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MECHANISM OF THE SOLID STATE FORMATION OF LEAD ZIRCONATE TITANATE
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Résumé - Les réactions & 1'état solide qui ont lieu pendant lacal-
cination de materiaux céramiques de type PZT ont été &tudiées sur
deux differentes classes de matiéres premiéres. On propose un nou-
veau méchanisme pour la réaction de formation des solutions soli-
des du type PZT.

Abstract - The solid phase reactions which occur during the calci-
nation of PZT ceramics have been studied on two kind of raw mate-
rials. A new mechanism reaction for the PZT solid solutions forma—-
tion is proposed.

I - INTRODUCTION

In an attempt to clarify the reactions occurring in the PZT formation
ceramics, many papers have been adressed to such an objective by a num-
ber of researchers /1/-/6/. In a general manner the results reported by
the major contributors coincid in accepting that the lead titanate (PT)
is the first reaction product to be formed when the mixed oxides tech-
nique were used /1/, /2/, /5/, /6/. However, if a submicron zirconia pow-
der chemically prepared is used then the PZ formation is previous to the
PT formation /4/. This PZ intermediate product was not observed in the
majority of other papers, with the only exception of Ohno et al /7/ who
also reported the PZ formation which subsequently reacts with PT to form
PZT solid solution. On the other hand, Yamaguchi et al /8/ report the
possible formation of PZ but only under determined conditions. The pre-
sence of an intermediate PbO solid solution was reported by Speri /9/,
and confirmed later by Hankey /10/.

It seems obvious that the PZT can be synthesized by the solid state re-
action PbO+Zr0,+Ti0O, - PZT, and that this reaction cannot proceed in on-
ly one step. In the powder mixture of the oxides reactants three types
of intergranular contact points are to exist, where those intermediate
products with the lower formation heat will be firstly formed, which
then reacts further to form the PZT solid solution as the final reaction
product. The objective of the present work was undertaken to study the
effect of reaction temperature, time and powder reactivity in order to
determine the kinetics and mechanism of the PZT solid state formation.

II - EXPERIMENTAL PROCEDURE

The mixtures were made from crystalline raw materials with high purity
Pb0299.9% (orthorhombic massicot), Ti0,299.9% (tetragonal anatase), and
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2r0,299.8% (monoclinic baddeleyite), 1.5% HfO, included. To study the
effect of Zr0O, reactivity on PZT formation, an amorphous ZrO, obtained
by precipitating the hydroxide with ammonium from a ZrOCl,.8H,0 aqueous
solution was used. The complex zirconium hydroxide was further calcined
at 500°C for several hours. Average particle size was measured for all
powders using a Coulter Counter, and specific surface area measurements
were carried out by BET technique using N, as an absorbant. In order to
determine which is the first reaction product to be formed during the
PZT formation, a DTA/TGA technique was utilized with Al,0, as a refe-
rence material.

A PZT composition with Zr/Ti/53/47, which is closed to the phase boun-
dary, was chosen. Powder were mixed in stoichiometric ratios in a ball
mill for 4 hours with alumina balls grinding media in acetona, and the
slurries were dried at 509C. The oxides mixture was remilled by attri-
tion for 1 hour and dried. After drying the powders were pressedat 100
MPa into pellets 5 mm in diameter and 4 mm thick. These pellets were
placed in a small platinum crucible and subjected to reaction tempera-
ture in a preheated furnace. The heat-treatments were carried out in
air at a fixed temperature between 500° and 850°C. Above 750°C the pe-
llets were placed in a sealed platinum crucible to avoid the evapora.
tion of lead oxide. After subjecting the samples to the different reac-
tion temperatures, they were air quenched and grounded in an agata moxr-
tar.

The phase composition of the reaction products was determined by X-ray
diffraction analysis with a Philips diffractometer using CuKgy radiation
and a nickel filter. Although the PbO-Zr0,-TiO, is a very complex sys-
tem, however the different phases formed during the PZT formation are
characterized by a good symmetry and, therefore, the intensity of the dif-
fraction lines could be taken to do an approximate estimation of the re-
action progress. In this way, the eguation x;j=KIj/Ioji was used to cal-
culate the approximate concentration of the different phases (xji=phase
concentration, Ij=zintensity of the diffraction line for the phase i in
the reaction product, Ipj=intensity for the same diffraction line in
the pure phase, and K=constant). The diffraction lines (111), (111),
(101), (122) and (111) for pPbO, Zr0,, TiO,, PbTiO,;, PbZr0O; and PIT res-
pectively were used. In the case of the P2ZT phase, its relative concen-
tration was estimated by reference to a standard prepared from a compo-
sition Pb(Zr.;,Ti.,;)0,; sintered at 12309C.

