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Reactivity of zirconium oxide in various crystalline modifications (monoclinic, tetrago -
nal, and cubic) in lead zirconate synthesis has been studied. Using dilatometry and X-ray
diffraction analysis, it has been shown that synthesis of lead zirconate involving the
monoclinic zirconium dioxide is essentially completed at 800°C. The lowered synthesis
temperature favors lowering of the ceramic sample sintering temperature and increasing their
shrinkage.

HccrnenoBana peakIMOHHAA CIOCOOHOCTh OKCHUIA IUPKOHUA PasINUUYHON KPUCTANIINYECKOI
mMopuduranuy (MOHOKJUHHON, TETPArOHAJIBHON M KYyOWUYECKOIl) IPU HOJYUYeHUU LIUPKOHATA
cBuHNa. C IOMOIIBI0 AUIATOMETPUUYECKOTO U PEHTTeHO()Aa30BOTO aHAJIW30B IIOKA3aHO, UTO
OJTyYeHNe INUPKOHATA CBHUHIIA C YYACTHEM MOHOKJIWHHON MoAMGUKAIUN OKCUIA INUPKOHUA
mpaxkTuuecku 3aBepinaerca npu 800°C. Bosee Hu3Kas TeMIepaTypa CHUHTe3a IMPKOHATA
CBUHIIA CIIOCOGCTBYET CHUIKEHUIO TeMIIePATYPhl CIEeKaHUA KepaMUUYeCKUX O0PasIloB W YBeJH-
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YEeHUNI0 uX yCagKHu.

There are two main instances that cause
a considerable interest in lead zirconate-ti-
tanate (PZT) solid solutions for over 40
years [1-3]. First, various phase transfor-
mations occur in that system, thus making
it possible to study comprehensively the na -
ture of ferroelectric (FE) and antiferroelec -
tric (AFE) ordering as well as the mecha-
nisms providing high piezoelectric charac-
teristics of a material. Second, the
ferroelectric PZT ceramics is used in many
technical fields due to their pronounced pie -
zoelectric and pyroelectric properties, the
ceramics application being extended con-
tinuously.

The solid phase synthesis being used
mainly in the modern industrial production
is studied well enough, so that no surprises
occur in laboratory conditions. In the mass
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production of the ceramics, difficulties
arise that are believed to be connected with
the use of different grades of zirconium
oxide (ZrO,) as raw materials. Therefore,
continuous studies are in progress to eluci-
date factors influencing to a greatest extent
the whole technologic cycle of PZT ceramic
pieces manufacturing. The purpose of this
work was to study the solid phase synthetic
process using zirconium oxide of three
known crystalline modifications, namely,
monoclinic (M), tetragonal (T), and cubic
(C) ones. Zirconium oxide in so-called nano -
dispersed state (the powder grain size of
150 to 180 nm) was used.

The PZT synthesis is known to include
three steps, namely, lead titanate forma-
tion; lead zirconate formation; and forma-
tion of PZT solid solution due to mutual
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Fig. 1. DTA (top) and TG (bottom) curves for
equimolar PbO-ZrO, mixtures with ZrO, modi-
fications: monoclinic (1), tetragonal (2), cubic
(3). Inset: M.p. of ZrO, solid solution in PbO as
function of ZrO, concentration (mole per cent).

diffusion of the components [4]. It is just
the second step that defines the product
quality to the greatest extent. Therefore,
the main attention in this work is given to
lead zirconate (PZ) formation.

PZ was prepared by solid phase synthesis
from lead carbonate and zirconium dioxide
mixed in stoichiometric ratio. The finely
dispersed (150 to 180 nm) ZrO, powder was
obtained by co-precipitation of zirconium
and yttrium hydroxides from solutions of
their nitrates using aqueous ammonium so -
lution [5, 6]. After filtration and drying,
the ZrO, precipitate was calcined at 500°C
and 700°C. The various crystalline modifica-
tions of ZrO, were obtained using doping
with yttrium oxide (tetragonal modification,
3 mole per cent, cubic one, 6 mole per cent).

The PZ synthesis conditions were studied
using thermogravimetry, dilatometry, and
X-ray analysis. The differential thermal
analysis (DTA) was carried out using a D-103
derivatograph (MOM) within 20-1100°C
temperature interval at heating rates of 5
to 10°C/min. For X-ray phase analysis
(XPA), a DRON-3 diffractometer with fil-
tered copper emission was used in the con-
tinuous recording mode. The phase composi -
tion was quantitatively determined to
within %3 %. The dilatometric measure-
ments were carried out using a NETZSCH
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Fig. 2. Dilatometric curves for raw equimolar
PbO-ZrO, mixtures with ZrO, modifications:
monoclinic (1), tetragonal (2), cubic (3).

