
Dielectric and piezoelectric properties of PZT ceramics doped with

strontium and lanthanum
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Abstract

PZT based piezoelectric ceramics obtained by doping with various levels of Sr2+ and La3+, designated as PSLZT, were prepared by conventional

processing techniques. The effects of Sr2+ and La3+ additions, and that of the Zr/Ti ratio on microstructure, on phase constitution, and on the

dielectric and piezoelectric properties were investigated. XRD data revealed that all PSLZT compositions had perovskite structure in which

increasing Sr and/or decreasing Zr/Ti ratio increased the tetragonality. In PSLZT ceramics the morphotropic phase boundary (MPB) appeared as

regions extending from Zr/Ti ratio of 52/48 to 58/42. Among all compositions studied, the PSLZT ceramic having 5 at% Sr2+ and 1 at% La3+ with a

Zr/Ti ratio of 54/46 exhibited a peak piezoelectric strain coefficient of d33 = 640 pC/N with attending dielectric and electromechanical parameters

KT
33 ¼ 1800, kp = 0.56, Qm = 70, and tan d = 1.55%.
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1. Introduction

Piezoelectric ceramics based on lead–zirconate–titanate

(PZT) are widely used for numerous applications in the

microelectronics industry. In order to tailor the physical

properties required in specific applications, PZT ceramics are

usually doped with small amounts of other oxides. The

compositions neighboring the morphotropic phase boundary

(MPB) exhibit enhanced piezoelectric activity; therefore the Zr/

Ti ratio in the ceramic has also been given an important

consideration in the production of PZT ceramics. The effects of

Zr/Ti ratio and those of different additives on the structural and

electrical properties of PZT ceramics were investigated

extensively in various earlier studies [1–8].

Present study is concerned with the PSLZT ceramics which

have dual incorporation of Sr and La into the PZT. Sr is an

isovalent additive substituting for Pb on the A site in the

perovskite structure. It has entered into the formulation of a

large number of PZT ceramics, including both the soft and the
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hard types. Sr additions exhibited improved dielectric

permittivity, e, and larger piezoelectric strain coefficient, d31,

with slight increase in the electromechanical coupling factor,

kp, These effects were attributed to the straining of the PZT

lattice due to the smaller size of Sr as compared to that of the

parent Pb [9–12]. The ceramic with composition

Pb0.95Sr0.05Zr0.53Ti0.47O3 or Pb0.94Sr0.06Zr0.53Ti0.47O3 has been

denoted as the basis for the commercial PZT4 [13,14]. Such

ceramics were shown to exhibit favorable depoling character-

istics [15].

Because the size of the La3+ ion (0.136 nm) is compatible

with that of Pb2+ (0.149 nm) it has been used as an additive to

PZT in manufacturing two different types of PLZT ceramics.

The compositions rich in ZrO2 have been hot pressed for use in

electrooptic applications due to their transparency and high

photostriction. The notable composition developed for this

purpose was a ZrO2-rich hot-pressed PLZT denoted as 9/65/35,

the ratio standing for the atomic percentages of La/Zr/Ti [16].

The second group of PLZT ceramics has much lower ZrO2

content; their compositions lie closer to or within the MPB

region. Large improvements were obtained in dielectric

permittivity and piezoelectric strain coefficient when small

additions (usually <2 wt%) of La2O3 was made as a donor
d.
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dopant to various PZT compositions [17–22]. The highest

piezoelectric strain coefficient reported in the literature for a

MPB type pure PLZT ceramic was achieved in the composition

Pb0.97La0.03(Zr0.53Ti0.47)O3; the value attained was d33 = 455

pC/N [23].

Although the literature on the dielectric and piezoelectric

properties of PSZT and PLZT type ceramics is wealthy, similar

information on the PSLZT ceramics is rather scarce. Kulcsar

[24] showed that dielectric permittivity and the radial piezo-

electric strain coefficient could be enhanced upon incremental

additions of La2O3 into the base Pb0.95Sr0.05(Zr0.54Ti0.46)O3

ceramic. However, his results were rather inconsistent and the

synergy emanating from dual doping of Sr and La was not clear.

