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Abstract In this study, Pb(Zr0.52�Ti0.48)O3 nanopowders

were synthesized via sol–gel process. Particle morphology,

crystalline phases and thermal behavior were characterized

by scanning electron microscopy, X-ray diffraction and

simultaneous thermal analyzer, respectively. The X-ray

diffraction pattern showed perovskite phase clearly. The

non-isothermal activation energy for the perovskite crys-

tallization in Pb(Zr0.52�Ti0.48)O3 gel powders was

224.91 kJ mol-1. Both growth morphology parameter

(n) and crystallization mechanism index (m) are close to

3.0, indicating that the bulk nucleation is dominant in the

perovskite PZT formation. To determine dielectric prop-

erties, the calcined Pb(Zr0.52�Ti0.48)O3 nanopowders were

pressed using uniaxial press. It was found that the

Pb(Zr0.52�Ti0.48)O3 disks, by sintering at 1,200 �C for 2 and

10 h, and at 1 kHz frequency, had 966 and 1,490 of the

dielectric constant, respectively.

1 Introduction

Lead zirconate titanate, Pb(Zrx�Ti1-x)O3 (PZT), piezo-

electric ceramics with a composition close to the mor-

photropic phase boundary (MPB) (x = 0.52–0.55) exhibit

a large dielectric constant, a high spontaneous polarization,

and a great piezoelectric response [1, 2]. Dielectric and

piezoelectric properties of PZT are related to the

tetragonal-rhombohedral phase transition composition.

This transition is frequently categorized as morphotropic

because it corresponds to a structural change with the

variation in composition [3]. PZT thin-film and powders

have been synthesized through sol–gel [4], metallo-organic

decomposition (MOD) [5, 6], reactive calcinations [7],

coprecipitation [8], ball milling [9], hydrothermal reaction

[10] and others [11, 12]. Among the chemical methods, the

sol–gel processing is remarkable due to the advantages of

high purity and homogeneity of the nanopowder. In addi-

tion, the preparation takes place at a relatively low tem-

perature, not exceeding 600 �C. Also because the mixing is

accomplished in solution, the components are mixed on the

atomic scale in a relatively short time. PZT-based materials

can be found in numerous applications including hydro-

phones, fish finders, ultrasonic transducers, sensors and

actuators, etc. [13].

The thermal behavior of various materials has been

investigated by a DTA technique. For the crystallization

and phase transition study of materials, DTA is useful in

determining the transformation temperature [14–16].

The sol–gel method has been extensively used to pre-

pare single-phase nano-crystalline PZT powders and

ceramics, thin films, fibers, etc. [17–19]. This study aims to

synthesize perovskite lead zirconate titanate nanopowders

with ultra-fine dimensions of about 7 nm and to investigate

the phase transformation, growth mechanism, crystalliza-

tion kinetics, their dielectric constant (er) and dielectric loss

(tand).

2 Experimental procedure

Lead (II) acetate tri-hydrate (Pb(CH3CO2)2�3H2O, Merck),

zirconium n-propoxide (70 wt% solution in 1-propanol,
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Zr[OCH(CH3)2]4, Merck) and titanium iso-propoxide

(Ti[OCH(CH3)2]4, Merck) were used as the starting mate-

rials to introduce the Pb, Zr, and Ti cations into the solution

in a 1:0.52:0.48 ratio, respectively. 2-Methoxy ethanol

(CH3OCH2CH2OH, Merck) was introduced as a solvent

and stabilizer for zirconium and titanium precursors and

lead acetate tri-hydrate. The sol was dried at 90 �C until a

transparent resinous xerogel was formed. The gel was dried

at 100 �C for 2 days, and then calcined in different tem-

peratures for 1 h [20, 21]. The phase analysis of the PZT

powders was characterized by X-ray Diffraction (XRD;

Philips X-Pert X-ray diffractometer with Cu Ka radiation

at 40 kV) analysis.

