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Abstract

The formation mechanisms of Pb(Zrg 46, TiOg 49)O3-0.05Pb(Fe, s, Ni; 5, Sb3;5)O5 ternary solid solution prepared by the mixed
oxides techniques has been characterized by X-ray diffraction (XRD), differential thermal analysis (DTA) and thermal gravimetric
analysis (TGA). In a previous investigation (part I), we have shown that the formation of PZT is accomplished through several steps:
decomposition of Pb304 to PbO; formation of PbTiO; above 350°C and of its solid solutions at 650°C. This second part of the work
aims to study the morphotropic phase boundary (MPB). Piezoelectric ceramics having a composition of x PbZrOs—(0.95-x)PbTiO;—
0.05 Pb(Fe;s, Niys, Sbs/5)O3 and a Zr/Ti ratio between 44/51 and 52/43 were prepared in the 850-1200°C temperature range. The
morphotropic phase boundary (MPB) of the solid solution is located at x=47-50. © 2001 Elsevier Science Ltd and Techna S.r.I.

All rights reserved.
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1. Introduction

Pb(Zr,, Ti;_,)O3 (PZT) perovskites have been exten-
sively studied with the aim to optimize their piezoelectric
properties [1]. PZT has been a standard piezoelectric
material for the past forty years. The Zr/Ti ratio is
known to strongly influence properties, such as the clas-
tic constant, the piezoelectric constant, the permittivity,
the coupling factor, etc. Near the morphotropic phase
boundary (MPB), all these properties take extreme
values when x corresponds to the composition of the
morphotropic phase boundary (MPB) which separates
the tetragonal (T) and rhombohedral (R) phases towards
Ti-rich and Zr-rich sides, respectively.

1.1. Formation of PZT

The formation of Pb(Zr,, Ti;_,)O3 has been studied
with several kinds of starting materials by several authors
who suggested a large number of reaction mechanisms [2—
12]. The phase assemblages and appearance of inter-
mediate reaction products will depend on the precursor
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powders that have been employed (specifically, their
purity and particle size) and the time and temperature at
which the solid state reaction has been allowed to pro-
ceed. To investigate the reaction sequence through
which PZT solid solutions are formed by solid-state
reactions in a mixture of PbO + TiO, + ZrO,, research-
ers have performed several series of calcination tests,
but came up with different conclusions. There have been
contradictory observations, particularly with respect to
the presence or absence of intermediate products like
PbZrOs;, a PbTiOj; solid solution (PT)ss and a PbO solid
solution (P)ss.

1.2. Co-existence of phases

The precise determination of the MPB composition
range, which is believed to be quite narrow, has attracted
immense interest [13]. Thermodynamically, the MPB is
expected to be a two-phase region over which the rhom-
bohedral and tetragonal phases coexist [14,15]. Most
studies have shown that the morphotropic phase change
takes place at a specific ratio of Zr to Ti in the PZT
solid solution [16-20], whereas another of investigators
has demonstrated that there can be co-existence of tet-
ragonal-rhombohedral phases over a wide range of
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compositions around the morphotropic phase boundary
(MPB) [15,21-25]. Investigations of the Pb(Zr,, Ti;_,)O3
system have shown the existence of an almost tempera-
ture independent morphotropic phase boundary at
x=0.52-0.53, which separates a rhombohedral phase
from a tetragonal one. By means of X-ray diffraction, the
co-existence of the two phases over a range of composi-
tions around the MPB was demonstrated. Many authors
have shown that the co-existence of the two phases at the
MPB is due to the frozen-in compositional fluctuations
at the Zr/Ti site because of the diffusional limitations of
the conventional solid state processing route.

The aim of the present work is (i) to study the
mechanism of PZT solid solution formation and to
determine the temperature of formation of PZT; (ii) to
determine the width of the two phase region and the
exact composition of the MPB in the x PbZrO;—(0.95—x)
PleO3—005 Pb(F€|/5, Ni1/5, Sb3/5)03 system by X—ray
diffractometry (XRD) in conjunction with the evalua-
tion of electromechanical properties, was used.