Mehta et al. [25] examined the structural changes in

Pb0.94SrxLay(Zr0.52Ti0.48)O3 in terms of the variation in the

tetragonality index as a function of co-doping. They provided

no data on electromechanical properties. Recent data obtained

by Ramam and Chandramouli [26] on the effects of Sr

substitution into a PZT which contained La and Mn as co-

dopants was limited to a ceramic of fixed composition. The

effects of variations in the parameters like Zr/Ti ratio and La

content were not examined and the amount of Sr addition was

confined to �1 at%. In view of the scarcity of information on

electromechanical properties of PSLZT ceramics the focus of

the present study was to examine in detail the effects of (Sr, La)

co-doping on the dielectric and piezoelectric properties of PZT

ceramics and the changes in the associated microstructures.

2. Experimental

2.1. Ceramic preparation

High purity powders of PbO, SrCO3, La2O3, TiO2 (Merck)

and ZrO2 (SEPR-CS10) were used to prepare the desired

compositions of PSLZT ceramics by the mixed-oxide method.

The oxide constituents were weighed in accordance with the

molecular formula Pb1 � x � ySrxLay(ZrzTi1 � z)1 � (y/4)O3

(x = 0.0–0.05, y = 0.0–0.05, and z = 0.5–0.6). This formulation

was preferred due to the enhanced sinterability stemming from

the slight excess (�0.5 wt%) of PbO over the A-site formula

despite the fact that the charge neutrality condition is met by

forming vacancies on both the A and B sites of the perovskite

lattice [17,18]. Each powder batch was blended thoroughly in

an agate mortar and pestle under ethanol. The dried mixture was

compacted as a slug in a hardened steel die and then calcined at

820 8C for 2 h. The product was ball milled for 12 h; it was

dried and then given a second calcination at 850 8C for 2 h. The

final slug was crushed and ball milled in a plastic vial for 16 h.

All millings were done with stabilized zirconia balls in a

medium of ethanol. The average particle size of the powder

obtained by this process, determined with a Malvern

Mastersizer 2000 laser particle size analyzer, was about 1 mm.

Green ceramic discs, each measuring 13 mm in diameter and

1 mm in thickness, were prepared from the PSLZT powders

plasticized by 3 wt% PEG addition. The discs were compacted

by uniaxial pressing in a hardened tool steel die under a load of

150 MPa. After binder burnout in air at 600 8C, the discs were
sintered by soaking at 1240 8C for 2 h in a closed saggar

assembly which contained PSLZT bedding to inhibit PbO

evaporation from the ceramic samples. In line with the

suggestions made by Mohiddon and Yadav [27], the rates

during heating to the soaking temperature and cooling

afterwards were kept at 4 8C/min.

2.2. Characterization

The densities of sintered ceramics were determined by the

liquid displacement technique based on the Archimedes’

principle. Xylene was the immersion fluid. The microstructural

studies were conducted mainly on polished sections under a FEI

Nova Nano 430 FEG scanning electron microscope (SEM). The

polished surfaces were given a thermal etch at 1000 8C for 1 h

in enclosures containing PZT bedding to compensate for PbO

loss. Preceding the SEM work, the sample surfaces were

sputtered with gold. The average grain size was calculated on

the SEM micrographs by the usual linear intercept method [28].

The extent of porosity in the ceramics was also ascertained

from examination of their fracture surfaces under SEM.

XRD analyses were performed for monitoring the powder

synthesis process, for determination of the lattice parameters,

and quantification of the tetragonal, T, and rhombohedral, R,

phase fractions present in sintered ceramics. A Rigaku D/

max2200/PC model diffractometer was used with Cu-Ka

radiation, the diffraction data were collected over the 2u range

from 20 to 708 with a step size of 0.028.
For electromechanical measurements, the flat surfaces of the

sintered discs were lapped and then metalized with a silver

paste. Painted silver electrodes were fired at 750 8C for 20 min.

For the poling process, the electroded discs were exposed to a

DC electric field of 3 kV/mm for 30 min in a silicon oil bath at

120 8C.

