬂa*ﬂ‘mﬁmmmi
# dope sdwihzananmsdomsi lidessidlasaholniduuonaniuudinsd
MIFUFY Ta,05 1.2% ¥l tand ﬁmgamﬂf‘i‘ia"lajmmzviamﬂfl.ﬂu Capacitor

- g A A : . -
Fanvtiazfindsingnmyalfiiundi Insulator-semiconductor transition 4w

3.2.3 a‘gﬂuamsnﬂammsa%‘m BaTiO, capacitor A3888 Nb uaz Ta

1. 1w pure BaTiO, U&: BaTiO, 71 dope Nb,Og 0.8 mol% a7t uas Ta,0s 1
YFumeanag &va9 sample v:ifmiosdamiunan uéiile dope d71 1.2 mol% Ta,05 &
289 sample 3z T wim

2. NTATIIRAL diffraction pattern wad BaTiO; WRITINMIUAR bl W)
N d-spacing AOPANAINTUAN d-spacing 1849 JCPDS card no. 5-0626 “ﬁotﬂu’uae BaTiOg

3. TINNTIAFIAMUAIILLIL (Density) V8IENT WUI127N pure BaTiO, (il
Lﬁm‘lﬁmmﬁ’z dope Ta,Og 9N 0 mol%, 0.2 mol%, 0.4 moi%, 0.6 mol%, 0.8 mol% U/
1.0 mol% aswuhdanummniwAsin (Hatkum Ta,0s 1ANTW Aafldn 57520,
5.7670, 5.8900, 5.8450, 5.8975 Was 5.9090 glem AMWENGU UG 1.2 mol% Ta,04 axd)

[ 1 DI d £ as B : - 3
aManuiuaaadLaziidmdnlaifisunuadudio 5.5402 gicm
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4. nnmswisasioudenuneas (shrinkage) Wit pure BaTiOg ilein
Wiy 16.3% %aﬁmmnﬁqw ueiile dope Ta,0s WU3am 0 moi%, 0.2 mol%, 0.4
mol%, 0.6 mol%, 0.8 mol% Wz 1.0 mol% sy e firudanunasufsiwie
W33tk Ta,05 tRadu lasfiduriaiy 12.7%, 13.5%, 13.6%, 13.8% usx 13.9% @3l
§160 uafl 1.2 moi% 2oanTld Ta,0, scfilafimudanuwadirinty 12.7 % lasas
Wuihiwefirudmivadaass

5. snamiislassaheiduas osmszininge dope Ta,0; 0.2
mol% s31ulu BaTiO, 151 Nb,Os 0.8 mol% a9l Fldfnfidnwuslasahabng dads
aonflaiinRun e Ta,0s FwlUBniliu 0.4 mol%, 0.6 mol%, 0.8 mol% WAy 1.0 mol%
wdwihdnsuzaaiaanssmeingiueusisy laofl 1.2 mol% Ta,05 sezd
Tavsedfndisul Tepslifdnwas Duwaonliduudonfmiunsusaion

6. mviadeafledidinein &) Wnuiugunniwuinlunidl pure BaTiO,
LLa:ﬁ dope Ta,Og 0 mol%, 0.2 mol%, 0.4 mol%, 0.6 mol%, 0.8 mol% e 1.0 mol% 3=
wuitniiwazdl T, Indidseriudfia 128 °C, 132 °C, 126 °C, 127 °C. 127 °C, 133 °C Uaz
127 °C awdey laofidn e adludiy 1000-3000 uaxUFinuenie Ta0s il
anuduRuEnLen ¢ lasdla dope Ta,0f ANIneziivw biudautrefiadaifiouny
qmﬁqﬁmnéfu wetluy s dope 1.2 mol% Ta,0s wWuimTwWazdsnwmed9an 6
sample WIN ﬁaﬁm‘nﬂ'ﬁiuuuﬂaoadwi’mﬁmﬁaqmmgﬁLv"‘iu'ﬂ'ru e T, = 96 °C uazilen
mﬁ‘lﬂﬁtﬁnﬂ‘%ngamn lavaglugie 3500-15500

7. myiadudnesienuguioneledidnain  (tand) 2913 pure
BaTiOs wuiisnduasldutinan wasdlavims dope Nb,O; 0.8 moi% asfl ud iy

]
F3

1Ry Ta,05 WU A1 0 mol%, 0.2 mol%, 0.4 mol%, 0.6 mol%, 0.8 mol% uas 1.0
mol% Ta,0s é‘nmm:nﬂwa"gu'lmyja:ﬁuuﬂﬁnaﬂﬂatﬁaqmﬂgmﬁuﬁu lagazddadin
423 0.005 - 0.1 Feazifinirdard uarims dope 1.2 mol% Ta,05 wuinvzda tand atj
w119 0.4 — 0.9 [ﬂmﬁamuqmﬁqﬁﬂs:mm 80 °C i1 tand a:amaotﬁaqmuqﬁmﬁm{u

A = - YRl J
‘Hom@lﬂ‘r\ﬂgﬂ'ﬁrﬁ Insulator-semiconductor transition G
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o4 .
3.3 n13@479 BaTiO, capacitor Il30a28d15198 Nb uaz Ni
3.3.1 N1INARDY
a
3.3.1.1 n151@38% BaTio, Nidan s #17130 Nb uaz Ni
¢ - a4 A . o .
Tusanfiazrumseiougsuudoudoun  (BaTio;) flaasaiums
lulofoneanlas uarfinfissanlad wSoulaglfuuFouasuaiue (BaCOs) wandy
avsdenfluusanliad (Tio,) lasfiidasu

BaCQ, : TiO, =1 : 1

wihEsuuGnndaiua (BaTioy) filsndedisasiulaidoueentod uaz
dindssanlod laplfasulaifovsanlsd 0.8 mol% et ududsdnfinidasenlodd
A1 0.2 mol%, 0.4 mol%, 0.6 mol%, 0.8 mol%, 1.0 mol% us: 1.2 mol% wasTImamh
fsuay luununa lod LLé"Jﬁwm‘:’ffugﬂ’lﬂmﬁuma"fﬁqmm\]ﬁ 1360 °C nldiAnnna
wnsa LLET’Jﬂnm'sﬁ'ld"lﬂﬁnﬂuéﬁLﬁum:qLﬁaﬁnmmmﬁ‘lﬂ‘éLﬁnﬂ"‘m WRzfN Dissipation

=i gt & & = [ - A A‘
factor LﬂEJUﬂUQﬂL'ﬁJJBJ ﬂ%ﬂﬂuﬂﬁ'ﬂ@ﬁﬂum‘ﬂm:ﬂ’ﬁ’]Lﬂﬂ:ﬁW‘ﬁ:lﬂﬂ@]’]NHN%I\]Nﬂd%
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o ]

1

ngnan 18 au.

aulruva

LALAZTEY

il

ueelmgraunil 1150°C

I

URUALIDU

AN Nb205 WAz NIiO

I

agilean 18 oy,

UALASTRL
AN PVA, PEG

uadlun 18 wu.

UALAZ T

-: v - an
AugUsinpusdu 1 fu

I
- el o
WWULRA T 1360°C

—

AnwnauBsnge

|

|

AuTPNIAINILATW
[

- X-ray Diffraction
- ANHYRGI
- ATIHMUILUY

— 1
anvRnlagidnsin
L

NINIEWNN electrode

L

£, tand Winudugnauni

Ut 3.21 Lmugﬁ'l.um'smaaa

=l . | ) - £y 9
wome Messidaanisvaasslduanaliudrlusmoaudnsunds




79

3.3.2 HAaNISIASHNA TN HNY
.y = Lol ) . LY '
TuninasasimsiaIoug13ld38n1T Solid State Reaction B89 LA nNT
T 1 e - A
NRUASHDIHIUATIUIUATTLET 2 NIZUIUAT fa MIILas lodnasmaunduaad alu
‘ o ' o [ -l
NINARNIWLTT  §VIANRNAIWATNITINRs IRV IrEDY  wasnRIINAR N LHIUAR Lol
UdrvswL MR le R TR uniansuwdy wazidahunviniTnduigefazwudn &Ih
-~ ' = . P P “ - - .

