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Abstract
The crystallization evolution of lead zirconate titanate (PZT) powders processed from two organic gel systems with nominal 
composition was investigated. The crystallization of the perovskite PZT form initiated as the calcining temperature reached 
400 °C. The formation of PbO phase constituted seeding grains for PZT crystallization at such low temperature. The forma-
tion of lead-deficient fluorite or pyrochlore phases was completely avoided under judicious processing conditions. TGA/
DTA analysis was carried out to evaluate the activation energy associated with the perovskite phase formation. The kinetic 
parameters of the PZT crystallization toward perovskite formation were followed by employing Kissinger and JMAK isocon-
versional kinetic models. The results revealed that the crystallization mechanism is related to the powder precursor system. 
The value of the activation energy for the perovskite formation was about 77 kJ mol−1 irrespective of the precursor system 
when the Kissinger model was applied.
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Introduction

Lead zirconate titanates are of great technological impor-
tance due to their excellent ferroelectric and piezoelectric 
properties. PZT-based materials are commonly applied 
in electronics and microelectronics. The best piezo-
electric properties are associated with the morphotropic 
composition.

The synthesis of PZT powder of high quality is essential 
to develop superior piezoelectric PZT ceramics. PZT pow-
ders are mostly prepared through conventional solid-state 
reaction starting from their individual metal oxides. Mate-
rials synthesized via this technique are often very fragile 
and porous to be easily polarized [1]. Chemical processing 
routes are usually used to maintain the stoichiometry and 
to lower the crystallization temperature and particle size in 
order to produce highly dense product.

The fabrication of high-quality PZT powders at low tem-
perature is highly required. The crystallization of the PZT 
perovskite phase is compelled by nucleation, which needs 
considerable activation energy [2]. The kinetic analysis of 
the thermal decomposition route is an essential step to com-
prehend how the material behaves under different function-
ing conditions. In addition, the determination of the kinetic 
mechanism helps optimizing the processing parameters. 
The kinetics of sol–gel reactions has been explored by sev-
eral groups. Fernandes et al. [3] have found that the rate 
of PZT crystallization is directly related to the decline of 
the amorphous phase content, which is in turn affected by 
the oxidation of the carbonaceous mass. Merckle et al. [4] 
investigated isothermal and non-isothermal crystallization of 
PZT (45/55) sample processed by the sol–gel method using 
2-methoxyethanol as the solvent. They reported an apparent 
activation energy around 300 kJ mol−1 for the pyrochlore-to-
perovskite conversion and an Avrami exponent of 1.

This study aims to investigate the structural evolu-
tion and the crystallization kinetics in order to determine 
the most plausible growth mechanism of the sol–gel-
processed PZT nanopowders. Two sol precursor systems 
will be explored. The main objective of this work is to 
investigate the crystallization behavior of PZT powder 
and to determine important kinetic parameters related 
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to the perovskite phase formation. The DTA peak cor-
responding to the perovskite crystallization was analyzed 
by two theoretical models, which have been formulated 
by Kissinger and JMAK, to clarify the nucleation and 
growth processes.

Experimental

The procedures used to prepare these precursor systems 
were previously described in detail [5, 6]. A Pb–Ti–Zr 
complex alkoxide was synthesized by mixing lead acetate 
trihydrate [Pb(OCOCH3)2·3H2O] (≥ 99%, Aldrich), zirco-
nium (IV) butoxide [Zr(OC4H9)4] (80 mass% in 1-butanol, 
Aldrich), and titanium (IV) isopropoxide [Ti(OC3H7)4] 
(97%, Aldrich) in isopropanol [(CH3)2CHOH] (99.5%, 
Sigma-Aldrich) under nitrogen gas flow  (N2), and the 
solutions were protected from moisture. The metal ions 
were solubilized through the formation of complexes with 
DEA [(HOCH2CH2)2NH] (99%, Aldrich) (PZT-DEA pre-
cursor) or acetoin  [CH3COCH(OH)CH3] (Aldrich) (PZT-
AC precursor), which were added under a constant stir-
ring. This procedure ensures a homogeneous mixing at 
a molecular level of all metal cations, thereby favoring 
the crystallization by reducing the diffusion path range.

