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Abstract
In this paper, some compositions described by the general formula Pb(ZrxTi1-x)0.99Fe0.01O3 have been
considered and investigated. The compositions considered have been obtained by solid state reaction
technique, where x corresponds to 0.42, 0.52 and 0.58. Sintering has been performed for 2 hours at
temperatures between 1100oC and 1250oC. The in�uence of the sintering temperature on the
microstructure and on the hysteresis loops of Fe3+ doped Pb(ZrxTi1-x)O3 system has been investigated.
The crystallographic phase and microstucture of the sintered compositions have been studied in detail
using X-ray diffraction analysis (XRD) and Scanning Electron Microscopy (SEM). The experimental
results obtained by XRD have revealed that all the sintered samples have a perovskite structure. In order
to correlate the behavior of the sintered materials to their microscopic structure, the domain structures
have been de�ned by SEM. The dielectric properties, as relative dielectric permittivity (εr) and dielectric
loss (tan δ) have been measured. The hysteresis loops at room temperature of all un-poled sintered
compositions reveal a similar behaviour with “hard” PZT ceramics. The piezoelectric properties like
electromechanical coupling factor (kp) have been investigated after polarization.

1 Introduction
Lead zirconate titanate (PZT) ceramic is very attractive material for its properties designing. Wide range
of electrical/ piezoelectrical/ ferroelectrical properties can be obtained varying the Zr/Ti ratio, particularly
in a so-called morphotropic phase boundary (MPB) region.

PZT materials are almost always used with one or more dopants to improve and optimize their basic
properties for speci�c applications [1, 2]. Acceptor dopants, such as Fe3+ replacing (Zr4+, Ti4+), are
compensated by oxygen vacancies and usually have a limited solubility in the lattice. Domains
reorientation are limited and compositions with acceptor dopants are more di�cult to pole and usually
are characterized by poorly developed hysteresis loops, low dielectric losses, lower dielectric constant, low
piezoelectric properties, higher ageing rate. These materials are called “Hard PZT” [1].

Four compositional regions of PbZrxTi1−xO3 solid solution can be classi�ed accordingly to their properties
and applications [3]:

In the �rst region with 0 < 1-x < 0.1 the antiferroelectric and rhombic phase exists at the normal conditions.
The antiferroelectric to ferroelectric phase transitions induced by external electric �eld are used in
applications. Materials based on these compositions are used for memory shape applications due to
relatively high coe�cients of electroelasticity. Another interesting application of these materials is
fabrication of elements with high electron emission obtained during phase transition ferroelectric –
antiferroelectric controlled by mechanical stress and external electric �eld [4].

In the second region with 0.1 < 1-x < 0.4 there are two rhombohedral phases. These compositions reveal
high pyroelectric properties used in pyroelectric detectors. Another feature of these compositions with
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dopants are states of metastable polarization, which is typical for relaxors [5]. These materials are used
in electromechanical transducers and surface acoustic wave devices.

The third region with 0.4 < 1-x < 0.6 is the region of solid solutions that includes the morphotropic phase
boundary (MPB) separating the rhombohedral region by the tetragonal region, where the crystalline
structure and properties are very sensitive to the �uctuation of composition. The structural studies of
ferroelectric PZT with Zr/Ti = 52/48, have presented a monoclinic phase in the vicinity of the MPB [6, 7].
In this region, most of the properties are very pronounced and reach the maximum values. These values
are used in applications of these materials [8, 9].

In the last region with 0.6 < 1-x < 1.0 compositions in wide range of the solid solutions with tetragonal
crystalline structure present relatively high anisotropy of piezoelectric coe�cients d33 and d31 and
corresponding electromechanical coupling factors kt and kp [10]. Other features of these compositions
are relatively high coercive �elds and high spontaneous deformations. Some applications of these
materials include �lters and frequency stabilizers.

In this study, three compositions with a general formula, Pb(ZrxTi1−x)0.99Fe0.01O3, have been considered
and investigated. The compositions have been chosen as follows: one in the tetragonal region
corresponding to Zr/Ti = 42/58 (noted PZTF-42), the second one in the MPB region corresponding to
Zr/Ti = 52/48 (noted PZTF-52) while the third one in the rhombohedral region corresponding to Zr/Ti = 
58/42(noted PZTF-58).