Hzutivaaniiufiniasdan uazih3uunaudmeianssi 3.5 lauh pure BaTiO, axdl
“ A ' A ooV o ' [V v & a v - %%
avansdan RN leuaneanuiiusa WA um sudsuudalassrFraviarutaune

&
Urznisiuiiioss

A7 3.5 URSINANTTRILNGFUDY sample BaTiO; dope @38 Nb,O5 0.8 mol% uaz NiO
TuFanmudna g usz pure BaTiO,

Wadtrudnmside NiO #1984 sample
0 \mRassau
0.2 EERLLIN
0.4 BRDIBE
0.6 . in@osseu
0.8 Winunades
1.0 d3wunaden
1.2 yduunanden

3.3.2.1 Nan1seIIeRauasRlasenldaag1aTa X-Ray Diffractometer (XRD)

suaaniivnnisnmaroussfldduwudoadeniun BaTioy) wiall Tanh
19 BaTiO, firnunsuanlmiudluinneddnds Xray diffraction udawuinesiidu
mauaaledd 1150 °c Wwam 1 53l 9:8lasests tetragonal 1flpunFoufiay
AUA" d-spacing U8y BaTiO; 31N JCPDS card no. 5-0626 NU BaTiC, sample Aadoule
fuinenn diffraction pattern vasmsfle3oald aximng  peak wisnisoudi 20 ~
28.4° \Agdu Folawrludn  d-spacing vesmIdregeeslndidnanazraandoay
JCPDS card no. 5-6026 283 BaTiOs dwuaasliiiuwinasiaionlsitaziin BaTiO,

GE)
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3.3.2.2 Na?jaam‘sﬁnmfﬂ‘ma%‘mmdqamﬂTﬂ anIsAansmziIBuIaeS
G‘$ A’G:’ a -
mimaawumaumﬁumiﬁﬂmwamaa‘[mamwmaﬁqlamﬂ (Microstructure)
Iﬂﬂﬂﬁi@é’nwm:ﬁwaamsﬁaaEmﬁwﬁﬁu'lﬁ PRIINHIUNTZLIUNTTULRa TAN LAY et

4 o
NnasnIefay TGNRH’TTY]@RQGLLET@\‘]'L%EIJW 3.22

(b) ‘
gﬂ‘ﬁ 3.22 URGIHIVDY BaTiO; ceramics Aldvee Nb,Cs 0.8 mol%

Wez NIiO a9 g
(a) 0.2 % (b) 04 %
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W2.568 1BEM

(d)
3UA 3.22 usasfinas BaTio, ceramics Al§1dan Nb,Os 0.8 mol%
was Nio USanmuendg
©) 0.6 % (d) 0.8 %
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508 1avn U024

)]
3‘1_]‘1'71 3.22 WEAIAIUBY BaTiO, ceramics AIlaUa78 Nb,Os 0.8 mol%

was NiO U3uudn g
(e) 1.0 % () 1.2 %
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vinmwinslanefimeemaressslaogdnyociaduneid - pure
BaTiO; asfianwailuinsuldiuadadaou uadavnnms dope #28 Nb,Os 0.8 mol%
Aeft uaz NI lutfinmene g woilasseiwasinendiswlilasland 16y Nio 7 0%
89 06% orduduinesfidnwnzusaniu wsnffodfiuSinm NIO ﬁfﬂﬂ‘é‘nﬁaé\“’mﬁi
0.8% vziAuitanwamininsuwigl tI.GiQ"LﬁGl screw dislocation mmm\"mﬂ) Faun
e umnﬂauuuﬂamnum slaseaaly 8nuas nauwaamaamuamaumaw}

3.3.2.3 Han1TinA1 Dielectric constant () iazdrudni@asanagandonig
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X-ray study of phase and particle size of barium fitanate prepared by

homogeneous precipitation

C. PAKOKTHOM, G, RUJIJANAGUL, T. TUNKASIR!
Department of Physics, Facuity of Science, Chiangmail University, Chiangmai 50202, Thailand

The structure of a barium titanate (BaTiOs) crystal
depends on the temperature. Above its Curie point,
7. (approximately 130 °C), the unit cell is cubic and
nonpoiar. Below the Curie point, the structure is
slightly distorted to the tetragonal form with dipole
moment in the <001 > direction. At room tem-
perature, there are three phases in BaTiQy powder
Cubic phase 1s found in BaTiO; powder prepared by
decomposition of BaTiO(C;04); - 4H;0 at tempera-
tures between 700 and 900°C. It transforms to the
tetragonal phase after calcination at 1000°C [1].
Hexagonal phase is found when the powder is heated
at 1550 °C and quenched in water [2].

BaTiOs; is usually in tetragonal phase at room
temperature and changes to cubic phase at around
130°C. In consideration of work carried out
regarding the effect of particle size of approximately
0.1 um, however, researchers [3,4] proposed a
theoretical framework conceming the dependence
of the dielectric properties of BaTiOy on its particle
size. They concluded that a fine particle of less than
0.15 um shows no tetragonal phase. Uchino er al.
[5] also studied the effect of particle size on the
structure and the Curie temperature of BaTiOs
powder prepared by coprecipitation techniques. They
measured the particle size of the powder from its X-
ray diffraction (XRD) profiles, using the Scherrer
formula. They found that the tetragonal-to-cubic
transformation occurs at a critical particle size of
(.12 um at room temperature. Kim et al. [6] also
reported that the tetragonal phase of BaTiOs,
prepared by homogeneous precipitation, was found
at the particle size of 0.2 pm at room temperature.
Their measurement was carried out using scanning
electron microscopy (SEM).

XRD line-broadening methods have been inten-
sively developed to measure the particle size and
microstrain of crystals, Many theoretical treatments
have been employed to measure these parameters.
For example, Tunkasiri and Rujijanagul [7] used the
integral breadth methods to calcuiate the particle
size and microstram of the BaTiQ; from XRD
profiles. Li and Shih [8] employed the Scherrer
formula to estimate particle size and according to
them, XRD peaks due to tetragonal and cubic phases
severely overlap when measured on BaTiO; prepared
at temperatures ranging from 900 to 950 °C, causing
some difficulty in particle size and microstrain
estimation. Therefore, a re-examination of the
particle size of BaTiO; in the critical range was
carmied out. The XRD line-broadening method was

0261-8028 0 1999 Kluwer Academic Publishery

employed to estimate the particle size and micro-
strain based on the pseudo-Voigt function in the
variance method. The Scherrer method was also used
to estimate the particle size. The results are
compared with those of others [5-7, 9].

Preparation of BaTiQ; was carried out with
reference to Kim et al. [6]. A solution of barium
chloride was added to a solution of titamum
tetrachloride prepared according to Kundaka er af.
[10]. The mole ratio of Ba/Ti was 1.00. Diethyl
oxalate, used as a precipitating reagent, was added to
the mixed solution. The solution was then heated in
a water bath at 80 °C for 3 h. A white precipitate of
barium titanyl oxalate was slowly formed. The
precipitate was filtered, washed, dried and heated to
yield BaTiO; [6]. Samples were repeatedly annealed
for 2 b at temperatures ranging from 700 to 1400 °C
in steps of 100°C. X-ray diffractometry was em-
ployed to study the cold samples after each anneal.
Fig. 1 shows the XRD pattern of a BaTiO;
specimen, displaying broad peaks of both cubic
and tetragonal forms parially overlapping. Indexing
of the samples was carried cut based on recommen-
dations of the Joint Committee on Powder Diffrac-
tion Standards [11, 12].

Least-squares fit to experimental points for (111}
and (200} peaks was carried out based on the
pseudo-Voigt fudction. The XRD peaks {(200) then
showed overlapping of (200) and (002) of tetra-
gonal ferroelectric phase with (200) peaks of cubic
phase, as shown in Fig. 2. The ratio ¢/a was
calculated from the peaks (200) and (002) of the
tetragonal phase, using Cohen’s method [13]. Chan-
ging of tetragonality (¢/«) with particle size is

Counis

(1071)

B A

U I L T T

10 20 30 40 50 60
248

Figure | XRD of BaTiO; powder after heating at 900 °C for 2 h.
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Figure 2 XRD panern of (200) peak of BaTiO; powder heat-treated
at 900 °C for 2 h. Ratio ¢/a = 1.0034; ¢ = cubic; ¢, = tetragonal
(200); £, = terragonal {002).

shown in Fig. 3. Other values obtained from Uchino
et al. [5] and Kim et ol. [6] are also shown in Fig. 3
for comparison. The XRID line-broadening method
was employed to estimate the particle size and
microstrain based on the pseudo-Voigt function in
the wvariance method. The data treatment was
performed according to Sanchez-Bajo and Cumbrera
[14}. The overlapping of K, and K., lines of the
(111) peaks was resolved by Rachinger’s method
[15]. The K,, line breadths of the peaks were used
for analysis. Linewidth of the specimen was obtained
by subtracting the instrumental data obtained from
large-grained BaTiO; powder, according to the
method described by Li and Shih [8]. The linewidth
of the highest temperature anneal, 1400 °C. was used
as the imstrumental response in our case.

The Scherrer method was performed in the way
described by Klug and Alexander [16]. The instru-
ment was a Jeol diffractometer with Ni-filtered
Cuk,, radiation. A scanning speed of (z¥ min™! in
deviation angle, 28, was chosen.