The piezoelectric strain coefficient (d33) of each disc was

measured 24 h after poling, by a Berlincourt D33-meter. kp and

Qm were determined by the resonance/anti-resonance method

according to the IRE standards using a HP4194A impedance

analyzer. The parameters kp and Qm were related to the

resonance frequencies by means of the following expressions

[29,30]:

kp ¼
f a � f r

0:395 f r þ 0:574ð f a � f rÞ

� �1=2

(1)

Qm ¼
f 2
a

2pZmC f rð f 2
a � f 2

r Þ
(2)

where f r is the resonant frequency and fa is the antiresonant

frequency in the fundamental vibration mode. Zm and C

represent the resonant impedance and the capacitance on the

mechanical branch of the equivalent circuit, respectively. The

reliability of the data was checked by conducting measurements

on duplicate samples, the experimental uncertainty was con-

fined to �4% of the reported values.

The dielectric properties, free dielectric constant (KT
33) and

loss tangent (tan d), of the poled ceramics were calculated from



Fig. 1. SEM micrographs of Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics with increasing La content: (a) y = 0.00, (b) y = 0.01, (c) y = 0.04, and (d) y = 0.05.
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the capacitance and dissipation factor values measured at 1 kHz

and sample dimensions. Hysteresis behavior was characterized

with a modified Sawyer-Tower circuit at 25 8C using a 50 Hz

driving field. The Curie temperature, TC, of poled discs was

determined by establishing the variation of dielectric permit-

tivity with temperature in the range 100–350 8C. These

measurements were done at 1 kHz frequency by placing the

samples in a small pot furnace in which the data on permittivity

were taken upon cooling the ceramics from high temperature at

a rate of 3 8C/min.

3. Results and discussion

3.1. Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics

The PSZT ceramic selected for modification by La was the

PZT having 5 at% Sr and a Zr/Ti ratio of 54/46. The selection

was based on a preliminary compositional screening with

respect to an optimized combination of electromechanical

properties attainable within the MPB region of

Pb0.95Sr0.05Zr1 � zTizO3 ceramics. The d33 = 305 pC/N mea-

sured for the ceramic Pb0.95Sr0.05Zr0.54Ti0.46O3 matched
perfectly with the one reported by Lal et al. [12] for their

MPB composition. It should be noted that the MPB region of

the PSZT ceramics studied in the present work was broader

than the one reported by Lal et al. [12] due to differences in

methods of ceramic powder synthesis.

The ceramic Pb0.95Sr0.05Zr0.54Ti0.46O3 was modified by

partial substitution of La3+ ions for Pb2+ with increasing levels

of La up to 5 at% replacement in the molecular formula of the

PSLZT. The data on various physical properties of these

ceramics are given in Table 1.

The densification behavior was rather complex; at lower

levels of La the ceramics attained higher densities than the

base PSZT, but the densification became poorer above 4 at%

La due probably to reduced rates of volume diffusion

reflected in smaller grain size. The SEM micrographs shown

in Fig. 1 revealed that average grain size decreased

continuously with increased La substitution. The reduction

in the grain size has been attributed to the solid solution

impurity drag mechanism in which the La ion concentration

gradient present at grain boundaries was claimed to cause

blocking of grain boundary mobility leading to substantially

slower grain growth rate [29].



Table 1

Physical properties of Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics.

y 0.000 0.005 0.010 0.020 0.030 0.040 0.050

d33 (pC/N) 305 490 640 535 490 430 425

kp 0.44 0.51 0.56 0.52 0.50 0.46 0.42

Qm 345 92 70 78 76 76 71

KT
33

1138 1347 1800 1963 1944 1850 1460

tan d (%) 0.44 1.40 1.55 1.55 1.65 1.77 1.86

Density as %TD 96.94 97.80 98.29 98.78 98.78 97.38 96.63

Average grain size, mm 4.51 4.02 3.62 2.93 2.52 2.21 1.75
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The XRD patterns of the Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3

ceramics are shown in Fig. 2. At all levels of La addition, the

perovskite PSLZT consisted of a mixture of T and R phases.

The overlapping triplet peaks from the (2 0 0)T, (2 0 0)R, and

(0 0 2)T planes in the 2u range 43–468 were deconvoluted using

the Lorenzian profile function [21], and the relative volume

fractions of rhombohedral and tetragonal phases, %R and %T,

were estimated from the intensities I(2 0 0)R, I(2 0 0)T, and

I(0 0 2)T through the following relationships:

%R ¼
Ið2 0 0ÞR

Ið2 0 0ÞT þ Ið2 0 0ÞR þ Ið0 0 2ÞT
; %T ¼ 100�%R (3)

The calculations on the relative proportions of the T and R

phases in this group of PSLZT ceramics as a function of La

content led to the distribution shown in Fig. 3. Obviously, La

additions did not destroy the stability of the T phase. This

observation is somehow different than the findings of Hammer

and Hoffmann [21]. According to their XRD work on the PLZT

solid solutions with Zr/Ti ratio of 53/47, the T phase content

showed fluctuations with varying levels of La addition. The

greater stability obtained in the relative amount of the T phase

in this work may be linked with the coexistence of Sr and La.

