
Ceramics International 42 (2016) 14423–14430
Contents lists available at ScienceDirect
Ceramics International
http://d
0272-88

n Corr
E-m
journal homepage: www.elsevier.com/locate/ceramint
Dielectric characterization of microwave sintered lead zirconate
titanate ceramics

Mayra D. Gonçalves a, Flavio L. Souza b, Elson Longo c, Edson R. Leite a,
Emerson R. Camargo a,n

a LIEC-Department of Chemistry, UFSCar - Federal University of São Carlos. São Carlos, SP, Brazil
b UFABC - Federal University of ABC. Santo André, SP, Brazil
c Institute of Chemistry UNESP, São Paulo State University. Araraquara, SP, Brazil
a r t i c l e i n f o

Article history:
Received 10 March 2016
Received in revised form
7 May 2016
Accepted 6 June 2016
Available online 8 June 2016

Keywords:
PZT
Chemical synthesis
Dielectric response
Sintering
Ceramics
x.doi.org/10.1016/j.ceramint.2016.06.035
42/& 2016 Elsevier Ltd and Techna Group S.r

esponding author.
ail address: camargo@ufscar.br (E.R. Camargo)
a b s t r a c t

Highly reactive lead zirconate titanate powders (PZT) with different compositions were successfully
synthesized by the oxidant-peroxo method (OPM) and used to prepare dense ceramic samples with
composition near to the morphotropic phase boundary (MPB) sintered at 1000 °C for 2 h using a tubular
conventional oven and a commercial microwave system. Crystalline phases were identified in the
powder and ceramic samples by X-ray powder diffraction and FT-Raman spectroscopy at room tem-
perature. The fractured surface of the ceramic sample showed a high degree of densification with fairly
uniform grain sizes. Dielectric constants measured in the range from 30 to 500 °C at different frequencies
(1, 10 and 100 kHz) indicated a normal ferroelectric behavior regardless of the sintering method. Samples
sintered by a microwave radiation (MW) method and composition near to the MPB region showed a
maximum dielectric constant of 17.911 and an anomalous high Curie temperature of 465 °C.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Polycrystalline lead zirconate titanate (PZT) has attracted con-
siderable attention due to its technological importance and ver-
satile properties, particularly in the so-called morphotropic phase
boundary (MPB) region that occurs at nearly equal concentrations
of Ti4þ and Zr4þ . In this region, piezoelectric coefficients and di-
electric constants exhibit an anomalously sharp maximum during
the transition from Ti-rich tetragonal to Zr-rich rhombohedral
phases [1]. The traditional route to obtain PZT involves reactions
between metal oxides or carbonates at high temperatures [2,3].
However, this technique suffers from a number of uncertainties
and drawbacks that result in severe stoichiometry deviations. The
presence of impurities in raw materials, the lack of homogeneity
due to poor mixing as well as a wide particle size distribution are
major problems that led to the development of several alternative
techniques to synthesize ceramic powders [4]. The oxidant per-
oxide method (OPM) is one of the most interesting wet-chemical
routes for the synthesis of lead or bismuth based materials [5].
This route was named to as the oxidant peroxo method (OPM) and
is based in the fundamental oxy-reduction reaction between lead
(II) ions and several water-soluble titanium peroxo complexes.
.l. All rights reserved.

.

This reaction results in an amorphous and reactive precipitate free
of any common contaminants found in materials synthesized by
other routes that use organic compounds to stabilize cations in
solution [6–8]. Usually, residual carbon can be eliminated only
after annealing at high temperatures, however it completely
modifies the final properties and destroy the quality of powders
synthesized by wet-chemical routes [9,10].

Although powders synthesized by the OPM route show evident
advantages regarding purity, reactivity, particle size and size dis-
tribution, many of the final properties of fine ceramics are de-
termined by the sintering procedure. Conventionally, PZT ceramics
require high temperatures exceeding 1250 °C, which is undesir-
able due to lead volatilization and a consequent loss in the com-
position that adversely affects the piezoelectric properties [11].
There has been a growing interest in the heating and sintering of
ceramics by microwave radiation [12]. Since the first study de-
monstrating that PZT can be successfully prepared by the OPM
route [13], efforts have been directed toward obtaining dense
ceramics [14]. Apart from the extensive data available for PZT, little
is known about the use of microwaves. Recently, Raju and Reddy
[15] reported the influence of microwave sintering on the struc-
tural and dielectric properties of lead zirconate titanate using very
reactive powders synthesized by the citrate method with a com-
position around the MPB. Ramana et al. [16] compared microwave
sintering with the conventional method using PZT powders syn-
thesized by the solid state reaction and concluded that microwave
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radiation can improve the densification at lower temperatures and
can also reduce the soaking time. In this process, heat is generated
internally within the material instead of originating from external
sources and is responsible for a unique microstructure and uni-
formity [17]. It should be noted that all these studies indicated that
microwave sintering is a promising technique to obtain highly
dense ceramics with superior dielectric behavior.

