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KINETICS OF FORMATION OF LEAD ZIRCONATE TITANATE
Sudhir Shantaram Chandratreya
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
University of California, Berkeley, California 94720
ABSTRACT

The solid state reactions occurring in PbO-TiO —ZrO2 system were

2

~investigated using constant heating rate method. The temperature

range involved was from room temperature up to 1000°C, the range
normally associated with the calcining step in the processing of PZT.
Experimental fechniques used'included DTA, dilatometric éxpansion and
the X-ray diffraétion‘analysis.

PbTi0, was found to form exothermally as an intermediate product

3
between 450°C and 600°C. PbZrO3 formation was observed to be.endothermic‘
and starting at 700°C followed immediately by its interdiffusion with
PbTiO3. Both PZ and PT formations are accompanied by large volumetric
changes and yield products of very fine particle size and high
resultant reactivity. Hence the intérdiffusion of PZ and PT is rapid
to completely férm PZT solid solution around 800°C. Formation of
PbZrO3 as an intermediate product is supported by the résults_of DTA
and dilatometric expansion studies. Approximate estimation of the
kinetic parameters from the DTA data using Kissinger's method was
attempted. The method was found to be notvuseful‘due to broad nature
of the DTA peaks. |

Samples were observed to shrink rapidly after the expansidns

associated with the intermediate reactions. A model has been proposed

to account for such behavior which also explains the high reactivity
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exhibited by the‘intermediate phases. Based on this analysis it should
be possible to optimiée the calcination process to obtain highly reactiveb
fine‘sized ppwders in the PZT system. The method could be extended

to other systems involving large volumetric changes in the course of

solid state reactions.
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I. INTRODUCTION

The lead zirconate-lead titanate solid solution systemkhas the
perovskite crystai structure and exhibits pronounced ferroelectric
properties. Devonshire1 has shown thermodynamically that for ferro-
electric perovskites,'thfee polarized crystal structures can be
formed with decreasing tgmperature in the following sequence:

1. Unpolarized cubic phase above the Curie temperature,

2. Tetragonal phase polarized along (OOi),

3. Orthorhombic phase polarized along (011),

4. Rhombohedral phase polarized along (111);
In the lead fitanate—lead zirconate system, all three of these structures
are seen as shéwn in Fig. 1(a).

Abo&e the Curie temperature, the ideal cubic perovskite structure
consists of the lead atoms at the corners of the unit cell, oxygen
atoms at the face centers and Ti or Zr atoms at the body center
position (Fig. 2). Below the'Curie temperature the ionic positions shift
to give a net electric dipole'moment. The Curie.temperature for lead
titanate is 490°C while that for lead zirconate is 230°C. For the

ternary compositions in the pseudobinary system of PbTi0O —PbZrO3, the

3

Curie temperétdre changes c&ntinuously between 230°C and 490°C. It is
because of the high Curie temperatures, along with superior electric
system have been

properties, that the compositioné in PbO-Ti0 -Zr0

2 2

extensively investigated. Many of the studies have been associated
with the control of stoichiometry and effect of additions of impurities
and dopants on the electrical properties. Sintering and grain growth

behavior has also been studied under various conditions. It is now well
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documented that the processing determines to a significant éxteﬁt'the'
electrical properties like the dielectric constant, dielectric loss,
coupling coefficient, etc. Thus the development of high permittivity
céramics of predictable properties in PZT systemvréduces to the
selectipn of proper compositions and well defined proceéses of manﬁfacture.

One of the.first steps involved ip the manufacture of PZT ceramics
is the formation of thg éompound itself. This is done by:éalcining a

mixture of powdered oxides (PbO, TiO., and zr0,) at a temperature high

2
énough to cause solid state reactions yielding the perovskite structured
product. The calcined product is then ground, cpmpacted, and éintered
to give a dense body. ‘Unfortunately, little work on the properties
of PZT ceramics has been’reporfed with a full understanding of the
| process of calcination. It has been assumed that uniform fully reacted
poﬁder ready for siﬁtering can bé obtained simply by calcining between
800°C to 1000°C for a few minutes to a few days. | |