The variations in the piezoelectric properties of

Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics with La content

are shown in Fig. 4. A small amount of La substitution in the

base PSZT caused a large jump in the piezoelectric strain
Fig. 2. The XRD patterns of the Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics.
coefficient d33 which exhibited a peak value of 640 pC/N at

1 at% La. Additions of La beyond this limit resulted in reduced

d33 values. The same trend was observed in kp and KT
33. The

curve for KT
33 exhibited a rather diffuse pattern which may be

attributed to the gradual reduction of coupling, caused by

increased La substitution, between (Zr,Ti)O6 octahedra and the

A site occupants [30].

The complex behavior observed for d33, kp, and KT
33 in Fig. 4

was attributed to the competition between the vacancy effect

and the grain growth inhibition brought by La, both being

manifested in the movement of domain walls. In the PSLZT

ceramics of interest, the T phase was dominant which means

that the 1808 domains and 908 domains belonging to this

modification are of importance. During the poling process,

virtually all 1808 domains are oriented along the poling

direction; therefore the 908 domains gain further significance.

At low levels of La, the vacancies introduced by doping

facilitate the rotation of 908 domains and promote the motion of

the 908 domain walls leading to enhancement in electro-

mechanical properties. On the other hand, additions of La cause

reduction in the grain size which implies that the domain size is

also reduced [31]. Furthermore, the porosity increase at La

levels above 3 at%. Under these conditions, the domains get

clamped gradually by increasing La substitution due to the

pinning action of grain boundaries and the dominance of space

charge effects [32]. Hence, reductions in the electromechanical

properties are observed at higher levels of La doping. The
Fig. 3. The proportions of phases T and R in the

Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics as a function of La doping.



Fig. 4. Variations in the dielectric and piezoelectric properties of Pb0.95 � ySr0.05Lay (Zr0.54Ti0.46)O3 ceramics with increasing La substitution.

Fig. 5. Variations in Qm and tan d with La content in

Pb0.95 � ySr0.05Lay(Zr0.54Ti0.46)O3 ceramics.
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addition of La made the PSZT ceramic a soft piezoelectric as

can be seen in Fig. 5. The material assumed lossy

characteristics upon the smallest La substitution.

3.2. Pb0.94Sr0.05La0.01(Zr1 � zTiz)O3 ceramics

The data on physical properties of PSLZT ceramics with

1 at% La, 5 at% Sr and variable Zr/Ti content are given in Table

2. Based on comparison with x-ray densities, the ceramics

densified to better than 97% of the theoretical. SEM

observations on fracture surfaces also revealed limited porosity.

The average grain size was not affected much by the Zr/Ti ratio.

The effective packing of the grains, seen in the SEM

micrographs of the thermally etched surfaces in Fig. 6 may

be the reason for good densification.

Fig. 7 shows XRD patterns of the Pb0.94Sr0.05La0.01(Zrz-

Ti1 � z)O3 ceramics. The patterns revealed the co-existence of T

and R modifications. The proportions of T and R phases in the

MPB are displayed in Fig. 8. The MPB region was located

within the range of Zr/Ti extending from 52/48 to 58/42. Inside

this region, the change in the lattice constants and tetragonality

with the Zr/Ti ratio is shown in Fig. 9. The tetragonality index

of 1.021 and the aR value of 4.067 Å at the Zr/Ti ratio of 52/48

were consistent with the values determined by Mehta et al. [25]

for the Pb0.94SrxLay(Zr0.52Ti0.48)O3 ceramics with La/Sr ratio

similar to the present work.
Table 2

Physical properties of Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.