The gel powders were then thermally treated in an 
open-end crucible and inserted into a tube furnace previ-
ously set at the appropriate temperature at a heating rate 
of 5 °C min−1. At the end of the desired treatment time, 
the powders were removed and cooled in air. The heat 
treatments were accomplished under permanent flow of 
air or pure oxygen through the furnace.

The gel powders’ thermal decomposition was moni-
tored by simultaneous thermogravimetric–differential 
thermal analysis (TG–DTA). TGA/DTA was recorded on 
a thermal analyzer (Model TA-50 WS, Shimadzu, Kyoto, 
Japan) under flowing air. The heating rate varied between 
7.5 and 17.5 °C min−1. The crucial thermal transforma-
tions occurring in the temperature range RT-800 °C were 
identified. Kissinger’s method [7] and JMAK approach 
were applied to evaluate the energy barrier for the crystal-
lization of PZT perovskite phase using DTA. The samples 
were heat-treated from room temperature to 800 °C at 
different heating rates. The temperatures of the DTA exo-
thermic peaks, which correspond to the perovskite phase 
crystallization from both systems, were determined. The 
X-ray diffractograms were recorded at room temperature 
on a Rigaku diffractometer (Model RAD-2R, Rigaku Co., 
Tokyo, Japan) in reflection mode with CuKα radiation 
(40 kV, 30 mA). The pyrochlore and perovskite phases 
were quantitatively analyzed using Origin software.

Theoretical background: determination 
of the crystallization kinetic parameters 
by non‑isothermal phase transformation

Kissinger approximation

The Kissinger method is often used to evaluate the kinetic 
parameters of the crystallization through the interpretation 
of DTA results. The method was developed by Kissinger 
[7, 8] and further modified by Starink [9] for a more pre-
cise evaluation of the activation energy.

According to the Kissinger’s formula,

where ∅ refers to the heating rate, Ea is the activation energy, 
R is the universal gas constant, and Tm is demarcated as the 
peak temperature.

The crystallization rate factor can then be calculated 
using the Arrhenius equation:

here Ko is the pre-exponential (or frequency) factor.
The activation energies corresponding to the crystal-

lization of the perovskite phase can be estimated from the 
slope of the plot of 
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ence of the activation energy values calculated by this 
model may be limited since Ea is assumed to be constant 
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can still provide a basic comparative idea of the crystal-
lization kinetic data of a certain compound prepared via 
different routes. However, the results should not be con-
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cept following:

The knowledge of the crystallization rate factor KT can 
thus be calculated according to Eq. 2. The experimental 
procedure includes a number of DTA runs of the PZT gel 
powder at diverse heating rates ∅.
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fraction �(t) to time (t) in agreement with the transforma-
tion kinetic equation:

where k is the crystallization rate constant (which varies the 
nucleation frequency and growth rate but differs from KT in 
the reaction kinetics), and n is the exponent which does not 
depend on temperature but sensitive to the reaction mecha-
nism. k as well as n can be resoluted by fitting Eq. 4.

Equation 4 can be rearranged in a similar form:

The kinetic exponent n keeps the same value. According 
to the JMA model, the isothermal crystallization rate can 
be found by differentiating Eq. 5 with respect to time. The 
resulting expression has the following form:

Several research groups have reported [10–14] that 
the validity of the JMA theory can be extrapolated to the 
analysis of non-isothermal crystallization, provided that:

1. The crystals phase grows from a constant number of 
nuclei.

2. Nucleation was completely achieved prior to the crystal 
growth.

When the nucleation phenomenon entirely occurs in the 
course of early stage of the transformation, the crystalliza-
tion is referred to as isokinetic process and its rate depends 
only on temperature. Under these conditions, Eq. 6 can be 
applied to non-isothermal circumstance.