A study of calcination is essentially a stﬁdy of solid state
reéctions. The first step involved ih éuch investigations is to
determine the reaction path, i.é., varioué iﬁtermediate'phases formed
during the coufse of a feaction, and the time-temperature domain in
which they form. A study of reactions in PZbeofmatiqn has been
reported by Matsuo and Sasaki2 who conducted isothermal studies betﬁgen
500 and 800°C up to maximum of 32 hr. They suggested the following_

reaction sequence:

PbO + TiO, + PbTiO

2 3
PbTiO3 + PbO + ZrO2 > Pb(zraTllfa) 03
Pb(2r,Ti) () Oy + PHTO; > Pb(Zr,T1, () Oy
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- Later Ohno, Takahashi and TSubouchi3conducted“similar»studies in which
'a_constant heating rate method was used instead of the isothermal
technique. While Matsuo and Sasaki2 had -observed no formation of

3

passing through formation of both PbTiO3 and PbZrO3. Also the tempera-

tures and times over which reactions occurred were widely different in

PbZr0,, the latter reported that Pb(Ti-Zr) O, was synthesized after

the two studies. : ' :

' The second step involved in the study of solid-state reactions
involves kinetic measurements like the extent of reaction at a
particular time and temperature. Various models like those.proposed
by Jander‘,4 Ginstling—BrounshteinS and KomatsuG»have been used to
desgribé the progress- of solid state reactions under isothermal
_conditions and differing rate controlling mechanisms. Mangel and
Doskocil7 conducted such studies on the formation of PbZrO and

3

P.bTiO3 and reported reacﬁion isotherms for the  two products. They
concluded that both the reactions have identical aCtivétion'energies
of 45 kcal/mole with the rate controlling step being diffusion of the -
mobile species PbO through ﬁhe product 1ayérr " Though their diséovery>
of PbO being the mobile specieslis in agreement with Matsuo and
S_asaki,2 it does not match the findings qf'Harris and Cook.8 The

latter reported that in the formation of PbTiO, both PbO and TiO, are

3 2

the mobile species. It should be noted, however, that their investigations
were carried out at 1180°C which is considérably above the typical range

of calcination temperatures.

Isothermal reaction rate studies do not reflect the actual

. conditions in the manufacture of PZT. This is because of the large



=
amounts of material inQolved giving uneven temperature distributioﬁs
and slow heating fates causing difficﬁlty in establishing "zero" time
for the reaction. | | |

Robinson and Joyceg weré ﬁhe.firSt tobreport that even at very
high temperéturés, as much as 3 mole% of the oxides may remain
- unreacted in;PZT. Robinséﬁ ahd_Lufflo'simultaneously reported tﬁﬁt
any unreacted Pbo'and.ZrO2 in particuiar can sevefely deteriorate
the dielectric conétant and codplihggcoefficiént in the final'cerémics.
. Buckner and Wilcdxll conducted investigations on the sinterability of
Niobia-doped PZT powder based on‘its calcining history. They reportéd
that the calcining hi#tory had»a.ﬁrofound‘effectvon'the sinterability
of PZT to the extent -that the final fired density depeﬁded primarilj
on the calcining temperatﬁ#e. o |

Noting that from poin;'of view of sinterébility as well as elect;ibal
ﬁropérties, calcination:is'an important process step, the presént study _
was undertaken to characterize the calcination procéss. The reactiqp
path was inve;tigated and the temperature rangés in which the various
réactions occuf were estabiished. The study'involved_use_of various
techniques like differential therﬁal.analySis (bTA), dilatometric

expansion measurements and X-ray diffraction analysis.

e
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II. EXPERIMENTAL PROCEDURE

A. Preparation of Powdered Mixtu?es

Five compositions wére~ghosen from the pseudobinary phase diagram
of thé PbTiO3—PbZrO3 system as shown in Table I. The mixtures were
made from raw materials of high purity and known crystalline morphology
(Table II). Average particle size was measured for all powders using
a Fisher Subsieve Sizer and thermogravimetric analysis in air was
conducted on each component to detérmine the volatile contenf up to
500°C. The appropriate corrections were made to account for the
volatile-confent during weighing and the powders in stoichiometric
ratios were mixed in é polyeurethene lined Sweco Vibratory Mill for -

2 hr. The details of the powdar preparafion are shown in the flow
chart in Fig. 3.