In this study, we are presenting the synthesis of lead zirconate
titanate powders by the OPM route and the electrical character-
ization of dense ceramic bodies with composition near to the MPB
region sintered by conventional and microwave processing, which
resulted in ceramics with a maximum dielectric constant of 17.911
and an anomalous high Curie temperature of 465 °C.
2. Experimental

2.1. Synthesis and sintering

All chemical reagents were used as received. Three nominal
compositions of Pb(Zr1�xTix)O3 (x¼0.20, 0.48 and 0.80, with
samples referred to as PZTX where “X” indicates the percentage of
titanium) were prepared by the OPM route [5]. In a typical pro-
cedure, 1 g (0.02 mol) of titanium metal powder (99.7%, Aldrich,
Germany) was added into a mixture of 80 mL of hydrogen per-
oxide (analytical grade, Synth, Brazil) and 20 mL of aqueous am-
monia solution (analytical grade, Synth, Brazil). This solution was
left in an ice-water bath for approximately 5 h, resulting in a
yellow transparent aqueous solution of soluble peroxytitanate
[Ti(OH)3O2]� ions. Zirconyl (IV) nitrate hydrate (ZrO(NO3)2 �H2O,
99.99%, Aldrich, Germany) was previously submitted to gravi-
metric analysis by heat treatment at 900 °C for 2 h to estimate the
exact molar quantity of zirconium per gram. The ZrO(NO3)2 �H2O
was weighed and added into 100 mL of deionized water and lead
nitrate (99.9%, Aldrich, Germany) was added to complete the de-
sired stoichiometric molar ratio. Finally, the solution of zirconium
and lead nitrates was slowly dripped into the peroxytitanate so-
lution under stirring, resulting in a vigorous evolution of gas. The
system lost its yellow color and an orange precipitate formed
immediately exothermically. This precipitate was filtered and
washed with diluted ammonia to eliminate nitrate ions. The wa-
shed amorphous precipitate was dried at 50 °C for 5 h and ground
using a mortar. Amounts of 0.20 g of the amorphous powder were
calcined between 400 and 900 °C for 2 h using a heating rate of
10 °C min�1 in closed alumina boats. Disks (10 mm diameter and
1.1 mm thick) were prepared with 0.50 g of Pb(Zr1�xTix)O3 pow-
ders calcined at 700 °C for 2 h and isostatically pressed with a load
of 30 t for 1 min. After pressing, the disks were sintered at 1000 °C
for 2 h using (i) a tubular oven with a heating rate of 10 °C min�1

and (ii) a microwave oven with heating rate of 25 °C min�1. To
avoid lead volatilization, samples were sintered using closed zir-
conia crucibles, keeping them immersed in a powder with the
Table 1
Lattice parameters, tetragonality factor (c/a), and unit cell volume for Pb(Zr1�xTix)O3 w

Composition Geometry Heat treatment (°C) A¼b (Ă)

PZT80 Tetragonal 900 3.959770.00
800 3.952970.00
700 3.935470.00

PZT48 Tetragonal 900 4.047370.00
800 4.019370.00
700 4.002270.00

PZT20 Rhombohedral 900 5.252970.00
800 5.254170.00
700 5.254470.00
same composition of the sample. The relative densities of sintered
samples were measured using the Archimedes method.

