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Abstract

Nano-sized Ba0.7Sr0.3TiO3 powders are prepared by post-treatment of the precursor powders with hollow and thin wall structure at temperatures

between 900 and 1100 8C. Ethylenediaminetetraacetic acid and citric acid improve the hollowness of the precursor powders prepared by spray

pyrolysis. The mean sizes of the powders post-treated at temperatures of 900, 1000 and 1100 8C are 42, 51 and 66 nm, respectively. The densities of

the Ba0.7Sr0.3TiO3 pellets obtained from the powders post-treated at 900, 1000 and 1100 8C are each 5.36, 5.55 and 5.38 g cm�3 at a sintering

temperature of 1300 8C. The pellet obtained from the powders post-treated at 1000 8C has higher maximum dielectric constant than those obtained

from the powders post-treated at 900 and 1100 8C.
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1. Introduction

Barium strontium titanate (BST) [Ba1�xSrxTiO3, 0 < x < 1]

are widely used in the thick film forms in various fields because

of their high dielectric constant and composition-dependent

Curie temperature [1–7]. Pure BST thick films has to be

sintered at high temperatures above 1300 8C, and therefore only

platinum or refractory metals can be used as conductors [8,9].

In recent, nickel, copper and silver conductors with low

sintering temperatures are mainly applied to reduce the

production cost. Therefore, the sintering characteristics of

BST thick films should be improved at low temperatures. One

method of decreasing the sintering temperature of BST is to

decrease the mean size of the powders. The performance of

BST thick films is also highly dependent on the characteristics

of powders, such as stoichiometry, phase homogeneity,

powders size and its distribution [10].

Fine size BST powders with various compositions were

widely prepared by liquid solution methods such as sol–gel,
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co-precipitation and hydrothermal [11–18]. However, the

characteristics of BST powders prepared by gas phase reaction

methods are scarcely studied. Jung et al. investigated the mean

sizes, morphologies, and crystal structures of the Ba0.5Sr0.5TiO3

powders prepared by flame spray pyrolysis using ‘‘CA-assisted’’

spray solution [19]. The mean size of the Ba0.5Sr0.5TiO3 powders

was 32 nm at a post-treatment temperature of 1000 8C.

Brankovíc et al. prepared the submicron-sized Ba0.8Sr0.2TiO3

powders by ultrasonic spray pyrolysis from the polymeric

precursors [20], in which one particle was formed from the one

droplet. The sintering characteristics and dielectric properties of

the nano-sized BST powders are strongly affected by the

composition as well as the preparation process.

In this study, nano-sized Ba0.7Sr0.3TiO3 powders were prepared

by spray pyrolysis from the spray solution with ethylenediami-

netetraacetic acid (EDTA) and citric acid. The sintering

characteristics and dielectric properties of the Ba0.7Sr0.3TiO3

powders prepared by spray pyrolysis were investigated.

2. Experimental

The schematic diagram of the equipment and the formation

mechanism of the nano-sized Ba0.7Sr0.3TiO3 powders in the

spray pyrolysis are shown in Fig. 1. The precursor powders with

hollow and thin wall structure were prepared by spray pyrolysis
d.
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Fig. 1. Schematic diagram of spray pyrolysis process and formation mechanism of nano-sized ceramic powders.

Fig. 2. SEM images of the precursor powders prepared by spray pyrolysis.
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to obtain the nano-sized Ba0.7Sr0.3TiO3 powders. The equip-

ment consisted of six ultrasonic spray generators operating at

1.7 MHz, a tubular quartz reactor (length: 1200 mm; ID:

50 mm), and a bag filter. The starting materials for the synthesis

were barium nitrate, strontium nitrate and titanium tetra-iso-

propoxide (TTIP). A small amount of nitric acid was used to

peptize the hydrolyzed TTIP and form a clear solution. The

concentrations of metal components were fixed at 0.1 M. Citric

acid and ethylenediaminetetraacetic acid (EDTA) were used as

chelating agents to improve the hollowness of the precursor

particles. The concentrations of citric acid and EDTAwere each

0.1 M. The spray pyrolysis temperature of the precursor

powders was fixed at 900 8C. The flow rate the air carrier gas was

fixed at 40 L min�1. The precursor powders prepared by spray

pyrolysis were post-treated at temperatures of 900, 1000 and
Fig. 3. SEM image of the BST powders post-treated at 1000 8C prepared from

the spray solution with organic additive.
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Fig. 5. XRD patterns of the BST powders prepared from the spray solutions

with and without organic additives.

Fig. 4. TEM images of the BST powders post-treated at various temperatures.
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1100 8C for 2 h under air atmosphere. The powders were

pelletized at 250 kgf cm�2 to 10 mm diameter and then sintered

at 1300 8C for 2 h. Dielectric properties were measured by

applying silver paste to the surfaces of the pellets as an electrode.

