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Abstract

BaxSr1�xTiO3 ceramic powders with varying barium content were prepared by a high temperature hydrothermal technique and sintered at

1300 8C for 1–8 h. Their dielectrical, phase and structural properties were investigated. It was computed from the XRD spectra that the samples

with a small amount of strontium, no more than 10% of the initial Ba:Sr share, had a single phase structure with x = 0.77–0.79 and Curie point

Tc = 37–53 8C. Samples with a higher initial Sr ratio developed a two-phase structure and two Curie points. Tc(x) dependence showed that all the

experimental data followed a linear trend and were close to the values obtained from the conventional solid state technique, while the dielectric

constant was almost one order of magnitude smaller.
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1. Introduction

Barium strontium titanate, BaxSr1�xTiO3 (BST), is a

dielectric material with ferroelectric properties which are

tailorable by changing the ratio of barium and strontium. It was

first developed and studied in 1940s [1–3] as a way of

decreasing (tune) the Curie temperature of BT ceramics from

120 8C down to room temperature for application in electronic

devices. Its high dielectric constant, low dielectric loss and high

polarisation is used in capacitor and DRAM applications [4,5].

Its high tunability makes it suitable for applications in phase

shifters and microwave devices [6–9].

BST powders produced by a conventional solid state

technique [1–3,10] have a large grain size and are easily

contaminated due to repeated grinding and heat treatment. In

our previous work [11–13] we have successfully produced BST

powder with a well developed crystalline structure, fine

(nano)particle size and a narrow size distribution using a high

temperature hydrothermal technique at 220 8C. However, it was

found to be difficult to control the stoichiometry of the final
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products due to the preferential incorporation of Sr than Ba into

the structure [14,15]. The phase content of the samples was

thoroughly investigated and it was shown that if the molar ratio

of the initial compounds was set for a stoichiometric

BaxSr1�xTiO3 compound, then the final product had a multi-

phase structure with significant Ba losses. For a small initial

value of Sr = 10–25% it consisted of a two-phase structure,

while for a higher concentration of Sr it contained a triple-phase

structure.

As BST powder prepared by the hydrothermal technique is a

raw material which has to be pressed and sintered for use in

possible electronic applications further changes of the

material’s properties may take place. The aim of this research

was to define the phase content changes of the BST after

sintering, determine the correlation between the phase content

and the dielectrical properties and investigate influence of

sintering time on the parameters of the samples.

2. Sample preparation

BST powders with initial Ba/(Ba + Sr) mol ratios of 0.75,

0.80, 0.85 and 0.90 were prepared using a high temperature

hydrothermal technique as reported before [11]. Starting

materials BaCl2�2H2O and SrCl2�6H2O were added into distilled
d.
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Fig. 1. Calibration graphs x(a, c) and x(r), where a and c are lattice parameters

and r is density of BST compounds. The parameters are obtained from 79-2265,

34-0411, 44-0093, 39-1395 and 79-0175 PDF library numbers (see [2,3,16]).
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water containing 1.2 M of NaOH and continuously stirred at

80 8C for 2 h. The solution was then filtered and mixed with

0.25 M TiO2 powder (100% anatase) in an autoclave. The

autoclave was placed in a pre-heated oven for 16 h at 220 8C for

hydrothermal reaction. The resulting obtained powder was

filtered, washed three times using water of pH 12 adjusted by

NH4OH, filtered again and dried. At this stage, as it was reported

before [11], the samples were mixtures of two BaxSr1�xTiO3

compounds with different x values.

Finally, the powders were mixed with 2% polyvinyl alcohol

(PVA) and pressed at 250 MPa to form discs with 11 mm

diameter. The discs were further cold isostatically pressed to

improve their density, heat treated at 500 8C to remove PVA and

then sintered at 1300 8C for 1, 3, 5 and 8 h. Before the

experiments all of the samples were polished to remove of

about 0.2 mm of the surface layer, as it was found to have

different properties from the bulk of the material.