Cohen’s method of determining lattice parameters is

more valuable when applied to non-cubic substances [22].

In this investigation, it was used form 11 planes between

2h = 20–70� [(001), (100), (101), (110), (111), (002),

(200), (102), (201), (112) and (211)], and then, used the

method of Least Squares. For tetragonal crystal structure:

sin2 htrue ¼
k2

4
� h2 þ k2

a2
þ l2

c2

� �
ð1Þ

where:

sin2 h� k2 h2 þ k2ð Þ
4a2

� k2 l2ð Þ
4c2

¼ �2 K sin h cos2 h ð2Þ

By rearranging this equation and introducing new

symbols, we obtain:

sin2 h ¼ Ca þ Bc þ A d ð3Þ

where:

C ¼ k2

4a2
; a ¼ h2 þ k2; B ¼ k2

4c2
; c ¼ l2;

A ¼ �2K; and d ¼ sin h cos2 h:

The values of C, B, and A, of which only the first two are

really needed, are found from the three normal equations:X
a sin2 h ¼ C

X
a2 þ B

X
acþ A

X
ad ð4Þ

X
c sin2 h ¼ C

X
acþ B

X
c2 þ A

X
cd ð5Þ

X
d sin2 h ¼ C

X
adþ B

X
dcþ A

X
d2 ð6Þ

Simultaneous Thermal Analysis (STA 1640) was used to

identify the crucial steps in the pyrolysis and calcination

processes, from room temperature to 900 �C, with a heat-

ing rate of 5–40 �C/min in air atmosphere. The grain size

and morphology were assessed using a High Resolution

Transmission Electron Microscope (HR-TEM Philips

CM30—150 kV). To determine dielectric properties, first,

the calcined PZT nanopowders were pressed using uniaxial

press, under a pressure of 80 MPa to form discs with the

diameter of 10 mm and thickness of about 1 mm; then the

PZT pellets were sintered in air for 2, 10 h at 1,200 �C,

with the heating rate being fixed at 5, 10, 20, 30 and

40 K/min.

The electrodes were polished and then covered with

silver suspension containing the organic solvent. Elec-

trodes were also formed in the oven after 10 min at 110 �C.

The dielectric constants and dielectric loss (tand) were

measured with the LCR Meter (GW Instek-800 Series)

using a constant frequency of 1, 10 and 100 kHz.

3 Results and discussion

3.1 Thermal behavior and phase formation

Figure 1 shows the results of thermo gravimetric analysis,

TGA, and differential thermal analysis, DTA, with a

heating rate of 5 K min-1. From the TGA pattern, a large

amount of weight loss was observed at 423 and 467 �C.

These temperatures seem to be critical in the sintering of

the PZT gel. Below 250 �C, the weight loss was shown in

the TGA curve and the weak broad endothermic DTA peak

was due to the evaporation of the volatile solvent. Between

300 and 500 �C, the weight loss was due to the removal

and decomposition of organic groups [23, 24]. Two DTA

peaks around 423 and 467 �C correspond to a weaker and a

stronger exothermic DTA peaks. The former may have

resulted from decomposition Precursors of organic material

and the latter, from PbO formation [24]. There was a weak

exothermic peak in the DTA curve around 512 �C which is

related to the formation of the perovskite phase [25]. The

horizontal curves of TG–DTA were achieved around

600 �C, indicating that the complete formation of the

perovskite PZT nanopowders was achieved at a furnace

temperature greater than 600 �C. The X-ray diffraction

Fig. 1 Thermal gravity and derivation analysis (TG–DTA) of dried

gel of PZT
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showed that the perovskite structures were formed at

around 600 �C, corresponding well with the TG–DTA

results.

The crystallization kinetics of the PZT nanopowders

were compared using DTA analysis at different heating

rates. Figure 2 shows the DTA curves for the crystalliza-

tion of the PZT gel powders at various heating rates, B,

ranging from 10 to 40 K min-1. It was found that the

exothermic peak was shifted to a higher temperature when

the heating rate was increased. When the heating rate was

increased, the rearrangement was delayed to the high

temperature side.