The temperature dependence of the kinetic constant k 
appearing in Eqs. 5 and 6 has a simple Arrhenius comport-
ment during the crystallization:

here the constant A is the pre-exponential factor. Under the 
above-mentioned conditions, the rate equation describing 
a non-isothermal process can be estimated by combining 
Eqs. 6 and 7:

Taking the logarithm of the integrated Eq. 10, the subse-
quent equation is obtained [15]:
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 and �(x) = x
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 (Ref. [16]).

Considering the term ln
[
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]n
 as a constant, a plot of 

ln [− ln (1 − �)] versus the reciprocal temperature 1
T
 should 

be linear, having a slope equal to − nEa

R
 [15]. However, this 

linear relationship does not systematically imply the appli-
cability of the JMA model to interpret any thermal experi-
mental data. In fact, as pointed out by Málek [15], this is due 
to the low sensitivity of the double logarithmic function as 
well as the temperature dependence of the term ln

[
AT

�
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 , 

which cannot always be neglected. When the aforementioned 
conditions are fulfilled, the JMAK approach can also be used 
to determine the Avrami exponent using Ozawa’s equation 
for linear heating rates [13]:

The value of α is the ratio of the partial integrated area 
to the perovskite crystallization peak at a fixed temperature 
over the total peak integration area.

Microstructure evolution

The main issue in the crystallization of lead zirconate titan-
ate is the formation of an intermediate fluorate- or pyro-
chlore-phase  Pb2Ti2O7−x with 0 ≤ x ≤ 1.  Pb2Ti2O7−x is a lead-
deficient phase with cubic symmetry and as a consequence 
lacks ferroelectric properties. Despite the stability of the 
perovskite form, the development of the metastable fluorate 
or pyrochlore is kinetically favored since the titanium neigh-
borhood of the amorphous state largely resembles that of 
 Pb2Ti2O7−x [17, 18]. Several alternatives have been proposed 
to diminish the content of this undesired phase in the perovs-
kite. The most widely used approaches are the inclusion of 
lead excess in the starting precursor system and/or the heat 
treatment of the powders under PbO-saturated atmosphere. 
Several researchers have pointed out the importance of the 
processing parameters on the crystallization pathway either 
through the lead-deficient transient phase or directly to the 
perovskite form. Completely avoiding pyrochlore phase 
remains a complex task. Two-stage crystallization with the 
pyrochlore as the intermediate phase often takes place.
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Intermediate phases

PZT‑DEA system

The gel powders were heat-treated quasi-isothermally in a 
preheated tube furnace at different temperatures and dura-
tions. The intermediate phases were identified by analyzing 
the XRD signals. Basically, two crystalline phases evolved 
before perovskite formation. At first, Pb reflections emerged at 
temperatures higher than 300 °C, followed by PbO signals that 
started at around 400 °C. Both phases coexisted up to 450 °C. 
The typical spectra shown in Fig. 1 depict this situation.

At the first combustion stage, lead was reduced to zero 
valent before being oxidized. The decomposition of organic 
materials provided stable reducing conditions. The same situ-
ation has been previously observed for PZT gel with the high 

level of residual carbon [19]. Elemental Pb is crystallized 
according to the following reaction:

Several authors attributed the formation of elementary Pb 
to the reduction of lead oxide by organic mass [20]. This is 
not likely to happen in the present work since the PbO was 
formed through the oxidation of Pb which has been crystal-
lized earlier.

The lead re-oxidation apparently starts after their com-
plete combustion of the organic mass. When increasing the 
calcining temperature or extending the heat-treatment dwell 
time, the XRD signals of lead oxide progressively dimin-
ished at the expense of perovskite. PZT perovskite phase 
started to form at 400 °C. However, pure PZT phase could 
not be obtained at this temperature even after extending the 
calcining duration up to 10 h (Fig. 2). The crystallization of 
the perovskite phase at low temperature will be sufficient 
in reducing the major part of Pb loss due to volatilization.