402 ED dilatometer within 20-1300°C tem-
perature interval at heating rates of 5 to
10°C/min.

Fig. 1 presents the DTA curves and mass
change (thermogravimetric) ones obtained
at heating of lead carbonate equimolar mix -
tures with zirconium oxide of three crystal -
line modifications (monoclinic, tetragonal,
and cubic). The DTA curves for all samples
show a double-step endotherm within 300 to
450°C temperature range caused by lead
carbonate decomposition. The further tem -
perature elevation gives rise to an en-
dotherm at 800°C (for mixtures containing
any ZrO, modification). In the shrinkage
curves (Fig. 2, curves 1, 2), this endotherm
is accompanied by an anomalous sample ex -
pansion within 750 to 850°C temperature
range for monoclinic and tetragonal ZrO,
modifications while for cubic one, a bend is
observed (see Fig. 2, curve 3). The anoma-
lous sample expansion maximum tends to
decrease down to disappearance when pass -
ing from monoclinic ZrO, modification to
cubic one.

At even higher temperatures (about
870°C), one more endotherm is seen in DTA
curves for tetragonal and cubic ZrO, modi-
fications only (Fig. 1, curves 2, 3). This ef -
fect increases when passing from the
tetragonal to cubic ZrO,. This effect is ab-
sent when monoclinic ZrO, is used. The last
endotherm in the DTA curves is within the
PbO melting range, but its temperature dif -
fers from the PbO melting point reference
value. To characterize this high-tempera-
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ture endotherm, we have determined the
melting temperatures of PbO:ZrO, solid so-
lutions. The inset in Fig. 1 presents the
temperature dependence for PbO containing
up to 4 mole per cent of dissolved ZrO,. The
increasing ZrO, content is seen to cause the
melting temperature down to values corre-
sponding to the high-temperature endotherms
shown in Fig. 1.

The XPA results show that the extent of
solid-phase PZ formation depends on the
crystalline modification of ZrO, used.
Fig. 3 shows dependence of PZ content (per
cent mass) on the synthesis temperature for
monoclinic and tetragonal ZrO, modifica-
tions (the synthesis duration was 2 h in all
cases). The reaction completion extent is
seen to depend not only on the zirconium
oxide crystalline modification but also on
the preparation conditions thereof (calcina -
tion temperature). Since the zirconium
oxide modification can be changed only by
introducing oxide dopants (in our case, yt-
trium oxide), PZ was synthesized from pure
zirconium oxide and lead carbonate but
with 3% (mol.) yttrium oxide added to the
initial blend in order to reveal just the ef-
fect of yttrium. The results of those experi-
ments are shown in Fig. 4.

The results obtained show that the final
result depends mainly on the synthesis tem -
perature, the raw material pre-history (cal-
cination temperature of the co-precipitated
hydroxide), and the ZrO, crystalline modifi-
cation. The first mentioned factor is easy to
understand and well studied. It should be
noted, however, that the use of monoclinic
ZrO, modification with grain size of 150 to
180 nm provides the final product manufac -
turing at lower temperatures than are re-
quired if stock-produced batches of that
oxide are used. The most important result
of this work that is worth to emphasize
consists in that the solid-phase reaction run
depends on the ZrO, crystalline modifica-
tion used. This is a non-trivial result, and
further investigation are necessary to un-
derstand it.

In this work, the tetragonal and cubic
zirconium oxide modifications have been ob -
tained using yttrium oxide as a dopant.
Thus, the experiments carried out are sub-
stantially multifactor ones. In particular,
the final results may be influenced by in-
creased imperfection of the crystal lattice
due to different valences of zirconium and
yttrium ions as well as impurity effects at
grain boundaries. The both factors may re-
sult in changed efficiency of the diffusion
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Fig. 3. PZ content (per cent mass) as a function
of synthesis temperature at monoclinic (top)
and tetragonal (bottom) equimolar PbO-ZrO,

mixtures with ZrO, modifications. ZO, calcina-
tion temperature, °C: 1 — 500, 2 — 700.

transport and thus in changed kinetics of
the solid phase synthesis. Therefore, let the
second-order factors be determined at first
and then disregarded.

