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TiCl,4 or titanium isopropoxide reacted with INTRODUCTION

citric acid to form a titanyl citrate precipitate.

Barium strontium citrate solutions were then  BaTiOs is ferroelectric and piezoelectric and has
added to the titanyl citrate reaction to form gels.  extensive applications as an electronic material. It
These gels were dried and calcined to (Ba,Sr)- can be used as a capacitor, thermistor, transducer,
TiO; powders. The gels and powders were accelerometer or degausser of colour television.
characterized by DSC/TGA, IR, SEM and BaTiO; doped with strontium retains its original
XRD analyses. These results showed that, at characteristics but has a lower Curie temperature
500°C, the gels decomposed to Ba,Sr carbonate for positive temperature coefficient devices under
and TiO,, followed by the formation of (Ba,Sr)-  various conditions.

TiO3. The onset of perovskite formation oc- Besides solid-state reactions, chemical reactions
curred at 600°C, and was nearly complete at have also been used to prepare Baf{@wder.
1000°C. Traces of SrCO; were still present. Among them the hydrolysis of metal alkoxide

The cation ratios of the titanate powder oOxalate precipitation in etharfol and alcoholic
prepared in the pH range 5-6 were closest to dehydration of citrate solutirare among the more
the original stoichiometry. Only 0.1 mol% of the  attractive methods. In 1956 Clabaught al*
free cations remained in solution. The titanyl described the preparation of barium titanyl oxalate
citrates were precipitated in either ethanol or tetrahydrate for conversion to high-purity barium
acetone. The acetone-derived precipitates were titanate. Kudakat al> also prepared stoichiometric
always viscous, but those with a sufficient barium titanyl oxalate tetrahydrate. Many elements
quantity of alcohol were powdery. are quite soluble in citric acifi, so a citrate

The specific surface areas of the ceramic precursor appeared to be useful for preparing
powders obtained by air- , vacuum- and freeze- titanate powders. Indeed, barium titanyl citrate
drying methods were 8.3x 10°, 10.2x 10*> and  precursors have become a very important route to
12.5x 10°m? kg, respectively. The powder prepare BaTiQ.
obtained by freeze-drying had the lowest degree In this study, barium strontium titanyl citrate gels
of agglomeration. The precipitated powders of were used to produce (Ba,Sr)H@owders. Be-
titanyl citrate which were freeze-dried and sides investigating the effect of the water content
calcined at 110°C were compacted and sin- and pH of the starting solutions, and the Ba/Sr
tered at 1300°C to obtain dense ceramic bodies stoichiometry needed to obtain optimum reaction
with 95% of the theoretical density. Copyright ~ conditions, we also studied the chemistry and
© 1999 John Wiley & Sons, Ltd. thermogravimetric behaviour of the precursors
during calcining, in order to understand the crystal
and microstructure changes.

The BaTiQ, phase transformatiohare shown in
Scheme 1.
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Scheme 1 BaTiOs phase transformations.
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mole% SrTiQ added lowered the Curie tempera- Metal alkoxide hydrolysis (sol-gel method)
ture of BaTiQ from 125°C by —3% and each As there are many alkoxides which can be used in
mole% PbTiQ added raised the Curie temperaturesol-gel methods, controlling the powder unifor-
by +5%. Hence (Ba_,Sr)TiO3 and (Ba_4Ph)-  mity, better chemical stoichiometry and high purity
TiO3 can be tailored so that a given positive can be attained than when using conventional
temperature coefficient device can operate eitheceramic powder processingThe method involves
above or below 123C (Eqns [1] and [2]). dissolving alkoxides of titanium and barium in

. . . organic solvent and adding water at appropriate
BaTiO; + SrTi0s— (Ba«Sk)TiOs temperatures to hydrolyse these alkoxides to
T. <125°C [1] precipitate the mixed oxides. The reaction can be

described by Eqn [4].