The crystal structures of the precursor and post-treated

Ba0.7Sr0.3TiO3 powders were investigated by using X-ray

diffraction (XRD, RIGAKU, D/MAX-RB) with Cu-Ka

radiation (l = 1.5418 Å). The mean crystallite sizes of the

Ba0.7Sr0.3TiO3 powders were calculated using Scherrer’s

equation. The morphological characteristics of the powders

were investigated by using scanning electron microscopy

(SEM, JEOL, JSM 6060) and transmission electron microscope

(TEM, JEOL, JEM-2010). The post-treated powders were

milled by hand using agate mortar for the preparation of TEM

sample.

3. Results and discussion

The ceramic powders prepared by spray pyrolysis at high

drying and decomposition conditions of droplets had hollow

and thick wall structure [21]. The precursor powders with

hollow and thick wall structure could not be well crushed to the

nano-sized powders by a simple milling process. Therefore, in

this study, the precursor powders with hollow and thin wall

structure for nano-sized Ba0.7Sr0.3TiO3 powders were prepared

by spray pyrolysis. Fig. 2 shows the SEM images of the

precursor powders prepared from the spray solution with and

without organic additives. The precursor powders prepared

from the spray solution without organic additive had fine size,

hollow shape and thick wall structure. On the other hand, the

precursor powders prepared from the spray solution with

organic additive had large size, hollow shape and thin wall

structure. The hollowness of the powders increased the mean

size of the precursor powders. EDTA and citric acid improved
the hollowness of the precursor powders by acting as the

chelating agent as well as the gas evolution additives.

The precursor powders prepared from the spray solution

with organic additive were post-treated at various temperatures.

Fig. 3 shows the SEM image of the Ba0.7Sr0.3TiO3 powders

post-treated at 1000 8C. The Ba0.7Sr0.3TiO3 powders had

slightly aggregated morphology of primary particles with

nanometer size. The Ba0.7Sr0.3TiO3 powders post-treated at

temperatures of 900, 1000 and 1100 8C were milled by hand

using an agate mortar. Fig. 4 shows the TEM images of the

milled Ba0.7Sr0.3TiO3 powders. The powders had well-crystal-

lized structure irrespective of the post-treatment temperatures.

The mean sizes of the milled powders increased with increasing



Fig. 6. SEM images of the pellets obtained from the BST powders post-treated

at various temperatures.
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the post-treatment temperatures. The mean sizes of the powders

post-treated at temperatures of 900, 1000 and 1100 8C measured

from the TEM images were 42, 51 and 66 nm, respectively.

Fig. 5 shows the XRD patterns of the Ba0.7Sr0.3TiO3

powders post-treated at temperatures of 900, 1000 and 1100 8C.

The powders prepared from the spray solution with and without

organic additives had single BST perovskite phase at post-

treatment temperature of 900 8C. The mean crystallite sizes of

the Ba0.7Sr0.3TiO3 powders prepared from the spray solution

with and without organic additives were each 29 and 34 nm.

The thin wall structure of the precursor powders prepared from

the spray solution with organic additive minimized the crystal

growth of the powders. The mean crystallite sizes of the

powders post-treated at temperatures of 1000 and 1100 8C were

each 33 and 44 nm. The crystal growth of the nano-sized

Ba0.7Sr0.3TiO3 powder was occurred according to the post-

treatment temperatures.

The sintering characteristics of the nano-sized Ba0.7Sr0.3-

TiO3 powders prepared by spray pyrolysis are investigated. The

SEM images of the surface of the Ba0.7Sr0.3TiO3 pellets

obtained from the powders post-treated at 900, 1000 and

1100 8C are shown in Fig. 6. The pellets were sintered at a

temperature of 1300 8C for 2 h. The pellets had dense structure

irrespective of the post-treatment temperatures of the

Ba0.7Sr0.3TiO3 powders. The densities of the pellets obtained

from the powders post-treated at 900, 1000 and 1100 8C were

each 5.36, 5.55 and 5.38 g cm�3. The theoretical density of

Ba0.7Sr0.3TiO3 is 5.75 g cm�3. Therefore, the densities of the

pellets obtained from the powders post-treated at 900, 1000 and

1100 8C were each 93.2, 96.5 and 93.6% of the theoretical

density. The nano-sized Ba0.7Sr0.3TiO3 powders prepared by

spray pyrolysis had good sintering characteristics.

The temperature dependence of the dielectric constant at

1 kHz for the Ba0.7Sr0.3TiO3 pellets is shown in Fig. 7. The pellet

obtained from the powders post-treated at 1000 8C had larger

emax than those obtained from the powders post-treated at 900 and

1100 8C. The high density of the pellet obtained from the

powders post-treated at 1000 8C resulted in the high dielectric

constant.
Fig. 7. Dielectric constants of the BST pellets measured at various tem-

peratures.
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4. Conclusions

The sintering characteristics and dielectric properties of the

nano-sized Ba0.7Sr0.3TiO3 powders prepared by spray pyrolysis

are investigated. Ethylenediaminetetraacetic acid (EDTA) and

citric acid dissolved into the spray solution enable the

formation of the nano-sized Ba0.7Sr0.3TiO3 powders even at

a high post-treatment temperature of 1100 8C. The post-

treatment temperature of the powders affects the dielectric

properties of the pellet as well as the mean size of the powders.