T L T D T i
1.91 ‘ >
b e
9 e X
1.008} S 4
8 d e X
£ 1.008f Do J
3 P ,'
[=] N ] .
o . ' K
o o) .
B 1.004}f o & -
~ .
A x /X |
1,002k N 1
4ln: j‘t 1 .| i ]

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7
Parlicle Size (wm)

Figure 3 Variation of tetragonality {c/a) with particle size at room
temperature of BaTi0O; powders. @ = estimation, using the pseudo-
Voigt function in the variance method withowt comection for
instrument broadening. X = estimation, using the pseudo-Voigt
function in the variance method with comection for instrument
broadening. & = estimation by Uchino er al. [5], using Scherrer
formula. + == estimation by Kim er ¢l. [6]. cntical particie size =
0.2 um by SEM. '

The XRD peaks (1 11) were employed to estimate
the particle size and microstrain, using the pseudo-
Voigt function in the variance method [14], while the
Scherrer formula yielded the particle size only. Both
methods were employed for estimation both with and
without correction for instrumental broadening.
Table I shows the particle size values obtained
from estimation based on the pseudo-Voigt function
in the variance method and the Scherrer method
together with other results [5,7,9). The 1400°C
data (well-annealed samples} were used to correct
for instrument broadening, which accounts for the
difference between corrected and uncorrected values.
If uncorrected data were employed, our estimates of
particle size would have been smaller and there
would have been less-pronounced increase in particle
size with annealing temperature. In our work, the
particle size obtained from using the pseudo-Voigt
function in the variance method is slightly larger

TABLE [ Panicle size of BaT:O; powder anncafed at various temperatures with and without correction for instrumented broadening

Temperature  Schecrer formula Scherrer formula

Pscudo-Voig! funetion Uchino er af. [§]  Kim er af. [6]

(°C) with correction without carrection n variance method { «m) {gm) {¢rm)
This work Tunkasiri and Thix work Hsiang and  with without + ¢ *
{Hm} Rujijanagul  (um) Yen [9) correction correction
171 (et (ram) (um) (4m)
700 0.7 (047 .10 0.025 0.20 0.12 — — -
K00 0.18 0.056 0.1 (1028 .20 n.13 — — —
850 — - - - - — — — 0z
Q00 .21 0.064 0.12 446 0.24 0.18 0.12 0.18 —
1000 .24 (0.084 0.13 .03 0.30 0.20 013 0.22 —
110G 0.27 .14 .13 0.068 0.36 0.22 — 0.30 -
1240 0.37 0.228 0.15 U118 1.435 0.29 — — —_
1300 0.42 0.27R 0.16 - 0.607 0.30 — — -
0 = §8A.
# = SEM.

+ = Scherror formula.
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«than that obtained from the Scherrer method, in the
cases of both corrected and uncorrected data.
Nevertheless, for the corrected data, the values
obtained by both methods are comparable to those
reported by Uchino ef «f. [5] using the specific
surface area (SSA) method and by Kim et af [6]
using SEM. The results obtained from uncorvected
data by both methods are close together and
comparable to those of Uchino ef af. [5]. The values
obtained from Hsiang and Yen [9], who prepared
BaTiQ; by a coprecipitation method, are smaller.
The microstrain residual after heating at various
temperatures is reported in Table II together with
values previously published by Tunkasiri and Ruji-
janagul [7]. Tables I and II show changes of the
particle size and microstrain, respectively, with
temperature. Particle size increases and microstrain
is progressively relieved with increasing temperature.
The results previously obtained by Tunkasin and
Rujijanagul {7} show slightly smaller particle size
and therefore higher microstrain, which may be due
to the difference in method of preparation.

In Fig. 3, it can be seen that tetragonality (¢/a) of
BaTiQs, obtained by all the authors, shows the same
trend, i.e., increasing with the increasing particle size
and, therefore, increasing with annealing ternpera-
ture. Between annealing temperatures of 900 and
800 °C, the ratio ¢/a drops drastically from about
1.003 to 1.00 (i.e., cubic). In this work, therefore,
critical size was estimated at 800 °C. It can be also
observed that the calculated critical size for cubic—
tetragonal phase transformation varied from 0.11 to
0.20 um, depending on the methods of data treat-
ment.

In conclusion, fine-powder BaTiO; was prepared
using a homogeneous precipitation method. An XRD
ling-broadening technique was employed to estimate
the particle size and microstrain of the powder. The
pseudo-Voigt function in variance method and
Scherrer formula were used. Both methods were
performed with and without correction for instru-
ment broadening. The uncorrected data for both
methods gave very close results, values of critical
size being 0.i1 um and Q.13 ym for the Scherrer
method and variance method, respectively. For the
corrected data, the Scherrer method yielded a larger
particle size, its critical size being 0.18 gm, while
the varance method yielded 0.20 um.
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X-RAY STUDY OF THE CRYSTALLOGRAPHIC STRUCTURE OF BaTiO;
POWDER PREPARED BY SOLID STATE REACTION

T. TUNKASIRI, C. PAKOKTHOM, G. RUIJANAGUL, and A. UDOMPORN
Department of Phvsics, Faculty of Science, Chiang Mai University, Chiang Mai 50200
Thatiand.

Abstract The structure of barium titanate powder prepared by conventional solid state
reaction has been investigated by x-ray diffractometry. The pseudo-Voimt function
fitted to the diffractographs to discriminate between cubic and tetragonal peaks. The
Scherrer formula, with correction for instrument broademning, was empioved 10
estimate the particle size. The method of internal standards was applied to calibrate
the amount of cubic phase in the particles, The fraction of cubic shell, covering
tetragonal core, was found to increase with decreasing particle size.

INTRODUCTION

Barium titanate (BaTiOs) ceramic is of particular interest due to its exceptionally high
dielectric constant (g). Many authors, such as Kinoshita and Yamagi', Arlt ez a/? and
Niepce® have revealed that grain size of the BaTiO; ceramics affects their properties
such as dielectric constant. Starting materials of fine particle size normally vield a fine
grained BaTiOs;. Therefore, the measurement of the particle and grain sizes is of great
importance regarding the control of the properties of BaTiO; ceramics. Many methods
for particle size and grain size measurement have been emploved. for example. electron
microscopy™”, specific surface area® and x-ray diffractometry’.

Takeuchi er al, prepared BaTiO; ceramics via solid-state reaction. The
product showed a slight increase of the grain size; from 0.88 pm when sintered at 1200
°C to0 0.96 um when sintered at 1300°C. Miot er al.s, prepared BaTiO: ceramics via a
chemical process and found, conversely, that the grain size of the ceramics decreased
markedly from 1.6 um when sintered at 1230°C to 0.7 um when sintered at 1300°C.
However, the grain size measurements of the ceramics described in both papers, were
carried out using scanning and transmission electron microscopy. Both papers report
observations on x-ray diffraction profiies, clearly showing the coexistence of tetragonal
and cubic phases with the relative amount of the cubic phase increasing with
decreasing grain size. Takeuchi er al.® revealed that the cubic shell thickness was
estimated to be approximately 5.1 nm, irrespective of the grain size. Conversely, Miot
er al’ showed that the cubic shell thickness depends on the grain size. The Gaussian
function® and pseudo-Voigt function® were fitted to the x-ray diffractographs. Both
papers describe how the ratios of the tetragonal to cubic {t)/[c] phases were estimated
from the integrated intensities of the profiles and related to the grain size
measurements derived from electron micrographs. In view of the above reported
contradictions. the present study re-examines the particle size and the cubic shell



thickness of barium titanate preparsd at varous temperatures. The x-ray diffraction
method was emploved. The pssudo-Voigt function was least-squares fitied 1o
diffraction profiles according to the method described by Sabchez-Baio and
Cumbrere®. The rauos [1)/ic] ang the amount oF cudic phase were esumaied fom therr
iine intensities using calibration with internal standards’. The x-ray diffraction line-
broadening method was emploved to estimate the paricie size of the BaTi0O: powder,
using Scherrer’s equation’”
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FIGURE 1. Particle size of BaTiO; powder annealed at various temperatures.
s = estimanion using Scherrer formula
A = estimation by Takeuchi et al.*, using TEM.
+ = estimation by Miot er al’® usmg SEM & TEM.
= estimation by Uchino e? at® , using the Scherrer formula.

EXPERIMENTAL PROCEDURE
BaTiQ; powder was prepared using conventional solid-state reaction. Reagent grade
barium carbonate (BaCO;) and fine grain anatase (TiO;) were used as starting
materials. The mixrure of BaCO3 and Ti0O, (Ba/Ti = 1.00) was ground for 20 hours in
a zirconia pot — and —ballmill. The sample was annealed at 1100°1200°1250°,1300°,
and 1350° and 1400°C for 2 hours at each temperature. Heating and cooling rates
were controlled at 3°C/min. X-ray diffractometry was emploved to study the cold
sample after each anneal. The instrument used was a Jeol diffractometer with Ni
filtered CuK, radiation. A scanning speed of (0.02)%/min in deviation angle, 20, was
chosen. Indexing of the sample batches was carried out based on recommentations of
the Joint Committee on Powder Diffraction Standards (JCPDS)'. Rachinger’s
ethod” was used to resolve Koty from Koy, The (111) diffraction profiles were
emploved to estmate the particle size. The Ko line width was obtained by
substracting the instrument broadening, according to the method described by Li and



Shih'*. For correction of the instrument response, the linewidth for the highest
annealing temperature (1400°C), was used for the (111) peaks. That is, BaTiO: of
largest crystal grain size was employed as a reference. The particle size results from
this work z-e showr in Figure 1 together with those of othere®™,

The x-ray diffraction profile clearly showed severe overlap between the peaks
of cubic and tetragonal phases. Least squares fit to experimental points for two peaks
(200) and {002) of the tetragonal phase and peak (200) of the cubic phase was carried
out based upon the pseudo-Voige function®. A typical diffraction profile. subjected to
mathematicai analysts is shown in the Figure 2. In general, the line intensities of the
tetragonal and cubic profiies do not directlv represent the quantities of the two phases.
Therefore, the method of internal standards® was employed to calibrate the quantities
of the phases.

Intenshy {Counts)

26 (degrees)

FIGURE 2. Least-squares fit of pseudo-Voigt function® to experimental points for
the (002) and (200) peaks, BaTiO; powder heat treated at 1300°C for
2 hours. The fraction of the cubic component [c] = 5.10 wi% by the
internal standards method®,
¢ = cubic (200), t, = tetragonal (200), and t; = tetragonal (002).