2 Materials And Methods
Polycrystalline samples of a new ferroelectric compositions with a general formula
Pb(ZrxTi1−x)0.99Fe0.01O3 with x having the values 0.42, 0.52 and 0.58 have been synthesized by solid
state reaction using high temperature. The compositions have been labelled PZTF-42 (corresponding to
Zr/Ti = 42/58 and situated in the tetragonal region), PZTF-52 (corresponding to Zr/Ti = 52/48 and
situated in the MPB region) and PZTF-58 (corresponding to Zr/Ti = 58/42 and situated in the
rhombohedral region).

All the compositions have been obtained using high purity oxides (≥ 99%) like PbO, TiO2, ZrO2, and
Fe2O3. The oxides powders were ball-milled for 10 h in ethanol, dried and calcined at 870°C for 4 h. The
calcined powders were ball-milled again in ethanol for 10 h, dried, mixed with binder 5 wt% polyvinyl
alcohol (PVA) solution and pressed in the discs form with 10 mm diameter. Discs have been sintered in
air for 2 h at 1100°C, 1150°C, 1200°C and 1250°C using closed alumina crucible and a lead rich
atmosphere (PbZrO3). Experimental density of all sintered discs were measured by Archimedes method.
The phases formation in the sintered discs were studied with X-ray diffractometer (XRD) using BRUKER
AXS D8 Advance with CuKα radiation and Ni �lter at room temperature. Microstructure and grain size
were studied by scanning electron microscopy (SEM) using FESEM-FIB Workstation Auriga produced by
Carl Zeiss, Germany. Before using for electrical measurements all the sintered discs have been electrode
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on both sides by silver paste and �red at 650°C for 30 min. Relative dielectric constant (εr) and loss
tangent (tan δ) were measured at room temperature at 1 kHz using LCR meter HM 8018. Ferroelectric
hysteresis behaviour (P–E) of the un-poled discs were measured using the TF analyser 2000. To
determine the piezoelectric properties, the sintered discs were poled in a silicon oil bath at 100°C for 30
minutes in a DC �eld of 3.5 kV/mm. Piezoelectric properties were determined after 24 h from polarization
using impedance analyser 4294A by the resonance (fr) and antiresonance (fa) frequency method.

3 Results And Discussion

3.1. Sintering behaviour of the ferroelectric compositions
The addition of donor or/and acceptor dopants (like Fe3+, Ni2+, Mn2+, Sb3+, Nb5+, etc.) in Pb(ZrxTi1−x)O3

system in�uences the microstructure and electrical properties of the compositions [11–13]. The �nal
properties, obtained after sintering, depend on the value of the Zr/Ti ratio. Three new compositions have
been studied. Thus the PZTF-42 composition corresponding to Zr/Ti = 42/58 is situated in the tetragonal
region, PZTF-52 composition corresponding to Zr/Ti = 52/48 and situated in the MPB region and PZTF-58
composition corresponding to Zr/Ti = 58/42 and situated in the rhombohedral region.

By adding acceptor ions such as Fe3+ (for B site) in the Pb(ZrxTi1−x)O3 system (ABO3), “hard” materials

have been developed, according also to [14]. The introduction of Fe3+ ions as a dopant leads to oxygen
vacancies.

The density of all studied sintered compositions has been determined based on Archimedes’ method. In
order to increase the accuracy of the measurements, heavy samples have been used (> 3 g). In this paper
the authors assume that the theoretical density of all studied PZT compositions is 8 g/cm3. The results
suggest (Table 1) that the relative density of all sintered sample was above 92% at least.
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Table 1
Sintering behaviour of the compositions as a function of the sintering

temperature
Sintering temperature T [°C] Samples Experimental

density

[g/cm3]

Relative

density

[ %]

Region

1100 PZTF-42 7.43 92.90 T

PZTF-52 7.42 92.80 MPB

PZTF-58 7.41 92.70 RH

1150 PZTF-42 7.47 93.40 T

PZTF-52 7.48 93.50 MPB

PZTF-58 7.47 93.40 RH

1200 PZTF-42 7.56 94.50 T

PZTF-52 7.68 96.00 MPB

PZTF-58 7.49 93.70 RH

1250 PZTF-42 7.65 95.70 T

PZTF-52 7.72 96.50 MPB

PZTF-58 7.57 94.70 RH

As reported in Table 1, for all the studied compositions the increase of the sintering temperature led to the
increase of the density.