3. Experimental technique

The crystal structure of the uncrushed samples, prepared as

described above, was studied using a D8 Advance Bruker X-ray

Diffractometer fitted with a Gobbel mirror using Cu Ka

radiation. The spectra obtained were analysed with a peak fit

software Fityk 0.0.4 (www.fityk.sf.net) in order to separate

contributions of BaxSr1�xTiO3 compounds with different cell

parameters a and c (see also [11]). The parameter x was then

determined from the Vegard’s law a(x)) using data from 79-

2265, 34-0411, 44-0093, 39-1395 and 79-0175 PDF files. It can

be seen from Fig. 1(1) that the calibration graph a(x) can be

considered linear in the whole range of x from 0 to 1. It is also

seen that the tetragonal structure undergoes a phase transition

into a cubic phase in the region of x = 0.6. Thorough

investigations [2,3,16] showed that the a(x) is not strictly

linear near the phase transition when approaching the cubic

phase but the deviation is minimal.

The same PDF files as above were used to plot a r(x)

calibration graph (Fig. 1(2) for calculating the theoretical

values of density rth. If prepared ceramics had two phases then

rth = rth(x1) � S1 + rth(x2) � S2, where S1 and S2 are the shares

of the phases 1 and 2 (see Table 1). The rth values are needed to

compare densities of different samples. The apparent (mea-

sured) densities rapp cannot be compared directly, as they do not

take into account the differences of phase contents and need to

be related to the theoretical densities r (%) = (rapp/rth) � 100.

The apparent density was measured in water using the

Archimedes principle as follows:

rapp ¼
Ma

Ma �Mw

� rw (1)

where Ma is mass of sample in air, Mw is mass in water, and rw

is the density of water.

Microstructure and the grain content analyses were

performed using a Philips XL-30S Scanning Electron Micro-

scope combined with an Energy Dispersive Spectrometer

(EDS).
Dielectric properties were measured using a HP 4294A

Precision Impedance Analyzer, either in a silicon oil bath (0–

120 8C) or in liquid nitrogen (liqN2 to 20 8C) at 1 kHz

frequency. The samples were sliced and thinned down to

0.50 mm thick discs. Silver paste was applied on both sides of

the discs for electrical contacts. The dielectric constant was

calculated from the capacitance using the following formula:

e ¼ C � d

e0 � A
(2)

where C is the capacitance, e0 the free space dielectric constant

(8.85 � 10�12 F/m), A and d are the surface area and the

thickness of the samples.

4. Experimental results

4.1. Phase content

It is known that sintering of BST powders into solid

specimens provides further beneficial conditions on phase

http://www.fityk.sf.net/


Table 1

Ba is a share of barium in the initial mixture (Ba/Ba + Sr), t is a sintering time at 1300 8C in hours, a1 and a2 are the cell parameters of the phases in angstroms, x1 and

x2 are the parameter x in BaxSr1�xTiO3 phases derived from the position of the calculated (1 1 1) peaks after the peak fit program was used (Fig. 2) and the Vegard’s

law was applied (Fig. 1(1)).

Ba t (h) a1 (Å) a2 (Å) x1 x2 w1 (nm) w2 (nm) S1/S2 Tc1 (8C) Tc2 (8C) rapp (g/cm3) r (%)

0.9 1 3.9795 0.79 21 37 5.59 95

0.9 3 3.97649 0.78 22 45 5.63 96

0.9 5 3.97793 0.77 23 52 5.35 91

0.9 8 3.9806 0.79 22 53 5.2 88

0.85 1 3.97503 3.9545 0.74 0.53 20 23 81/19 20 5.61 97

0.85 3 3.97285 3.95368 0.72 0.52 24 27 86/14 14 �44 5.73 99

0.85 5 3.97122 3.9609 0.70 0.60 20 25 72/28 19 �40 5.57 97

0.85 8 3.97338 3.96018 0.72 0.59 20 23 70/30 23 5.41 96

0.8 1 3.9617 3.94032 0.6 0.38 27 33 78/22 �4 �72 5.43 96

0.8 5 3.96087 3.9434 0.59 0.41 30 30 78/22 �5 �66 5.25 93

0.8 8 3.95756 3.93867 0.56 0.36 28 41 86/14 �19 �69 5.21 93

0.75 1 3.9473 3.93764 0.45 0.35 23 30 46/54 �66 �104 5.23 95

0.75 3 3.9471 3.93773 0.45 0.35 41 46 23/77 �66 �100 5.23 96

0.75 5 3.94669 3.93916 0.45 0.37 22 31 37/63 �68 �97 5.3 96

0.75 8 3.94302 3.93787 0.41 0.35 30 43 31/69 �69 �104 5.34 96

w1 and w2 are the crystal sizes calculated from the peak width using Schrerrer’s formula (3). S1/S2 are ratios of the areas under the calculated peaks. This value shows

the relative amounts of the phases in the BST. Tc1 and Tc2 are the Curie temperatures of the phases in degrees of Celsius obtained from the e(T) dependencies (Fig. 4),

rapp is apparent density calculated from formula (1), and r is apparent density relative to the theoretical density of the samples in percent.