Compared with other reports, the preparation scheme 
developed in this study has efficiently decreased the crys-
tallization temperature of single perovskite PZT phase to 
450 °C. As will be seen later, this result is consistent with 
the remarkably low activation energy relative to the PZT 
formation.

The combustion of the organic mass is highly exother-
mic, and thereby, considerable thermal energy is provided 
which favors the perovskite formation under the moderate 
external temperature. Fukui [21] considered that extended 
reaction time is essential to increase the perovskite level at 
a reasonable temperature. Schwartz et al. [22] attributed the 
low crystallization temperature of powders synthesized via 
chemical routes to relatively low activation energy. The for-
mation of the intermediate pyrochlore phase should not also 
be ignored. The following paragraphs will closely examine 
to which extent these points influence the crystallization 
behavior.

PZT‑AC system

The thermal transformation of the gel processed from this 
system followed different paths to the perovskite forma-
tion. Figure 3 depicts the corresponding XRD spectra. The 
perovskite phase initiated concomitantly with pyrochlore at 
T = 400 °C. The intensity of the Pyrochlore reflections starts 
diminishing as the calcining time increases. Extended calci-
nation time up to 10 h was insufficient to totally covert the 
pyrochlore-to-perovskite phase. The perovskite phase pre-
dominated with further increase in the firing temperature 
and time as evidenced by the sharpening of the correspond-
ent peaks. Single phase could be obtained at 650 °C/3 h. 

2PbO + C → 2Pb + CO2.
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The nucleation and growth of the perovskite phase from 
the intermediate pyrochlore require a certain minimum Pb 
level [23]. Therefore, in the present case, the perovskite 

likely formed through the subsequent diffusion of Pb into 
the pyrochlore.

The same experiments have been conducted under 
flowing oxygen to determine the impact of the calcining 
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Fig. 2  Room-temperature powder X-ray diffractograms of the PZT powders from PZT-DEA precursor after heat treatment in air: a for 3 h and  
b for 10 h at the temperatures indicated
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atmosphere on the gel pyrolysis. Figure 4 shows the X-ray 
spectra along with that of the as-dried gel. The presence of 
broad humps around 2θ = 29 and 35° indicates early-stage 
crystallization of pyrochlore structure which continues at 
higher temperatures as evinced by the appearance of the 
(311) and (400) reflections. The utilization of pure oxygen 
atmosphere seems to hamper and retard the crystallization of 
the PZT perovskite phase. Pure oxygen probably promoted 
the crystallization of pyrochlore phase by increasing the 
number of nucleation sites. Compared with the pyrochlore 
phase, the perovskite is known to be relatively enriched with 
lead and deficient in Zr and oxygen. Therefore, the forma-
tion of metallic lead, when the PZT-DEA system has been 
used, may have helped the direct crystallization of the PZT 
perovskite from the amorphous phase.

Kinetic parameters

Crystallization kinetics derived from Kissinger 
approximation

The results of the DTA are analyzed after partial solvent 
evaporation. The DTA curves recorded at different heating 