2.2. Characterization

Amorphous precursors (10 mg) were analyzed by differential
scanning calorimetry (Netzsch DSC 204 Phoenix) in the range from
�100 to 550 °C at heating rate of 10 °C min�1 under a nitrogen
atmosphere. The amorphous precursor, heat-treated powders and
all sintered samples were characterized at room temperature by
Fourier transform Raman spectroscopy (FT-Raman, Bruker RFS
100/S) using the 1064 nm line of a yttrium aluminum garnet laser.
These samples were also characterized by X-ray diffraction (XRD)
using Cu Kα radiation (Rigaku D/MAX 200 with a rotary anode
operating at 150 kV and 40 mA) in the 2θ range from 5° to 75°
with a step scan of 0.02°. The specific area of PZT powder heat-
treated at 700 °C for 2 h was determined by BET isotherms using a
Micromeritics ASAP 2000. The powder morphology was verified
by transmission electron microscopy (TEM, Philips CM200), and
the cleaved sintered ceramics were characterized by high-resolu-
tion field emission scanning electron microscopy (FE-SEM, Zeiss
Supra 35 at 2 kV). The fractured surface composition was de-
termined by energy dispersive X-ray (EDX) spectroscopy (FEI XL30
FEG with an Oxford Instruments – Link ISIS 300 detector). For the
electrical measurements, gold contacts were sputtered on two
opposite faces of the disks, and the dielectric constant (ε’) of the
sintered samples was measured in the temperature range from 30
to 500 °C using a Keithley 3330 (LCZ) meter at different fre-
quencies (1, 10, and 100 kHz). Two different heating rates were
evaluated (1 and 5 °C min�1) and the 1 °C min�1 was choose to
carry out to measure the dielectric constant. In order to guarantee
the furnace temperature stability, each value of the dielectric
constant was collected only after leaving the sample for 30 min in
each temperature.
3. Results and discussion

Although PZT is widely investigated, there are only a few stu-
dies about PZT powders synthesized by the OPM route [5,13].
Despite this fact, it is well known that the amorphous precipitate
is rich is peroxide groups that release a large amount of oxygen gas
during their exothermic decomposition [5–8,13,14,18]. For this
reason, sintered ceramics prepared directly from the amorphous
precipitate are fragile. On the other hand, powders calcined at
temperatures higher than the peroxide decomposition are highly
reactive [5,8,14]. To find the best calcination temperature, we
evaluated the PZT powders calcined at temperatures from 400 to
900 °C. Due the highly reactivity, powders calcined at higher
temperatures revealed large agglomerates partially sintered.
Powders calcined up to 600 °C were poorly crystalline and re-
vealed a mixture of tetragonal and rhombohedral phases that
ith x¼0.20; 0.48 and 0.80 powders calcined at 700 to 900 °C for 2 h.

c(Ă) V(Ă3) c/a File JCPDS

01 4.131470.0001 64.77670.003 1.043
01 4.134770.0001 64.60670.003 1.046 6–452
01 4.143770.0001 64.17470.003 1.053
02 4.134270.0003 67.72070.007 1.021
02 4.124370.0003 66.62670.008 1.026 50–346
02 4.105770.0003 65.76270.007 1.026
03 13.91270.0013 332.4570.04 –

03 13.90970.001 332.5370.04 – 89–1276
03 13.90770.001 332.5270.04 –



Fig. 1. DSC heating curves of (a) PZT80, (b) PZT48 and (c) PZT20.

Fig. 2. XRD patterns of PZT powders with different compositions annealed at
700 °C for 2 h.

Fig. 3. Raman spectra of PZT powders with different compositions annealed at
700 °C for 2 h.
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could result in unsatisfactory sintering. Table 1 shows the cell
parameters of the samples calcined at 700 °C and higher tem-
peratures calculated using the Unitcell free software. This table
revels single-phase samples with well-defined cell parameters
with few differences between the values of powders calcined at
700 °C and 900 °C, suggesting samples of high crystallinity.

3.1. Powder characterization

Powders of PZT synthesized by the OPM route are completely
free from halides or carbon, which represents an advantage over
other wet chemical routes used to obtain reactive powders. Fig. 1
shows DSC heating curves of different PZT precursors with (a) the
tetragonal PZT80 titanium-rich composition with 80% in mol of
titanium, (b) the PZT48 sample at MPB, and (c) the rhombohedral
PZT20 zirconium-rich precursor. The exothermic peaks observed
at high temperatures in the curves (a) and (c) are related to tet-
ragonal-to-cubic phase transition at 489 °C for PZT80, and to
rhombohedral-to-cubic transition at 520 °C for PZT20, respec-
tively. All samples showed a broad and intense endothermic peak
between 10 and 120 °C, which is associated with two important
events that occur almost simultaneously in the crystallization step.
During the synthesis of PZT by the OPM method, titanium and
zirconium peroxo complexes in solution oxidize lead (II) at high
pH to lead (IV), precipitating an amorphous and stoichiometric
precursor that is unstable at high temperatures. When this pre-
cursor is annealed, lead (IV) is reduced to lead (II) again, releasing
oxygen gas. At the same time, titanium and zirconium octahedra
that were already formed during the precipitation are reorganized
to form the desired crystalline phase [5]. All these processes are
chemically complex and can be related to the endothermic peak
identified in the DSC curves. It is interesting to note that during
the synthesis of pure lead titanate [18], these events occurred
between 440 and 490 °C when the DSC heating curve started at
50 °C, which is almost 400 °C higher than the curves of Fig. 1 in-
itiated at �100 °C, indicating that the crystallization process is
dependent on the processing history of the precursor [19].