BaTiOs | +2CsH;OH + 4CsH1iOH  [4]

The shortcomings of this approach are chemical
- - instability of the metal alkoxides, the complexity of
Sy.ntheSIs of.(Ba,Sr)TIO3 powder the process and the high cost. Therefore this method
Solid-state reaction is unsuitable for mass production.
BaCQ;, SrCQ; and TiG, can be mixed and calcined

at 1100-1200C to give (Ba,Sr)TiQ powders (Egn ]
[3)]). Hydrothermal synthesis

i ) This method can be used at very low temperatures
SrCQ; + BaCQ; + TiO2— (Ba,S)TiOs+ to prepare multicomponent perovskite powders.
CO 1 [3 For example, at 120-13C and 5-50 bar, one can
o synthesize BaTi@ and SrTiQ powders from
The advantages are simplicity and low cost, buttitanium hydroxide and barium and strontium
the disadvantages are that the high calciningso|ytions'? BaTiO; can be easily obtained from
temperature results in very large grain sizes _a”dI'iOCI2 and BaC} in NaOH solution to prepare
therefore cannot be used to obtain materials with qniform-size, spherical grains of ultrafine powder.
high dielectric constartf if we want fine powder, | hydrothermal synthesis, however, incomplete
grinding is required, leading to pollution problems; reactions and inappropriate Ba/Ti ratios make it
moreover, the mixing of large amounts of starting necessary to supplement the mixture with an excess
materials is not easy and can produce mixtures oparium or titanium ions to maintain chemical
Ba,TiO4, BasTiy7010 and BaTiOy phases as side- stoichiometry, as precipitation leads to loss of
products. metal ions.

BaTiO; + PbTiO;— (Bay_xPh)TiOs
T.>125°C  [2]

Chemical reaction methods

To obtain BaTiQ particles smaller than 0gm,  Synthesis from a complex precursor

with dielectric constants of 5000-6000, chemicalClabaugfi prepared barium titanyl oxalate tetra-
reaction methods have been developed to contrdhydrate for conversion to high-purity barium
both phase formation and grain growth, leading totitanate, but the disadvantage is that barium titanate

uniform fine particles. does not exist in neutral solution. To obtain
The chemical reaction methods currently used tcappropriate cation ratios, one must control the
prepare BaTi@ can be classified as follows. precipitation process carefully, Kudaka et al®
indicated that the Bd/Ti*"/C,0,% ratio should be
Spray drying and roasting techniques 1.05:1:2.2 to obtain a product with Ba/Ti=1.0.
Ba®",SPT and Tf solutions are mixed at high Because BaC®Qis very stable and not easily

temperature and then converted to (Ba,SrxliO decomposed, BaTiOg0,),-4H,0 is calcined in
through thermal decompositidiThe advantage of air, not to BaTiQ, but to the intermediate
this process is the low deviation from stoichiome- Ba,Ti-Os-COs;, and only over 700C does the
try. The disadvantages are: (a) agglomeratiorintermediate decompose to form BaTifowder:®
which requires grinding and (b) hundreds of partsConsequently, atomically mixed BaTiGrom this
per million of CI" that remain to occupy the oxalate complex precipitate precursor is not
positions of the oxygen atoms in BaT{O obtained easily.

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383—-397 (1999)
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BaCl.
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citric acidp— alcohol
washing
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Ti- spraying dryer
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solution freezing dryer
NH; gas |—
for pH
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Figure 1 Flowchart for the preparation of (Ba,Sr)T{O
powders from citrate.

Citrate process

In this method, tetrabutyl titanate, citric acid and
ethylene glycol are mixed to give a solution and
then barium carbonate, dissolved in formic acid
and water, is addetf then the pH is adjusted

to induce coprecipitation at Ba/Ti=1:1 of
BaTi(CsHeO5)s-4H,0.2* Under optimum condi-

Table 2. Conditions for precursor coprecipitation
at various solvent ratios

Solvent/precursor

Solvent Ba/Sr/Ti (mol) (volume ratio)

Ethanol 1:1:2 8:1
1:1:2 10:1
1:1:2 13:1
1:1:2 15:1
1:1:2 20:1

Acetone 1:1:2 8:1
1:1:2 10:1
1:1:2 13:1
1:1:2 15:1

(Ba+Ti)/(citric acid+ ethylene glycol). The pre-
cursor after heat treatment in air produces BaJiO
obtained via a solid-state reaction between inter-
mediate specie¥.