In this work, cubic BaTiO; powder was prepared using a homogeneous precipitation
method”® was used for calibration. According to Pakokthom et al.®, only cubic
powder should be obtained by hearing the white precipitate of barium titanyl oxalate
(BaTiO(C204)-4H>0 ), at 700°C for 2 hours. Known amounts of the cubic BaTiOa:
powder were added and thoroughly mixed in with the samples. XRD was applied to
the mixtures and the tetragonal peaks [(200) and (002)] and the cubic peak {200) were
distinguished by application of the pseudo-Voigt function®. The areas under the
profiles of both phases were estimated. A calibration curve was then calculated for
estimating the quantities of the tetragonal and cubic phases. The ratios of both phases
at each annealing temperature were then obtained by extrapolation. The ratios are
shown in Table I, together with those obtained from others®”.
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RESULTS AND DISCUSSION

Figure 1 shows the relationship between particle size and annealing temperature. It
. cin DE seen thal our resuils for particie size are generally smal (T8 um) and
comparable to those obtained by Takeuchi ef al.“and Uchino et al ®. § The pamc[e sizes
in this work were found to increase slightly with the increasing temperature in the
range from 1100° to 1250°C. and to increase abruptly at 1350°C, though they slightly
dropped at 1300°C. The grain sizes obtained by Takeuchi ez al.* and Miot et a.* also
are shown in Figure 1. It can be seen that our values obtained by the Scherrer methad
show the same trend as those of Takeuchi er al®, though their vaiues are larger.
Furthermore, coexisting tetragonal and cubic phases were produced by almost every
anneal. Below the critical particle size (about 0.12 um ), only the cubic phase was
- found by Uchino er at.®.
The tetragonal phase is increasingly formed especially on annealing between
1320° to 1350°C. This agrees well with the work carfed out bv Tunkasiri and
Rujijanagul'®, who showed that the tetragonal phase is most pronounced on annealing
at 1350°C. Takeuchi er al.? have suggested that a particle of diameter d, consists of a
cubic shell of thickness /, covering a tetragonal core. In the present study, the cubic
snell thickness / was calculated using the formula given by Takeuchi et al. The
results of calculation are tabulated in the Table 1. along with those of Takeuchi et ar.*
and Miot er al.®. The cubic shell thickness calculated by Takeuchi e ar.* is about 5.1
nm and is independent of the grain size. The results from Miot er al’® indicated a
thicker cubic shell and, moreover, the shell th;ckness was found to increase with the
mcreasmz ﬂram size. '

In the case of our results, the values of the cubic shell thickness are
comparable to those of Takeuchi er al.* and they are found to increase slightly with
increasing particle size. The ratios of [t}/[c] and percentages of cubic phase are also
shown in Table I. We can see that the percentage of cubic phase decreases with the
increasing temperature. This may be due to some of the cubic shell transformng into
the tetragonal core though annealing at 1300°C shows an increase of cubic phase over
annealing at 1250°C. In this work the fractions [t)/[c] and the amounts of cubic phases
were deduced from the calibration curve obtained from the method of internal
standards’. Therefore, our fractions and amounts are by weight, whereas those of
others*’ are by volume.

CONCLUSIONS

The results show the presence of coexisting of cubic and tetragonal phase in one
particle. The particle size progressively increases from 0.50 to 0.5% um at annealing
temperatures from 1100° to 1250°C and increases to 0.71 um at 1330°C. The
thickness of cubic shell, covering tetragonal core, was calculated and found to lie in the



range of 0.0003 to 0.0042 um. From our study. it is revealed that the fraction of the
cubic component increasss with decrease of partizie size.
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N-ion implantation assisted by preparative and closing
implantation for surface modification of tool steal
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Abstract

The study zims at investigating the edect of auxilizry praparative and closing implantations in hardened tool stesls
on surface ribology modiication. Sumpiles of a marteasitic tocl steel, SKO 11, ars triply implanted with tons of N ar Ar
at higher snerzies. N at the gormal nergy. and N. BF and CO: at ‘ower energies. The ion impiantatons result m
dramatic increases of hurdness and wear resistancs to the sgmples in comparison with single N-lon implantation and
deoubie ion implantation. Agalysis of ion depth prordles and surface compositions and microstruetures is performead o
reveal the mechanisms. [t can be concluded thar the improvement of the mechanical properties ¢an e atniputed 0 b
dezpening in the ion penetraticon and the forming of compound covers at the near :.urmc:ﬂ- region. @ 1999 Elsevier
Sciencs BV, All rights reserved.

PACS: 6220.Qp: 68.55.Ln: 81.05.Bx; 81.40.-z
Keywords: Preparative impiantadon: Closing implantation: Hardened tool stesl; Tribology: Microhardness: Weaar rate

i, Introduction

N-ion implantation has long been investigated
for modifving mechanical properties. such as
hardness and wear rate. of stesls. N-jon implan-
tation of hardened ste=ls has comumanded great
interest [1] not only because of its practical appli-
cation but also its difersat characterisiics from
implantation of unhardened stesls [2]. The im-
plunted Neion depth profles indicate that the

"Corresponding author, Tel: +66 53 343379: fax: +66 33
22076, email: yuld@iswd.cmuas.ch

hardened stezls have a lower ability in retaining N-
ions than the unhardened steels [3], so that thev
normaily exhioit difficaities in gaining comparabie
improvement in tripology from N-ion implanta-
tion. Preparative surfacs treatment and imglana-
ticn have besn applied prior to normal N-ion
imrlantation to improve the ability of the hard-
ened stesls to retain more nitrogen ions [4]. Aux-

- iliary closing tmpiantation is now added 10 the

impilantation procsdure in an attermpt to form a
compound cover at the near surface region to ¢lose
any paths for the nocnal implanting ions to es-
caping (difusing) out. as well as to construct a
hard laver which sz:c::_rthms the normaily im-
planted area

0l63-5827C58.S - se= front mutter D 1999 Elsevier Science 3./, All Azhis reserved.
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Table 1
The chemiczl compositions of the SKD11 {D-2) tovi stesl

c Si Mn Cr Mo v Ni

1.3 Q.3 0.4 12.9 1.0 04 0.2

2, Experiment

Well-surface-finished (0.3 pm) samples of
hardened SKD1! (AIST D-2) steel (the chemical
compositions are shown in Table 1 and the heat
treatment process is displaved in Table 2) were
preparatively implanted with higher-energy N-ions
or Ar-ions. then normally implanted with 120 ksV
N.-ions, and finally implanted with lower-energy
BF. or Na. or CO- ions (the triple ion implantation
will sometimes be referred to as preparative-pius-
closing ion implantation). as surmmarized in Tubie
3. The ion implantations were carried out using the
120 kV, mass-analyzed beavy jon implantation
facility ar Chiang Mai University [5]. The im-
plantation temperaturas at the target did aot ex-
ceed 100°C.

Tne implanted samples together with unim-
plapted ones underweat mechanical property
testing. A digital microhardness tester (NVCXT-z,
Marzuzawa) using the Kacop scale tested surface
hardness by applving a2 load varying from 1 10 50
g. A pin-on-disk wear tester (ISC-200 Trbometer,
Implant Sciences) using WC balls tested wear be-
havicr under the following conditions, 500 g lead.
4.3 cm/s sliding speed, and 10 000 total-rotations.
The wear ratss were evaluated based on the rele-
vant intermational standard [6].

The ion depth profiles were analyzed using ei-
ther Auger eleciron spectroscapy (AES)Hmeostiv)
or secondary ion mass spestrometry (SIMS) (only
for the samples implanted with Acr-ions). The
surface mucrostructure was characterized and ob-
served using Xerav difraciicn (XRD) (Cu. K,)
and Scanning electron microscopy (SEM).

3. Results and discussion

Table 3 shows the measurad micrchardness
(under the load of 1 g} and the derived wear rate of
the lon-implanted samples compared with the data
of the unimplanted sample.

As can be sesn from the table, as well as Fig. 1.
which shows microhardness tested with varving
load. the preparative-plus-closing ion implantation
increases the hardness drastically in comparison
with the single and double ion implantations. The
effect of the preparative implantation depends on
the fon species. Nitrogen performs better than ar-
gon owing to the fact that the N-jons are able (o
cause both radiatien damage and structural
strengthening whereas the Ar-ions c¢reate only
damage. The etfect from the closing implantation
se2ms Lo be more pronvuncad than the prepurative
implantation. Proger selection of the closing im-
planted ion species, such as boron. carhon or ox-
ygea ions, can result in a larzer ephancament of
hardness than nmitrogen. It is interesting to note
that at the lowest [oad (i.e. at the nearest surtace
rezion) all the preparauve-plus-closing ion im-
piantations increase the hardness refatively higher
than other implantations do, as shown by the
steper slopes betwesn the hardnesses with loads
of | and 3 g for the triply implanted samples (Fig.
1). This fact indicates that the triple ion implan-
tation is more effective in improving nearest-sur-
face-hardness. Thais is supposedly contribured
mainly by the ciosing implanted {ons. which lead
to forming hard compounds with either metal el-
ements or ¢ven previously implanted nitrogen. as
demonstrated by XRD analvsis (Fig. 2).