To stﬁdy the effect of crystal structure on lead titanate
formation, rutile was also used in place of anatase. Rutile was
prepared by heating anatase to 1100°C for 48 hr and rapidly quenching.
‘It was then mixed with PbO in the same manner as anatase.

B. Differential Thermal Analysis

A multi-sample nickel block was used with cavities 3/8 in. in
diameter and 0.65 in. in depth. The diffefential thermocouples'werg
placed into each cavity through a hole in the nickel cover plate. The
differential temperatures were ﬁeasured'with Pt-Pt 10% Rh thermocouples
and were recorded on a multi-pen recorder.i A1203 was uéed-as a
kstanda;d. The temperature program was controlled by a potentiémetric

fully propoftional controller. The sampie’temperature was assumed to

be the same as the block temperature which was monitored continuously.
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Different heating rates were used (5°C/min; 12°C/min, 20°C/min)'to
study the effect of the heating rate on the reaction kinetics. Samples
-were heated between rooﬁ temperatufe and 1000°C. Some expe;imental
runs were terminated at intermediate teﬁpératureé by rapid cooling

to study the various phases présent at those temperatureé. Sémples
‘were removed and crushed to (-200) mesh in a mortar and pestle and

subjected to qualitative X-ray analysis.

C. Dilatometric Expansion

Samples of dilatomegric expansion experiments were prepared by
isostatically pressing fhe powders in a latex rubber tube to 30,000 psi.
The pressed slug was ﬁhen cut to the required length. Typically,
samples were 1/4 in. in diameter and 3/4 in. in length for mixtures
of two oxides. For the mixtures of three‘oxides, samples were 1 in.
long.

. The sample was placed inside a fused quartz tube and rod assembly.
To avoid any direct contact betﬁeen the sample and the fused quartz, a
very thin platinum foil (0.006 in.) was wrappe& around thé inner
surface of ;he quartz tube. Also, two similar pieces of Pt foil were
put between the sample and the quartz tube as well as the sample top
and the end of the quartz rod. Failure to take this pfecautibn would
have resulted in a réactioﬂ between fused quartz and PbO yielding a
low melting eutectic.

The eﬁtire tube—rdd—sample assembly was fixed at the center'of‘a
cylindrical shell furnace filted at 30°.to ;he verﬁicai. A chromel-
alumel fhermocouple was placed in air very clese to the sample. The
temperature monitored was ASSumed fo be the sémple temperatufe; The

cold junétion of this thermocouple was maintained at 0°C in an ice-
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distilled water bath and the output was fed directly into the X input
of anX-Y recorder. - Another thermocouple placed nearby was connected
to a controller-recorder for temperature control.

kapansion.of the sample was monitored via the differential
displacement of the quartz rod and tube by a lineaf vériableldifferential
transformer (LVDT). The output from LVDT was fed into é de amblifier
which in turn was connecte& to the "y" input of an X-Y recorder. The
’lipearity of the range of LVDT used was assufea before every experiment
by use of a calibrating micrometer. Since typical expansion
encountered was only 1/5 of the .linear range, linearity in output'was
easily obtained when proper nulling was done.

The following heating rates were typically used in the diiatometric
study: 190°C/hr, 335°C/hr, 490°C/hr. The temperature range used was
between room temperature and 1000°C. ‘As with DTA, many dilatometric
runs were conducfed up to an intermediate.temperature and the
sample was rapidly quenched; This was done ih érder to determine phases

formed below the-quenching temperature by X-ray analysis.

D. X-Ray Analysié
X-ray diffraction was used to identify the various phases formed
duriﬁg the course of the reactions. .TyPicélly powders to be analyzed °
were crushed to =200 mesh and were mixed. with a small émount of water.
The suspension was then dfopped on a glass slide used as a samplé holder.
After the water had evaporated, the sample.was mounted in a diffractometer.