Precursors were annealed at 700 °C for 2 h and characterized
by XRD (Fig. 2) and Raman spectroscopy (Fig. 3). This heat



Table 2
BET surface area (ABET) and calculated diameter of the powders heat treated at
700 °C for 2 h.

Composition ABET (m/g3) Diameter (nm) Synthetic method

PZT80 9.6070.2 72.5 OPM
PZT48 12.470.3 58.8 OPM
PZT20 8.5070.2 69.7 OPM
PZT50 3.00 Polymeric precursor [22]
PZT48 4.20 C/N autocombustion [23]
PZT48 3.21 Hydrothermal [24]
PZT48 3.00 Modified Sol-gel [25]

Table 3
Measured weight loss, shrinkage and relative densities calculated by Archimedes
method of PZT ceramic bodies sintered by conventional (CO) and microwave (MW).

Composition Oven Weight loss (%)
70.01

Shrinkage (%)
71

Relative density
(%)70.1

PZT80 CO 0.87 42 92.2
MW 0.85 35 94.3

PZT48 CO 0.54 47 99.2
MW 0.58 47 99.8

PZT20 CO 0.30 34 80.1
MW 0.34 31 78.6

Fig. 5. DRX patterns of PZT ceramics with different compositions sintered at
1000 °C for 2 h using conventional oven (CO) and microwave processing (MW).
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treatment ensured that all powders were completely crystallized,
which is fundamental to prepare dense sintered samples from
OPM powders. When non-crystallized OPM precursors are directly
used to prepare ceramic bodies, the oxygen gas released during
the crystallization process increases the internal pressure, which
creates pores or cavities inside the ceramic that results in fragile
and non-densified samples not suitable for dielectric applications.
The XRD pattern of annealed PZT80 powder in Fig. 2 shows the
tetragonal structure with all peaks identified and assigned (JCPDF
6-542) while the PZT20 pattern shows the expected rhombohedral
structure of compositions rich in zirconium (JCPDF 89-1276). On
the other hand, the PZT48 pattern of the sample at MPB compo-
sition shows a mixture of tetragonal and rhombohedral phases
(JCPDF 50-432) that is responsible for the anomalously sharp high
piezoelectric and dielectric properties exhibited by samples at this
composition [20,21]. This mixture of phases is much more evident
in the Fig. 3 where the Raman spectrum of PZT48 shows a mixture
of phases with peaks from both tetragonal and rhombohedral
structures. The spectrum of PZT80 shows all bands related to the
tetragonal phase and the PZT20 spectrum is typical of a rhombo-
hedral structure, in good agreement with the XRD results of Fig. 2.

Table 2 shows the BET specific surface area of PZT powders
synthesized by the OPM route heat treated at 700 °C for 2 h. For
comparison, the surface areas of some PZT powders synthesized
by different wet-chemical techniques are also shown [22–25]. It is
well known that higher surface area results in powders with
higher sinterability which indicates that the OPM route forms
particles much more reactive than that obtained by others wet-
chemical routes such as autocombustion [22], polymeric precursor
[23], hydrothermal processing [24] or some modified sol-gel route
[25], for reasons related to intrinsic characteristics of each method.
In the case of autocombustion and polymeric precursor methods,
there is a large amount of energy released during the synthesis
that leads particles to agglomerate and be partially sintered which
reduces the total surface area. In both cases, the amount of organic
material plays an important role. In the case of hydrothermal
processing, particles in suspension tend to form complicated ag-
glomerated structures, which decrease the contact area in the
Fig. 4. TEM images of PZT powders with different compositions annealed at 700 °C for 2 h.



Table 4
Comparison between nominal and real molar compositions obtained by EDS
measurements of the PZT ceramic bodies.