It is noteworthy that the Ba/Ti ratio in solution
should be 1:1 at pkk 2.6, and 2:1 at pH- 3.2.

This liquid mixing process has been used to
synthesize over one hundred different oxidés,
including titanates, zirconates and niobates. The
advantages of this process are: good control of
chemical stoichiometry, low processing tempera-
tures 800°C); and easy dopant addition. The
disadvantages are the very large mass losses during
calcination and agglomeration.

EXPERIMENTAL

tions, one should consider the concentrations oChemicals

citric acid and ethylene glycol, and the mole ratio of

Table 1. Conditions for precursor coprecipitation
with CG;HsOH/citrate (13:1) at various pH values

pH CHsOH/citrate Ba/Sr/Ti (mol ratio)
2-3 13:1 1:1:2
2-3 13:1 1:0:1
3-4 13:1 1:1:2
4-5 13:1 1:1:2
5-6 13:1 1:1:2
5-6 13:1 0:1:1
7-8 13:1 1:1:2

Copyright© 1999 John Wiley & Sons, Ltd.

Barium chloride (BaGl2H,O, >99% purity;
Ferak), strontium chloride (SrgbH,O, EP;Haya-
shi), anhydrous titanium (IV) chloride (Tigl EP,
>99.5% purity; Shimakyu) and titanium (IV)
isopropoxide {[(CH),CHO],Ti, >98% purity;
Janssen} were used as the starting reagents for
Ba(ll), Sr(ll) and Ti(lV), respectively. Citric acid
monohydrate [HOC(COOH)(C}£O0H), - H,0,

EP; Merck] was used as the reagent. Water used
was of spectroscopic grade. Ethyl alcohol
(CoHsOH, EP, 99.5%; Shimakyu) or acetone
(CH3;COCH;, EP; Santoku) was used as the solvent.
Polyvinyl alcohol 2000 (PVA; 5wt%,>98.5%
purity; Showa) was mixed with the calcined
powder.

Appl. Organometal. Chemi.3, 383-397 (1999)
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atomizer precipitate was then filtered, washed with ethanol
and filtered again.

Drying and grinding

The precursor made in step (C) was dried in an air
oven, vacuum oven and freeze-dryer, sequentially,
and the temperature was maintained at'@®0for

24 h. Ethanol was added as appropriate and the
product was wet-ground in a cornelian mortar until
the ethanol had evaporated. The sample was then
dried for ~8h to ensure complete removal of
ethanol.

compressed air

Pressing and sintering

Figure 2 Set-up for coprecipitation. The calcined powder was mixed with 5wt% PVA
solution and compacted in a steel die with i.d.
0.013 m, at 110 MPa. The pellets were heated at a

Procedures rate of 10°C min~* to 1100, 1200, 1300 and
. . 1450°C, respectively, for 4 h in air, and furnace-

Preparation of citrate precursor cooled.

(A) Preparation of barium strontium citrate Solid-state reaction

BaCl,:2H,0(6.1070g;  0.025 mol), Sr&l  The sample was mixed in the mole ratio SKLO
6H,0(6.665g; 0.025mol) and HOC(COOH) BaCcO,/TiO,=1:1:1 and then calcined at 1100
(CH,COOH)L-H,0(21.015g;  0.1mol), ~ were jn an alumina crucible for 8 h. The calcined sample

weighed to make the ratio of (Ba Sr)/(citric acid)  \as pressed into the mould, then the material was
1:2, then 300 ml of water was added to dissolve thgqemoved from the mould and sintered at 1460

