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In this paper, some compositions belonging to th
0.98Pb(Zr.,Ti,)O; — 0.02La(Fe*,s Nb%,5)0; system have
been investigated. The considered materials have been
obtained by solid state reaction technique at high
temperatures (1100°C, 1150°C, 1200°C and 1250°C). Three
values of x (one in tetragonal region, one in Morphotropic
Phase Boundary-MPB- region and one in rhombohedral
region) have been chosen for the study in the range of 0.42 -
0.58. Sintering behaviour of the ferroelectric compositions
has been studied by the experimental determination of the
density by the method Archimedes. These ferroelectric
compositions have been investigated in terms of their
structural behaviour using X-ray diffraction (XRD) analysis.
The XRD results have evidenced the formation of the
perovskite type structure for all the studied compositions.
The influence of the Zr**/Ti* ratio correlated to the sintering
temperature on the degree of incorporation of the elements
in the solid solution have been studied too. All the
considered ferroelectric = compositions have been
characterized by a high anisotropy. The PZT modified
compositions reveal that the piezoelectric properties are
governed by the Zr**/Ti* ratio and the sintering temperature
too. For the electromechanical coupling factor (k,) the
maximum value k, = 0.67 has been obtained for the
composition with x = 0.58 and sintered at 1200°C.

in aceastd lucrare au fost cercetate unele compozitii
apartinind sistemului 0.98Pb(Zr.,Ti,)O; — 0.02La(Fe**,s,
Nb**,.5)O;. Materialele au fost obtinute prin tehnica reactiilor
in stare solida la temperatura ridicate. Au fost alese trei
valori compozitionale specifice (in zona tetragonala, la
limita morfotropica, respectiv in zona romboedrica), cu x
intre 0.42 si 0.58. Comportamentul materialelor feroelectrice
la sinterizare a fost studiat prin determinarea experimentala
a densitatii, prin metoda Arhimede si din punct de vedere
structural prin analiza de difractie de raze X (DRX). Analiza
DRX a pus in evidenta formarea unei structuri de tip
perovskit pentru toate compozitiile studiate. A fost studiata
influenta raportului Zr**/Ti** si a temperaturii de sinterizare
asupra gradului de asimilare a elementelor in solutia solida
formata. Toate compozitiile feroelectrice studiate au
prezentat un grad de anizotropie ridicat, iar compozitiile cu
structura PZT modificata prezinta proprietati piezoelectrice
dependente de raportul Zr**/Ti*, dar si de temperatura de
sinterizare. Valoarea maxima a factorului de cuplaj
electromecanic (k,), k, = 0.67, a fost obtinuta pentru
compozitia cu x = 0.58, sinterizatd la temperatura de
1200°C.
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1. Introduction

Ferroelectric compositions belonging to the
modified lead zirconate titanate [Pb(ZrixTix)Os]
system can be considered one of the most
investigated materials for sensors/actuators used in
different applications, like aerospace vibration
control, energy harvesting, microrobotics or
microelectromechanical systems, etc. [1-5]. During
the time, many researchers have studied the
behaviour of doped Pb(ZrixTix)Os using various
techniques as reported in [6, 7]. The phase diagram
of the PbZrOs—PbTiOs system has been reported
by Jaffe in 1971 [8]. In this diagram the
development of Pb(ZrixTix)Os compositions
depends on the Zr**/Ti** ratio and temperature. For
the Zr*/Ti** ratio ~ 52/48 the piezoelectric
properties have a maximum values [8-10]. The
values of the properties can be modified
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by doping the Pb(Zr1xTix)Os system or by changing
the Zr**/Ti** ratio. The structure that characterizes
the Pb(Zr1xTix)Os system is a perovskite structure
with the general formula ABOs. In this formula,
according to the Goldschmidt rules, the substituted
into A or/and B site in ABOs structure can be done
if the difference between the ionic rays of the two
ions is less than 15%. The doped Pb(ZrixTix)Os
with different substitutions have been investigated
to improve the properties for various applications
[11,12].

In the Pb(ZrixTix)Os system the properties
can be modified/modelled by doping with different
ions in A and/or B positions [13-15].