The Ba0.7Sr0.3TiO3 pellet obtained from the powders post-

treated 1000 8C has high density and high dielectric constant at

a sintering temperature of 1300 8C.

Acknowledgments

This research was supported by the Converging Research

Center Program through the National Research Foundation of

Korea (NRF) funded by the Ministry of Education, Science and

Technology (2011-50210). This study was also supported by

Seoul R&BD Program (WR090671).

References

[1] J.L. Davis, L.D. Rubin, Some dielectric properties of barium-strontium

titanate ceramics at 3000 megacycles, J. Appl. Phys. 24 (1953) 1194–

1197.

[2] Y.B. Khollam, H.S. Potdar, S.B. Deshpande, A.B. Gaikwad, Synthesis of

star shaped Ba1-xSrxTiO3 (BST) powders, Mater. Chem. Phys. 97 (2006)

295–300.

[3] S.S. Gevorgian, E.L. Kollgerg, Do we really need ferroelectrics in para-

electric phase only in electrically controlled microwave devices? IEEE

Trans. Microwave Theory Tech. 49 (2001) 2117–2124.

[4] L.C. Sengupta, S. Sengupta, Novel ferroelectric materials for phased

array antennas, IEEE Trans. Ultrason Ferroelectr. Freq. Control 44

(1997) 792–797.

[5] C.C. Cheng, T.E. Hsieh, I.N. Lin, Microwave dielectric properties of

glass–ceramic composites for low temperature co-firable ceramics, J. Eur.

Ceram. Soc. 23 (2003) 2553–2558.
[6] H. Jantunen, T. Kangasvieri, J. Vahakangas, S. Leppavuori, Design aspects

of microwave components with LTCC technique, J. Eur. Ceram. Soc. 23

(2003) 2541–2548.

[7] M. Valant, D. Suvorov, Low-temperature sintering of (Ba0.6Sr0.4)TiO3, J.

Am. Ceram. Soc. 87 (2004) 1222–1226.

[8] J.W. Liou, B.S. Chiou, DC field dependence of the dielectric character-

istics of doped Ba0.65Sr0.35TiO3 with various grain sizes in the paraelectric

state, Jpn. J. Appl. Phys. 36 (7A) (1997) 4359–4363.

[9] J.W. Liou, B.S. Chiou, Analysis of the dielectric characteristics for

polycrystalline Ba0.65Sr0.35TiO3 (I)-frequency dependence in the para-

electric state, J. Mater. Sci. Mater. Electron. 11 (2000) 637–644.

[10] S.B. Deshpande, Y.B. Khollam, S.V. Bhoraskar, S.K. Date, S.R. Sainkar,

H.S. Potdar, Synthesis and characterization of microwave-hydrothermally

derived Ba1�xSrxTiO3 powders, Mater. Lett. 59 (2005) 293–296.

[11] A. Ries, A.Z. Simoes, M. Cilense, M.A. Zaghete, J.A. Varela, Barium

strontium titanate powder obtained by polymeric precursor method,

Mater. Charact. 50 (2003) 217–221.

[12] R.K. Roeder, E.B. Slamovich, Stoichiometry control and phase selection

in hydrothermally derived BaxSr1�xTiO3 powders, J. Am. Ceram. Soc. 82

(7) (1999) 1665–1675.

[13] S. Komarneni, Q.H. Li, K.M. Stefansson, R. Roy, Microwave-hydrother-

mal processing for synthesis of electroceramic powders, J. Mater. Res. 8

(1993) 3176–3183.

[14] P.K. Gallagher, F. Schrey, F.V. DiMarcello, Preparation of semiconducting

titanates by chemical methods, J. Am. Ceram. Soc. 46 (1963) 350–365.

[15] F. Schrey, Effect of pH on the chemical preparation of barium-strontium

titanate, J. Am. Ceram. Soc. 48 (1965) 401–405.

[16] I.P. Selvam, V. Kumar, Synthesis of nanopowders of (Ba1�xSrx)TiO3,

Mater. Lett. 56 (2002) 1089–1092.

[17] O.P. Thakur, C. Prakash, D.K. Agrawal, Microwave synthesis and sinter-

ing of Ba0.95Sr0.05TiO3, Mater. Lett. 56 (2002) 970–973.

[18] Y.B. Khollam, S.V. Bhoraskar, S.B. Deshpande, H.S. Potdar, N.R. Pavas-

kar, S.R. Sainkar, S.K. Date, Simple chemical route for the quantitative

precipitation of barium–strontium titanyl oxalate precursor leading to

Ba1�xSrxTiO3 powders, Mater. Lett. 57 (2003) 1871–1879.

[19] D.S. Jung, S.K. Hong, J.S. Cho, Y.C. Kang, Morphologies and crystal

structures of nano-sized Ba1�xSrxTiO3 primary particles prepared by

flame spray pyrolysis, Mater. Res. Bull. 43 (2008) 1789–1799.

[20] G. Brankovíc, Z. Brankovíc, M.S. Ǵoes, C.O. Paiva-Santos, M. Cilense,
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