, L ) citrate precursor route.
(B) Preparation of titanium citrate

TiCl, was hydrolysed in an ice bath and titanium

was precipitated by cupferrdi. The precipitate Instrumental methods

was then calcined at 100C for 4 h to form TiQ,  To understand the influence of the synthesis

to determine the extent of the hydrolysis of the conditions, such as pH and solvent, on the precursor

TiCl,. Citric acid (2 mol/mol titanium ion) was and final ceramic powder morphology, we freeze-

mixed with the hydrolysed TiG) water was added dried the precipitate after washing it with ethanol.

to adjust the concentration of titanium to 0.2 M, and nfrared spectroscopy (IR), differential scanning

anhydrous NH gas (Air Products) was added to calorimetry (DSC), thermogravimetric analysis

adjust the pH value during the mixing process.  (TGA), X-ray diffraction (XRD) and Brunauer,
Emmett and Teller (BET) surface area studies were

(C)Preparation of citrate precursor

Barium strontium citrate from (A) was mixed with . . .

titanium citrate from (B) with stirring to give a clear Table 3. Preparation of titanyl citrate precursor at

citrate precursor. The flowchart for the preparationVarious pH values

of citrate precursor is shown in Figure 1. The

conditions for precursor coprecipitation at variouspH Ba/SrTi (mol) Solution character
pH values and solvent ratios are listed in Tables 12-3 1:1:2 Precipitation
and 2, respectively. 2-3 1:0:1 Clear

3-4 1:1:2 Precipitation
Precipitation of citrate precursor 4‘2 iig g:ear
The solution of citrate precursor was sprayed by5:6 011 cég
compressed air into 8-20 vol. of absolute ethanol 05—8 112 Precipitation

acetone to give a white precipitate (Fig. 2). The

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383—-397 (1999)
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Table 4. Preparation of titanyl citrate precursor in various solvents and at various ratios of solvent/

precursor
0,
Solvent/precursor Soln conen (%)

Solvent (volume ratio) Properties Ba Sr Ti

Ethanol 8:1 Wet gel 3.0 35 3.2
10:1 Gel 15 2.2 1.7
13:1 Powder 0.1 0.2 0.1
15:1 Powder 0.1 0.1 01
20:1 Powder — — —

Acetone 8:1 Wet gel 4.2 4.0 3.8
10:1 Gel 2.2 2.3 2.3
13:1 Gel 0.5 0.6 0.8
15:1 Powder 0.1 0.2 0.2

used to analyse the precursor and powder. Th

elear solution in a specific pH rang@ Details of

chemical composition of the filtrate was analysedthe preparation of titanyl citrate precursor at various
by atomic absorption spectroscopy (AA). ScanningpH values are listed in Table 3. It is clear from
electroon microscopy (SEM) and mapping wereTable 3 that precipitation occurs in neutral or
used to analyse the microstructures and uniformi-alkaline solutions. Only barium and titanium
ties of the precursor, powder and sintered bodiescations at pH 2-3 result in a clear solution.
The cross-section of the sintered body was polishe@trontium and titanium cations at pH 4—6 result a

with fine diamond grits and etched in 1.5 M nitric
acid at 343-353 K for 1 h and then subjected to d.c
sputter-coating. It was investigated for grain growth
at various sintering temperatures by SEM.

RESULTS AND DISCUSSION
Precursor studies

Effect of pH
The barium strontium titanyl citrate precursor is a

[CH,—CO00~ 7

clear solution.

Effect of solvent

A series of titanyl citrate precursor solutions were
prepared in various solvents and in varying solvent/
precursor ratios as listed in Table 4. When less
solvent is used, the precursor forms a wet gel with
more cations remaining in solution. When the
solvent/precursor ratio is greater than 13, white
powders result. The concentration of cation in
filtrates, as analysed by AA, is very low, about 0.1
%. When more solvent is used, the amount of the