The dielectric, piezoelectric and ferroelectric
properties of Pb(Zr1xTix)Os system can be modified
by adding donor ions (obtaining materials with soft
characteristics) or acceptor ions (obtaining
materials with hard characteristics) to the
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Fig. 1 - Flow chart of the mixed oxide route for obtaining new doped PZT compositions / Diagrama pentru obtinerea de noi compozitii

PZT dopate prin metoda amestacarii oxizilor.

perovskite structure — of the ABOs type. Donor
ions, like La%*, Ce%*, Bi®* and Nb%*, can be for the A
site (replacing Pb?*) and like Nb%* and Sb5* can be
for the B site (replacing Zr** and Ti**) [16].
Acceptor ions like K* and Na* can be for the A site
(replacing Pb?*) and like Sc3* and Fe3* can be for
the B site (replacing Zr** and Ti**) [17,18]. The
effect of La%* addition in Pb(Zr1xTix)Ozis one of the
most studied effect [19]. Xiang et al. [20] have
reported that the solubility limit of La in PZT is
about 7.6%. According to the same authors, the
tetragonality of PZT decreases as La%* content
increases. The Nb oxyde is a very good sintering
support for Pb(Zr1xTix)Os systems, highlighted by
Pereira et. al. [21]. Nb%* can be considered as a
donor dopant for Pb(Zri«xTix)Os system. Nb% can
substitute Pb2* or (Zr**, Ti**) ions, while the
solubility limit of Nb5* in Pb(ZrixTix)O3 system is
about 7%.

Fe3* substitutes (Zr**, Ti**) ions in Pb(Zr-
xI11x)O3 system and it is considered an acceptor
dopant. Doping pure PZT with acceptors ions Fe3*
in B site creates oxygen vacancies in the lattice
and doping pure PZT with donor ions such as La3*
(at A-site) and Nb5* (at B-site) creating A-site
vacancies in the lattice [22,23]. Addition of Fe20s3
in PZNT system influences the transition
temperature to higher end and brings structural
changes in the material and near MPB showing
improved hysteresis loop compared to pure PZT, in
agreement with the study of A. Kumar and S. K.
Mishra [24].

In the present paper synthesis of
ferroelectric materials, with a general formula
0.98Pb(Zr1xTix)Os — 0.02La(Fe3*o5, Nb%*0.:5)0s, for
different Zr#*/ Ti** ratios have been considered and
investigated. The materials have been prepared by
a solid-state reaction technique.

2. Experimental Methods

Three ferroelectric compositions, described
by the general formula of 0.98Pb(Zri«Tix)Os —
0.02La(Fe3*os, Nb5*0.5)O3 with x having the values
of 0.58, 0.48 and 0.42 have been obtained by solid
state reaction technique. These ferroelectric

compositions  were  obtained in  Zr*/Ti**
stoichiometry equals to 42/58 (PZT-I11), 52/48
(PZT-12) and 58/42 (PZT-I3).

The flow chart has been adopted to the
new compositions and the main steps of the route
used to obtain the doped PZT [25] have been
illustrated in Figure 1.

Polycrystalline ferroelectric materials have
been obtained using PbO, TiO2, ZrO2, Fe20s,
Nb203 and La203 oxides with high purity (= 99%).
The oxide powders have been mixed and ball-
milled for 10 h using ethanol media. After drying,
the resulting powders have been calcined 6 h at
820°C in a closed alumina crucible under air with a
PbO atmosphere. The calcined powders have
been re-milled for 16 h, dried again and mixed with
5 wt% polyvinyl alcohol (PVA) solution as a binder.
The powders have been pelletized under 700
kg/cm? pressure using a hydraulic press. The
pellets (compact discs with 12 mm diameter, 1.8
mm thickness) have been sintered for 2 h in air
atmosphere in a closed alumina crucible under
PbO atmosphere at 1100°C, 1150°C, 1200°C and
1250°C. Sintered pellets have been lapped until
the height of 1 mm were obtained with a super
water-soluble Fujimi type abrasive paste. The
electrodes have been obtained by metallizing the
pellets surfaces with silver paste and in the end
heated to 650°C for 30 min. before using the
samples for electrical measurements. To
determine the piezoelectric properties the samples
have been polarized in a DC field of 3.5 kV/mm in
a silicon oil bath at 100°C for 30 min. The densities
of the sintered ferroelectric compositions have
been measured by Archimedes method. The
crystalline structure of the sintered ferroelectric
compositions has been investigated by X-ray
diffractometer with CuKa radiation and Ni filter.
The tetragonal, tetragonal-rhombohedral and
rhombohedral phases have been characterized
and their lattice parameters have been calculated.
The morphology of the sintered ferroelectric
compositions has been studied by Scanning
Electron Microscopy (SEM). The P-E hysteresis
loops of the un-poled samples have been
measured using the TF analyser 2000. The
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capacitance and the loss factor (tan &) have been
measured at 1kHz using LCR meter HM 8018.
After 24 h of poling the electromechanical planar
coupling factor (kp) and electromechanical
thickness coupling factor (ki) have been
determined by the resonance and anti-resonance
frequency method using an impedance analyser
4294A.