For all sintering temperatures, the best values are obtained for the PZTF-52 composition which is located
in the MPB region.

3.2. Structural analysis
Figs. 1-4 show the experimental XRD patterns for each sintering temperature. X-ray diffraction patterns
were acquired using a Bruker Axis D8Discover diffractometer, in Bragg-Brentano geometry, equipped with
an Cu-Kα radiation tube and a LynxEye 1D detector, at a scan speed of 1s/step and incremental 2θ angle
of 0.04o.

All XRD patterns show the perovskite solid solution phase formation, with tetragonal structure. Splitting
of (111) peak, at angular position of 2θ ~ 38o, reveals an additional rhombohedral structure for PZTF-52
and PZTF-58 at lower temperature range (1100oC-1200oC). Since Fe3+ is known as a hard dopant, it is
expected to replace Ti4+ or Zr4+ in B positions of the perovskite structure, therefore giving rise to a lattice
distortion and appearance of structural vacation.
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3.3. Electron microscopy studies
As from the Figs. 5–8, the microstructure of all sintered compositions is relatively homogeneous and �ne
grained, with an average grain size depending on the Zr/Ti ratio and the sintering temperature.

Samples sintered at 1100°C and 1200°C have been etched with a HCl and HF solution (5% HCl solution
with 5 drops of HF per 100 cm3 of solution). SEM images at 50.00kX magni�cation for compositions
sintered at 1100°C show a microstructure with pores and small grains distribution at the intergranular
boundary of large grains (Figs. 5 (a-c)).

At 1150°C the SEM images (50.00kX magni�cation) are similar to the previous ones and show a
microstructure with small granules, mostly placed at the limit of the large granules Figs. 6 (a-c). Also, a
porosity of the samples was observed.

At 1200°C (Fig. 6–20.00kX magni�cation) and 1250°C (Fig. 7–20.00kX magni�cation) all compositions
become much denser. The sintering temperature and the Zr/Ti ratio have a decisive role in obtaining the
shape and size of the graines. Replacement of Zr4+ with Fe3+ leads to an increase in the grains size of the
compositions [15].

In all cases, the MPB composition (PZTF-52) has a denser microstructure than the other two
compositions located in the tetragonal region (PZTF-42) and rhombohedral region (PZTF-58).

It was found that the grains of different sizes are uniformly distributed in the all sintered compositions.

The decrease of the crystallites and the grain sizes could be due to the size mismatch of Fe3+ (0.64Ä) and
Zr4+ (0.80Ä) ions, which creates a strain in the lattice. Fe-doping plays an important role in the control of
grain growth, probably due to the oxygen vacancy formation, which could stop the grain boundary
migration.

3.4. Ferroelectric characteristics
In Figs. 9–12 the ferroelectric hysteresis loops of all un-poled compositions sintered for 2 hours at
1100°C, 1150°C, 1200°C and 1250°C at room temperature are reported. It can be observed that all
compositions sintered for 2 hours at sintered temperature shows hysteresis loops which are similar to the
hysteresis loops of the hard materials [16, 17].

Domains reorientation are limited, and, all compositions are characterized by poorly developed hysteresis
loops. The motion of domains walls in�uences the direction in which the electrical coercivity and
remanent polarization are changing [18]. The presence of the domain walls is a result of multidomain
structure of many ferroelectric crystals.

The motion of the domains walls is in�uenced by the grain size of the compositions and the type of
vacancy defects [19, 20]. Very large grain size reduced the coercive �eld increas.
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The remanent polarization re�ects the internal polarizability of the material. Therefore, high is the
remanent polarization, high is the polarizability of the material.

The values obtained for the remaining polarization (Pr) and the coercitive �eld (Ec) are in accordance
with the results obtained by the SEM characterization.

3.5. Dielectric and Piezoelectric properties
At high sintering temperature, because of the decreasing of the number of pores, the dielectric and
piezoelectric properties increase considerably associated to an enhanced domains walls mobility.

At 1100°C and 1150°C, the compositions could not be polarized. The structural inhomogeneity being the
determining factor in this process. For the compositions sintered at 1200°C and 1250°C some results was
reported elsewhere [21].