Also. it can be se=n Irom the wear testing results
that, similar to the hardness modifications, the
tripie ion implantation zenerallv reduces wear ce-
markably, while the wear on either the unim-
plantad sampie or the single and the double N-ion
implanted ones 15 comparatively high. In due

Table 2

Heart treatment procedure of the steel samples
Prrzhsatng Hardemung Quenchung Tempering
35 C'S min NG CILE mn cit G-t h
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Table 3

lon impfantation and mechanical testing resuits of the SKDLL stee! samples®
Sampiz [on Energy Current Dase HX Wear rate

(keV) (A o) (10'%fem™) (kzimem=) (10°* mm*

50 - 0 0 ] 370 e
s1 N+N;+N, 120-120-90 1 00-200-200 2+d2N 1040 811
S2-1 N+N+BF 120-120-90 L00-200-30 2-4-2(8) t410 0..0
§x.2 N+N.+BF 120-90-75 100-200-30 I+4+ (B (21 gl
83 N+N1+C0Os 120-120-1 10 100.200-1C0 2-4-2HO 1420 0.4
S+ Ar+N.+8F 140-120-90 200-200-30 I+d+2(8) 1120 0.26
53 N, 120 200 4 795 1.3¢
56 N+N. [20-120 100-260 2o4 393 1.2
57 N-rBF 120-80 200-30 1= 2(B) 1200 0.:%

‘Ion implantations in samples 33, 56 and S7 are for comparison. For the last implantation of multiple jon implaniatien. when 1
compound jur species was used, the last dose indicates the atom dose of the lement in the (). The microhardness testung condition: 1 2
load; the wear tesung condiions: WC ball, 500 g lead, 4.3 cnv's sliding speed, 10 000 total-rotauans.

® Obtained only for 700 towl-rotations when the friction limit of the ester was reached.

“Obtained for 13C0 totai-rotations when the {riction [imit was reached.

% Obrained for 1900 total-ratations when the limit was reached.

1408

&

1260

Knoop Hardness (kghnm?)
8

Load {gram)

Fig. . Micronardaess in the Kaoop scale as a function of the
testing load (1, 3, 5, 10 and 30 g}

successicn. the on species for the preparative im-
plantation being efective on the wear reduction
are pitrogea and arzonm, and the species for the
closing implantaton are boron, nirogen, and
carcon/oxvzza. A close SEM-obsersation on the
surfacs microstructures of the samples, as shown in
Figz. 3, providss some hints. On the surface of the
N=N.=N. and N=N.+BF ion implanted samples
we cag observe an extended large-gratned or tex-
tured structure wheraas on the N=N:+CO; and
Ar=N.+BF icn implanted samples we ses a much

uka

-

=

o &

il [}

> =

= & 4 P

2 8Tl 3 oL 3 aﬂlt ek
D inmzi—cs:i A‘l =~ Lz -? 3 uu 2T
?E ' (R h_ J \J -

gl - 3
NN, +8F ,id? 3 W o L...,'H.!

30 g 50 80 70 80 80
24 (degree)

Fig. 2. XRD analyzed results {rom the N+N,-8F.icn im-
planted sample and N=N:+CO--ion imgianted sampie. The
peaks are only designated once if they have he same positions
n both patterns.

firer and smoother structurz. The former micro-
strucrure is thought to be related ro mitmide or
boride (as shown In Fig. 2) 2xhiciung high wear-
resisiance, while the larzer is less heiptul o wear
resistance due :0 aither berittle oxicz Jor the case of
tke N+N.+CO.-ion imgplanted surizce or heavy
radiation damage created by Ar-ions fer the case
of the Ar+N-~BF-ion implanted surface.

The ion-degth-profis analysis. as shown in Fig.

4, leads to a further understanding of ihe wear
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=
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Fig. 3. SEM photographs of the preparative-glus—closing ion-implanted sampie surfacss. (a) N+N.+N; ion implanted, (b} N+~N.~BF
ion implanted, (¢) N+N;+C0Q: ion implanted, and (d) Ar+N.+BF ion implanted. The width of the SEM image is 12 um.

testing results. The preparative-plus-closing ion
implantation generally tends to broaden and
dasgen the nitrogea distributions. A comparison
berwesn the PROFILE-simulated (7] and the
measured N+N,+N.-ion implanted profiles shows
that the simulated one (Fig. 4a), which is a sum of
thres consecutively impianted ton-profiles, ranges
only up to a depth of 200 nm while the measured
one (Fig. 4b) hecomes Jat and extends to a depth of
more than 600 am (the depth scale is already con-
verted from the sputtering time). Other profiies
displuy similar behavior. The efect of breadening
and despening ion profiles seems very beneficial in
achieving the lasting low wear rates by means of
tmpie ion implantaton. It can be seen that the
clesing B-ion implaatation leads pastly to the mi-
graticn of acrmally implanted N-igns to the B-icn

region, as shown in Fig. 4c and e, while the closing
CO:-ion implantation causes the normally im-
planted N-ions to be pushed further into the sub-
strate (Fig. 4d). This fact implies that the implanted
boron has a stronger affinity of bonding with :he
formerly implanted nitrogen [8] than the carbon
and oxygen have (correlated with the XRD result,
as shown in Fig. 2). Therefore. the N+=N-+BF ion
implantation produces a lower wear rate than the
N+N>+C0: ion implantation. For the case of
Ar+N:+BF ion implantation, it is considered that
racdiation damage induced by the preparative Ag-
ion implantation makes the N-ions migrate more
easilv to the near surfacs region, so that the N-icn
distribution is shallower (Fig. 4e¢) than those in
orher cases. Therefore the low wear rate cannot last
and the average wear rata becomes hugh,
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SiMS-anatvzed grodile far the A¢=N:~8F ion implaniztion.
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4. Conclusion

The preparative-plus-closing ion implantations
result in dramarnc increases in surtace hardness
and wear resistancs of the hardened teol ste2! in
comparnson with single N-ion implantation and
double icn implantation. The degres of improve-
ment depends on the prepararive and closing im-
planting ion species. Nitrogen is better than argon
as the preparative implanting spectes while boron
is the best of the closing implanting species. The
broadened and deepened N-ion distribution and
the formed high-wear-resistant near-surfacs
structure or compound by the pregarative-plus-
closing ion implantation are considered to be the
contributors to this improvement,
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ABSTRACT

Synthesis of high purity barium titanate powders by the catecholate process was performed
by reacting catechol as a complexing agent with titanium tetrachlonde in toluene to yield titanium
complex, H [Ti(CHO,)I, which then reacted with suspension of barium carbonate in deionizes
water to yield barium titanate catecholate. The complex was isolated in solid form by fheeze -
drying. Subsequent decomposition to crystalline barium titanate was achieved by heating the freeze
- drying complex frorm 600 °C 10 900 °C with increment of 100 degrees for 3 hours. The physical
and chemical properties of harium titanate were investigated. Phase transition of barium titanate

powders was also studied.

1. INTRODUCTION

Bariumn Titanate is a ferroglectric compound which has become the basic ceramic capacitor
dielectric material in use today. As earlier with rutile, the main mode of it5 use has been in
combination with other material. Primary application requisites are a high capacitance and stable
capacitance over the temperature range of use of the component. Practical temperature ranges of
use have been specified as from -85 to 126 OC, or segments within that range. Since pure,
crystalline BaTiO, has a peak permittivity at about 130 °C and another, secondary peak at 10 °cnl.
corrective maodification is required for practical application. It has also generated interest for

appiications such as piezoelectric transducers, chemical sensors and thermistors [2-7).

Barijum titanate powder has been prepared by calcining mixture of BaCO, and TiO, at
temperature of 1100-1300 °c I8-11]. High temperature synthesis results in the formation of relatively
course, inhomogeneous and multiphase powders, possibly containing Ba,TiO, and Ba/Ti,0,,. Also
as a result of the use of relatively impure raw materials and the need to ball-mill to obtain fine grain
size (0.7-1 lm), impurities such as alurnina and silica may be introduced in conventionally prepared
ceramics. These impurities are known 10 have deleterious effects on the electrical characteristics

and mechanical properties of barium titanate hased electronic compounds.
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Wet chemical processing has been developed in an effort to mitigate the above effects.
Wet chemical processing technigues provide a relatively convenient means for achieving powders of
high purity, fine particle size angd high degree of chemical homogeneity at a lower reaction
temperature. A disadvantage is the generally ohserved strong particle aggregation, which largely

counteracts the henefits of fine particle size.

As the formation of BaTiO, powders by different methods has evolved over the past two
decades, its exact structure form has also been debated. The crystallegraphic forms of BaTiQ, are

well knowrn, Between the melting point and about 1450 °C barium titanate occurs in a hexagonal
structure that below 1460 °C converts into a cubic form with perovskite structure. Below 130 OC, it

undergoes transformation from the cubic into a tetragonal structure, which remains so until 0 °C, at-
which point it transforms into an orthorhombic form. Thus, at room temperature, BaTiC, should
exist in its tetragonal form. The diffetence between the cubic and tetragonal form is teadily
ascertained from the powder X-ray diffraction pattemn, since the tetragonal form shows distinctive
splitting of certain peaks. As the particle size becomes smaller, broadening effects can make this
spliting difficult to determine. The literature indicates that low-temperature synthesis methods
result in a superparaelectric cubic-like structure. This metastable form can be converted to the
thermoedynamically stable tetragonal form by annealing at higher temperature (1100 °C) and then
cocling through the Curie transition [12]. It has been shown that the hydrothermal synthesis
performed at 200 “C or higher prormates the formation of the tetragonal phase [13-14).