A scanning rate of- 1°/min was used with CuKo radiation. No attempts were

made to make any quantitative measurements using X-ray diffractometry.
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ITI. RESULTS AND DISCUSSION

A. Differential Thermal Analysis

Every chemical reaction or physical transformation liberates or
absorbs heat, causing a change in temperatufe. Reactions may also be
accompanied by a change in weight due to reaction with or formation
of a gas phase. Differentiol thermal analysis is.capable of determihiné
changes'thét‘are hot accompanied by a chahge in weight and also has
the advantagg of determining whether the reactioh is exothermic or
endothermic. Differential ;hermal’analysis is a dynamic technique
based upon changes in the thermal gradient across a sample. Hence the
reactive temperatures'deterﬁined by this method do not correspond
to the thermodynamic'eqoilibrium temperatures. . Many investigations
of solid-state reactions have been oarried out using DTA as.ao
anolytical tool. Coupled with X-ray diffraction, DTA.was used to show

the initiation of spinel formation in the reaction of Zn0O with Cr203.12

b

Borchardt and Thompson1 4 studied a number of solid state reactions

with DTA. . Templeton and Pask15 studied the synthesis of BaTiO3 from

| BaCO3 and TiOz.' Moon16 used this method to study the high temperature

phase equilibria in PbTiO3 3

Results of the DTA study for compositions V(PbO + TiOZ),

-PbZr0, system.

2
The DTA curves for composition I(PbO + 0.35 TiO

IV(PbO + ZrOz) and II(PBO + 0.5 Tio, + 0.5 ZrOz) are shown in Fig. 4.

2 + 0.65 ZrOz) and

III(PbO + 0.65 TiO, + 0.35 Zroz) were similar to that for composition II.

2

A major and rather broad peak is observed starting at 450°C in the

case of the PbO + TiO2 mixture. The nature of the peak indicates that

the reaction is exothermic. There is no other major thermal effect seen



'vuﬁ to iOOb°C;v‘0tﬁér bTA_rﬁns-qn‘the same mixture but‘QUgﬁched at
ﬂ.intermediate témpératurestefe used to aepe%miﬁe tﬂé varion_phases
_pfesent at those temperatﬁres; ,dp t0.450°C; no férmétioﬁ_of PbTIéj
'.Qas detected by X;raf anélyéis. Abové.450°C bequ was'obéarved to

‘have been forméd répidly and bf 600°Cvno éigﬁificant amouﬁfs of

' unréacted.cémpoﬁentsvweré»&etectea indicating that the reaction was
. c06p1e£§. ,Even a£ Qery»tapi& hgating fatés, the~feaction was -found
?ffé bé.compie§e b¥ 6QQ°C, Tﬁe.reaéﬁion theﬁ can bé repreéénfed_by_

| Pbo(é) +.110,(s) » Pbiio3(s) |

The'expe?imént was repeated using rﬁtile ins£éad of‘énatasé. The
:yeactioﬁ s;arted‘at around 450°C-and was complete at'650°C_£husvgiving»
a bfoadér peak than anatasg._ Thé reaction was exothermic_in'both cases.

'Fbr‘a'PbO + ZrO2

_.miiture (éomposi;ion IV) no thermal effect was.
.qbserved uﬁ to.]OOQC——starting at 700°C a large ggépthermic peak was
i_obsefﬁed_wifh.tﬁc éﬁex around 780°C ‘and returning t& the‘baseline.at
apprbximately-850°c, X;ray énalysié of.samples quéncﬁed at;Qarioué
:témperatufesvindicated no detectébie réaqtion up to 7QO°C._ Uniiké-in
.thg ¢ése’fof;PbTid3_héhever,‘some unfeacteé\constiﬁuents.wére found

up to 1000°C gveh at a heéting rate as low as»5°C/min. ‘The phase formgd

~during the solid state reaction was PbZr0O, with an orthorhombic crystal

3
_structure at room temperature. The reaction can'be stated to be as
: foilows:
PbO(s) + zr0, (s) - PbZrO3(é)
That the abqvé reaction does not go to completion even at high
temperatures for a long timeluu;élso beenregd}ted By other ihvestiga—'

