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Abstract Polycrystalline samples of (Pb0.25Sr0.75)TiO3

(PST75) were prepared by the solid-state reaction method.

The effects of firing temperatures and excess PbO on

PST75 ceramics were investigated. The PST75 was cal-

cined between 600 and 1000 �C for 3 h and the sintering

temperature ranged between 1050 and 1250 �C for 2 h.

The optimized calcination and sintering conditions were

identified as 950 and 1250 �C, respectively. The lattice

parameter c increased, while the lattice parameter

a decreased with increased firing temperatures. The average

particle size and average grain size increased with increased

firing temperatures. After the addition of PbO—excess 0, 1,

3, 5, and 10 wt%—in the PST75 samples, the lattice

parameter a decreased. The average particle size and the

average grain size increased with the increase of PbO. The

porous microstructure slightly decreased with an increasing

amount of PbO—up to 3 wt%—then slightly increased with

the higher excess PbO. The density was improved by adding

3 wt% of excess PbO. A low dielectric loss was observed

from the 3 wt% excess PbO sample.

Introduction

(PbxSr1-x)TiO3 (PST) is a complete solid solution of

PbTiO3 (PT) and SrTiO3 (ST). Nomura and Sawada [1]

studied the PT:ST solid solution system and found an easy

formation for a good homogeneous composition. With the

addition of ST to PT, the Curie temperature decreases

linearly and the phase transition from tetragonal to cubic

occurs at x & 0.65 at room temperature. Somiya et al. [2]

studied the PST solid solution with 0.7 \ x \ 0.8. These

are the most suitable for microwave applications due to

their high dielectric constant and extremely high dielectric

tenability of 70% under 2 kV/cm at 1 kHz with a very low

dielectric loss value of less than 0.001 [3].

Various fabrication techniques such as sol–gel [3, 4],

coprecipitation [5], complex polymerization [6], and the pre-

cursor solution [7] have been used to study PST ceramics. All

these methods use high-purity inorganic or organic chemicals

with a homogeneity and precise composition as starting mate-

rials but the production costs are high with only small quantities

synthesized. The conventional solid-state reaction method is

more economical for large batch processing of these ferro-

electric materials [8, 9]. A previous work showed that PST

ceramics could be prepared by conventional methods using

high sintering temperatures above 1200 �C [4, 10, 11]. This

created problems with vaporization of PbO during sintering

because of the low melting point of PbO, which is about

850 �C. This can cause lead deficiency which may produce

large pores in the microstructure and have a subsequent effect

on densification. The addition of excess PbO is one of the

techniques developed to counteract this problem. For example,

the optimum density of Bi-doped PT [12], PBZ [13], PBT [14],

PZT [15] ceramics, can be improved by the addition of excess

PbO. Therefore, the effect of firing temperatures and excess

PbO on the crystal structure and microstructure of

(Pb0.25Sr0.75)TiO3 ceramics synthesized by a solid-state reac-

tion method were investigated in this study.

Experimental

Ceramic composition of (Pb0.25Sr0.75)TiO3; PST75 was

prepared by the solid-state reaction method. Lead oxide
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(99.9% PbO), strontium carbonate (99% SrCO3), and tita-

nium oxide (99.5% TiO2) powders were used as starting

materials. The starting powders were weighed in the

required stoichiometric ratio and then ball-milled in etha-

nol for 24 h. After the drying process, the mixed powders

were calcined from 600 to 1000 �C with a 5 �C/min

heating/cooling rate for 3 h to discover the optimum cal-

cinations temperature. The calcined powders were mixed

with 4 wt% binder and then ball-milled again in ethanol for

24 h. Subsequently, the calcined powders were pressed into

disks with a diameter of 15 mm at a pressure of 80 MPa.

The disk samples were then sintered from 1050 to 1250 �C

for 2 h to discover the optimum sintering temperature. In

order to compensate for the PbO loss during the process of

calcination and sintering, excess PbO was added. The

excess PbO was subdivided into 0, 1, 3, 5, and 10 wt% at

calcination and sintering temperatures of 950 and 1250 �C,

respectively.