Nominal molar composition (%) Real molar composition (%)

Sample Pb/Zr/Ti Pb/Zr/Ti
PZT80 100/20/80 92/18/82
PZT48 100/52/48 94/48/52
PZT20 100/80/20 100/79/21
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interface between the oxide and the solvent. Finally, powders
synthesized by sol-gel routes are so reactive that the surface area
decreased from 25 m2 g�1 to 3, 5 m2 g�1 when PZT48 powders
were calcined at low temperatures and short times [25].

Images of TEM support the extensive reactivity of particles syn-
thesized by the OPM route and show that the temperature of 700 °C is
sufficiently high to form strong agglomerates independent of the
composition (it is possible to see in Fig. 4 agglomerates partially sin-
tered with the presence of necks between the particles). Although the
particles are somewhat aggregated, the contrast in the TEM images
Fig. 6. FEG images of fractured PZT ceramic bodies sintered in conventional and mic
indicates that each particle has a diameter in the range from 60 to
80 nm and that each agglomerate is formed of several particles.

3.2. Ceramic characterization

In a previous study about Pb(Zr0.5Ti0.5)O3 prepared by the OPM
route [26], it was demonstrated that samples sintered by con-
ventional route resulted in dense ceramics with dielectric prop-
erties consistent with the values reported for powders synthesized
by different methods. According to the literature, on the other
hand, it is expected that microwave sintering should enhance the
densification of ceramics as compared to conventional method
[16,27]. However, there is a lack of knowledge about the use of
different techniques for sintering OPM powders. Therefore, to
evaluate the influence of the sintering method on the final prop-
erties of PZT samples, ceramic bodies with different compositions
were sintered at 1000 °C for 2 h using a tubular conventional oven
(CO) and a commercial microwave (MW) system. Table 3 sum-
marizes the weight loss, shrinkage and relative density of the
sintered ceramic samples calculated by the Archimedes method.
rowave ovens. Some regions of exposed domains are indicated by white arrows.



Fig. 7. Dielectric constant in function of frequency (1, 10 and 100 Hz) and tem-
perature of PZT48 samples sintered in (a) microwave (MW) and (b) conventional
(CO) ovens.

Fig. 8. The temperature behavior in function of the inverse of dielectric constant of
(a) microwave (MW) and (b) conventional (CO) sintered PZT48 samples at 100 kHz.
Inset.
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These characteristics are very important since the dielectric con-
stant of PZT is strongly dependent on shrinkage and densification
[27]. Nevertheless, the weight loss of the composition observed
was smaller than 1% for all samples but, interestingly, only the
MBP sample showed densities higher than 99% whereas the
samples PZT80 and PZT20 showed high porosity. The measured
shrinkage was also higher for PZT48 than for other compositions.
The XRD patterns of PZT20 ceramics in Fig. 5 show a rhombohe-
dral structure identical to the pattern observed in Fig. 2, however,
a small extra peak (indicated by an open circle) can be observed in
the patterns of PZT80 near to the (101) peak, which can indicate
that some lead oxide was segregated during the sintering due to
volatilization. Regardless of the method used for sintering, the
expected mixture of phases was observed in the patterns of
Table 5
Calculated Curie-Weis constant (C) and critical exponent (γ) from Curie-Weis law an
(conventional and microwave) and frequencies (1, 10 and 100 kHz).

Frequency (kHz) Conventional oven

C γ ε (max) T

1 2.41�10�6 1.48 12,333 7
10 3.06�10�6 1.65 10,525 7

100 3.57�10�6 2.00 9899 7
ceramics with compositions near the MPB. In addition, the che-
mical composition of each ceramic sample was confirmed using
energy dispersive X-ray (EDX) spectroscopy. Table 4 summarizes
the composition of the fractured surface of ceramics and shows
that the calculated chemical composition of sintered samples are
quite close to the nominal molar composition indicating that the
OPM promotes the formation of materials with a high composi-
tional homogeneity.

The morphology of fractured surfaces was examined using a
FE-SEM microscope (Fig. 6), and a transgranular fracture was ob-
served in the PZT80 image. This type of fracture occurs through
the grains to release the internal stresses and exposes the ferro-
electric domains formed [28,29]. Inversely, the intergranular
fracture observed in the PZT20 images occurred between the
d the Curie Temperature (Tc) observed from samples sintered in different ovens

Microwave oven

c (K) C γ ε (max) Tc (K)

30 6.55�10�7 �1.00 17,911 738
30 1.96�10�6 1.54 15,886 738
30 2.20�10�6 1.20 14,684 738
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grains, which indicate a material with a homogenous morphology
[29]. The PZT48 images present both types of fracture due to the
coexistence of tetragonal and rhombohedral structures. In addi-
tion, these samples present a high density enhanced by the for-
mation of a liquid phase between the grains. However, no differ-
ences were noted in the images of PZT ceramics sintered by the
conventional method or MW radiation, which is in agreement
with reported by Goldstein and Kravchik [30]. They observed that
the densification of PZT obtained by MW method is similar to the
results achieved in conventional furnaces after longer heating
cycles. Further experiments must be conducted with systems
synthesized by the OPM route to evaluate the influence of mi-
crowave energy in the microstructure since it is well know that
this type of sintering can result in dense samples with smaller and
more homogenous grains in shorter sintering times [12,31].