Ba** [ CH,—COO-

Ba* | COH—COO- 2. 1t | c—coo- Exci
3 o J -3H.0 | -1c0,
Ti** LCH,~—COOH s CH—COOH >
Citrate Aconitate
CH,—CO00~ CH,CO__ , CH,—C00"
l 250-360°C -0 + TiO, I 1
Ba¥* | C—COO- 2 ﬁ——CO + (ﬁ-—COO' Ba’
|
Ti** LCH, ) CH, CH,
ftaconate Itaconic anhydride
Scheme 2 Reaction of (Ba,Ti) citrate precursor during heattig.
Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383-397 (1999)
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Figure 3 Thermogravimetric analysis (TGA) of the precursor at pH 5-6.

cation in the filtrate is minimized. The effect of water of hydration. The associated mass loss at
ethanol is greater than that of acetone (Table 4). 80°C is about 8%. DSC/TGA and IR analyses show
that the formation of C@occurs at 200C. There is

. . - a large mass loss at 250-38D due to itaconic
Precursor sintering studies anhydride from itaconate. The total mass loss is
DSC/TGA analyses about 70%, owing to the high percentage of
Figure 3 shows plots of heat flow and mass lossorganics in the precursor. The mass loss continues
versus temperature for precursor formed at pH 5-6until 1000°C. Therefore we chose 110Q as the
The endotherm at 150-20Q represents loss of calcining temperature.
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Figure 5 DSC of citrate precursors: (A) barium titanyl

Figure 4 TGA of the precursors at: (A) pH 3—4; (B) pH 5-6; citrate; (B) strontium titanyl citrate; (C) barium strontium
(C) pH 7-8. titanyl citrate.

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383-397 (1999)



PREPARATION OF BARIUM STRONTIUM TITANATE

389

100

bidenate ligand

50

bidenate ligund

TRANSMITTANCE, percent

o]

L 1

2000 1500

WAVE NUMBER, cm™*

Figure 6 IR spectra of (A) itaconic acid® and (B) the titanyl citrate precursor, both dried at

200°C.
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Figure 7 IR spectra of dried barium strontium titanyl citrate precursor at various temperatures.

The result of TGA of the precursor at various pH present in the latter precursors than in those
values is shown in Figure 4. There is a mass loss oformulated at pH 5-6. This means that more citrate
70% for precursor prepared at pH 5-6 and 80—85%s incorporated in the precursor at pH 3—4 and 7-8
at pH 3-4 and 7-8. Therefore, more organics arg¢han at pH 5-6.

Copyright© 1999 John Wiley & Sons, Ltd.
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Figure 8 IR spectra of the titanyl precursor calcined at various temperatures for 8 h.
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Figure 9 IR spectra of the different perovskite powders calcined at 2@O0(A) barium
titanate; (B) barium strontium titanate; (C) strontium titanate.

In Figure 5, the (Ba,Ti), (Sr,Ti) and (Ba,Sr,Ti) IR analysis
citrates show similar DSC profiles. This suggestsThe IR spectra of itaconic acid and the titanyl citrates
that the three precursors have similar chemicakre shown in Figures 6-9. The IR spectrum of the
structures. According to a published DSC analysidtitanyl citrate precursor dried at 20Q is similar to
of (Ba,Ti) citrate!® the reactions shown in scheme that of itaconic acid (Fig. 6)° This suggests that the
2 occur. citrate precursor dried at 20C€ forms itaconic acid.

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383—-397 (1999)
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ze Figure 11 XRD patterns of BasSry5TiO3 powder prepared

Figure 10 XRD patterns of the citrate precursor calcined for by the citrate method at 100C for (A) 2h; (B) 4 h; (C) 8.

8 h at (A) 400°C; (B) 500°C; (C) 600°C.