IIT - RESULTS AND DISCUSSION

Fig. 1 shows the DTA curves obtained for the two kind of PZT samples
prepared. For mixed oxides sample, in which the average particle size
after attrition milling was <2 yum, an exothermic peak at about 560°C,
attributed to the PT formation, was observed. A second thermal effect at
approximately 740°C was also found. In this case the endothermic peak
must be attributed to the PZT formation which is an endothermic process.
For the sample in which a 2Zr0O, chemically prepared was used, the DTA
curve only shows an endothermal effect at approximately 750°C which is
related to the PZT formation, and no exothermic peak was observed. The
se results are quite different to those found by Chandratreya etal /3/
who attributed the endothermic peak to the PZ formation which compound
was, on the other hand, not observed in their X-ray diffraction experi
ments. Hankey and Biggers /2/ found a complex DTA curve in which the
PT formation was an endothermal effect. A second endothermic peak at-
tributed to the PbO solid solution formation was also reported. Further
more, a third peak, endothermic, in this case corresponding to the PIT
formation was also reported. At present time the DTA curves from Han-
key and Biggers /2/ are difficult to be interpreted with clearness.




C1-539

PT

g From mixed oxides
>
L
l PZT
4 From amorphous ZrO,
Q
z
in

) T Ly L.y

200 400 600 800 1000

TEMPERATURE (*C)

Fig. 1.~ DT4 plots for the two types of samples.

As previously mentioned, the complete guantitative analysis of the pha
ses composition during the PZT formation would be extremly difficult
to obtain. However, as shown in Fig. 2 an estimation of the phase com-
position in the reacting mixture as a function of temperature was made
as follows:

From mixed oxides

A set of preliminary experiments with oxide mixtures of composition
PblZr.5,Ti,,,)0; showed that after heating at 500°C for several hours
the products contain PbO, 2r0O,, TiO, and traces of PbTiO;, which indi-
cates that below 500°C the reaction proceeds only at intergranular PbO-
TiO, contacts according to the following equation:

PbO + TiO, - PbTiO,
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Fig. 2.- Phase composition of the reacting mixture as a func-

tion of temperature.

This reaction was completed at approximately 600°C as shown by the di~-
sappearance of the X-ray diffraction lines corresponding to TiO,.

As the temperature was increased a very important feature was observed
between 600 and 650°C. In that narrow temperature range the reaction
simultaneously proceeds at intergranular PbTiO;-PbO and PbTiO;-Zr0,
contacts, and some of Pb0O and Zr0, diffuses into the lead titanate pe-
rovskite lattice taking place there the formation of a lead titanate
solid soclution. This assumption was supported by the observed increase
for the lattice parameters of the lead titanate compound. On the other



C1-540 JOURNAL DE PHYSIQUE

hand, neither diffraction lines of the lead zirconate compound nor PbO
solid solution formation were observed. Furthermore, the intensity of
the diffraction lines for lead titanate did not shift, and those corres
ponding to the PbO and ZrO, oxides slightly decreases. Therefore, the
second reaction step taking place before PZT formation is: PbTiO; +

+ PbO + ZrO, » (PbTiO;)ss.

Beyond 650°C, the saturated lead titanate solid solution acts asa sup-
port for the PZT formation. It seems probable that the diffusion of

Pb2* and Zr** ions in the lead titanate perovskite surface which re-
sults in the formation of PZT was more favourable. Although the diffu-
sion in the PbO-Zxr0, contact points to give PZ is not improbable,
however that compound was not detected in the lead step of the PZT+reac—
tion synthesis. It is possible that the diffusion rate for the pb®™ and
Zr ions into the lead titanate ss perovskite lattice was higher than
that for the formation of PZ.In this way,the final reaction in the PZT
formation can be established as follows: (PbTi0O,)gg+ PbO+ Zr0, + (PZT)gg

From ZrQO, chemically prepared

Taking into account that this oxide is the least reactive of the three
oxides mixture, a submicronized ZrO,; with a high specific surface (149

m?/g) for these experiments was used. As can be seen from Fig. 2, PbTiO;
is always the first reaction product to be formed and two stages of
the reaction may clearly be distinguished: a initial period in which
practically all the PbTiO; is formed and, before this reaction was fi
nished, starts the PbZrOa formation. That reaction seguence takes pla
ce between 450° and 600°C. Therefore, the reaction occurring in that
temperature range progress mainly in the intergranular contacts PbO-
TiO, with the PbTiO; formation, and can be described by the equation:
PbO + TiO, - PbTiO;.However this reaction step was not detected by DTA
(see Fig. 1), probably due to rapid PZ formation and its simultaneaous
interaction with PT to give PZT.