3.3. Ceramic dielectric characterization

Samples with a relative density above 90% were submitted to
dielectric measurements at different frequencies (1, 10 and
100 kHz) as function of temperature. Unexpectedly, PZT80 samples
showed a no usual capacitance behavior, and the Curie tempera-
ture could not be properly determined. It is possible that the
higher tetragonality factor of PZT80 (closer to pure PbTiO3) af-
fected the measurements or that the low density of samples (be-
tween 92% and 94%) permitted the permeation of gold from the
contacts though the pores. On the other hand, a normal ferro-
electric behavior was observed for both PZT48 samples sintered by
CO and MW methods, with the maximum of dielectric constant (ɛ)
close to the Curie temperature (TCurie).

The dielectric constant curves of PZT48 as a function of tem-
perature at different frequencies, with a typical ferroelectric-
paraelectric transition, are shown in Fig. 7(a) for samples sintered
using MW and in Fig. 7(b) for samples sintered in a conventional
oven (CO). The dielectric constant of the sample sintered in MW
(εmax¼17,911 in Table 5) is higher than the dielectric constant of
the sample sintered in conventional oven and also higher than any
other value found in the literature for this system (considering the
best of our knowledge). An anomalous Curie temperature, which is
much higher than the expected value of 669 K (396 °C) [32], was
observed and can be associated with the intrinsic characteristic of
the materials synthesized by the OPM method and be related to
the oxidant environment promoted by the use of the inorganic
peroxo-complex. This environment hinders the creation of oxygen
vacancies in the structure that give mobility to domain walls af-
fecting, consequently, the sample polarization [33].

The ferroelectric-to-paraelectric transition order was de-
termined by the Curie-Weis law in the vicinity of the transition
temperature (eq.1), where ɛo is the permittivity of vacuum and C is
the Curie constant. It is well known that a first-order transition
occurs when the Curie-Weiss temperature (To) is smaller than the
transition temperature (TC) and, on the other hand, a second-order
transition is observed when To¼ TC.

( )ε ε= + – ( )C T T/ 1C0 0

Fig. 8 shows the dependence of the temperature with the in-
verse of the dielectric constant at 100 kHz for PZT48 samples
sintered in (a) MW and (b) CO ovens. When the dielectric stiffness
was fitted at a narrow temperature range near to the phase tran-
sition, the calculated Curie-Weiss temperature found was lower
than the Curie temperature (Table 5), which indicates a first-order
transition [34]. The inset of Fig. 8 was obtained from the empirical
relationship that describes the diffuseness of the phase transition
represented by the critical exponent γ (Eq. 2), where ɛc is the di-
electric constant at phase transition temperature (TC).
( ) ( ) ( )ε ε γ[ − = – ( )T Tln 1/ 1/ . ln 2C0

The γ exponent is equal to unity for a sharp transition and it
lies in the range 1oγr2 when a diffuse transition is character-
ized [34]. The results from this empirical relationship (Table 5)
suggest that the ferroelectric-paraelectric phase transition is re-
latively diffuse. Camargo et al. [26] reported a similar behavior as
observed in this work for PZT with a 50/50 ratio, which supports
the reproducibility of materials produced by the OPM route.
4. Conclusions

Highly reactive PZT powders with different compositions were
successfully synthesized by the OPM method and were used to
prepare dense ceramic bodies, which demonstrate the versatility
of the OPM route in the preparation of PZT with different com-
positions. These samples were sintered at 1000 °C for 2 h using a
tubular CO and a MW system and showed a relatively diffuse
ferroelectric-paraelectric phase transition regardless of the sin-
tering method. The calculated dielectric constant of samples with
compositions near the MPB sintered by MW system (17.911) was
higher than the dielectric constant of samples sintered using a CO
oven (12.333) with an anomalous high Curie temperature.
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