At first, let the role of yttrium oxide be
considered. Fig. 4 presents the dependences
of the final product yield on the synthesis
temperature obtained using three zirconium
oxide modifications (it is to remind that
tetragonal and cubic modification are stabi-
lized with 83 and 6% (mol.) of yttrium
oxide, respectively). To compare, the corre-
sponding dependence is shown for the raw
blend obtained with monoclinic zirconium
oxide (yttrium oxide free) and with that
containing 3% (mol.) pure yttrium oxide
introduced into the blend. All the curve
characterizing the blends where yttrium
oxide was not added separately are similar
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Table. Unbound lead oxide (PbO, p.c.mass) concentration in PbZrO; synthesized at different

temperatures
Tsyn, °C ZrO, modification and calcination temperature, °C
monoclinic monoclinic tetragonal tetragonal cubic
500 700 500 700 700
700 6.7 61 37.5 65 77
750 5.8 21.3 44 56
800 1.5 6 12.7 17 30
900 0.6 - - 1.8 5.9
to each other and differ from the curve PbZrOg, % 1
corresponding to the blend containing pure [
yttrium oxide. The most substantial differ -
ence consists in that, in the latter case, the
completed synthetic process is not observed 801
even at high temperatures. It is just that
effect that can be related to the grain
boundary impurity effect limiting the diffu- 60k
sion processes. In our opinion, that effect
does not define the synthesis features ob-
served in this work. ok
Now let us consider how the change in
oxygen non-stoichiometry (due to zirconium
oxide stabilization with different amounts
of yttrium oxide) may influence the syn- Dl 300 T5C

thetic process. An increase in yttrium oxide
content is known to result in decreased oxy -
gen index (due to the lower yttrium va-
lence). In this case, the oxide in use is char-
acterized as (Zry,Y,)Og 5x) (8(x) 0 and in-
creases in parallel with x). According to
modern concepts, the increased imperfection
of the crystal lattice must cause increased
diffusion coefficients and improved effi-
ciency of the solid synthesis process. The
experiment, however, proves the opposite
effect. It is seen from Figs. 3 and 4 that as
the yttrium oxide content in the blend
rises, the synthesis is shifted towards
higher temperatures. Thus, the changes in
zirconium oxide crystal lattice imperfection
do not define the observed features of the
synthesis process.

Let the mechanisms defining the solid
phase synthesis processes in PZ be consid-
ered in more detail. Those are similar to
those in PbTiO3 and BaTiO3. The perovskite
PZ structure is a three-dimensional frame -
work of [ZrOg] octahedrons coupled together
at their vertices where oxygen ions are ar-
ranged. In titanates, the framework con-
sists of [TiOg]. Lead ions are arranged in
dodecahedral voids of the octahedral frame -
work. The crystal ZrO, (or TiO,) structure
is the same framework of [ZrOg] (or [TiOg])
octahedrons coupled together in part with
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Fig. 4. PZ content (mass.%) vs synthesis tem-
perature for zirconium oxide calcined at 700 °C.
ZrO, modification: I — monoclinic, 2 — tetrago-
nal, 3 — cubic, 4 — monoclinic with the addi-
tion of 8 mol. % Y,05; in the blend before
synthesis.

edges and in part with faces. Such oxygen-
octahedral structure of oxides is packed
more closely than that of perovskite. In the
synthesis process of a mixture of zirconium
(or titanium) oxide and lead oxide and the
perovskite structure formation, the octahe-
drons of the close-packed zirconium (or tita -
nium) oxide structure are "open” and ro-
tated. Then, lead (or barium) ions are em-
bedded into that "new” structure. In the
solid phase synthesis of complex perovskite
type oxides, two main mechanisms are seen
to be involved: breakdown of chemical
bonds in simple zirconium (or titanium)
oxide with rotation of the basic structure
elements (oxygen octahedrons) and diffu-
sion of lead ions to their "new” sites in the
forming perovskite structure.

It is to note that in the lead zirconate-
lead titanate system, PbZrO;-PbTiO3, not
only perovskite type compounds but also the
pyrochlore structure ones may be formed.
The latter structure is also a framework of
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oxygen octahedrons but coupled with edges.
In this case, the synthesis temperature is
much lower (400 to 450°C) than that of
perovskite compounds . This fact indicates
that such temperatures are quite sufficient
to provide the effective diffusion of lead
ions from the lead oxide granules to their
new sites and their embedding into inter-oc -
tahedral voids with pyrochlore crystal lat-
tice. Those temperatures are, however, in-
sufficient to break the chemical bonds and
to rotate the octahedrons. The energy pro-
viding the latter processes and the
perovskite structure formation is provided
only by higher temperatures (700°C and
above).