2. Experimental details

Ceramics of composition xPbZrO;—(0.95-x)PbTiO5—
0.05Pb(Fey/s, Nijss, Sbs;s)Os near the rhombohedral-
tetragonal morphotropic phase boundary, were prepared
from mixed oxides. The mixtures were made from crys-
talline raw materials of high purity: Pb3;O4 (99.9%),
TiO; (99.56%), ZrO, (99.9%). The following oxides
were used as additives: NiO (99.9%), Fe,O3 (99.9%)
and Sb,03 (99.9%). The characteristics of the powders
are given in Table 1.

2.1. Sample preparation for reaction mechanism of PZT

For this study, a single composition, Pb(Zrg 46, TiOy 49)
03-0.05 Pb(Feys, Nij/s, Sbs;5)O3 was chosen. The cor-
responding molar fractions were weighted and wet
mixed in stoichiometric ratios in a ball mill. 50 g of each
composition was weighed and wet mixed for 6 h in acet-
one. Each batch was dried at 120°C for 3-4 h, remixed,
and divided in 10 parts. The mixtures were dried and
pressed with into pellets at 1000 kg/cm? and then
allowed to react at the desired temperature for 2 h in a
small corundum crucible. The heating rate were 1 to
6°C/min, and the temperatures were 300, 350, 400, 450,

Table 1

Characteristics values of raw materials

Material Purity Phase Particle
(%) size (um)

Pbs04 99.0 Orthorhombic 3.2

TiO, 99.56 Tetragonal 0.6

ZrO, 99.9 Monoclinic 0.8

500, 600, 650, 700, 750 and 800°C. Then the samples
were air quenched to room temperature and ground in
an agate mortar. Powder X-ray diffraction tests were car-
ried out using a D500 Siemens with CukK,, radiation and
nickel filter. DTA/TGA was conducted with Al,O3 as the
reference material. Data curves for this 0.46 PbZrO5-0.49
PbTiO03-0.05 Pb(Fe; /s, Nijs, Sbs;s)O3 composition were
obtained from 25 to 1000°C. The amount of uncombined
PbO in the fired samples was determined by chemical
analysis. A weighed sample was treated with 6 N acetic
acid, in which only uncombined PbO was soluble, and
the amount of PbO was determined by EDTA titration
using xylenol orange as an indicator.

2.2. Sample preparation for determination of co-existence
of phases

2.2.1. Crystallographic structure

In order to investigate the morphotropic phase
boundary samples were prepared according to the for-
mula: xPbZrO5;—(0.95—x) PbTiO5-0.05 Pb(Fey;s, Niys,
Sbs/5)O3, where 44 <x <52. The crystallography of the
phases present in the compositions was determined using
XRD analysis of finished ceramics, sintered from 850 to
1180°C in a PbO atmosphere for 2 h. The tetragonal,
rhombohedral and tetragonal-rhombohedral phases
were identified by an analysis of the peaks [002 (tetra-
gonal), 200 (rhombohedral), 200 (tetragonal)] in the 20
range 43-46° and their lattice parameters were calcu-
lated. In order to ensure an accurate determination of
the lattice parameters, the X-ray peaks were recorded
gradually in steps of 0.01°.

2.2.2. Electrical measurements

For measurement of piezoelectric properties, the
samples were prepared by the usual ceramic technique.
The oxides were mixed mechanically during 10 h in
batches of about 80 g and pressed at 1200 kg/cm? into
pellets of about 15-20 mm high and 13 mm diameter.
After mixing, pre-firing of the powders took place at
800°C for 2 h, followed by dry ball-milling for 30 h. The
calcined powders were ground thoroughly, and speci-
men discs were made with a diameter of 12 mm and a
thickness of 0.8 mm, were pressed at 14000 kg/cm?.
These specimens were sintered in almost closed cor-
undum crucibles in controlled PbO atmosphere at
1150°C. It was verified after each sintering run that
there was no weight loss in the pellets due to the possi-
ble escape of PbO at high temperatures. After sintering,
the silver paste was fired onto the faces of ceramics at
750°C for 30 min. The samples were poled in silicon oil
at 110°C by applying a static field of 35 kV/cm for 60
min. The dielectric constant of the samples was also
measured before and after poling, at 10 kHz. Properties
such as kp, S;; and d3; were measured by a method
similar to that of the IRE standard resonance method.
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The resonance and antiresonance frequencies were
obtained using the maximum and minimum of admit-
tance spectra.