Comparison with JPCDS files indicates that at
At 400°C, two absorption peaks appear at 1420 ancb00°C the precursor decomposes to BaCQ1-
1560 cm ~ (Fig. 7). These bands are attributed to the697), SrCQ (5-418) and TiQ (29-1360). At
bidentate ligand of RCOQ’ indicating the pre- 600°C the product is calcined to (Ba,Sr)Ti(B9-
sence of COO. At 500°C absorption peaks at 860, 1395). The reaction is not complete at 6@ as
1059 and 1460 cmt appear, indicating carbonate seen by XRD, as the spectra contain large amounts
formation® The wide absorption band at 540cin  of BaCQ;, SrCQ; and TiOs.
at 600°C, suggests perovskite formatioheven Figure 11 shows the patterns of % sTi0O3
though 20 wt% carbonate is still present. Figure 8powder prepared by the citrate method and calcined
shows the IR spectra of the titanyl citrate precursorat 1000°C for 2, 4 and 8h, respectively. The
heated to 700—100TC. At 1000°C the 1460 cm*  carbonate and TiQcontents (in Fig. 11) in the
absorption peak decreases, indicating decompositiopowder decrease and the crystallinity of perovskite
of carbonate. As shown in Figure 9, there is aincreases with increasing time.
perovskite band at 560 cm, which is supported by The XRD analysis of B@sSlysTiOs; powder

XRD results. prepared by solid-state reaction at 1000—120D0
for 24 h is shown in Figure 12. Heating at 10TD
XRD analysis for 24 h produces powder with large amounts of

The XRD patterns of the citrate precursor calcinedimpurities, including BaCg SrCQ; and TiO..

at various temperatures for 8 h are shown in FigureOnly at 1200°C do the amounts of impurities
10. Itis clear from Fig. 10 that the powder calcined decrease significantly. In contrast, much lower
below 500°C is amorphous, and at 50C reaction temperatures are required in the citrate
carbonates form as shown in the IR analysismethod. The citrate precursor mix allows stoichio-

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383-397 (1999)
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Figure 12 XRD patterns of BgsSry sTiO3 powder prepared
by solid-state reaction for 24 h at (A) 1000; (B) 1100°C; (C)
1200°C.

Figure 13 Comparison of XRD patterns of the sintering body
of BaysShsTiOz prepared, during 24 h, by (A) solid-state
reaction at 1400C; (B) citrate method at 125W; (C) citrate
method at 1400C.

metric mixing and finer particle sizes of BagO
SrCG; and TiO,, so that a shorter reaction path and
larger contact areas occur, thereby decreasing th8EM analysis
calcining temperaturé’> The XRD patterns of SEM (Fig. 14) of the titanyl citrate precursor, made
sintered BgsSrysTiO3 produced by solid-state by precipitating Ti(Q-iCsH7)4 or TiCl, in acetone
and citrate methods are shown in Figure 13, fromor absolute ethanol, shows that the particle size for
which it is clear that the perovskite structure is verytitanyl citrate made from TiGlis smaller than for
clean only at 1400C for the solid-state method, that made from Ti(G-iC3H-)4, and the particle size
while the citrate method gives a clean material evermade by precipitating TiGlin absolute ethanol is
at 1250°C. The grain sizes of the body sintered atmore uniform than that in acetone. Figure 15 shows
1400°C are larger. the SEM of the perovskite powders prepared by the
citrate method, dried in air or vacuum- or freeze-
dried, and calcined at 100C for 24 h. The
. . . agglomeration of the freeze-dried powder is the
E;(ap‘)lertles of powder and sintering lowest, while the oven-dried powder exhibits the
greatest degree of agglomeration. The SEM of the
Mapping analysis perovskite powders of BaTi§)Bay 55157105 and
Mapping analysis by SEM shows that the mixing of SrTiO; prepared by the citrate method and calcined
the cations in the ceramic body BB sTiO; at 1100°C for 8 h is shown in Figure 16. The
using the citrate method is more uniform than thatparticle sizes for these three powders are close (0.4—
obtained by solid-state reaction. 0.5um.

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chem.3, 383—-397 (1999)
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2 (C)

Figure. 14 SEM of the titanyl'citrate precursor, ot_JtainQd (A) Figure 15 SEM of the perovskite powders prepared by the
from Ti(O—iC3Hy)4; (B) from TiCly; (C) by precipitating TiC}  citrate method and calcined at 100D for 24 h, after (A) air-
in acetone; (D) by precipitating Tigin absolute ethanol. drying; (B) vacuum-drying; (C) freeze-drying.