The reactions of the uncalcined PST75 powders taking

place during heat treatment were investigated by differ-

ential thermal analysis (DTA) and thermo gravimetric

analysis (TGA). The structure phase of the calcined

powders and sintered ceramics was identified using an

X-ray diffractometer (XRD). The typical size of the

crystallites was determined from scanning electron

microscopy (SEM). The apparent density of the samples

was measured by the Archimedes method with distilled

water as the fluid medium. Silver electrodes were con-

structed on two major surfaces of the polished samples

and dielectric measurements were performed using a LCR

meter (Agilent 4263B).

Results and discussion

The DTA–TGA simultaneous analysis of the powders

mixed in stoichiometric proportions of PST75 is displayed

in Fig. 1. The sharp decrease curve of the TGA, between

250 and 320 �C, indicated a major weight loss due to the

process of getting rid of the left over burned plastic during

the ball milling and related to a small endothermic peak at

331 �C in the DTA curve. The second weight loss was

Fig. 1 The DTA–TGA curves for the mixture of PbO, SrCO3, and

TiO2 powders

Fig. 2 XRD pattern of PST75 a calcined powders and b sintered

ceramics with different firing temperatures (asterisk PbO), (inverted
triangle SrCO3), (square TiO2), and (circle TiO)
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observed above 600 �C, which related to the endothermic

peak at 939 and 985 � on the DTA curve. These tempera-

tures caused many chemical reactions between the PbO,

SrCO3, and TiO2. From previous works reported, synthe-

sizing pure PbTiO3 based on the solid-state reaction

between PbO and TiO2 typically occurs at temperatures

higher than 630 �C [16], while the pure perovskite phase of

SrTiO3 is produced by the solid-state reaction between

SrCO3 and TiO2 at temperatures above 1300 �C [17]. Chen

et al. [18] prepared pure PST powders via the solid-state

reaction method by calcining at 900 �C for 2 h. Therefore,

the reaction between PbO, SrCO3, and TiO2 of PST75

should begin at a temperature higher than 600 �C but not

greater than 1300 �C. These data were used to define the

range of calcination temperatures.

The XRD patterns of PST75 calcined powders and

sintered ceramics at various temperatures are shown in

Fig. 2a, b. The XRD pattern shows a major X-ray reflection

peak in the perovskite PST75 phase, indicating the poly-

crystalline nature of the powder with (110) as the major

peak. For the powders calcined at \950 �C, the index of

the tetragonal structure matched JCPDS file number

06-0452 [19] and an X-ray peak of precursors (PbO,

SrCO3) and impurities (TiO2, TiO) appeared. The pure

cubic perovskite phase was discovered in powders calcined

C950 �C, which were matched with JCPDS file number

05-0634 [20] and earlier reports [9, 10]. Crystallinity of the

calcined powders was improved by increasing the calci-

nation temperature, as indicated by the increase in intensity

of the X-ray diffraction peak. The relative amounts of the

perovskite phase were calculated by measuring major peak

intensities of the perovskite phase. The percentage of

perovskite is described by the following equation:

% perovskite phase

¼ Iperov

Iperov þ IPbO þ ISrCO3
þ ITiO2

þ ITiO

� �
� 100 ð1Þ

This well-known equation is widely employed in the

preparation of complex perovskite structure materials [9, 21].

Iperov; IPbO; ISrCO3
; ITiO2

, and ITiO refer to the intensity of the

(101) perovskite peak and the intensities of the highest PbO,

SrCO3, TiO2, and TiO peaks, respectively.

The percentage of the perovskite phase of the PST75

calcined powders was increased from 10 to 96 when the

calcination temperature increased from 600 to 900 �C.

When increasing the calcination temperature above

950 �C, the percent of the perovskite phase of the samples

reached a hundred percent, Table 1. The a-, c-axis lattice

constants of PST75 calcined powders at different temper-

atures were calculated from the (001)/(100) and (002)/

(200) XRD peaks and are shown in Fig. 3. When the cal-

cined temperatures increased, the a-axis parameter of the

tetragonal structure increased whereas the c-axis parameter T
a
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decreased. The c/a ratio and unit cell volume of PST75

decreased with increasing calcined temperatures, as listed

in Table 1. In Fig. 2b, the sintered pellets show a pure

perovskite phase. The diffraction patterns of PST75 could

be indexed with respect to a cubic structure. The a-axis

lattice constantly decreased with increased sintering tem-

peratures, see Table 1. These indicate that the calcination

and sintering temperatures have a direct bearing on the

phase formation and lattice parameters.