rates for PZT samples from the PZT-AC system are shown 
in Fig. 5. The DTA peaks broadened and shifted to higher 
temperatures as the heating rate is getting larger. The atomic 
rearrangement was postponed to higher temperature as the 
heating rate increased since the decomposition depends on 
heat-transfer time. The peak broadening indicates enhanced 
crystal growth. The development of the crystalline per-
ovskite fraction as a function of temperature (time) from 
PZT-AC gel at various heating rates is shown in Fig. 6. The 
sigmoidal curves seen in this figure are typical for a crystal-
lization progression comprising of an initial period of induc-
tion followed by fast crystallization of the perovskite phase 
and regular growth of the crystallites until a constant crystal-
lite size value. The temperature relative to a fixed crystal-
lized fraction increases as the heating rate increases, due to 
shorter conversion time. The activation energy and pre-expo-
nential factor of crystallization are calculated in Eqs. 1–3. 
The linear regression of Kissinger’s formula (Eq. 1) for dif-
ferent heating rates is shown in Fig. 7 for the PZT-AC and 
PZT-DEA systems. Even though the analysis was limited 
to the PZT crystallization, the Kissinger approach was not 
applicable to certain DTA data that have been recorded at 
particular heating rates due to the overlapping with various 
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other decomposition steps. Figure 8 illustrates an example 
of DTA peak that could be deconvoluted into two distinct 
peaks. The DTA curves as well as the TGA analysis pre-
sented in Fig. 9 revealed that the gels derived from both 
precursors decomposed their organic contents at comparable 
temperatures. When the DTA peak records were interpreted 
by means of the Kissinger approach, it became evident that 
comparable combustion temperatures were related to anal-
ogous activation energies. In addition, the decomposition 
of PZT-AC- and PZT-DEA-type precursor gels proceeded 
at similar rates once the energy barrier was overcome as 
the resultant pre-exponential factors showed (Table 1). The 
accordant results are pictured in Fig. 9. The apparent activa-
tion energies calculated in the case of the present work are 
numerically summarized in Table 1. The activation ener-
gies reported for other sol–gel systems are shown in Table 2. 

Fig. 5  Representative DTA 
curves for PZT gel powders 
from PZT-AC system with dif-
ferent heating rates
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The formation of the crystalline perovskite lattice from both 
systems consumed reasonably low activation energy and 
progressed at a moderate rate. The kinetics of the crystal-
lization of  PbTiO3 powders from metallo-organic precursors 
has been previously described by Shaikh [24], and activation 
energy values within the range of 60–87 kJ mol−1 were rep
orted.

Based on the activation energy values calculated for pyro-
chlore-to-perovskite phase transformation, Chang et al. [25] 
deduced that the pyrolysis time defines the formation mech-
anism (nucleation or growth-controlled) of the perovskite 
form. They attributed the relatively low activation energy 
to the formation of crystalline PbO that serves as seeding 
sites for PZT crystals. Polli and Lange [20] followed three 
different methods to prepare PZT powders. They found that 

the carbonaceous content in the gel and the rate of hydro-
carbon escape during pyrolysis are essential to prevent the 
formation of elemental Pb. Durán et al. [26] as well as Chen 
et al. [27] attributed the difference in the estimated acti-
vation energies to the various precursor compounds and 
manufacturing processes that result in T poly-crystals. This 
interpretation seems not to apply in the present case since 
different crystallization paths and precursors solutions led to 
comparable activation energies. James et al. [28] related this 
discrepancy to the difference in the source of metal precur-
sor as well as other reaction conditions.

The activation energy should account for the energy 
required for complex destabilization and PZT crystalliza-
tion. Since the crystallographic structure of the pyrochlore 
from which the perovskite phase initiated was the same, 
the discrepancy in the reported activation energies partly 
resulted from the difference in the complex destabilization 
energy. In addition, the homogeneous mixing of the cations 
at molecular level reduced the metallic diffusion path and 
thereby facilitated the crystal formation.

Crystallization kinetics derived from the JMAK approach

Experiments were undertaken in order to evaluate kinetic 
parameters from non-isothermal (DTA) procedure through 
the application of the JMAK approach. Non-isothermal con-
ditions during DTA measurements were realized in the DTA/
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Fig. 9  DTA/TGA curves for PZT gel powders from PZT-AC and PZT-DEA systems recorded at a heating rate of 7.5 °C min−1

Table 1  The values of activation energy (AE), correlation factors 
(R2), and standard errors calculated by Kissinger’s method

Precursor system AE/kJ mol−1 R2 Standard error Ln(Ko)

PZT-AC 74.67 0.991 0.42 10.29
PZT-DEA 76.76 0.997 0.23 10.48



135Thermal analysis of the crystallization kinetics of lead zirconate titanate powders prepared…

1 3

TGA apparatus chamber. The obtained results were analyzed 
by applying the original approach [Eq. (6)] and the deriva-
tive equation for non-isothermal experimentations (Eqs. 9 
and 10) to the DTA measurement results.