It is seen from the above that it is not
diffusion processes that are critical in the
perovskite type lead zirconate. Therefore,
let us consider in more detail the synthesis
process concept based on the block structure
mechanism of perovskite type oxide forma -
tion. It is seen from the experimental re-
sults (Fig. 3) that the lead zirconate pow -
ders calcined at 500°C provide the PZ syn-
thesis at lower temperatures. This can be
explained in an unambiguous and non-con-
tradictory manner taking into account the
above considerations. The X-ray examina-
tions have shown that the crystal structure
of those powders is not yet formed com-
pletely [6 ]. The powders could be charac-
terized as "amorphous in part” (there is a
short-range order while the long-range one
is not expressed clearly). During the heat
treatment at the synthesis temperature,
several processes occur, including the com -
pletion of crystallization, formation of full-
crystal structure characteristic of each spe-
cific ZrO5:Y composition, the chemical bond
breakdown and the oxygen octahedron rota-
tion, and the lead ion embedding into the
structure, resulting at the end in formation
of the perovskite crystal structure. Since
the processes mentioned run simultane-
ously, the required energy is lower than in
the case when powders of pre-formed crys-
tal structure (calcined at 700°C) are used.

Now let the phenomenon of the PZ syn-
thesis temperature increase when passing
from the monoclinic zirconium oxide modi -
fication to the tetragonal one be considered.
The phenomenon mechanism is not clear al-
though, in our opinion, it is defined also by
the block-structure formation process of
perovskite type oxides. Zirconium oxide in
various modifications is characterized by
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different stress levels of chemical bonds.
When passing from the monoclinic modifi-
cation to the tetragonal one, the unit cell
symmetry is lowered and the reduced strain
parameter increases. The bonds of different
lengths (but equivalent crystallographically
in the initial cubic modification) can be con -
sidered as those resulting from the tension
or compression of bonds existing within the
high-temperature cubic modification. The
chemical bond straining (the ion spacing
changes) provides an additional mechanical
energy inherent in the low-symmetry crys-
tal lattice.

The mechanical stresses (or rather the
excess elastic energy ) in the distorted PZ
lattice (of monoclinic and tetragonal modifi -
cation) favor the bond breakdown in the
oxygen-octahedral framework. As a result,
the PZ synthesis temperature becomes lower
when passing from the monoclinic modifica -
tion to the tetragonal one. The mechanisms
considered (diffusion and block-structure)
are competitive in the effect on the synthe-
sis temperature change. Unfortunately,
there are no reliable methods (as well as
suitable physical models) to discriminate
the contributions from both mechanisms.
Experimental data show, however, that it is
the second mechanism that predominates in
the PZ synthesis.

Thus, reactivity of three zirconium oxide
crystalline modifications in PZ preparation
has been studied. The calcination tempera-
ture elevation at ZrO, preparation results in
a decreased chemical activity. For solid-
phase PZ synthesis, use of monoclinic ZrO,
modification is to be preferred. The use of
such blend results in lowered sintering tem -
perature of ceramic samples.
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Bniius kpucraxignoi moau@ikaimii okcuay IUMPKOHiIO
HAa CHMHTEe3 IMUPKOHATY CBUHIIIO

T.I'./[eiinexa, O.0.Boéx, B.M.Iwyx, P.d.Pamaxacéa,
I''K.Boakosa, T.€E. Koncmanmunosa

HocuimkeHo peakIifiHy 34aTHICTh OKCHUAY IMUPKOHIIO Pi3HMX KpHUCTATiuHUX Momudirairii
(MOHOKJIIHHOI, TeTparoHaJbHOI Ta Ky06iuHOI) MpM OAep:KaHHI IMUPKOHATY CBHUHIIO. 3a IOIO-
MOTOI0 AUJIATOMETPUUYHOTO Ta PeHTTTeHo(ha30BOr0 aHATII3iB MOKAa3aHo, IO OJeP:KaHHI IIUPKO-
HATy CBUHIIIO 3a y4YacCTI0O MOHOKJIiHHOI Moxmdikaiiii oKcuay IMUPKOHII0O IPaKTUYHO 3aBep-
myerbca npu 800°C. Binpmm HUBBKA TeMIeparypa CHUHTE3y IUPKOHATY CBUHIIO CIPUAE
3HUKEHHIO TEMIIEPATypPU CHiKaHHA KepaMiuHMX 3pasKiB Ta 30iJbIIeHHIO IX yCagKWU.
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