Figure 4a, b shows SEM photomicrographs of PST75

calcined powders at different temperatures. In general, the

particles have a spherical morphology. The average particle

size increased from 0.12 to 0.38 lm, when the calcination

temperature was increased from 600 to 1000 �C, Table 1.

Figure 4c, d shows the microstructure of PST75 ceramics at

different sintering temperatures. It was found that increasing

sintering temperatures helped grain size growth, Table 1. A

similar result was found in Nb-doped PZT and

Pb(Zr0.44Ti0.56)O3 ceramics [22, 23]. A porous microstructure

with a small grain size was observed in the PST75 sintered at

1050 �C. When sintering temperatures increased from 1050 to

1250 �C, the porosity of the PST75 ceramics decreased.

However, when the sintering temperature was higher than

1250 �C, the PST75 ceramics became very fragile.

The densities and shrinkage of the PST75 ceramics are listed

in Table 1. The density and shrinkage increased with increased

sintering temperatures, and the maximum value was 5.99 g/

cm3 and 13.3% obtained from ceramics sintered at 1250 �C.

The dielectric constant and dielectric loss of PST75 sin-

tered ceramics as a result of temperature are listed in Table 1.

The dielectric constant of the samples increased when sin-

tering temperatures increased from 1050 to 1250 �C. The

dielectric loss increased at first and then dropped as the

sintering temperature[1100 �C.

To compensate for PbO loss from evaporation during

calcination and sintering, some excess PbO is usually

added during the batch preparation. The batch is then

Fig. 4 SEM photomicrographs of PST75 at different firing temperatures: a 600 �C and b 950 �C of calcined powders, c 1050 �C and d 1250 �C

of sintered ceramics

Fig. 3 Lattice parameters of PST75 powders at different calcination

temperatures
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calcined and sintered at 950 and 1250 �C, respectively. The

X-ray diffraction patterns of PST75 calcined powders,

containing different amounts of PbO, are shown in Fig. 5a.

The crystal structure of the PST75 system was proposed as

a cubic phase. The impurity phase of PbO and PbO2 was

found in the C3 wt% excess PbO sample. The impurity

phases occurred because of too much lead for the proper

reaction during calcinations [13, 14]. The percentage of the

perovskite phase decreased from 100 to 92 when excess

PbO was higher than 1 wt%, see Table 2. The impurity

phase was not obtained in any of the ceramics samples, see

Fig. 5b. This indicated that the excess PbO exceeded that

required to maintain compositional control (assumed) in

the PST75 powders and was eliminated from the sample by

volatilization during sintering at 1250 �C. The perovskite

phase in the ceramics reached a hundred percent in all

samples. The lattice parameter a of PST75 in the calcined

powders and sintered ceramics decreased from 3.9159 to

3.9127 Å and 3.8960 to 3.8864 Å, when increasing excess

PbO from 0 to 10 wt%, as listed in Table 2. In the case of

the PbTiO3, the sample deficient in PbO exhibited an

increase of lattice parameter a [24]. The decrease of lattice

parameter a in this study indicated that the excess PbO was

utilized to compensate for PbO-volatility.

The SEM photomicrographs of PST75 calcined powders

with various PbO excess are shown in Fig. 6a–c. These

powders exhibited an almost spherical morphology and

agglomeration. The average particles size increased from

0.24 to 0.59 lm with increased PbO content from 0 to

10 wt%, see Table 2. Figure 7a–c reveals the SEM photo-

micrograph of PST75 sintered pellets. The grain growth of

the PST75 continuously increased with increased excess

PbO, changing from 0.59 to 0.76 lm, as listed in Table 2.

The PbO may be combined into the ceramics and therefore

less liquid phases exist in the grain boundaries. This would

hinder the grain growth [14]. A porous microstructure was

also found on the surface of the samples without (0 wt%)

and with 1 wt% PbO content. With the addition of 3 wt%

excess PbO, the porosity decreased, due to a liquid phase

Fig. 5 XRD pattern of PST75 a calcined powders and b sintered

ceramics with different amounts of excess PbO (asterisk PbO) and

(diamond PbO2)

Table 2 % perovskite phase, lattice parameter a, average particle size, average grain size, density, and dielectric properties of the PST75

samples with different excess PbO contents

Excess

PbO (wt%)

Calcined powder Sintered ceramic

Perovskite

phase (%)