2. MATERIALS AND METHODS
2.1 Chemicals

All chemicals {AR grade} were purchased from Aldrich Co. They were used without further

purification.
2.2 Synthesis

Barium titanate powders studied in this work were synthesized by a Catecholate process as
reported previously [15-17]. Barium titanate catecholate, Ba [Ti(CH ,0 ), & water soluble salt was
prepared from TiCl,, BaCO, and catechol, an aromatic diol -1,2 dihydroxybenzene, C;H {OH), The
catecholate is freeze dried and the solid proeduct converted to BaTiO, by heating above 600 °c

ranging from 600 °C 10 900 °C with 100 degrees increment for 3 hows in each sample.
2.3 Characterizatiorn:

Banum titanate {0.5 g) was dissolved in hot hydrochloric acid and ethylenediamine tetra-
acetic acid (EDTA) added to form a stable titanivm complex. Ammonium hydroxide and a laige

excess of ammonium sulfate were added to ensure complete precipitation of BaSO,, to give a final
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solution of pH 4. Heating the solution resulted in a precipitate which was collected, ignited to
produce BaSO,, and weighed. The titanium content of the remaining solution was determined by

precipitating with cupferron reagegt and ignition to titanium dioxide.

The result of the chemical analysis of the barium and titanium contents of barium titanate
powders obtained by calcination of barium titanate catecholate powders at different temperatures for
3 hours are presented and compared with the calculated values in Table 1. The Ba/Ti 1atio was
found to be 1.000 as an average, with a standard deviation of 0.002

Trace impurities were analysed by atomic absorption spectrometry to be 0.040-0.095 wt%
contained in the starting reagents. The weight percent of sodium, potassium and stronsium were
found to be 0.005-0.016, 0.023-0.034 and 0.012-D.045 wt% respectively. No others metal ions were

found.

Table 1 Barium and titanium analysis data for BaTiO, calcined at different temperatures

Calcined Malar Ratia
Temperature °C Sample BaTiO, (g) BaSQ, (g) TiQ, (g} Bato Ti
Calculated 0.5000 0.5000 0.1710
800 1 0.5002 0.5001 0.1709 1.002
2 0.5004 0.4998 0.1708 1.001
3 0.5002 0.4895% 0.1712 0.999
700 1 0.5004 0.4994 0.1715 0.897
2 0.5004 0.4978 0.1708 0.998
3 0.5003 0.5031 0.1720 1.002
800 1 0.5001 0.5000 0.1713 0.999
2 0.5001 0.4990 0.1703 1.003
3 0.5003 0.5027 01721 1.000
800 1 0.5004 0.5010 0.1718 0.998
2 0.5002 0.4998 0.1714 0.998
3 0.5001 0.5003 0.1712 1.001
Average = 1.000 + 0.002

The thermal decomposition of barium catecholate complex was folowed by TG technique
with a heating rate of 20 °C/min. In Figure 1, the complex showed a relatively small initial weight

loss of 5 to 11% below 200 °C due to the evaporation and desorption of absorbed moisture and some
low boiling point organic compounds. The majer weight loss of 26-35% occurred in the terperature

range of 250-500 °C and is probably due to the pyrolysis of organic compounds. On heating to
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850 °C the complex underwent an additional 9 wt% loss due to the pyrolysis of the residual

orgarucs, the overall weight loss resulting from evaporation and pyrolysis was 49%.

100 r6.16
Delia Y=5.141 % .
90 . Delta Y=6382 %
Delta Y=7.689 %
80 SI
) " Delta Y=28.548 % -
60
Z, 10
= 54 |
Delta Y-8 867 %
: -15
10
30 4 20
20 Lo . : 231
99 4 200 300 400 500 600 700 800 852

Temperature ()

Figure 1 Thermogravimetric analysis(TGA) of the freeze - dried complex, Ba(Ti(Cat),]XH,O

Phase transition of banum titanate was followed using XRD patterns of samples calcinediat
different temperatures as shown in Figure 2, in the range of 300 - 110G °g, showing the formation of
crystalline BaTiO, at 600 °C exhibited & progressive reduction in peak width. A weak peak at
20 = 282° was detected in XRD pattem of sample calcined at 1100 °C, due to BaTi,0, formed
during further heat treatment as reported by Graham et af [18] that calcinaticn of barium titanate
powders at temperatuwe of 700 °C or higher caused the formation of a slight amount of barium

titanate with different stoichiometry (BaTi,0,) at 20 = 255°

The formation of tetragonal phase was detected clearly from the XRD pattems of BaTiO,
samples calcined at 1000 and 1100°C as shown in Figure 3. The actual temperatire of formation
might have been iower so further calculation of the lattice constants and c/a ratios at particular

temperatures will be performed using Cohen's method [19].

Denvative Weight % (%a/imin}
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Figure 2 XRD patterns for BaT10, obtained by calciming the precursor complex at different
temnperatures : (a) 300 °C, (b) 600 °C, (¢) 800 °C, (d) 1000 °C and (e) 1100 °C
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{e)

(a)

! T
440 450 46.0
20
Figure 3 Changes in the (002) and (200} reflections with calcining temperatures of BaTiO, powders:
(a} 900 °C, (1) 1000 °C, () 1100 °C

3. RESULTS AND DISCUSSION

The average grain size of BaTiO, was estimated by the Scherrer equation as follows:

_ 054 A
X 7 Bcosb

Where d, is the average grain size, }.[1.5406] is the wavelength, B is the true half - pegk width and

0 is half diffraction angle of the center of the peak (in degrees). The (111} peak was used to
calculate the average grain size. The average grain size of BaTiQ, estimated from the X-ray
diffraction peak (d,) is given in Table 2.
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Table 2 The average grain size of BaTiO, estimated from the X-ray diffraction peak (d))

Calcined temperature { °C) d, {nm)
600 20
800 40
800 45

The particle size characteristic of the BaTiO, powders calcined at 600 °C for 3 hours was

also investigated by TEM. Figqure 4 shows the crystal size of less than G056 flm which is

comparable with the value calculated fromn Scherrer equation.

— 0.05 um
Figure 4 TEM micrograph of BaTiO, after calcination of the complex at 600 °C for 3 hours

Comparison of the properties of BaTiO, powders as produced by the catecholate, oxalate
|20-24], peroxy [25-26] and hydrothermal {1213.27-34] routes is presented in Table 3. The average
grain size of the catecholate synthesized BaTiQ, powders of 0.02 lim is comparable with the size of
powders synthesized by the hydrothermal process [33]. With a low decomposition temperature, ~600
OC, the catecholate process is a very promising process for the production of BaTiO, powders with

fine particle size, high purity and high degree of chemical homogeneity.

Further investigation wil be performed on the relationship between microstructure and
electrical property of the BaTiO, ceramics. The homogeneous introduction of dopant salts prior to.

freeze - drying of the banum catecholate complex is also under investigation.
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Table 3 Comparison of the property of BaTiQ, powder as produced by the catecholate, oxalate,

peroxy and hydrothermal routes

Synthetic Route Formation temperature of crystalline Average grain size
Ba’[‘iog (i)
Catecholate >600 °C 0.02
Oxalate =700 °C <05
Peroxy =600 °C <01
Hydrothermal > 600 °C 0.02
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Femroelecrric thin films of PZT were found imporan: bacause of thair wide ranging applications
such as pyroesleciic sensors. nonvolatile and dynarmic random access memorias{1-2]. Many of the
recent and future technologies employing thin fiim ferroelectic require conwol of the domain
stucture, which is essenual to achieve optimal physical propertiss. The films are generally evaluaied
or the basis of the degres of spontaneous polarisauon. Propercontol of the coaing conditions are
required to obtain highly oriented films with good epitaxy[3].

In this work, PZT thin films wers preparsd on subsmrates of the following structure: silicon/
Si0./ titanium oxide/ Au, with thickness of approximately 1 cm. All films were prepared by a sol-
gel technique. Precursor solutions emploving ttanium(iv) propexide with Zo/Ti rato of 32/28
were spin-coated on the subswate at 1300 rpm, using a muldple coating process with each layer
pstolvzed at 2530 °C for 15 s. Four sets of films were prepared by the application of 1, 4, 6 and 10
lavers.