The exponent n is deduced from the slope of the fitted 
linear relationship of ln [− ln (1 − �)] versus Ln∅ at various 
temperatures, as shown in Figs. 10 and 11. The obtained 
exponent n for the exothermic peak relative to the crystal-
lization of PZT perovskite form from both precursor systems 
is collected in Table 3. The exponent value (3.5) obtained for 
the PZT powder prepared from the PZT-AC system indicates 
that the crystallization mechanism relates to an increasing 
(constant) nucleation rate with diffusion-controlled growth. 
Figure 12 shows the plot used to calculate the activation 
energy for the crystallization of PZT from the PZT-AC sys-
tem. The plots are reasonably straight in the selected inter-
vals. The slope of ln[−ln(1 − �)] against 1/T yields activation 
energy of 77 kJ mol−1, which is close to that obtained using 
Kissinger’s model. This indicates that both approaches are 
applicable to analyze the crystallization of PZT from this 
system. Therefore, the JMAK model can be extended to ana-
lyze the crystallization under non-isothermal circumstances 
when the conditions mentioned in the earlier paragraph are 
satisfied.

Example of the plot ln[−ln(1 − �)] versus 1/T correspond-
ing to the PZT perovskite fraction from the PZT-DEA sys-
tem is depicted in Fig. 13. The Avrami exponent as well as 
the activation energy is collected in Table 3. The Kissinger 
evaluation and the JMAK analysis yielded approximately 

Table 2  Comparison of activation energy calculated for the crystallization of perovskite PZT powders and films processed from various sol–gel 
systems

a For thin film
b Depending on the pyrolysis temperature and time

Composition Synthesis method Analysis method Phase transition Activation energy/kJ mol−1 References

25

75
−

45

55

Sol–gel Kissinger Pyr → perov ~ 300 [4]
52

48

Sol–gel Johnson–Mehl–Avrami 
(non-isothermal)

Pyr → perov 224.91 [29]

53

47

Sol–gel Isothermal Amorphous → perov 310a [30]
53

47

Sol–gel Kissinger Pyr → perov 424.5 and 591.3b [31]
52

48

Sol–gel Kissinger Pyr → perov 74.7 This work
52

48

Sol–gel Kissinger Amorphous → perov 76.8 This work
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Table 3  The values of activation energy and Avrami exponent calcu-
lated by JMAK’s method

Precursor system AE/kJ mol−1 Avrami 
expo-
nent

PZT-AC 77.8 3.8
PZT-DEA 114.3 2.6
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equivalent values concerning the activation energies associ-
ated with crystallization. The Avrami exponents of 2.6 and 
3.8 indicate a three-dimensional growth with a crystalliza-
tion occurring at a constant nucleation rate.

Applicability of the JMAK model

As previously mentioned in “Johnson–Mehl–Avrami–Kol-
mogorov (JMAK) approach” section, the perfect linearity 
of the double logarithm versus the reciprocal temperature 

should not be always taken as an absolute argument to jus-
tify the validity of the JMAK theoretical model. Although 
the rigorous and trustworthy test is the direct comparison 
of the experimentally measured data with the theoretical 
curve, several authors have suggested reliable tests to vali-
date the applicability of the JMAK approach.

Málek [15] proposed another test based on Z(�) function 
which is defined by:

This maximum function should belong to the interval 
0.62 < �M < 0.64. Figures 14 and 15 show that the maxi-
mum value of the function Z(�) is broad and falls slightly 
outside this interval. The curves shown in Figs. 14 and 
15 have the same shape as that of the theoretical function 
(Refs. [13, 15]). Málek [15] attributed the difference from 

(11)Z(�) =
d�

dt
⋅ T

2.