3. Results and discussion

3.1. Formation 0be(Zl’45, Tl49)03—5 Pb(F€1/5, Ni]/5,
Sb3/5)03

The X-ray powder diffraction analysis showed that the
Pb304 disappeared partially and that lead oxide (PbO)
appeared over a narrow temperature range 350-650°C.
Fig. 1 shows the DTA/TGA curves obtained from the
mixed oxide sample over the temperature range 190—
560°C. The endothermic peak observed at about 240°C
is due to Pb3O4 decomposition. An appreciable weight
loss of 2.5% is found with TGA. The DTA curve shows
an endothermic signal at 560°C, which is related to Pb3;Oy4
final decomposition. The first reaction taking place is:

Pb3;O4 — 3 PbO +1/20, )

PbTiO; formation starts at 350°C and is exothermic in
nature. The products contain PbO, TiO, and traces of Pb
TiO5, which indicates that below 350°C the reaction
proceeds only at intergranular PbO-TiO, boundaries
according to the following equation:

PbO + TiO, — PbTIO; Q)

The results of differential scanning calibration (DSC)
analysis confirmed the start of an exothermic reaction at
350°C. This reaction is believed to represent lead tita-
nate formation as the formation enthalpy of PbTiOj is
lower than that of PbZrOs. The formation of lead titanate
at lower temperature (350°C) can be explained by the high
activity of TiO, and of lead oxide (PbO) produced from
Eq. (1). XRD analysis of quenched samples indicated

TGA

EX0

DTA

ENDO

300 400 500 600 700

Temperature (°C)

Fig. 1. DTA/TGA curves for: 46PbZrO5;-49PbTiOs-5Pb(Fe; /s, Nij s,
Sbs/5)O3 composition.

that formation of PbTiO; was complete at 650°C as
shown by the disappearance of the lines corresponding
to TiO,. The parameters of the tetragonal lattice of lead
titanate at 500, 600 and 650°C were calculated from db
and dyy, corresponding to at and cr, respectively. The
results are presented in Fig. 2. A small variation in the
ct/at ratio is observed and it is proposed that over the
narrow temperature range, the reaction proceeds at
PbTiOs—PbO and PbTiO;-ZrO, boundaries, and that
PbO and ZrO, diffuse into the lead titanate perovskite
lattice to form a solid solution. Furthermore, the inten-
sity of the diffraction lines for lead titanate do not
change, and those corresponding to the PbO and ZrO,
slightly decrease. Therefore, the third reaction step is:

PbTiO; + XxPbO + xZrO> — Pby,,TiZr.O31c  (3)

The saturated lead titanate solid solution acts as a
basis for the PZT formation. It seems that diffusion of
Pb*2and Zr**ions in the lead titanate perovskite surface
results in the formation of PZT. A final thermal effect at
approximately 650°C was also found. In this case the
endothermic peak can be attributed to PZT formation
which is an endothermic process. In Fig. 3, XRD ana-
lysis for the saturated reactants calcined at 650, 700, 750
and 800°C is shown to result in PZT formation. The
reaction in this final step is stated below:

1,107
B ]

1,08 —

1,06 —

1,02

1,00 T T T T T y T T 1
450 500 550 600 650 700

Temperature (°C)

Fig. 2. Variations ratio cr/ar of PbTiO; of calcing at temperature
indicated.



94 A. Boutarfaia | Ceramics International 27 (2001) 91-97

800°C

__A__JW

PZT

700°C PZT
PZT PZT  PZT Lo PZT

10.00 18.20 26.40 34.60 42.80 51.00 59.20 67.40 75.60

20°

Fig. 3. X-ray diffraction patterns of standard reactants calcined at
650, 700 and 800°C.