7. _ _ | 7 . v
tors,_’g;while Matsuo and Sasakiz.report that isothermally PZ forms
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3

formation begins after neariy 12 hr at 500°C and after 30 min at

within 2 hr at 750°C. The latter have also reported that PbTiO

600°C. Probable reasons for the above could be inadequate mixing
of reacting powers,.lafge ﬁarticle sizesvof réactants or inadequate
sensitivity in the mgtﬁodvof anaiyéis.

| The DTA of-terﬁary éoﬁposition II is sﬁown in Fig. 4.F'Two
thermal effects are observéd, one starting at 450fCAand éxothermic
in nature and'the other sta:ting'about 700°C andbendothermic in néture.
The fqrmer péak; based:on the quench-X-ray analysis techniqde was
found to corréspdnd to 1eaa.titanate formation. Af 700°C the phasés

observed were PbTiO, and unreacted PbO and ZxO The second peak was

3

found to correspond to PbZr0O

27

formation as well as Pb(Ti YO

3 Ao O3

formation. It is not possible to say with absolute certainty which

of the phases, PZ or PZT forms first or dominates the reaction. This

is due to the nature of the room temperature X-ray diffraction patterns
3

at elevated temperatdres both PZ and PT exist as cubic perovskites with

for PbZr0O., and Pb(Tieri_x) O3 solid solutions. It should be noted that

complete solid solubility (Fig. 1). Therefo:e; the lattice parameter
of the PZT solid solution should vary continuously with the rétio.of
ZrO2 to TiO2 in the solid solution. If the feaétion sgquence.consists
- of PbTi0, and P$2r03 form;ng_indepgndenply as indicated by the DTA
results and then the products interdiffusing,'zoned‘crystals should be
formed. On cooling to room temperature, these zoned cr&stals would
give broad peaks with conéiderable overlap Between the rhombohedral and

tetragonal patterns which would exist for a homogeneous material. The

same is true for detecting a room temperature orthorhombic PbZrO3'phase
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if it is formed during the reaction séquence. Thus, it is almost
impossible'to detect with certainty any PbZrO3 formed as an intermediate
product using room temperafureix—ray &iffractometry.
If considering fo:mation of PZT solid solution after formation of

'PbTiO3, two possible reaction paths exist:

Reaction I
s Pb(Ti,Zr) 03 (s.5.)

PbTiO3 + PbO + ZrO2

Reaction II Reaction III

PbTiO3 + PbZr031

Reaction I and III are essentially solid solution forming reactionms,
while reaction II involves compound formation. Previous publications
have not been clear as to which reaction path is more likely to dominate

in the calcining temperature range. There are no reported methods

of separating PbZr0O, from PZT by use of wet chemical analysis techniques.

3

Also, because there are no reported data on the diffusion characteristics
.of the various species in the perovskite lattice, quantitative estimates
of reaction paths are difficult to make. However, as shown in Fig. 4, -
the ternary mixture exhibitsa prominent endothermic effect very similar

to the one exhibited by the binary mixture of PbO and ZrO It is,

2
therefore, highly likely that in the ternary mixture, formation of

PbZrO3 precedes the formation of PZT solid solution. Moreover, it

should be noted that reaction I involves interaction of three species
simultaneously. Hence it is assumed to be less probgblé than reaction II

which involves reaction between only two species, PbO and ZrO PbO 1is

9
known to be quite mobile in the temperature range involved.  Ohno et al.3

have reported formation of PbZr0O., as an intermediate product which

3
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is in agreement with the above deduction. While they used X-ray
diffractometfy as the princiﬁal mode of analysis, the present sfudy
involves use of DTA and dilatometric expansion . in addition to the
X-ray analysié to support the conclusion.

Many investigators have attempted to draw kinetic information
from DTA measurements. Kissinger17 developed a mathematical treatment
for DTA for firét order reactions. In his method the variation of
peak temperatufe with heating rate is measured and if it is assumed
that in the DTA curve the peak corresponds to the maximum.feaction

rate, then the following relation holds:

_E_ d(n /T
R d(1/Tm)
where E = the activation energy,
Tm = the peak temperature at a given rate of heating,
"¢ = dT/dt = the heating rate, |
R = the gas constant.