Fig. 2. Experimental (1 1 1) peaks of Ba/(Ba + Sr) = 0.9, 0.85, 0.8, 0.75 (from

top to bottom) and the results of the peak fit calculations.
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transformation and homogeneity of samples because of high

temperature inter-diffusion of barium and strontium ions

between the grains [17,18]. During sintering grain growth takes

place, crystallinity improves and, as a result, density increases

[18,19].

XRD spectra of the sintered samples showed no other

peaks of secondary phases than those of the BST compounds.

Almost all of the spectra exhibited asymmetrical peaks

(Fig. 2) indicating, as in the previous work [11], that the

ceramics was still a mixture of more than one BaxSr1�xTiO3

phase, even after sintering. To separate contributions of

different phases into the experimental spectra a peak fit

program was used. Because of too many unknown

parameters the fit was performed on one peak first, assuming

that it was a double peak. This assumption is based on our

previous calculations [11] where it was found that the raw

ceramic powder consisted of two BST phases. It is safe to

assume that the number of phases does not increase after

sintering. Then, the parameters obtained from the peak fit

were tried to fit the whole spectrum. If the result was

negative the peak fit was run again with slightly different

initial parameters until the results satisfied the whole

spectrum. This method is semi-quantitative, and it can only

be applied for evaluation purposes. The described procedure

is different from the Rietveld method where all the

information about the compounds in the mixture needs to

be known before the calculation start. To perform fit (1 1 1)

peak was chosen as it remains a single peak in the whole

range of BaxSr1�xTiO3 from Ba-rich tetragonal (1 < x < 0.6)

to Sr-rich cubic (0.6 < x < 0) phase. For comparison, other

strong peaks such as (1 1 0) may split into (1 1 0) + (1 0 1) or

become (1 0 1) one, (2 0 0) peak splits into (2 0 0) + (0 0 2)



Fig. 4. e(T) dependencies of the samples prepared with the initial Ba/(Ba + Sr)

ratio of 1–0.9, 2–0.85, 3–0.8, 4–0.75 and sintered for 5 h at 1300 8C. Figures

show the e values at the maximum of the plots. The plots are shifted vertically

for a better view.
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in the tetragonal phase. Fig. 2 shows the calculated peaks of

the samples after the first hour of sintering. From the position

of the calculated peaks their a and c cell parameters were

derived. Substituting these values into the x(a) graph

(Fig. 1(1)) the x parameter of the both phases (x1 and x2,

Table 1) in the powder were obtained. The relative areas of

the calculated peaks S1 and S2 were assumed to be pro-

portional to the amounts of the phases in the powder. The

results of the calculations are listed in Table 1.

Similar calculations were applied to the raw, as reacted, non-

sintered BST powder in our previous work [11]. Fig. 3

compares the samples contents before and after the sintering. It

is seen that interdiffusion of Ba2+ and Sr2+ occurs in both Ba-

and Sr-rich phases during the sintering process as the peaks

move towards each other. The sample with the smallest initial

value of Sr (Ba/(Ba + Sr) = 0.9) becomes single phased. All of

the other samples, though their homogeneity is improved,

remained double phased, even after sintering time was

increased up to 8 h.
Fig. 3. Phase content of the samples before (reported earlier [11]) and after

sintering. The solid lines represent position (parameter x) and volume (height)

of the phases before sintering and thin lines—after sintering. (a) Ba/(Ba + Sr) =

0.9, (b) 0.85, (c) 0.8 and (d) 0.75.
4.2. Electrical properties

Temperature behavior of dielectric constant e of the samples

sintered for 5 h is shown in Fig. 4. It is seen that the samples

have either single peak or double peak e(T) dependencies,

reflecting their complex phase contents. The peak temperatures

Tc are listed in Table 1 and plotted in Fig. 5 against the barium

content x. It is seen that the experimental points follow a linear
Fig. 5. Curie temperature Tc (triangles) versus the structural parameter x of all

of the studied samples. Squares show the values obtained by the conventional

solid state technique [16,20].