(

Figure 17 shows the SEM of a sintered volume is 16% and 10% for the sintering body at
Bay =Sl 5TiO3 body prepared by the citrate method 1100 and 1200, respectively, so the body is not
at 1100, 1200, 1300 and 1400 for 4 h. The pore dense. At 1300C only 6 vol.% porosity remains

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chemi.3, 383-397 (1999)
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(C) (D)

Figure 16 SEM of the perovskite powders prepared by the Figure 17 SEM of sintered BgsSr, sTiO3 body prepared by
citrate method and calcined at 100D for 8 h: (A) BaTiOs; (B) the citrate method during 4 h at (A) 1100; (B) 1200°C; (C)
Bay.5Sro.sTiO3; (C) SITiCs. 1300°C; (D) 1400°C.

and at 1400C only 1vol.% porosity is found, prepared using the solid-state-derived powders
indicating considerable improvement in density. method at 1300, 1400 and 14%0 for 4h are
Micrographs of the sintered BaSry sTiOz body  shown in Figure 18. The porosity is 13 and 7% at

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Cheni.3, 383—-397 (1999)
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(C)

Figure 18 SEM of sintered BgsSry sTiO3 body prepared by
solid-state reaction during 4 h at (A) 1300; (B) 1400°C; (C)
1450°C.

Table 5. Specific surface areas for Bag sSro5TiO3

1300 and 1400C, respectively. However, at
1450°C only 1vol.% porosity remains and the
compact is close to theoretical density.

Measurement of specific surface area

The specific surface areas of the gB8ry sTiO5
citrate precipitate dried in air, vacuum or by freeze-
drying and calcined at 100@ for 8 h were
measured by the BET method. The results are
listed in Table 5. The agglomeration of the freeze-
dried precursor and of the freeze-dried and calcined
powder prepared from citrate are the least; it was
hence their specific surfaces were the greatest
(Table 5). The specific surface area obtained by air-
drying is the lowest, due to a greater degree of
agglomeratiorf!

Chemical compositions of the body

The chemical compositions of the §&51 5TiO3
citrate powder were analysed chemically by AA;
Table 6 shows that the cation ratios are nearest
those of the original stoichiometry in the pH 5-6
range. When the pH of the preparatory solution is
lower, the deviation of St is greatest (Table 6).
This is due to the poor precipitation of the strontium
citrate precursor in acid solutici.At pH 7-8, the
deviation of B&" is the greatest due to the
solubility of the barium citrate precursor in neutral
solution.

Determination of bulk density
The changes in bulk density of B&r sTiOs3,
dried in air or vacuum- or freeze-dried and then
calcined at 1000C for 8 h, and sintered at various
temperatures, are shown in Figure 19. The bulk
density increased with increasing sintering tem-
perature, as expected, with the compact obtained by
freeze-drying reaching the highest densities at
temperatures around 1300. The compact made
using air-dried powders requires 1400 sintering
to reach full density, owing to high initial
agglomeration and the large size of the pores after
sintering.

Figure 20 shows the changes in the bulk densities
of BaTiOs, Bay sSip5TiIO3 and SrTiQ obtained by

Citrate gel Calcined powder
Air- Vacuum- Freeze- Air- Vacuum- Freeze-
Drying method drying drying drying drying drying drying
Surface area (fng* 20.8 25.2 29.8 8.3 10.2 12.5

Copyright© 1999 John Wiley & Sons, Ltd.
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Table 6. Chemical compositions of the perovskite powders from citrate precursor

Org. chemical composition Powder chemical composition
pH range of preparation Ba/Ti ratio Sr/Ti Ba/Ti Sr/Ti

2-3 1.2 1:2 0.44 0.42
2-3 11 0 0.99 —

34 1:2 1.2 0.46 0.46
4-5 1:2 1:2 0.51 0.52
5-6 1:2 1.2 0.48 0.49
5-6 0 11 — 0.98
7-8 1.2 1.2 0.23 0.34

freeze-drying and sintered at various temperaturesnethod are larger than those from the solid-state
The sintering temperature of BaTiOs lower, reaction, because the initial uniform mixing leads to
about 1300C, and that of SrTi@is higher, about shortening of the diffusion paths, compared with

1425°C. solid-state mixing. Hence grains form faster and
grow longer for any given sintering temperature
Perovskite powder crystallite sizes and time.