By plotting ln(¢/Tm2)_vs (1/Tm) for various clays and minerals Kissinger
obtained a linear relationsﬁip for heating rates between'3°C/min to
20°C/min. The slope was used to calculate the activation energy E.
Levski18 developed a similar correlation between DTA and.the kinetic
parameters based on a similar assumption.

| Attempts were made to apply Kissinger's method and obtain a crude
estimate of the activation energy for PZ and PT formation. The heating
rates used were 5°C/min, 12°C/min and.20°C/min but no significant

variation in the peak temperature was observed. The resolution required
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for accurate measuremenf of AT i; difficult to obtain due to rathef
broad peaks observed in these reactions. Furthermore, this method
dbes not take into consideration the heat transfer affects involved in
DTA and also the assumptionsihvolved are rather tenuoué.'.Consequently,
the method éhould be used only for approximate estimations.

B. Dilatometric Expansion.

Dilatometric expanSion stgdies take advantage 6f the volﬁmetric
‘changes taking placévduring the course of a solid state reaction. If .
thevdepsities of the product phases and thé reactants differ significantly
from each other, the volume changes become large enough and, therefore,
can be used as means of monitoring the progress of a reaction under
ideal condifions. Like DTA,'dilatometry is a widely used method of
detecting reactions or phase changes in solid state studies.

A summary of the dilatometric experiments conducted on the P-Z-T
system is shown in Figs. 5-8. Figure 5 shows the dilatometric curves

obtained for PbO-TiO, mixtures at various heating rates. Normal

2
" thermal expansion of tﬁe sample is observed up to 450°C, after which

a sharp volume increasé occurs up to 600°C. Further heating causes
>shrinkage of sample at a rapid rate. It should be noted that the start
of expansion at 450°C corresponds very well with the beginning of
exothermic ﬁeak on the DTA curve. Quench-X-ray analysis indicéted

that PbTiO3

complete at about 600°C which corresponds to the maximum expansion.

starts forming at 450°C and the reaction is essentially

Change of heating rate had essentially no effect on the extent of

expansion or the beginning of the reaction.
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The expansion behavior of PbO-ZrO, mixtures is shown in Fig. 6.

2

As with the PbO-TiO, system, these curves essentially corroborate

2

the DTA data. The beginning of PbZrO formation is accompanied by

3
~ sharp change in the expansion behavior at 700°C. X—réy analysis,
however, indicates that fhe apex of the curve.does not correspond to the
reaction being complete. 1In fact, the reaction was found to be
incomplete at 1000°C even ét heating rates as 1o§ as 190°C/hr. This
is corroborated by the earlier report by Robiﬁson and Joyce.9 Very
little effecf of heating rate change is seen on the expaﬁsion behavior.

The ternary mixtures of PbO, TiO2 and ZrO2 exhibit two anomalous
expansion peaks with the fi;st one starting at 450°C. As shown in
Fig. 7, the behavior of thé ternary composition IT is similar to the
super-imposition of the expansion characteristics of the two binary
mixtures PbO—TiO2 anvabO-ZrOZ. Différential thermal analysis behavior
of the above compositions égrees.well with the dilatometric findings.
Changing the (ZrOZ/TiCQ ratio in the ternary composition has little
effect except that the extent of expansion (i.e., the peak height)
during each reaction changes. Composition I‘having a larger amount
of ZrO2 shows less expansion under first peak as compared'to composition III
containing a 1arggr amount of TiO2 (Fig. 8).

X-ray analysis of samples of éomposition I heated at 335°C/hr
and quenched at various temperatures is shown in Fig. 9. PbTiO3
formation is almost complete at 580°C while PZ and PZT is observed
at about 715°C. As stated earlier, it is not possible to distinguish

between PbZrO and'Pb(TiAZrl_l) 03 solid solution by using X-ray

3

diffractometry. PZT formation is seen to be rather extensive at 785°C.
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Theoretically it is possible to calculéte the volumetric change
occurring during the cogrSe of a reaction. Based on X-ray measurements
of lattice parameters; the molar volumes of PbTiO3 and PbZrO3 would
be 38.0 cc and 42.7 cc respectively. Volume occupied by 1 mole of