∅ = 7.5 K min–1

∅ = 10 K min–1

∅ = 12.5 K min–1

∅ = 15 K min–1

∅ = 17.5 K min–1

ln
[–

 ln
(1

– 
α)

]

1000/T/K

1.3 1.4 1.5 1.6
– 10

– 5

0

5

– 10

– 5

0

5

1.3 1.4 1.5 1.6
– 9
– 6
– 3

0
3

– 9
– 6
– 3
0
3

1.3 1.4 1.5 1.6

– 6
– 3

0
3

– 6
– 3
0
3

1.3 1.4 1.5 1.6
– 9
– 6
– 3

0
3
6

– 9
– 6
– 3
0
3
6

1.3 1.4 1.5 1.6
– 16
– 12
– 8
– 4

0
4

– 16
– 12
– 8
– 4
0
4

Fig. 12  JMAK plots of ln[− ln (1 − α)] as a function of the reciprocal 
temperature for the crystallization of PZT from PZT-AC system

= 17.5 Kmin–1

ln
[–

 ln
(1

– 
α )

]

1000/T/K

1.275 1.290 1.305 1.320

– 1.0

– 0.5

0.0

0.5

1.0

– 1.0

– 0.5

0.0

0.5

1.0

Fig. 13  JMAK plots of ln[− ln (1 − α)] as a function of the reciprocal 
temperature for the crystallization of PZT from PZT-DEA system

– 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

d α
 /d

t

α

0.48

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 Z
/ α

Fig. 14  Normalized Z(α) and derivative (α) curves calculated for the 
JMA model (precursor system: PZT-AC, β = 10 °C min−1

– 0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 d
α

α /d
t

α
0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 Z
/

0.56

Fig. 15  Normalized Z(α) and derivative (α) curves calculated for the 
JMA model (precursor system: PZT-DEA, β = 7.5 °C min−1



137Thermal analysis of the crystallization kinetics of lead zirconate titanate powders prepared…

1 3

theoretical value (0.632) to an approximation of the �(x) 
function (Eq. 9). Based on Henderson’s testing method [11], 
the same author considered that �M values near 0.632 could 
be wrongly interpreted to mean that the results do not agree 
with the JMA approach. Therefore, the slight deviation from 
the theoretical values does not necessarily exclude the valid-
ity of the JMAK analysis.

Conclusions

The perovskite formation followed different routes depend-
ing on the precursor system. XRD analysis did not reveal any 
signal of the metastable pyrochlore phase when PZT-DEA 
precursor system has been used. In contrast, the nanocrys-
talline pyrochlore phase mediated the perovskite which has 
been formed from PZT-AC solution. The composition sta-
bility throughout the PZT powder processing is provided 
for good reproducibility, and favored the crystallization of 
the PZT perovskite form at a relatively low temperature of 
400 °C compared to other reports. This result is consistent 
with the low activation energies corresponding to the PZT 
formation. The XRD spectra showed an incessant, regular 
upturn of the conversion ratio of the perovskite phase with 
the increase in calcination time and temperature. The utiliza-
tion of pure oxygen atmosphere during the gel pyrolysis did 
not minimize the intermediate phase content as expected. 
In contrast, nanocrystals of the transient pyrochlore phase, 
which is more stable at low temperatures, were developed.

Kissinger and JMAK models have been used under non-
isothermal circumstances to analyze the PZT perovskite 
crystallization kinetics with morphotropic composition. 
The apparent activation energy estimated from the Kiss-
inger model was about 75 kJ mol−1 regardless of the pre-
cursor system. Nearly the same value was calculated using 
the JMAK approach for PZT from PZT-AC system, whereas 
higher activation energy was obtained for PZT from PZT-
DEA system applying the same model. The activation ener-
gies found in this work remain among the lowest reported. 
The transformation into the perovskite form has an Avrami 
exponent of about 3, which can be interpreted by saturated 
nucleation followed by three-dimensional growth.
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