Lattice

parameter

a (Å)

Average

particle size

(lm)

Lattice

parameter

a (Å)

Average grain

size (lm)

Density

(g/cm3)

Dielectric

constant at Troom

Dielectric

loss at Troom

0 100 3.9159 0.24 3.8960 0.59 5.99 1930 0.39

1 100 3.9151 0.26 3.8919 0.61 6.01 1975 0.33

3 97 3.9143 0.38 3.8917 0.63 6.26 2325 0.08

5 93 3.9135 0.47 3.8903 0.64 5.78 2457 0.19

10 92 3.9127 0.59 3.8864 0.76 5.75 2242 0.20
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which formed between the perovskite grains. The porosity

increased with an increase of excess PbO. This could be

caused by the loss of PbO from the compact pellet which

increased its porosity.

The densities of the PST75 ceramics are listed in Table 2.

The density increases with increased PbO, reaches a maxi-

mum value at 3 wt% excess PbO, and slightly decreases

above [3 wt% excess PbO. The density results can be

Fig. 6 SEM photomicrographs of PST75 made from starting with different excess PbOs: a 0 wt%, b 3 wt%, and c 5 wt% of calcined powders

Fig. 7 SEM photomicrographs of PST75 made from starting with different excess PbOs: a 0 wt%, b 3 wt%, and c 5 wt% of sintered ceramics
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correlated to the microstructure since the high density for

3 wt% excess PbO samples showed high degrees of close

grain packing, whereas the low density of the sample with

[3 wt% excess PbO contained many pores. Thus, the

porosity of the samples has a marked effect on density. The

increases and decreases in the densities of the PST75

ceramics are due to the degree of porosity. The density and

porosity depend on the amount of PbO in the liquid phase. In

the presence of excess PbO, the densification of the samples

takes place by a rapid rearrangement of the particles sur-

rounded by the liquid phase. This process becomes more

intense if a sufficient liquid phase is present to allow an easy

rearrangement of the grains. Consequently, the densification

should be proportional to the amount of liquid PbO. In this

study, the amount of liquid PbO was not enough to fill in the

pores of the sample without excess PbO (0 wt%) and with

excess PbO 1 wt% and appeared on the porous microstruc-

ture of the surface of these samples. When the excess PbO

was raised to 3 wt%, the effect of decreasing porosity con-

centration resulted in higher densification. However, a large

amount of the PbO liquid phase can produce an initial rapid

densification but a lower final density because of void for-

mation due to PbO evaporation. As a consequence the

porosity of the pellet increases [12, 25]. In this study, the

reduction in density for the 5 and 10 wt% samples is con-

sistent with an excessive amount of PbO in these samples. In

the previous study, excess PbO 1 wt% was added to the Pb-

based samples (PBZ, PBT, PCT) to obtain a higher densifi-

cation [13, 14, 26]. In this study, the calcination and sintering

were performed at a higher temperatures so a higher excess

PbO content (3 wt%) was added in the PST samples to

compensate for the vaporization of PbO.

The dielectric constant and dielectric loss of the PST75

ceramics with various excess PbO content are listed in

Table 2. The dielectric constant increased with an increased

PbO until 5 wt% and then decreased with higher excess PbO.

However, the lowest dielectric loss was observed from the

3 wt% excess PbO samples. The dielectric constant and

dielectric loss of the excess PbO samples (Table 2) were

higher and lower than the samples without excess PbO

(Table 1). This indicated that the electrical properties of

lead-containing ceramics produced by the solid-state reac-

tion method can be improved by the addition of excess PbO.

Conclusions

Firing temperatures and excess PbO have a strong influence

on the crystal structure, microstructure, and lattice

parameter of PST75 ceramics. The optimal calcination and

sintering conditions were found to be 950 and 1250 �C,

respectively. The PST75 powders calcined below\950 �C

were indexed with a tetragonal structure, while the pure

cubic perovskite phase was discovered in powders calcined

at C950 �C. For the ceramic samples, the lattice parameter

a decreased while grain size increased with increasing

sintering temperatures. The maximum density of the

ceramics was discovered in the pellets sintered at 1250 �C.

Furthermore, the particle size and average grain size

increased with an increase of excess PbO. Appropriate

amounts of the liquid phase can decrease porosity. The

density can be improved by adding 3 wt% of excess PbO.
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