The BaTiQ, BaysSlhsTiO3; and SrTiQ powder
grain sizes after calcining at 110G for 8 h were
measured using the XRD 31-33(20=32.2°)
peak, which is the (110) face of perovskite by CONCLUSIONS

Scherrer’s formula (Eqn [5]).
The DSC/TGA and IR data provide a clear picture

e = /(B cost) 5] of the thermogravimetric behaviour and chemical
The calculated grain sizes are listed in Table 7. changes occuring in the citrate precursor during
The crystallite sizes obtained using the citratecalcination The precursor is converted at 30Q0to
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NI i devi : £ 2 srrio 1
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g E A air drying I 9~ b
< [ - 't .
\3.50 F - g o ]
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Figure 19 Changes in bulk density with increasing sintering
temperature of BgsSlpsliOs obtained by various drying Figure 20 Changes in bulk densities of BaTiOB& sSf 5.
modes. TiO3 and SrTiQ with increasing sintering temperature.
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Table 7. Crystallite sizes for perovskite powders calculated by Debye-Scherrer method

Preparation method

Solid-state reaction Citrate method

(Ba, Sr) (Ba, Sr)
BaTiOs SITiO; TiOg BaTiOs SrTiO; TiOg
Crystallite size (°A 120 140 140 210 230 225

6. B. A. Tuttle,Ceram. Powdef2 (1987).
7. E. Andrich,Electron. Appl.26(3), 123 (1966).
8. D. E. Rase, and R. Roy, Am. Ceram. So@&8, 102 (1955).

carbonate, which begins to react with Bi@® form
(Ba,Sr)TiG; powders at 600C. This powder can
finally be transformed to product by calcining at
1100°C. 9. E. Andrich,Electron. Appl.25, 123 (1965).
The ratios of the cations in the powder are the10 D. HenningsBr. Ceram. ProcAl, 1 (1989). _
nearest to the original stoichiometry in the pH 5-11- E- Wu. K. C. Chen, and J. D. Mackenzie, Ferroelectric
range, where the concentration of cation in the ceramlcs—th(_e sol-gel versus cc_)nvermonal processing. In:
filtrate is only 0.1 mol%. The effect of absolute Better Ceramics Through Chemistigrinker, C. J., Clark,

ethanol on precipitation is much greater than that of
acetone, and one can obtain a completely dry

precipitate with ethanol.

The specific surface area of the calcmed

Bao 5SIo.sTiO5 powder is 12.5 g * by the BET
method, and the crystallite size of the B8 5.

TiO3, powder using the citrate method is about

225 A(2.2 um) by XRD.

Among the drying modes, freeze-drying is bestis.

D. E. and Ulrich, D. R., (edsMaterials Research Society
Symposia Prog.Vol. 32, Elsevier Science North-Holland,
1984, pp. 169-174.

. K. D. Budd, and D. A. Payne, Preparation of strontium
titanate ceramics and internal boundary layer capacitors by
the Pechini method. InBetter Ceramics Through Chem-
istry, Brinker, C. J., Clark, D. E. and Ulrich, D. R., (eds),
Materials Research Society Symposia Prodol. 32,
Elsevier Science, North-Holland, 1984, pp. 239-244.

D. Hennings, and W. Mayid. Solid State Chen26, 329

as it minimizes agglomeration. When the precipi-  (1978).
tated titanyl citrate powders that had been freezei4. P. P. Phule, and S. H. Risbud, Mater. Sci.25, 1169
dried and calcined at 110C were compacted, and (1990).

sintered at 1300C, densities as high as 95% of 15.

theoretical were achieved.
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