z 0.50 0.52

d33 (pC/N) 393 480

kp 0.39 0.42

Qm 96 83

KT
33

972 1475

tan d (%) 1.15 1.46

Density as %TD 98.12 97.98

Average grain size, mm 3.31 3.44
In contrast to the situation observed on grain size, the

piezoelectric and dielectric properties were highly sensitive to

the Zr/Ti ratio. The dielectric and piezoelectric properties of the

Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 group ceramics, displayed in

Fig. 10, exhibited changes typical of MPB compositions. The

piezoelectric strain coefficient d33, the electromechanical

coupling coefficient kp, and the dielectric constant KT
33

exhibited visible maxima at Zr/Ti ratio of 54/46. The maxima

in these parameters were due to the coexistence of the
0.54 0.56 0.58 0.60

640 560 427 380

0.56 0.53 0.42 0.40

70 84 99 115

1800 1138 608 487

1.55 1.89 2.22 2.34

98.29 98.36 97.23 97.48

3.62 3.64 3.64 3.70



Fig. 6. SEM micrographs of the thermally etched surfaces of the Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics with Zr content of (a) z = 0.52, (b) z = 0.54, (c) z = 0.58, (d)

z = 0.60.

Fig. 7. The XRD patterns of the Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.

Fig. 8. Relative proportions of tetragonal and rhombohedral modifications in

Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.
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Fig. 9. The variations in lattice parameters of the T and R phases in the

Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.

Fig. 11. The hysteresis behavior in Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.
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tetragonal (T) and the rhombohedral (R) phases which lead to

high levels of electromechanical response. The enhanced

piezoelectric activity within the transition MPB region has been

attributed to the presence of a large number of energetically

equivalent states allowing a high degree of alignment of

ferroelectric dipoles and improved polarizability of the ceramic

[1].

Hysteresis behavior of the Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3

ceramics are displayed by the polarization curves shown in

Fig. 11. These PSLZT ceramics could be polarized rather

easily. In all samples the coercive field, Ec, was equal to or

smaller than 1 kV/mm, comparable to the magnitude of the Ec

reported earlier for PLZT ceramics [31]. The ceramics with

lower Zr/Ti ratio exhibited loops of ferroelectrically harder PZT

ceramics owing to the dominance of the T phase. The increase

in the Zr/Ti ratio resulted in higher remanance and lower

coercive field, as shown in Fig. 12. The area occupied by the

hysteresis loop, which is a measure of polarization energy,

became increasingly smaller as the Zr content was raised. These
Fig. 10. Variations in the dielectric and piezoelectric pro
features are correlated well with the increased proportion of the

rhombohedral phase in PZT compositions having relatively

higher Zr level [33].

3.3. Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics

The effect of Sr content on the dielectric and piezoelectric

properties of Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics was

studied by changing the Sr-content from 0 to 5 at%. Various

physical properties measured in this system are listed in Table

3. The densification was improved with increasing Sr

substitution in PLZT. Sr was instrumental in grain growth as

evidenced by the SEM micrographs shown in Fig. 13. The

average grain size in the PSLZT ceramic doped with 5 at% Sr

rose to 3.62 mm as opposed to 1.4 mm in the PLZT having

no Sr.
perties of Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.



Fig. 12. Variation of coercive field and remnant polarization with Zr/Ti ratio in

Pb0.94Sr0.05La0.01(ZrzTi1 � z)O3 ceramics.
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The XRD patterns shown in Fig. 14, and the fractions of T

and R phases given in Fig. 15 revealed that the tetragonal

phase formation was favored at all levels of Sr substitution.

The proportion of the T phase increased steadily from
Fig. 13. SEM micrographs of the Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics modifi

(d) x = 0.05.
55 vol% in the Sr-free PLZT ceramic to 83 vol% as Sr was

raised to 5 at%.

Fig. 16 shows the changes in the dielectric and piezoelectric

properties of the Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics.

With increasing Sr substitution the dielectric constant KT
33

exhibited a continuous rise, indicating a steady enhancement in

polarization due to the elimination of the effect of compression

of the 1808 domains in the T phase [34]. The effect of Sr on the

piezoelectric strain coefficient was more striking; the parameter

d33 was a modest 260 pC/N in the PLZT without Sr but it raised

to 610 pC/N with 3 at% substitution of Sr for Pb. Seemingly, the

piezoelectric activity reached near saturation at 3 at% Sr

addition. Planar coupling coefficient showed steady improve-

ment with Sr, but the loss tangent was not affected drastically

from the presence of Sr in PLZT.