3. Results and discussion

3.1. Sintering behaviour of the ferroelectric
compositions

The influence of the sintering temperature
on samples belonging to the three ferroelectric
compositions has been studied by the experimental
determination of the density employing the
Archimedes method. The addition of dopants (La®*,
Nb5*, Fe®*) in Pb(Zr1xTix)O3 system influences the
microstructure and the ferroelectric properties of
the compositions [26-29]. Also the properties
depend on the value of the Zr**/Ti** ratio. Thus the
PZT-I1 is situated in tetragonal region (T), PZT-12
is situated in Morphotropic Phase Boundary (MPB)
region and PZT-I3 is situated in rhombohedral (RH)
region.

By adding donor ions such as La3* (for A%*
site) and Nb5* (for B4 site) in the Pb(ZrixTix)O3
system, “soft” materials have been developed,
according also to [6]. The introduction of Fe®* ions
as a dopant in position B** in the Pb(Zri«Tix)Os
system leads to oxygen vacancies, as a result the
material becomes “hard”. As reported in Table 1,
all PZT-I1, PZT-I2 and PZT-I3 compositions
sintered for 2 hours at 1100°C demonstrate a real
density situated in the range of 70.40+73.00 % of
the theoretical density, data in line with some those
reported in the scientific literature [21,30]. As the
sintering temperature increases to 1200°C with a
holding time of 2 hours at the final temperature, the
relative density increases, reaching 92% of the
theoretical density for the PZT-12 sample. At
temperatures higher than 1250°C in all samples, it
is observed that the real density drops up to 89%
of the theoretical density [30]. One of the reasons
that can be connected to

the 0.98Pb(Zr.,Ti,)O3— 0.02La(Fe* s Nb%,5) O3 compositions

the reduced sample density at temperatures above
1200°C may be caused by the PbO evaporation
due to the presence of dopant ions [27]. For all
sintering temperatures the best values are
obtained for the PZT-12 composition which is
located in the MPB region.

3.2. Structural analysis

Figure 2 reports the XRD patterns for each
sintering temperature ((a)-1100°C, (b) -1150°C, (c)
-1200°C and (d) -1250°C) for 2h of the
compositions having three different Zr#*/Ti** ratio
of 42/58 « PZT-I1, 52/48 in (MBP) region — PZT-
I2 and 58/42 < PZT-I3 respectively. XRD results
show that the studied compositions were
pyrochlore phase free, and diffraction peaks match
with the ICDD database card of PZT.This means
that by this experimental flux the PZT with high
phase purity can be obtained. The patterns were
associated to a perovskite structure since no other
secondary crystalline phases were identified, and
further indexed by ICDD PDF file #01-072-7167 for
a tetragonal crystalline structure (T), P4mm (99)
space group, with theoretical lattice parameters of
a=4.04 A, c=4.13 A, and consequently with c/a
ratio of 1.02. The main attributed phase suggests a
homogeneous diffusion of the dopants (La3*, Nb5*
and Fe®) into the PZT lattice to form a solid-
solution, with some specific position of atoms
attributed to some peak displacements with
respect to the theoretical position of PZT pattern
form PDF file.

Also, some observed peak splitting, i.e.
{001}, {101}, {002}, and {112} crystalline planes for
PZT-I1, {001} and {002} crystalline planes for PZT-
12, {110}, {111}, {120} and {121} crystalline planes
for PZT-13, and it can be attributed to the presence
of a prevalently tetragonal structure. A single PZT
structure is easier to form for Ti-rich composition
than for Zr-rich composition, the (002) and (200)
reflections show the evidence of the coexistence
also of a rhombohedric phase (R), with a higher
presence in the case of Zr-rich composition.