TiO2 and Zr02'wou1d be 20.8 cc and 22.0 cc respectively. It is

 reported that PbO is the mobile species in the formation of PbTi0

3
and PbZr03-;2’7 It can then be assumed that PbTiO3 and PbZrO3 form
as shell-like layers on the particles of Tioz.and ZrOZ. A spherical

d

3

accompanied by 22% radial expansion. Similarly a spherical particle

particle of TiO, will react to become‘a‘spherical particle of PbTiO

2

" of ZrO2 will react to become a spherical particle of PbZrO3 with 24%
radial expansion. Such large volumetric changes would be accompanied
by large strains in the product layer and subsequent cracking,
chipping and peeling. Thus, after a certain extent of growth, the
product layer thickness would be decided not only by the rate of
reaction but also by the rate of "spalling". In such a case the
expansion would no longer indicate the extent of reaction. The
resulting product would exist as particles of sizes much smaller than
the particle size of the origiﬁal reacting species. If the reactants
were submicron in size, the product would be very fine pafticulates

of very large specific surface area. In a favorable range of temperature
these fine particles would sinter or react rapidly. In fact, such a
phenomenon is observed in the present systém as evidencéd by the rapid
samples above

shrinkage of PbO-TiO, samples above 6006C and PbO-ZrO

2 2

nearly 800°C. The samples were found to possess enough mechanical

strength to remain integral even after large dimentional changes. This
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indicates that some form of strengthening mechanism similar to sintering
was taking place ar the elevated temperatures.

In the case of a ternary composition PbTiO, forms at lower

3

temperature range. Thus it exists as highly reactive fine particulates

at the higher temperatures when PbZrO, begins to form. The fine

3

crystallites of PbZrO,, as they form and spall off, react rapidly

3
with the PbTiO3 almost as soon as PbZrO3 forms. Thus at no time is
there enough accumulation of PbZrO3 in presence of PbTiO3 that X—ray

analysis could resolve it from the dther species. 'However, it appears
certain that PbeO3 forms prior to the formation of ternary solid
solution on the basis ofvthe‘dilatome;ric expansion and DTA data
(Figs. 4 and 7).

If the temperature is not raised beyond that necessary for
completién of reaction, the product would exist in very fine particle-
size and consequently will be very highly reactive. Thus, by choosing
properly the heating rate, duration and temperature of calcihation
it should be possible to obtain a highly réactive product. = Any

over—-calcination would reduce the reactivity while under-calcination

would result in incomplete reaction.
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IV. SUMMARY AND CONCLUSIONS

The sqlid state reactions occurring in the range of -temperatures
typically used in Qalcination of PbO—ZrOZ-TiO2 system were studied
uﬁder constant heating rate donditibns; Differential thermal analysis
was emplqyed to study the thermal effects of the reactions while
dilatometric expansibn was used to monitor the accompanying volumetric
changes. X-ray diffractometry was employed qualitatively to identify
various phases fbrmed during thé course of the reactions. |

Lead titanate was found to form above 450°C exothermically.
Reactionuwas rapid enough to go to complefion at 600°C even at rapid
rates of heating. Excellent correlation was obtained between DTA
and the dilatometric experiments. Since.both PbO and TiOZ_have 1o&
vapor pressures in this ﬁemperature range, the maés transportris
thought to be due to surface diffusion of PbO.

Lead zirconate begins to form at 700°C and the reaction does not
go to completion up to 1000°C even at a low heating rate of 5°C/min.
The reaction is endothermic in nature. Large volumetric changes
accompany both PbTiO, and PbZrO, formation.