The subsequent reaction taking place is the PbZr0O; formation which is
formed into a narrow temperature range (600°-650°C). In that tempera-
ture interval more than 70-80% of PbZrO; is formed as it could be esti
mated from the intensity of the diffraction lines. Before the maximum
formation of PbZrO; a decrease in the intensities of the PbTiO, diffrac
tion lines was observed, which is related with the begining of the for
mation of the PZT solid solution. The reaction in this second step can
be described as follows: PbO + ZrO, » PbZrO;.

This reaction, as can be observed in Fig. 2, takes place at a higher
rate than the rate for the PbTiO; formation.

In the final step, taking place from 650° to 850°C, the PbZ2r0O, is con-
sumed more rapidly than the PbTiO;, which is related to a lower stabi-
lity of that compound as the temperature is increased. On the other
hand, it was found that the reaction-rate for the PZT formation was
lower than in the case in which a mixed oxides was used. Then the fi-
nal step could be described by the equation: PbTiO; + PbZrO; » (PZT)gs.

From the above described results the following reaction mechanism for
the PZT formation could be advanced. In the first step, above 450°C,
reaction proceeds at the higher rate which results in the total consump
tion of TiO,. When the PT formation was completed some of PbO and ZrO,
oxides reacts further, almost immediately, with the formed PT to give
a PT solid solution as a result of the second step reaction. When the
PT was saturated and if the temperature is increased then takes place
the third step, with the interaction of PbO, Zr0O. and TiO; in the inte
rior of the PT perovskite matrix forming the PZT solid solution as the
final product of the reaction. According to our results it seems reaso
nable to assume that the PT perovskite lattice acts as a host matrix
in which the interdiffusion of the Zr*+, Pb2+ and Ti** ions favoure the
PZT formation. In this way the PZT synthesis efficiently proceeds at
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approximately 800°C, although the complete formation is only acheived
at higher temperatures. This fact could be explained by assuming the
formation of thick layers of PZT between the grain of the reactant pro
ducts which probably hindered the mass-transport..If this is so, the ~
diffusion-rate of Zr"“+ and Pb?+ ions in the PT host matrix could be the
rate-limiting step in the final PZT solid solution formation.

When a 2r0, with a high surface energy was used, the kinetics for the
PZT formation was strongly affected, and a new intermediate reaction

product, PZ, was formed. Such an intermediate reaction product was al-
ways formed after the PT reaction formation was practically completed,

From mixed oxides -

From amorphous zirconia
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Fig. 3.- Reaction scheme for the PZT formation.

and never previously to the PT formation as reported by Venkataramany
and Biggers /4/. This could depend of the reactivity of the Zr0, pow-
der. This seems reasonable as the formation enthalpy for PT is lower
than that for the PZ formation. It this case the reaction mechanism
for the PZT formation could be described by a first step reaction in
which, as always, the PZ is formed. Due to the high reactivity o
Zr0, a hew intermediate reaction product, the lead zirconate, is for-
med in the second step reaction. When these two compound have been
formed begins the PZT formation at the PT/PZ interfaces as the third
step reaction. It is believed that the diffusion-rate in the PT/PZT
and PZ/PZT interfaces could be the rate-limiting step in the forma-
tion of a PZT solid solution. Fig. 3 shows schematcaly the two reac-
tion systems leading to the PZT formation.

According to our results a new reaction mechanism for the solid state
PzT formation is proposed. The differences found with respect to the re-
action mechanism reported by other authors may be due to the different
experimental conditions, however the conclusions here attained are ba-
sed on the experimental results obtained on oxides mixtures carefully
prepared. Although became very difficult to delimit the begining and
the end of each step reaction, however the present results can contri-
bute to elucidate the reaction phenomena which occur during the calci-
nation in the PZT ceramics fabrication.
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