PbTiO; + PbO + ZrO, — (PZT)ss @)

It is important to note the absence of PbZrO;. At
700°C, a total disappearance of the solid solution of lead
titanate and of reactant oxides was observed. However,
the chemical analysis of samples calcined at 650, 700 and
800°C indicated that a small amount of free PbO was
present. This is probably due to an excess of PbO in the
initial mixture. The formation of PZT solid state at
lower temperature was explained by the presence of the
dopants Fe,O3, NiO and Sb,Os.

3.2. Optimization of sintering temperature

Fig. 4 shows the density for 47 PbZrO;—48 PbTiOs-5
Pb(Fe;/s, Nijs, Sbss)O3 samples as a function of sin-
tering temperature. The density increases with sintering
temperature in the initial period and saturates beyond
1150°C. The density of the sintered samples was calcu-
lated from the sample dimensions and weights. The firing
temperature leading to the maximum density, p, lies
between 1050 and 1180°C. At 1150°C, 97% of the theo-
retical value was achieved. As shown in Fig. 4, the sintered
density of the PZT-PFNS specimen decreases slightly as
sintering temperature increases (above 1150°C). The
optimum sintering temperature was defined as the point
when the PbO vapor pressure evaporation-recondensa-
tion equilibrium was reached. The optimum value of the
sintering temperature is affected by the addition of
impurities and other processing parameters such as the
rate of heating, duration of thermal treatment, and
protecting. In view of this observation, we decided to
sinter the PZT-PFNSD pellets at 1150°C.

3.3. Location of the morphotropic phase boundary
3.3.1. X-ray powder diffraction studies

Sintered powders were examined by X-ray dif-
fractometry to ensure phase purity and to identify the
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Fig. 4. Density versus sintering temperature for PZT-PFNS ceramics
(sintering time 2 h).

phases and lattice constants of the materials. The co-
existence of tetragonal and rhombohedral phases near
the morphotropic phase boundary implies the existence
of compositional fluctuations. The compositional fluc-
tuation can in principle be determined from the width of
the X-ray diffraction peaks. However, determination of
the compositional fluctuation for samples near the mor-
photropic phase boundary is difficult. XRD patterns of
PZT powders were analyzed to detect the characteristic
rhombohedral and tetragonal splitting. A morphotropic
phase boundary ‘‘co-existence region” was observed
[shown by duplicated (200) peaks]. It has been reported
in the literature that the splitting of these reflections into
triplets takes place in conventionally-prepared ceramics
due to compositional fluctuations leading to the co-exis-
tence of the tetragonal and rhombohedral phases [15].
The results of XRD (at room temperature) of the
peak (200) in the xPbZrO;—(0.95—x)PbTiO5-0.05Pb
(Feyss, Nijs, Sbs;s5)Os; for several compositions are
shown in Fig. 5. Triplet peaks around 26 =45° indicate
that the specimen consists of a mixture of tetragonal and
rhombohedral phases. A transition from rhombohedral
to tetragonal phase is observed as the concentration of
PbTiOj; increases. The transition zone is a region where
both phases exist simultancously. It is shown that the
tetragonal structure can be formed up to xt < 47 while
the rhombohedral structure stabilize at xg > 50. At
x = 47-50, the tetragonal and rhombohedral phases
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Fig. 5. X-ray diffraction patterns of xPbZrOs—y PbTiO3-5 Pb(Fe, s,
Nij s, Sbs;s)O; after crushing the pellets at 1150°C for 2 h: (a) x/y, 51/
44; (b) x/y 46/49; (c) x/y, 50/45; (d) x/y, 49/46; (e) x/y, 48/47; (f) x/,
47/48. The co-existence of tetragonal and rhombohedral splitting in
the (c, d, e, f).

coexist. The co-existence region is therefore quite nar-
row (Ax=0.03) and extends between xt and xgr. The
region in which two phases co-exist is stable throughout
the interval from xt and xg, although one of these
phases may be metastable relative to the other phase in
one part of this interval and vice versa in the other part.
The width Ax = xt — xg of the co-existence region
obtained from our work is close to that reported by
many authors. This can be explained by microscopic
compositional fluctuations occurring in these perovskite
materials, which cannot provide a real homogeneity in
the solid solutions, and also by the different stresses
induced in the ceramic grains, which determined the
co-existence of tetragonal-rhombohedral phases. An
increase in sintering temperature and firing time
enhanced the diffusion effects within these regions and
led to a relative homogenization of the local composi-
tion of the material.