The XRD patterns of PZT gel powders obtained at

various temperatures are shown in Fig. 3. Pyrochlore phase

(Pb2Ti2O6) peaks began to appear in 400 �C (Fig. 3a),

starting transformation into PZT at 500 �C (Fig. 3b). The

latter continued to grow until 600 �C (Fig. 3c), at which all

peaks were identified as PZT peaks. The XRD pattern of

PZT powder heat treated at 600 �C exhibited broad peaks

indicative of fine crystalline particles. The PZT average

crystallite size was calculated to be approximately 6 nm

using Modified Scherrer’s equation:

ln B ¼ lnðKk=TÞ þ lnð1= cos hBÞ ð7Þ

where k is the X-ray wavelength in nanometer (nm), B is

the peak width of the diffraction peak profile at half

maximum height resulting from small crystallite size in

radians and K is a constant related to crystallite shape,

normally taken as 0.9 [13]. The XRD results also showed

the existence of a perovskite phase for the PZT nano-

powders prepared by the sol–gel method for all tempera-

tures. This result agrees well with the DTA measurement,

which showed that the crystallization process was

completed at about 600 �C. The low temperature perov-

skite crystallization can be ascribed to the decomposition

and combustion of the organic complexes. The lattice

parameters were determined by Cohen’s method from the

XRD pattern at 600 �C. In the tetragonal crystal structure,

lattice parameters (a and c) were obtained 0.4039 and

0.4148 nm, respectively. These values is agreed with PDF

card 33-0784, very well (a = 0. 40360 and

c = 0.41460 nm).

3.2 Crystallization kinetics

The exothermic peak of DTA curve shows that the crys-

tallization temperature (Tc) and the temperature depend on

the heating rate (B), which is represented by the Arrhenius

equation [14]. In order to calculate the activation energy of

perovskite crystallization in PZT gel powders, the John-

son–Mehl–Avrami (JMA) equation [26] can be used:

lnB ¼ �Ec=R Tc þ ln CM ð8Þ

where Ec is the apparent crystallization activation energy,

R represents the universal gas constant and ln CM is a con-

stant. From the DTA curves at different heating rates, a linear

relation is achieved between ln B and 1/Tc as shown in Fig. 4.

Thus, the apparent activation energy was obtained from the

slope of the fitted straight line, namely, 224.91 kJ mol-1.

This result is smaller than 295–494 kJ mol-1, which is

Fig. 2 Exothermic peak of DTA curves for PZT gel powders at

various heating rates: a 10, b 20, c 30 and d 40 K min-1

Fig. 3 X-ray diffraction patterns of lead zirconate titanate nanopow-

ders calcined at: a 400 �C, b 500 �C and c 600 �C
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reported in the literature [27]. This difference can be attrib-

uted to the various precursor materials and manufacture

processes that have different chemical homogeneities in PZT

polycrystals crystallization [28, 29].

The HR-TEM image of PZT nanopowder calcinated at

600 �C, and its particle size distribution are shown in

Fig. 5a, b. The figure shows that the PZT nanopowders

exhibit a narrow distribution and are nearly spherical in

morphology. From HR-TEM images, the average particle

size of PZT nanopowders (Fig. 5b) was found to be about

7.3 nm in diameter (with Image Analyzer Program).

The dielectric constant can be calculated by determining

the capacitance of the pellets having electrodes that cover

the major surfaces. By employing the LCR Meter, the

capacitance of the samples can be calculated according to

IEEE Standard [30]. After obtaining the capacitance, rel-

ative dielectric constant can be calculated using plate

condenser:

C ¼ er � e � Sð Þ = d ð9Þ

where S is the area of the specimen, d is the thickness of the

specimen, and e is the vacuum dielectric constant

(e = 58.855 9 10-12 F/m). Table 1 show that the dielectric

constant depends on the sintering time and the frequency. It

was seen that the er was decreased and the tand was increased

with increasing frequency (Table 1). It was understood that

at higher frequencies, a space charge polarization from

conducting ions at the interface could not follow the change

of the electric field, thereby leading to a non-ferroelectric

appearance [31–34]. The er was increased with an increase in

sintering time because the PZT grain size was increased with

an increase in sintering time [3, 13, 34].