Details of the lattice parameters have been
presented in Figure 3. For the Ti-rich composition,

Table 1

Sintering behaviour of the ferroelectric compositions / Comportamentul la sinterizare al compozitiilor feroelectrice

T Samples Experimental Relative density
[°C] density [g/cm?] [ %]
PZT-11 5.77 70.40
1100 PZT-12 5.99 73.00
PZT-13 5.88 72.00
PZT-I1 5.79 70.60
1150 PZT-12 7.54 92.00
PZT-13 7.37 90.00
PZT-I1 7.48 91.30
1200 PZT-12 7.52 92.00
PZT-13 7.38 90.00
PZT-I1 7.32 89.30
1250 PZT-12 7.42 91.00
PZT-13 7.28 89.00
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Fig. 2 - XRD patterns of PZT-I1, PZT-I2 and PZT-I3 ceramics sintered for 2h at ((a)-1100°C, (b) -1150°C, (c) -1200°C and (d) -1250°C
Diagramele DRX pentru ceramicile PZT-11, PZT-12 si PZT-I3 sinterizate la ((a)-1100°C, (b) -1150°C, (c) -1200°C si (d) -1250°C.
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Fig. 3 - The changes in unit cell parameters and tetragonality versus composition for the sintered samples at different temperatures
Modificérile parametrilor celulei elementale si ale tetragonalitatii pentru probele sinterizate la diferite temperaturi.

lattice parameter a has an increased value with
respect to the Zr-rich composition for all the
sintering temperatures. In what concerns the lattice
parameter c, for Ti-rich composition the minimum
value is at 1200°C, with respect to the Zr-rich
composition having the minimum value on the
other side of the MBP composition, at 1150°C.
However, both composition regions have
lower c values with respect to MBP composition for

all the sintering temperatures, which can be
attributed to the specific positions of the dopants in
lattice structure and different crystalline R/T ratio,
contributing simultaneously to the thermodynamic
behaviour of solid phase formation.

The maximum value of c/a ratio is
observed at the same temperature, 1200°C, for
1.03 for MBP and 1.02 for Zr-rich composition,
while Ti-rich composition is reaching the maximum
value for c/a of 1.03 ratio only at 1250°C [31-33].



A. I.Dumitru, G. Velciu, D.Pa4troi, J. Pintea, T.-G.Dumitru, I. Peter/ Influence of the Zr**/Ti* ratio on the properties of 165

3.3. Ferroelectric characteristics

Figures 4-7 reports the ferroelectric
hysteresis loops of all unpoled compositions (a)
PZT-I1, (b) PZT-I12 and (c) PZT-I3 sintered for 2
hours at 1100°C, 1150°C, 1200°C and 1250°C at
room temperature. It can be observed that all
compositions sintered for 2 hours at 1100°C shows
a hysteresis loops which are similar to the
hysteresis loops of the conductive materials. At
1200°C and 1250°C, the compositions PZT-I1(a)
and PZT-I2(b), sintered for 2 hours, shows

6,000

Electrical polarization [uC/cm2]

-15.00
Electrical field [C/mm)]

the 0.98Pb(Zr.,Ti,)O3— 0.02La(Fe* s Nb%,5) O3 compositions

hysteresis loops which are similar to the hysteresis
loops of the “hard” PZT ceramics. For PZT-13(c)
composition sintered for 2 hours at 1200°C and
1250°C the hysteresis loops are comparable to
“soft” PZT hysteresis loops [34,35].

The direction in which the electrical
coercivity and remnant polarization are changing
can be explained by the motion of domain wall.
The domain wall motion is influenced by the grain
size of the ceramics and the type of vacancy
defects [36].

Fig.4 - Room temperature ferroelectric hysteresis loops of compositions (a) PZT-I1, (b) PZT-12 and (c) PZT-I3 sintered for 2 h at 1100°C/
Curbele de histerezis la temperatura camerei pentru compozitiile (a) PZT-11, (b) PZT-I2 si (c) PZT-13 sinterizate timp de 2 ore la 1100°C.
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Fig.5 - Room temperature ferroelectric hysteresis loops of compositions (a) PZT-I1, (b) PZT-12 and (c) PZT-I3 sintered for 2 h at 1150°C/
Curbele de histerezis la temperatura camerei pentru compozitiile(a) PZT-11, (b) PZT-I2 si (c) PZT-I3 sinterizate timp de 2 ore la 1150°C.
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Fig.6 - Room temperature ferroelectric hysteresis loops of compositions (a) PZT-I1, (b) PZT-I12 and (c) PZT-13 sintered for 2 h at 1200°C/
Curbele de histerezis la temperatura camerei pentru compozitiile (a) PZT-11, (b) PZT-I2 si (c) PZT-I3 sinterizate timp de 2 ore la 1200°C.
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0.98Pb(Zr:4Tiy) O3 — 0.02La(Fe* o5, Nb* .5)O3 compositions
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Fig.7 - Room temperature ferroelectric hysteresis loops of compositions (a) PZT-I1, (b) PZT-12 and (c) PZT-I3 sintered for 2 h at 1250°C/
Curbele de histerezis la temperatura camerei pentru compozitiile (a) PZT-11, (b) PZT-I2 si (c) PZT-I3 sinterizate timp de 2 ore la 1250°C.