Fig. 6. Microstructure of samples prepared with the initial ratio of Ba/(Ba + Sr) (a) 0.75, (b) 0.8, (c) 0.85, (d) 0.9 and sintered at 1300 8C for 1 h.
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dependence Tc(x) typical for data obtained from a conventional

solid state technique and superimpose them [1,16,20]. The

absolute values of e, though, are almost one order smaller, and

the dependencies near the Curie transition point are broadened.

It is quite possible that the ferroelectric properties of the

samples are suppressed because of the small nanosize of the

crystals in the range of 20–50 nm (Table 1) [21,22].

4.3. Structural parameters

Fig. 6 shows how the microstructure changes for a small

sintering time of 1 h when the initial Ba/(Ba + Sr) ratio was

decreased from 0.9 to 0.75. It is seen that the samples, typically

for BST compounds, have a mixture of big Ba-rich grains and
Fig. 7. Dependence of density of samples (r (%) = (rapp/rth) � 100) from (a) the init

same data plotted against the sintered time, numbers show the Ba/(Ba + Sr) value
a matrix of small Sr-rich grains [11,14], confirmed by our EDS

analysis. The ratio between them changes with the Ba/(Ba + Sr)

value. It is seen from Fig. 7a that the best grain packing

arrangement occurred when the initial barium share was 85%.

Surprisingly, as Table 1 shows, none of the structural and

phase parameters of the samples undertook any significant

changes when the sintering time was increased from 1 to 8 h.

SEM pictures (Fig. 8) show a rapid growth of the grain size,

however, the sample densities (Fig. 7b), phase content x, the

relative amount of the phases S1/S2, estimated from the areas

under the peaks, and the crystal size w, though larger compared

to the original, non-sintered powder (11–20 nm) [11], remained

almost unchanged. The exception was the 90% Ba sample

(Fig. 7b) which density dropped 8% after sintering time
ial Ba/(Ba + Sr) ratio, numbers 1, 3, 5, 8 indicate sintering time in hours. (b) The

s.



Fig. 8. Microstructure of samples prepared with the initial ratio of Ba/(Ba + Sr) = 0.9 and sintered at 1300 8C for (a) 1 h, (b) 3 h, (c) 5 h and (d) 8 h.
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increased from 3 to 8 h. w was calculated from the Full Width at

Half Maximum (FWHM) of the peaks, using the Schrerrer’s

relation:

w ¼ 0:9� l

ðB2
m � B2

s Þ
1=2

cos u
; (3)

where l is the X-ray wavelength, Bm and Bs are the experi-

mental and instrumental FWHMs values, respectively.

5. Conclusion

The phase content of the BST ceramics prepared by the high

temperature hydrothermal reaction and then sintered at 1300 8C
for 1–8 h was successfully computed from the XRD spectra.

The electrical properties of the samples were in good agreement

with the results of the calculations.

It was shown that the ceramics with the initial molar ratio of

Ba/(Ba + Sr) = 0.9 had a uniform phase content and a Curie

temperature at 37–53 8C (Table 1). When the initial share of

barium was reduced by 5% down to Ba/(Ba + Sr) = 0.85 the

Curie point decreased down to room temperature (14–23 8C)

but the phase analysis showed the presence of the second BST

phase with the Curie point at�40 to�44 8C. Further reduction

of barium still produced a double phased BST ceramics with

Curie temperatures following a liner dependence of Tc(x) in the

whole range 0 < x < 1 (Fig. 5). The absolute values of the

dielectric constant were much smaller compared to the solid

state technique samples and the e(T) ferro-paraelectric peaks

were much broader. These are explained by the nanosize of

ceramic crystals produced by the hydrothermal technique.
The crystal size of the ceramics doubled in size compared to

the raw powder after the first hour of sintering, but when the

sintering time was increased from 1 to 8 h, it did not change

significantly and remained in the nanoscale.
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