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Abstract The polycrystalline ferroelectric compounds of

general formula Pb1-XBaXTiO3 with X = 0.00, 0.1, 0.2 and

0.5 were prepared by high temperature solid-state reaction

technique using high purity oxides and carbonates. The

compounds formation was confirmed by X-ray diffraction

and all the X-ray peaks were indexed with tetragonal

structure of space group P4mm. Morphology and particle

size of the compounds were obtained using scanning elec-

tron microscopy. Ferroelectric phase transition, enthalpy

change, and specific heat of the compounds were obtained

using modulated differential scanning calorimetry. It was

observed that the phase transition temperature decreased

linearly with the increase of substitution concentration.

Keywords Ferroelectrics � Heat capacity �
Phase transition � SEM � X-ray diffraction

Introduction

Progress in materials development and characterization has

led to the generation and identification of several novel,

electronic, optoelectronic, and smart materials. Ferroelec-

tric oxide-based ceramic materials are most promising for

different electronic devices due to their high dielectric,

piezoelectric, pyroelectric, and electro-optic constants as

well as the existence of hysteresis loop with bistable

memory states [1–6]. In ABO3 type perovskite ferroelec-

trics, A-cation occupies the corners and B-cation occupies

the center position in the unit cell with oxygen ions at the

centre of the faces. In this type of structure, A and B-cation

sites may be substituted either fully or partially by the other

homovalent or heterovalent cations [7–9]. It is possible to

substitute more than one type of metal ions in the B-cation

site for valence compensation [10, 11]. It is also observed

that a combination of trivalent and pentavalent cation

substitution on the B-site was favorable for the formation

of the perovskite structure [12]. However, the large varia-

tions of composition are accompanied by changes in

structure, which may have profound effect on the other

physical properties of the materials. PbTiO3 is one such

perovskite type ferroelectric material having the following

characteristics: transition temperature (Tc) = 763 K,

tetragonality c/a = 1.064, and dielectric constant (K) =

200 at room temperature [13]. It has a large crystal

anisotropy in the spontaneous polarization and because of

this it is very difficult to prepare dense ceramics of pure

PbTiO3 [14, 15]. The combinations of divalent and penta-

valent materials not only densify the material but also

enhance the other physical characteristics. One such divalent

additive is Ba, which takes the A-cation site in the perovskite

structure. In the literature a large number of works have been

reported on thin films and ceramics of pure and substituted

PbTiO3 [16–22] as well as either fully or partially substituted

PbTiO3 on B-cation site in the ceramic form [23]. But no

systematic report appeared on the substitution of A- cation

site in PbTiO3 ceramic as we are reporting.

The present paper reports on the phase transition of

Pb1-XBaXTiO3 (X = 0.00, 0.1, 0.2, and 0.5) by differential

scanning calorimetry (DSC) studies. In place of conven-

tional DSC studies the phase transition is measured by
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modulated differential scanning calorimetry (MDSC). In

MDSC an additional sinusoidal thermal excitation is

superimposed as if two experiments are running simulta-

neously. The linear heating rate provides the information

about heat flow (enthalpy exchange, DH), whereas the

sinusoidal heating rate provides the heat capacity (Cp) of

the material under investigation. Therefore, MDSC gives

more quantitative and accurate measurement of heat

capacity as well as enthalpy change at the transition tem-

perature. Not only this but complex transitions can also be

analyzed more accurately and easily through MDSC.

Experimental

The polycrystalline samples of Pb1-XBaXTiO3 with

X = 0.00, 0.1, 0.2, and 0.5 have been prepared using the

high purity chemicals PbO, BaCO3, and TiO2 (99.9% pure

obtained from Aldrich chemicals Co USA and CDH

Bombay) by standard solid-state reaction technique. The

stoichiometric amounts of these oxides and carbonates

were mixed and milled for several hours and then calcined

at 1073–1173 K for 24 h. The process of milling and cal-

cinations was repeated for a number of times and finally

cylindrical pellets were made after applying pressure

around 498 MPa (*5 t/cm2) in a hydraulic press. These

pellets were sintered at *1423 K for 4–6 h. The formation

of the single phase compounds was confirmed by X-ray

diffraction technique using the Rigaku X-ray diffractome-

ter with Cu Ka radiation and nickel filter in a wide range of

2h from 10� to 90� with a scanning rate of 2� per minute.

The instrument was calibrated using the pure silicon sam-

ple provided with the instrument. The surface morphology

as well as particle size was measured by scanning electron

microscopy (SEM) using the JEOL, JSM-5600 SEM with

different magnifications in back scattered mode. The par-

ticle size was also measured using the Scherrer equation

t = 0.9k/bcosh where k is the wavelength of the radiation

used, b is the full width at half maximum, and h is the

diffraction angle. The modulated DSC measurement was

carried out on TA Instruments Model 2910 MDSC equip-

ment from room temperature (RT) to 873 K in inert (N2)

atmosphere with a heating rate of 5 K/min and ±0.75 K

modulations per 60 s.

Results and discussion

The X-ray powder diffraction patterns of Pb1-XBaXTiO3

with X = 0.00, 0.1, 0.2, and 0.5 are shown in the Fig. 1.