The grain size effect is a very important
factor in PZT ceramics because if the very large
grain size is reduced the coercive field increases.
The remnant polarization reflects the internal
polarizability of the material. Therefore, high is the
remnant polarization, high is the polarizability of the
material.

The values obtained for the remaining
polarization (Pr) and the coercitive field (Ec) are in
accordance with the results of the density and the
structural characterization.

The hysteresis loops for the compositions
PZT-11, PZT-I12 and PZT-I3 sintered for 2 hours at
1200°C and 1250°C are symmetric and their forms
are specific to ceramics with piezoelectric
properties.

3.4. Dielectric and piezoelectric properties

At 1100°C and 1150°C the compositions
PZT-11, PZT-12 and PZT-13 could not be polarized
due to the existing porosity. The porosity is the
principle factor which contributes to the decrease
the piezoelectric constants by reducing the
polarization per unit volume, by reducing in
piezoelectric charge constant. The maximum value
of the piezoelectric charge constant is observed at
PZT-12 composition near MPB [37]. The co-
existence of tetragonal and rhombohedral phases
at MPB (phases that have nearly equivalent free
energy) leads to increases in dielectric and
piezoelectric properties.

For all the polarized compositions PZT-I1,
PZT-12 and PZT-13, sintered at 1200°C and
1250°C the piezoelectric properties have been
determined. The values of the dielectric losses (tan
0) increase as the sintering temperature increases.
The microstructure of the composition is the
determining factor for this variation.

A high degree of anisotropy is defined by
an anisotropic ratio kit /kp (where ki is thickness
coupling factor and kp is planar coupling factor)
greater than 10 and involves low values of
dielectric constant (&) and a relatively high Curie
temperature. A high value of anisotropic ratio
indicates a greater degree of alignment of domains
during the polarization treatment of the materials.
The values obtained for ki and kp are dependent
on the resonance frequency (f) and the
antiresonance frequency (fa) and are calculated
with the formulas: ki = n/2(fi/fa) ctg [n/2(fi/fa)], kp? =
2.51(fa-fr)/fa

The obtained values of the dielectric and
piezoelectric properties for the compositions PZT-
1, PZT-12 and PZT-I3 as a function of sintering
temperature are shown in the Table 2.

4.Conclusions

In the present paper synthesis of
ferroelectric materials prepared by a solid-state
reaction technique, with general formula

Table 2

The dielectric and piezoelectric properties for the compositions PZT-I11, PZT-12 and PZT-I3 as a function of sintering temperature/
Proprietatile dielectrice si piezoelectrice pentru compozitiile PZT-11, PZT-12 si PZT-13 in functie de temperatura de sinterizare

Sinterin fr fa

temperatureg[°C] Sample ID tg0 & [MHZ] [MHz] ke kp ki /Ko
PZT 1 0.0096 405 13 14 9.0026 0.50 17.97

1200 PZT 12 0.0105 597 15 17 8.6663 0.54 15.95

PZT I3 0.0104 594 1.4 17 8.2249 0.67 12.36

PZT I 0.012 325 14 16 8.6120 0.56 15.37

1250 PZT 12 0.013 461 1.3 1.5 8.5501 0.57 14.78

PZT I3 0.017 725 1.4 1.5 9.0368 0.41 22.09
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0.98Pb(Zr1xTix)Os — 0.02La(Fe3*o5, Nb%*0.:5)Os, for
different Zr**/Ti** ratios were investigated. Three
different compositions for three different Zr**/Ti**
ratios, modified with acceptor and donor dopants
are selected: one is situated in tetragonal region
(42/58), the second one is placed in MBP region
(52/48) and the third one located in rhombohedral
region (58/42). The density of the compositions
increases as the sintering temperature increases.
The coexistence of tetragonal and rhombohedral
phases associated to high sintering temperatures
improve the anisotropy. For the electromechanical
coupling factor (kp) the maximum value kp = 0.67
was obtained for the composition sintered at
1200°C and with x=0.58.
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