3 3

‘In a ternary mixture of PbO, TiOz, and Zr0,, lead titanate

2’
formation occurs between 450°C and 600°C exothermally followed by

endothermic formation of PbZrO3 and Pb(Zr,Ti) 03 solid solution beginning

at about 700°C. The X-ray diffraction technique is deemed as of little

, from Pb(zr,Ti) 0, solid

solutions. At higher temperatures of about 800°C, Pb(2r,Ti) 03 solid

value to differentiate formation of PbZrO

solution 'is observed to be the only dominant phase. Thus the reactions

can be summarized as follows:
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a. Between 450°C and 600°C:

PbO + T:'LO2 -+ PbTiO3

Formation obeTiO3 of very small particle size due to large volume
changes involved in the reaction. The product has high specific
surface area and hence enhanced reactivity.

b. Above 700°C:

PbTi0, + PbO + Zr0, + PbZr0, + Pb(Zr,Ti; ,) O

3 2 3 3

+ Pbrio3 ~ Pb(zr,Ti) 0,

Formation of PbZrO3 of very fine particle size by mechanism similar to

that for PbTiO3. Both‘the,intermediate products being highly reactive,
PZT solid solution formation rapidly follows the formation of PZ.

Approximate estimation of kinetic parameters from thevDTA data of
above reactions using Kissinger's method was deemed not possible due
to very broad nature of the peaks. Also the relative variation in
ﬁTA‘curves with differing heating rates was found to be negligible.

In dilatometry, samples were observed to shrink rapidly after the
completion of the PbTiO3 formation as well as PbZrO3,

formation. This has been explained on the basis of a model which

" Pb(2r,Ti) O3

. accounts for generation of a product of very fine particle size and
‘a very high resulting reactivity. Based on this analysis it should
be possible to optimize thermal conditions during calcination to

obtain products of'very high reactivity and controlled stoichiometry.
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TABLE I. Compositions from PbT10,-PbZr0; system

chosen for the present investigation.

‘COMPOSITION Molar Ratio Weight 7% Volume %(Approx.).
PbO .ZrO2 T]'.O2 PbO ZrO2 Ti02 PbQ ZrO2 TiO2
I 1.00 0.65 0.35 67.38 24.18 8.44 51.7 32.0 16.3
tI 1.00 0.50 0.50 68.73 18.97 12.30 | 51.9 29.7. 23.4
I1I 1.00 0.35 0.65 70.13 13.55 16.32 52.1 17.2 30.5
v 1.00 1.00 0 64.44 35.56 0 - 52 | 48 0
v 1.00 0 1.00 | 73.64 0 26.36 | 53 0 47

_Tz.—



TABLE I1I.

Details of the raw materials used in the investigation.
‘ _ Average Volatile
Grade Crystal Structure Particle Content
and Comment Size Up to 500°C

PbO ‘Baker Orthorhombic Yellow Powder 0.7y 0.70 %

Reagent Massicot total impurity

Grade content less than 1%
Tio2 Pharmaceutical Tetragonal anatase 0.6u 0.37 %

Grade high purity
Zr02- Wah Chang Monoclinic Baddeleyite 1.7u 0.17 %

Electronic

Grade

Hf-free high purity

_ZZ—
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FIGURE CAPTIONS
(a) Loﬁ temperature phase diagram for PbTiO3-PbZrO3 system.
(b) High temperature phase diagram for PbTiO3—szrO3vsy$tem.
Thermal anaiysis data after Mbon.16' Quenching analysis data
after Fushimivand Ikeda.19
High temperature cubic perovskite structure and low temperature
“tétragonal pegovskite structure of PbTiO3.
Flow diagram for powder preparation.
DTA plots for (PbO + Ti0,), (PbO + 2r0,) and (PbO + 0.5.'.1‘102 +
0.5 Z?Oz) mixtures at the constant heating réte_of 10°C/min
in air.
Dilatometricgxpansionplots for éomposition V(PbO + TiOZ)
at variéus'heating rates shown.
Dilatometric expansion plots for composition IV(PbO + Zr02)
at various heating rates.
Dilatometric expanéion characteristics of (PbO + Tin),

(PbO + Zr02) and (PbO + 0.5 TiO2

+ 0.5 Zr02)'mixtureé at
constant heating rate of 8.2°C/ﬁinn

Dilatometric expansion characteristics of the vafious tefnary
mixtures of PbO, TiO2 and le'02 at constant heating rate of
5.6°C/min. |

Room temperature Xfray diffractometry patterns for éomposition I

(PbO + 0.65 Zr0, + 0.35 TiOz) showing various bhases. Samples

2
were heated to the shown temperatures at the constant rate of

5.6°C/min and quenched rapidly after reaching the shown

temperature.
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