From the figure it is clear that the X-ray diagrams of the

substituted compounds are quite similar with that of the

pure compound except X = 0.5 where 001 reflection peak

is absent. It has also been observed that there is little shift

in the peak positions of the substituted compounds, which

are responsible for the corresponding minor change in the

structural parameters. The interplanar spacings (d-values)

obtained from the X-ray diagrams were used to calculate

the cell parameters by least square refinement method

using a standard computer program XRAYSCAN [24].

Comparison between observed (obtained from X-ray

powder diagram) and calculated (based on refined cell

parameters) d-values along with their Miller indices of the

lattice planes (hkl values) show good agreement between

them. To get a clear insight into the Ba-substitution effect

on the lattice it is observed that the tetragonality ratio c/a is

almost constant. The expansion and contraction of lattice

parameters along a- and c-axes with the substitution of

Ba2? ion in place of Pb2? ion is so small that the lattice

distortion is least and c/a ratio remains invariant. Thus,

X-ray analysis of all the samples indicated that the speci-

mens are of single-phase perovskite type tetragonal struc-

ture with space group P4mm.

The morphology obtained from the SEM micrograph of

the pure compound revealed that the particles are larger

than the average particle size of the substituted compounds.

Not only this, the distribution of the particles in the pure

compound is not very regular nor compact and shows voids

in between the grains. Due to this the pure compound even

after proper sintering is often brittle showing its charac-

teristic behavior consistent with the reported result [25].

The average particle size of the pure compound is around

5 lm (Fig. 2a). With the increase of substitution the
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Fig. 1 X-ray diffractograms of Pb1-XBaXTiO3. X = 0.00 (a),

X = 0.1 (b), X = 0.2 (c), and X = 0.5 (d)
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densification of the compounds increases and as the parti-

cle size reduces the density increases. Further increase in

the concentration of foreign ions in the host cation site

reduces the particle size more and more and densification

increases. Not only that, the particle size becomes more

and more spherical, showing the isotropic growth with an

average particle size of less than 1 lm (Fig. 2d), when the

foreign ion concentration increased up to 0.5. With the

increase of substitution the micrograph revealed that the

morphology of the particles shows narrower size distribu-

tion with spherical and isotropic growth of particle with an

average size that decreases with the increase of substitution

concentration. The average particle size as determined

from the SEM micrographs is in good agreement with that

obtained from the X-ray diffraction by Scherrer formula

and is shown in Table 1. The typical SEM micrographs for

X = 0.00, 0.1, 0.2, and 0.5 are shown in Fig. 2a–d.

The DSC curves of the pure and Ba2? substituted

PbTiO3 compounds are shown in Fig. 3. From the figure

it is clear that the pure PbTiO3 compound (Fig. 3a)

undergoes an endothermic ferroelectric phase transition at

Tc = 761 ± 2 K which is consistent with the reported

value [25]. Due to modulated heating profile the MDSC

provided a direct measurement of the specific heat of the

material at Tc. Apart from the endothermic peak at Tc, no

other peak/transition occurred in the measured tempera-

ture region. When the Ba2? ion is substituted in the

A-cation lattice site the Tc peak is shifted towards the

lower value, with a decrease in specific heat value at Tc.

With further increase of concentration the Tc decreases

again. It is observed that the gradual increase in the

concentration of Ba2? ion on the A-cation site of the host

lattice decreases the transition temperature and changes

the specific heat as well. This gradual decrease of Tc and

the corresponding change in the specific heat value with

the increase of X-concentrations for X = 0.00, 0.1, 0.2,

and 0.5 have been shown in Fig. 3a–d and in Table 1.

This change in Tc with the increase of substitution

concentration of Ba2? ion on removal of Pb2? ion on

A-cation site of the host lattice may be due to the dif-

ference in ionic size of Pb2? and Ba2? as discussed in our

earlier paper [6] as well as their different thermal char-

acteristics. This systematic change in Tc is consistent with

our X-ray data and SEM micrographs. The plot of Tc

versus the substitution concentration shows an inverse

relation (Fig. 4). The decrease in Tc with the increase of

substitution concentration has already been explained

above in Fig. 3a–d. Hence Fig. 4 is self explanatory and

need not require further explanation.
Fig. 2 SEM micrographs of Pb1-XBaXTiO3. X = 0.00 (a), X = 0.1

(b), X = 0.2 (c), and X = 0.5 (d)

Table 1 Variation of Tc with concentration of Ba2? ion in Pb1-

XBaXTiO3 and its corresponding DH and particle size values

Ba2? concentration/

In Pb1-XBaXTiO3

Tc/K DH/Jg-1 Particle

size/lm

X = 0.00 761 ± 2 2.42 *5

X = 0.1 734 2.02 *2

X = 0.2 702 1.36 \2

X = 0.5 596 0.67 \1
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Conclusions

From the above studies it is concluded that the binding

strength among the particles of the pure PbTiO3 compound

is so poor that the distribution of the particles become

irregular and show voids in between the grains even after

applying the proper sintering conditions of time and tem-

perature. Hence pure compound shows very high value of

Tc * 763 K. But with the gradual increase of the homo-

valent isoelectronic cation substitution on A-cation site, the

binding strength among the particles increases causing the

reduction in particle size and hence enhanced density. Due

to reduction in particle size the thermal stability of the

material is increasing and transition temperature decreas-

ing. Thus, we see that the substitution of isoelectronic

foreign atom on the A-cation site of the host lattice, the

material characteristics get improved and provide better

results for eventual functionality.
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