3.3 Growth mechanism of the perovskite PZT

formation

When a sample is crystallized in a DTA run, the exother-

mic peak is related to the growth morphology parameter

(n). A higher value of n means a narrower peak. The DTA

curve shows a narrower peak at a higher heating rate of

40 K min-1 as shown in Fig. 2. The simplified Johnson–

Mehl–Avrami (JMA) expression is:

log � ln 1 � að Þ½ � ¼ �m � log B� n � Ec= 2:303 R Tð Þ
þ constant ð10Þ

where n means the growth morphology parameter, and

m denotes the crystallization mechanism index. For the bulk

nucleation and constant number of nuclei such as the three-

dimensional growth, m = 3 and n = 3. For the two-dimen-

sional growth, m = 2 and n = 2. For m = n = 1, it

describes one-dimensional growth or surface nucleation

from a constant number of nuclei [35]. The calculated value

of n decreases with increasing heating rate as listed in

Fig. 4 Plots of ln B vs. 1000/Tc

Fig. 5 HR-TEM micrograph of

the prepared PZT nanopowders

at calcination temperatures of

600 �C for 1 h

Table 1 The er and tanr of the sintered PZT pellets

Sintering Conditions Frequency (kHz) er tanr

1,200 �C, 2 h 1 966 0.06

10 907 0.09

100 883 0.17

1,200 �C, 10 h 1 1,490 0.009

10 1,242 0.05

100 1,021 0.14
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Table 2. It is found that n is 3.29 at a heating rate of

10 K min-1 and decreases gradually to 2.81 as the heating

rate increases to 40 K min-1, in which the initial crystalli-

zation mechanism is characterized by instantaneous nucle-

ation. Within an experimental error, the average value is

approximated to 3. The non-isothermal result with a reaction

order n of 3 for the perovskite PZT formation in the PZT gel

powders can be estimated. According to the JMA criterion,

n = 3 describes three dimensional growth from a constant

number of nuclei and shows a spherical-like morphology

[36, 37], that has been examined by HR-TEM in Figs. 5.

According to Eq. (4), m value could be determined and

listed in Table 2. Those values are also approximately 3.

These results also indicate that the bulk nucleation is

dominant in the perovskite PZT crystallization and the

crystal growth is controlled by diffusion at a fixed number

of nuclei in the PZT gel powders.

4 Conclusions

Powder samples were prepared by sol–gel method, and for

dielectric properties measurement, pellet samples were

prepared via uniaxial pressing and sintering at 1,200 �C,

for 2 and 10 h. STA analysis showed that the crystalline

phase was fully up to temperature of 600 �C and the non-

isothermal activation energy for the perovskite crystalli-

zation in PZT gel powders was 224.91 kJ mol-1.The X-ray

diffraction showed that the perovskite structures were

formed at around 600 �C, corresponding well with the TG–

DTA results. The PZT average crystallite size was calcu-

lated to be approximately 6 nm. The obtained lattice

parameters agree with PDF card 33-0784, very well.

According to the JMA criterion, n = 3 describes three

dimensional growth from a constant number of nuclei and

shows a spherical-like morphology, and m = 3 indicate

that the bulk nucleation is dominant in the perovskite PZT

crystallization and the crystal growth is controlled by dif-

fusion at a fixed number of nuclei in the PZT gel powders.

From HR-TEM images, the average particle size of PZT

nanopowders was found to be about 7.3 nm in diameter. In

terms of dielectric properties, It was found that the er was

decreased and the tand was increased with an increase in

frequency and a decrease in sintering time.
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