3.3.2. Dielectric and piezoelectric studies

The dielectric constant (g), the electromechanical
coupling factor (kp), the piezoelectric constant (d3;) and
Young’s modulus (S};) were measured for specimens of
various compositions sintered at 1150°C.

Fig. 6 shows the temperature dependence of € of 0.47
szr037048 PleOz*OOS Pb(Fe]/S, Ni]/s, Sb3/5), as a
typical example of a PZT-PFNSD ceramic. The dielectric
constant, which is equal to 297 at room temperature,
increased to a peak value of 14 473 at the transition
temperature 7. =335°C (PbZrO; has a transition tem-
perature of 230°C). The temperature of the maximum
dielectric constant corresponds to the ferroelectric Curie
temperature.
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Fig. 6. Dielectric constant (¢) at room temperature as a function of
temperature.

Fig. 7 shows the values of the piezoelectric charge
constant d3; as a function of composition for xPbZrOz—
(0.95—x) PbTiO3-0.05 Pb(Feys, Nijs, Sbs;s) for x in the
range of 0.44-0.52. In this figure, the value of increases
as the concentration of PbZrQOs increases and shows a
maximum value for the composition 0.47 PbZrO;-0.48
PleO375 Pb(F€1/5, Nil/g, Sb3/5).

The evaluation results of the planar coupling coeffi-
cients kp are shown in Fig. 8. PZT-PFNS exhibits very
large kp values around the MPB. At this composition,
the value of kp equals 0.63. Thus from the trend of the
variation of electromechanical properties and their opti-
mum values, it is would appear that the MPB lies at
approximately 47/48 = Zr/Ti ratio in PZT solid solution.
At the transition region, piezoelectricity reaches its max-
imum value due to the piezoelectric interactions among
the existing five domains, two of which belong to the
tetragonal phase (180° and 90°) and three to the orthor-
hombic phase (180°, 71°, and 109°).

Young’ modulus for the system PZT-PFNSb is shown
in Fig. 9 for different compositions with an increasing
Zr/Ti ratio. The value of Y decreases as the PbZrO;
concentration increases, and Y attains a minimum value
at Zr/Ti=47/48. 1t can be seen that all curves are char-
acterized by an initial gradual decrease in the values of
Young’s modulus, reaching a minimum value near the
transition. This can be explained by the gradual decrease
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Fig. 9. Variation of S;; with composition (mol% PZ) for PZT—
PFNSb.

of tetragonality and the pronounced drop of the curves
near the phase transition Zr/Ti=47/48. The optimal elec-
tromechanical properties are obtained with the composi-
tion 047PbZrO;—048 PbTiO3—0.05Pb(Fel/5, Ni]/s, Sb3/5).

4. Conclusions

1. The formation mechanism of PZT solid solution
with a small amount of Fe,O3, Sb,O5; and NiO was
studied by the mixed oxides consisting of Pb3Oy,
TiO, and ZrO,. The first step is the decomposition
of Pb3O4 on PbO. The second step, above 350°C,
is the reaction of PbO and TiO, to form PbTiOs.
When the saturated PbTiO; is submitted to a
temperature increase, the interaction of PbO, ZrO,
and TiO; inside the PbTiO; perovskite forming the
PZT solid solution takes places. The differences
found with respect to the reaction mechanism
reported by other authors may be due to different
experimental conditions.

2. The phase and microstructure of the sintered sam-
ples were examined by X-ray diffractometry (XRD).
In this work, the solid solution xPbZrOs;—(0.95—x)
PbTiO370.05Pb(FCI/5, Ni1/5, Sb3/5)03 were studied.
The morphotropic phase boundary (MPB) of the



A. Boutarfaia | Ceramics International 27 (2001) 91-97 97

solid solution is located at x =47-50 and there is a
coexistence of tetragonal and rhombohedral phases
even in compositionally homogeneous PZT pow-
ders. The electromechanical coupling factor (kp)
and the dielectric constant reach their maximum at
the new MPB.
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