Table 2 presents the obtained values for the dielectric (loss factor (tan δ) at 1 kHz, relative dielectric
constant (εr) at room temperature, Curie temperature (TC) and resistivity (Rv)) and piezoelectric properties
(the planar coupling factor kp and the transversal coupling factor kt) of the compositions PZTF-42, PZTF-
52 and PZTF-58 sintered at 1250°C for 2h. The anisotropy has been determined by the ratio kt/kp.

To determine the Curie transition temperature, the dielectric constant was measured as a function of
temperature at 1 kHz. The compositions show a typical ferroelectric phase transition peak at a Curie
transition temperature higher than 445 oC.

It can be observed that all the values depend on the Zr4+/Ti4+ ratio.

 
Table 2

The dielectric and piezoelectric properties for the all compositions sintered at 1250°C for
2h

Compositions tan δ εr Rv *1017(Ω*cm) Tc

[oC]

kp kt kt/kp

PZTF-42 0.0044 394 20.4 > 445 0.42 7.57 18.02

PZTF-52 0.0018 253 11.7 > 445 0.44 7.57 17.20

PZTF-58 0.0130 464 6.5 > 445 0.42 7.57 18.02

The anisotropy of poled compositions sintered at 1250°C is higher than 10, indicating a superior grade of
alignment of the domains during poling. Densi�cation and homogeneity of the ceramics are still the main
factors of the improved piezoelectric properties.

4 Conclusions
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In the present research paper, the ferroelectric compositions described by the general formula
Pb(ZrxTi1−x)0.99Fe0.01O3 were synthesized by solid state reaction using high temperature. The dopant

(Fe3+) were diffused into the PZT lattice and all the sintered ferroelectric compositions revealed a good
homogeneity. The results obtained indicate an in�uence of the Zr4+/Ti4+ ratio on the dielectric and
piezoelectric properties of the analysed compositions. The evolution of the grains size is directly
associated to the sintering temperature and to the Zr4+/Ti4+ ratio.

As for the dielectric and piezoelectric properties concern, it was observed that all the compositions
sintered at 1100°C and 1150°C could not be polarized because of their structural inhomogeneity. The
effects coming from the presence of high anisotropy piezo-active elements can be appropriately exploited
for different applications, such as for the development of medical diagnostic devices or as promising
target to be used as coating material.
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Figure 1

XRD patterns for (a) PZTF-42, (b) PZTF-52, (c) PZTF-58 at 1100°C

Figure 2

XRD patterns for (a) PZTF-42, (b) PZTF-52, (c) PZTF-58 at 1150°C

Figure 3

XRD patterns for (a) PZTF-42, (b) PZTF-52, (c) PZTF-58 at 1200°C
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Figure 4

XRD patterns for (a) PZTF-42, (b) PZTF-52, (c) PZTF-58 at 1250°C

Figure 5

SEM images of the compositions thermally treated for 2 h at 1100°C (a) PZTF-42,(b) PZTF-52 and (c)
PZTF-58

Figure 6

SEM images of the compositions thermally treated for 2 h at 1150°C (a) PZTF-42, (b) PZTF-52 and (c)
PZTF-58
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Figure 7

SEM images of the compositions thermally treated for 2 h at 1200°C (a) PZTF-42, (b) PZTF-52 and (c)
PZTF-58

Figure 8

SEM images of the compositions thermally treated for 2 h at 1250°C (a) PZTF-42, (b) PZTF-52 and (c)
PZTF-58

Figure 9

Room temperature ferroelectric hysteresis loops of compositions sintered for 2 h at 1100°C (a) PZTF-42,
(b) PZTF-52 and (c) PZTF-58
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Figure 10

Room temperature ferroelectric hysteresis loops of compositions sintered for 2 h at 1150°C (a) PZTF-42,
(b) PZTF-52 and (c) PZTF-58

Figure 11

Room temperature ferroelectric hysteresis loops of compositions sintered for 2 h at 1200°C (a) PZTF-42,
(b) PZTF-52 and (c) PZTF-58
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Figure 12

Room temperature ferroelectric hysteresis loops of compositions sintered for 2 h at 1250°C (a) PZTF-42,
(b) PZTF-52 and (c) PZTF-58