Fired films were characierised by scanning slectron microscopy (SEM) and the main resalts
are summarized here. In all cases, the filin microsmuctures were columpar which is rvpical for PZT
films. The surface roughness of the film was about 2-10 mun, as shown in Fig.1 (a-d). The texturs
of the films are strongly dependent on the deposition parameters. By optimization of the
microstructure in the PZT layers one can obzain fiims with good ferroelectric properdes ideal for
several applications.
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During the past few vears. manv piezoslectric ceramic/polymer composites with different
connectvity patiern have been designed and fabricated for wide ranging applications such as
hydrostatic transducer, sonar and medical diagnosis[1-2]. Many of the technologies employing
piezoelectric composites require control of the connectivity patterns, which is essential to achieve
optimal piezoelectric properties. /

In this study, 0-3 Piezoelectric composites derived from PZT ceramic and polvethylene
polvmer were fabricated by using a calendering method. Compasites was investigated by employing
scanning electron microscopy (SEM) technique. Attention was paid on the morphologies and the
interphases of the composites mada from PZT particles of thrze different size fractions, i.e., 60 um, 160
pm and 400 um, respectively. SEM has proved very useful to reveal the morphologies and the nterphases
of 0-3 PZT/polymer composites, as shown in Figs.1 and 2. In general, agglomerated piezoelectric particies
with irregular shape and size were found uniformly distributed in the polymer matrix Fig. 1(a-c). By
considering at the interphases of all three cases, it is found that the degrse of mixing betwesn the two
phases is gradually decresased in the samples employing larger grain size of PZT ceramnics, reflecting the
densification behaviour in the products (Fig.2(a-c)).
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Timenite-like structure of magnesium titanate, MgTiO, (MT) is an artractive matsrial
for wide ranging applications such as in dew sensors, in pigmenss for protactive coatings, in the
composition of binders by increasing the flexural strength and in chip capacitors(1.2]), A wide
variety of procassing routes have been used 1o synthesize magnesium titanate, including solid state,
Pechini, coprecipitation (e.g., citrates, oxalates), peroxide and alkoxide hydrolysis[3]. In this work,
anovel sol-gel synthetic route was developed for the preparation of MgTiO, powders. By emploving
this technique, the chemical polvmerization between anhydrous m'agnesium acetate in 2-
methoxyethanol and titanjum (IV) isopropoxide was carried out to produce magnesium titanate
geis, After suitable drying, the gels were calcined at 600 °C for 3 hours. Ceramic fabrication was
achieved by adding 3 wt% of polyvinyl alcohol (PV A) binder, prior to pressing as pellets. Sintering
was carried out at 1450 °C for 2 hours. Powder morphology and microstuctural development of
sintered ceramics were examined by SEM and TEM techniques.

A TEM bright fielded image of agglomerated and discrete particles of calcined MgTiO,
powders with particle diameter of approximately 1 pm, is shown in Fig.l. By employing the
selected area electron diffracton (SAED) technique, a corresponding micro-diffracton from a single
grain at the centre of Fig.1 (arrowed) is given in Fig.2. SEM was employed to examine the
microstuctural features of sintered MgTiO, ceramic (Fig.3(a.b)). As-fired surface of MgTiO,
ceramic sintered at 1430 °C for 2 hours is shown in Fig.3(a). Fully densed grain-packing which
consists of grains, ranging in diameter from 5-10 um. However, some minor phase (within ~ 1yim)
and voids (~ 2 jm in size) are also observed. The fracture surfaces of MgTiQ, ceramics is shown
in Fig.3(b). Solid bridges indicating the microstructural coarsening was revealad.
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Barium tanate (BaTiO, ) powders which have been extensively used in the manufacnuring of
a high-permirdvity capacitors, PTC resistors and wansducers!, can be preparad by saveral t2chniques
such as solid state and chemical synthesis®. Powder purity, homogeniety, particle size, procsssing and
firing condidon emploved are the importan: factors which have been found to influsnce formatdon of phase
and morphology developrmeant in BaTiQ, in different manner’.

In this work, BaTiO, powders were prepared by a Catecholate process as previously
reported®, Barium tdtanate catechelare. BalTi(C H O,),] was prepared from BaCO,, TiCl, and C K (OH),.
Tae caizcholate compisx was freeze-dred and calzined for 3 hours at tempserarnurs berwesn 3C0 to 8C0
°C. Caicined powders were subseguenily examined by X-ray difracdon (XRD) and scanning zlecoon
micrescopy (SEM) to idendfy the phases formed, grain size and morphology davelopment along with
calcination erperatres.

As shown in Fig.1 (a—c), two major tvpes of particles wers found in all samples. The szoaller
partcles (~ 0.2 um) which are agglomerate were found fairy dismibuted all over the larger particles (~ 1
pm). These larger pardcles appear 1o fuse together and lose their idendty. Further heat weatment at 6C0
°C and 800 °C were found to produce coarsening and further shrinkage. XRD patterns of all calcined
powders ars shown in Fig.2 (a-¢). No evidence of perovskite phase was detected at 300 °C. High purity
of BaTiO, phase was obtained at 600 °C whilst the race indicating formaticn of second phase BaTi,0,
was observed at 80C °C.
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It is well recognized that the chemical synthetic route of barium titanate (BaTiO,) in the
perovskite-like phase has been a subject of considerable interest over the past decade’. Thisis areflection
both of the status of BaTiO, as a prominent ferroslectric material and of the difficulty in obtaining a single-
phase perovskite product®3.

In the present study, anovel sol-gel synthetic route was developed for the preparation of
BaTiO, powders. By employing this technique, the chemical ﬁolyme:ization between water-soluble of
barium acetate and t:anium V) isopropoxide in 2-methoxy ethanol with a 1:1 mole ratio of Ba*/Ti*" in
basic conditions was carried out to produce barium titanate gels, After suitable drying, the gels were
calcined at 700 °C, 800 °C and 1000 °C, for 3 hours.

SEM micrographs of the calcined powders are shown in Fig.1 (a-c). In general, the particles
are irregular in shape and agglomerate, particularly in powder calcined at 800 °C. However, athigher
firing temperature i.e. at 1000 °C, the discrete particles with diameter of approximately 0.2 pm were
obviously revealed.

The phase identfication of the calcined powders was conducted by X -ray diffraction (XRD)
technique as shown in Fig.2 (a-c). Perovskite-like phase of BaTiO, with some small amount of BaTi,0,
were observed in the samples calcined at the temperatures above 600 °C whilst the latter phase was found
to increase at higher firing temperatures.
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Barjum titanate (BaTiO,) is a ferrosiectric material that has been preparsd by a variety of
processing routss including sol-gel, coprecipitation hydrothermal and convengonal solid-state reacdon'>.
The common thread running through these techricues is thar all reguive a caleinadon siep to either Tansform
an amorphous pracursor into a crys:alline material or promote a soiid siate chemical reaction. During
calcinaton, solid state diffusion results in particle coarsezing and agglomeration. The advantage of nitate
processing is that many crystalline powders may be synthesizec atlower firing wemperature,

Ir. this work, powders of BaTiO, wers systhesized from metal nirme solutons. Afteradjusing
pPH, the soludons wers freeze-dried in order to form barium tianium peroxo complex. Subsequent

ecompositon 1o crystalline BaTi0, was achieved by calcining the feeze-dried complex at temperatures
in the range of 800-1000 °C, for 2 hours.

The morpheology and phase evoluten resuling Tom difzreqr Sring tempernures ars examined
by employing a combinadon of scanning 2lecaon micrescepy (SEM) and X-ray diffracdon (ARD)
techniques. Morphology development of all powders are shown iz Fig.1 (a-c}. In the sample calcinsd at
800 °C, agzlomerated pardcles derived Tom sperical pardcles of differant diameters ranging Fom 0.1-0.3
wm are clearly revealed (Fig.1 (2)). However, at higher calcinadon tempearanurss, discrzte particles of
BaTiO, with averags grain size of about 0.2 ptm are observed,

From XRD aralysis, single-phase of perovskiwe BaTiO, prepared by a nitrate synihetic route
can successfully obtained in all samples. Moreover, the phase wansiton from cubic to tazagonal phases
was also detected during increasing firing temperarrss. This Tansidon can be 2asily monitorsd through
the XRD refiecdons that appears at 26~45°, as shown in Fig.2 (a-c).
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Bismuth sodium tizanate. Bi, Na . TiO; (abbreviated as BNT) is a perovskite ferroelectic
which is an interesting candidatz to replace the wicdely used lead-bassd parovsicie materials’™. Owing o
the fac:ihar lead =2 perovskits marerials can by-pass the problems of conzolled amnesphnsre and peliuden
due to PbO avaporation during the firing process®, BNT has become the promising materials currsndy
investgared for piezoeleciic and dielectric applications™,

All reviously report=d ceramic specimens of BNT wers prepared by aconvendoral iechnique’™
‘. BNT powdars wers synthesized from meral nicate solution. After adjusting pH, the scludcn was
fresze-dried 1o formn bismuth sodium ttanate peroxo complex. Subseguent dzcomposition to crysialline of
BNT was achisved by heating the complex at the temperaturss in the range of 500-9C0 °C, for 2 hours.
Thas phase and merphelogy evoluden after varions Sxing temperatrss ware nvestgated by X-my ducdon
(XRD) and scanning slectron microscopy (SEM.

Fig.1 (a-c) shows SEM micrographs of all caleined 3NT powders. In general. the paracles
are agglomerate and basically irragular in shape. Some spheazical particlies ars clearly apparsns manging in
diamerer from 0.1-0.5 (tm, in sample calcined at 300 °C. Whilst, further heat treamment at 700 °C and
then at 900 °C produced coarsening.

XRD panarm of all calcined powders were taken to identSy the phase formed (Fig.2(a-¢)).
Perovsidte phase of BNT was found in all sampies as a major phase. Morsover, it was found that the
amount of minor phase decreased at higher Sring tsmperature. Singie-phase of perovsicie BNT can be
successiully obuined in the powder calcined at 900 °C, as shown in Fig.2 (c).
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Large efforts have been focused on the manufacruring and enginesring of ferroslecric perovskite
compounds. Amongst this type of materials, barium ttanate (BaTiO,) has been extensively examined both
for research and industrial purposes. Due to their high dislectric constants. ceramics based or BaTiO,
have become promising candidates for multilayer ceramic (MLC) and thick-filmed capacitors{1-3]. The
normal requirements of polycrystalline ceramics for most advanced technological applications are high in
density and controlied in grain size. For bulk materials, the fabrication process generally involves the
mixmure of fine powders, which are then heated under controlled conditions to produce the final body. One
to the most effective approaches which has been used for obtaining an achievable maximum density with
controlled microsmructures is the application of solid additives or dopants[3].