The deflection in the d33 curve at 3 at% Sr substitution is

reflected in the dynamic polarization behavior of the PSZLT

ceramics as depicted by the hysteresis curves shown in Fig. 17.

The hysteresis loops could be classified under two major

groups. The loops of the ceramics with low Sr were round in

shape; these had smaller grain size and they exhibited lower
ed with various levels of Sr addition: (a) undoped, (b) x = 0.02, (c) x = 0.04, and



Table 3

Physical properties of Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics.

x 0.00 0.01 0.02 0.03 0.04 0.05

d33 (pC/N) 260 400 505 610 625 640

kp 0.40 0.48 0.49 0.52 0.54 0.56

Qm 55 58 63 60 67 70

KT
33

810 895 1020 1240 1520 1800

tan d (%) 1.60 1.64 1.48 1.50 1.55 1.55

Density as %TD 94.06 95.62 96.25 96.89 97.83 98.29

Average grain size, mm 1.40 1.60 2.00 2.75 3.25 3.62
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electromechanical coupling. The ceramics having Sr � 3 at%

had square-like hysteresis loops; they had higher kp, and their

remanance was also higher due to the increased freedom of

domains emanating from removal of the clamping effect on

domains which is associated with larger grain size.

The coercive field and remanance values in the low Sr group

can be compared with the data provided by Nasar et al. [35] on

the Pb(Zr0.53Ti0.47)O3 ceramics doped with up to 1.5 at% Sr.
Fig. 14. The XRD patterns of the Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics.

Fig. 16. Variations in the dielectric and piezoelectric prop
Their results for the ceramic with 1.5 at% Sr were Ec = 780 V/

mm, and Pr =8.9 mC/cm2. The values determined for the low-Sr

group ceramics of this study, shown in Fig. 18, were quite

comparable; Ec = 720 V/mm, and Pr = 8.5 mC/cm2.

Temperature dependence of the dielectric constant of the

Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics is displayed by the

curves in Fig. 19. There was a continuous decrease in the Curie

temperature (TC) with increasing Sr addition. The Curie
Fig. 15. T and R proportions in Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics

with variable Sr content.

erties of Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics.



Fig. 17. Ferroelectric hysteresis loops of Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3

ceramics.

Fig. 18. Variation of coercive field and remnant polarization with Zr/Ti ratio in

Pb0.99 � xSrxLa0.01(Zr0.54Ti0.46)O3 ceramics.

Fig. 19. The change in the dielectric constant of the Pb0.99 � xSrxLa0.01(Zr0.54-

(Zr0.54Ti0.46)O3 ceramics with temperature.
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temperature of the undoped Pb(Zr0.54Ti0.46)O3 ceramic was

reported as 385 8C [9]. La addition at 1 at% level caused a large

decrease in the Curie temperature of this ceramic; the TC was

measured as 339 8C. The PSLZT ceramic with 1 at% La and

5 at% Sr had a TC of 272 8C. Since Sr and La exhibit similar

straining effects on the perovskite lattice the drop in TC was

consistent with studies reported in the literature [9,23]. The

trend of lower TC in the presence of Sr has been observed in

other PZT families, the effect has been correlated with the ease

of transformation from T phase to R modification at lower

temperatures due to the smaller size of the dopants [36].

4. Conclusions

PZT ceramics modified with simultaneous additions of Sr

and La were produced with pure perovskite structure through

conventional ceramic processing techniques. The incorporation

of Sr2+ into the PZT lattice stabilized the tetragonal symmetry

over the rhombohedral one and enhanced the grain growth

during sintering. Although La had similar effect on the stability

of the tetragonal phase it had the tendency of decreasing the

grain size. In the co-doped ceramics, satisfactory densification

could be attained due to effective development of the

microstructure consisting of a mixture of large and small grains.

Combination of Sr and La as co-dopants had great

implications on the dielectric and piezoelectric properties of

the PZT ceramics. A remarkably high strain coefficient d33 of

640 pC/N was attained in the PSLZT ceramic containing 1 at%

La and 5 at% Sr, the Zr/Ti ratio being the one on the MPB. The

Curie temperature of this particular ceramic was 272 8C.
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