In this work, the effects of co-dopants, particularly T4 and Nb, on the microstucture development
of BaTiO, ceramics were investigated. Barium titanate powders co-doped with Nb and Ta were prepared
via a mixed oxide synthetic route. The Nb content was constant whilst the concentration of Ta vanied from
0.2,0.4, 1.0 and 1.2 mol%, respectively. All compacted powders were sintered at 1150 °C for 1 h. The
microstructural evolution of all sintered samples were carefully examined by using the SEM technique (see
Fig.1).

In general, the results clearly indicate that the microstructural characteristcs of all sintered samples
completely changed with variable amounts of Ta. The needle-shaped grains with diameters ranging from
4-8 pum were found in BaTiO, co-doped with 0.8 mol% Nb and 0.2 mol% Ta (see Fig.1(a)). By increasing
the level of Ta additves, the shaps of most grains became much rounder (ses Fig.1(b-d)). Finally, uniformed
and spherical shaped grains were found at the Ta level of 1.2 mol% (see Fig.1(d)).
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Since the discovery of piezoelectricity in a number of piezoelectric materials,
xperimenial and thecretical studies have been extensively conducted to undersiand

their narure, particularly in term of their structure-property relaticns'™, Ameag this
type of material, lead zirconate titanate (PZT) has been extensively investigated beth
for academic science and %or technelogical applications™™

Powders of PbZrgs:Tin.sQs doped with MnO- wers prepared by a mixed
oxide svathetc route. Tne starting precursers of P8O, ZrO: and TiO: were weighed
and milled “or 24 hours, To decrease the dissipation facter, approximately 0.4% wt or
MnC- was added o the mixiure before milting. The mixture was dried and calcined at
382G *C fcr | heur. Ceramic facrication was achieved by adéing 3%swt of pelvvinyl
alechel (2V'A) ainder, prior to pressing as pellets. Sintering was cartied out at 1160 °
C for 2 nours, with constant heating rates of 10 °Cmin™. The phvsical and electrical
propertes of sinterad sampies were examined, as results given in Table 1.

Microsouctural develcpment of the sintered PZT ceramics was investigated by
scanning electron microscopy (SEM). Considerable necking and a reasonabdly high
densiticaticn with fairly unifcrm grain sizes was found (Fig.la). At higher
magnification, significant pore shrinkagss giving rise to neck growth and
intergranuiar fractures were observed. As shown in
Fig. lb. the grain sizes are in the range of 0.3-1.5 pum, although there are some perous
araas.

Acknowledgmen
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| method
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‘Departiment of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 30200, Thailand

The applications of ferroelectric lead-based titanate ceramics, such as Pb
(Zr,Tii.0)O3 (PZT), 1o various fields of electronic devices have been developed
because of their superior electrical properties'”. Bulk ceramics of Pb(Zr,Ti;.«)Os,
because of its maximized piezoelectrical properties on the morphotropic phase region,
have been used in a wide range of practical applications such as transducer, sonar,
microscopositioners, etc'”. The purity, stoichiometry, second-phase content, and
grain size of those ceramics, controlled by the processing conditions, affect markedly
the final dielectric properties of the device. In order to develop the materials with
improved and controlled properties, Pb{Zr.Ti.,)O; powder have been synthesized bv
sol — gel metheds. The purpese of this study is to investigate the microstructure and
particle size development with stoichiometry, i.e, Zr/Ti, of Pb(Zr,T1..)05.

Pb(ZrTi). )Os powders were prepared from sol-gel method, as reported
previouslyl'z in our work. Three different Zr/Ty, fe., Zr/Ti = 51/49, 52/48, 53.5/46.5
were chosen. The calcination was obrained at 800 °C for lhour. The microstructures
of the powders were studied by SEM. The SEM specimens were prepared by
dispersing the powders in ethanol and placing a drop of the suspension on a swb
followed by drying and gold coating. The particle size of the powders was determined
by X-ray method, using Scherrer formula with correction effect of the instrument.

SEM micrographs of PZT powders with Zr/Ti of 51/49(1.04), 52/48(1.08) and
53.5/46.5 (1.15) are shown in Fig. la, 1b and lc, respectively. Both the characteristic,
nonspherical shape of the primary particles and the possibility of particle aggregation
are highlighted in these micrograpns. The particle size of the powders calculated by
x-ray method is shown in Tabie 1. It was found that the finer PZT particle, the higher
conmtent of Zr.
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Fig. 1. SEM micrographs of PZT powder
(a) Zr/Ti= 51749 (b) Zr/Ti= 52/48

Table | Particle size of the PZT powder

(c) Zr/Ti = 53.5/46.5

Zr/Ti Particle size (nm)

51749 72

52/48 18
53.5/46.5 14
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Lead titanate, PbTiOy (PT) is a perovskite-like ferroelectric with a Curie
temperature of 490 °C and a large tetragonality (¢/a = 1.06)." It possesses a high Curie
temperature and a low dielectric constant, which make it attractive for high-
temperature and high-frequency transducer applications'?. Because of a large lattice
anisotropy, a very high electric field and temperature are required for the poling.
However, this could be effectively minimized by substituting isovalent ions into the
Pb*" sites in order to reduce the lattice anisotropy’. Moreover, it was also found that
the addition of the ions can also lower the sintering temperature and consequently
suppress Pb volatilization®. In the present work, the effect of sintering temperatures on
the microstructural evolution and electrical properties of lead titanate ceramics co-
doped with lanthanum and manganese was investigated.

The normal composition of (Pbo.sz Lag.12)(TiossMneez) O3 was prepared by a
conventional solid state route. The starting oxide precursors of PbQO, La;Os, MnO-,
and TiO; were mixed and milled in the ethanol selvent for 12 hours. The mixtures
were dried and calcined at 850 °C for 6 hours. Finally, the calcined powders were
pressed and sintered in closed alumina crucible at the temperature range of 1130 °C to
1230 °C, for 2 hours. Microstructural development of the sintered samples was
examined by SEM. The value of piezoelectric strain constant (di3) was determined by
using Berlincourt meter.

SEM micrographs of as-fired surfaces of the sintered samples are shown in
Fig.1. The variation in microstructure upon increasing sintering temperature is shown.
The microstructure becomes denser as the sintering temperature increases, as
indicated by the grain packing and the increase in grain boundary thickness. Grain
size, density and dj3 values of all samples are given in Table 1. In general, the
average grain size was found gradually increased with the sintering temperature.
Maximum value of di3 was found in the sample sintered at 1130 °C. The value of ds;
censtant was found sharply decrease at higher sintering temperatures, reflecting the
observed trends in densification. This could be attributed to the volatilization of PbO
at high temperature.
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Fig.1 SEM micrographs show the microsturetural development of PT ceramics
modified by La and Mn, sintered at {a} 1180 °C. (b) 1200 °C and (¢) 1230 °C.
for 2 hours

Table | Properties of simicred PT ceramics modified by La iand Mn

Properues Sintering Temperature
1180 °C 1206 °C 1230 °C
Averase density (z.zm™) 71l 747 738
d+s (pCNY | 70 67 62
Frn size fun | 0.7 0.9 | 14
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Since a2 numper of advantages of anisotropic piezoceramic/poivmer
composites have besn found over single-phase ceramics in many aspec:s, asttention
has besn extensively concentrated on these composites“. Lead zirconate uinate
ceramics (PZT) are currently used in many transducer applications”. However, they
have limited utility in transducer used under hydrostatic conditions. Thus, composite
materials made from PZT ceramics and polymer designed potenually offers
combination properties as electromechanical properties, piezoelecirical properties,
lew densiry, low acoustic impedance and flexiblity that cannot be artained with single
phase piezoelecinc materials’™.

In this work, the effect of the particle size fraction of PZT ceramic on the
microstructure and piezoelectric properties of 0-3 PZT/polymer composites was
studied. Thae samples were prepared in the following ways. Three different grain size
frac:ions, fe., 60 um, 160 um and 400 um, of PZT ceramics were made by grinding
the sintered PZT ceramics.

Each pair of PZT particle and polyethylene were mixed and rolled down into
about 0.5 mm thick sheets at 150 °C using a calendering method; the conductive pasie
was anached on both sides of the samples as electrodes. Then the sampies were
polarized at 80 °C in silicone oil by applying a DC field of 15 kV/mm for 1 hour. The
piezoeiectric dxy constant for the composites were measured by the [RE standard
method.

All the samples were examined by scanning electron micrescopy (SEM) using
an SEM microscope (JEOL model JSM-840A scanning microscope). Fig.l is the
SEM micrograchs of the composites made from PZT particles of 60 pum, 160 um and
400um, respeciively. In general, agglomerated PZT parnticles with irregular shape and
size wera found uniformly distributed in the polymer matrix (dark region). The
variation of the piezoeleciric djy; consiant of the compesites upon the size of
emploved PZT particies 1s given in Fig. 2. It can be observed that the di; coefficient
of 2ach 0-3 sample increases with particle size of PZT phase and applied DC field.
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Fig 1. SEM micrographs of 0-3 PZT/polynier composties made from PZT

particies of (ay 60 pm. (b) 160 um and (c) 400 um
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