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SINTERING AND FERROELECTRIC PROPERTIES
OF LEAD ZIRCONATE TITANATE CERAMICS

Rdberf‘B Atkin
Inorganlc Materials Reserach D1v151on Lawrence Radiation Laboratory,
' and Department of Materials 801ence and hnglneerlng,
College of Engineering, University of California
Berkeley, California
ABSTRACT

Ferroelectric properties, sintering and grain growth kinetics are
1nterpreted u51ng crystal defect chemistry. Lattice vacancies are
created thermally, by substitution impurities with the incorrect valence
and by changing the stoichiometry.

Sintering follows Coble's model; bulk diffusion of vacancies from
pores to grain bounderies.' Oxygen vacancies are believed to be the
sioweet moving speciles. | |

.pThe charge balancing vacancies associated with impurity ions cause
them to be adsorbed at grain boundaries; This retards grain growth‘an@
thereby expedites densification. Iﬁpurities with an excess valence com~-
pensate for ones with a deficiency. These "paired" defects are not
associated with vacancies and not adsorbed so they do not impede grain
~ growth. |

Impurities with an excess valence increase the extent of ferro-
‘electric domain boundary motion while ions with.a deficiency retard this.‘
motion. Compensation is again observed. Thermally and chemically

created vacancies have a second-order effect on the ferroelectric proper-

ties.
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/ © I. INTRODUCTION

Lead zirconate titanate ceramics are of interest because of their
outstanding ferioelectric.properties. Jaffe and cc-workersl at the
National Bureau cf Standards found that solid solutions of lead zirconafe:
and lead titanate have good piezoelectric properties and they are now |
used extensively in electro-mechanical tfansducers. Land, Haertling, and
othersg'h at Sandia Corporation showed that the optical properties'of
this material could be usefully modified by an electric field. This dis-
covery made lead zirconate titanate a candidate in several types of
5,6 Rapid and reversible polarization switching
(ferroelectric domain reorientation). in these ceramics led to their con-

sideration as memory storage elemehts.h For all these applications, the

ceramic must be fabricated with precisely controlled ferroelectric

. properties.

Unfortunately this control is difficult to achieve. At high tempera-
tures lead zirconate titanate reacts with most refractory metals and
oxides. Further, it tends to decompose and lose lead oxide by evaporation.

T-10

Some workers have been content to hot-press the material in oxide
dies and then discard'the.surface layers that had reected during hot
?ressing, It.would be much more convenient and ecenqmical to devise\a
suitable sintering process. In such a prdcess, a porous compact of the

crystalline powder is heated at a temperature sufficient for surface

energy forces to cause shrinkage by the elimination of pores. No external

- pressure is applied during sintering. Therefore, the temperature is

significantly higher than required for hot pressing and grain growth and

decomposition occur more rapidly. Thus the final stoichiometry and
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microétructure may be quite-sensitive to the characﬁer of the starting
powder and to the processing parameters during the heat treatment. in
order to contfbl the:procéss,,this senéitivity must be recognized and
the importance“of each procéssing variable.should'be understood.
Maintaining thé Qorrect stoichiométry\is expected to be guite impor-
fant. Levitt!? fabricated specimens with slight variations (~1%) in
their lead zirconate: lead titanate ratio and their lead oxide:zirconium.
and titanium oxide ratio. He found appreciable differences in their
?hysical and electrical propefties. Webster et al.12 showed that the
electromechanical coupling factor and the dielectric constant change
dramatically with slight variations in the lead content of the specimen.
Impufities may also alter the behavior of lead zirconate titanate.

13-24

A number of studies have feported the modification of ferroelectric

properties by doping with certain impurities. Only a few,l9_2h however,

have considered the effect of these impurities upon the ultimate micro-

25

structure. Pfyor and Nelson and Cookg6 showed that an appreciable
concentration of alumina and silica was introduééd by milling the powder -
in commercial alumina porcelain ball mills._.Pryor found that alumina‘
reduced the rate of grain growth and increased the rate of sintering;

Both Pryor25

and Webster27 concluded that silica additions formed a
second (liquid) phase that enhanced densification.
Some work has been done to relate the ceramic microstructure of

8,28,29 L

lead zirconate titanate to its ferrcelectric properties.
~general, the electro-mechanical properties improve as porosity is

eliminated. Properties vary significantly with average grain size and

the optimum size depends upon the ultimate application. For all
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.these and other impurities on sintering, grain growth and ferroelectric

applications, this variation makes microstructure control essential for

reproducibility.’

The present work ﬁas undertaken to establish the effects of impurities -
and stoichiométry upoh the microstructure development.and the ferro- |
electric prope;ties of lead zirconate titgnate.' Techniques have been
devised to control impurity concentrationé and to vary the stoichiometry..
Densification and grain growth kinetics were measured to determine the
sinteripg mechanism, Much of the Work described here has been publiéhed
by the author or submitted for publication. In reference 30 the solid
solubility and the substitutional site of aluminum in lead zirconate
fitahaté is estagliShed. The lattice vacancies associated with niobium
and biSmuth sUbstifutions are discussed in reference 31. The effect of

{

properties is described in reference 32.
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II. EXPERIMENTAL
In order to isolate thé effects of impurities on processing and
properties, a high purity,_sinterable material was needed as é standard.
Impurities, at the desired éonceﬁtration levels, could then be added to
it and the processing=b¢havior stﬁdied. A suitable material was prepared

. o *
by intimately mixing appropriate amounts of lead oxide, zirconium di-

oxide** and titaniﬁm dioxide+ powders and reacting them at 850°C in a
covered platinum crucible. This reacted material was crushed in a
lucite mortar and pestle, then ground in a vibratory ball mill with
lucite grinding media. This reduced the crystal size to less than one
micron and the 1ﬁcite contaminate could be completely femoved by air
oxidation at hOO°C.. The desired impurities were then_added as agqueous
solutions. The impurities which are normally added to improve electricai:
properties (nicbium and bismuth), were added prior to calcination to
better stimulate "doping." Spectrographic analysis of the standard
material showed it conﬁained 0.05 wt% A1,03, 0.02 wt% Ca0, 0.02 wt% SiOz-
and 0.002 wt% Mgo.

Specimens were formed by pressing the powders into pellets in a
steél die. These pellets wére pfe-fired at 800°C forlhour. This in-
creased their strength sufficiently to allow measurements of their
initiél dimensions and weight. No significant shrinkage occurred during
pre-firing. The weighed and measured pellets were loosely covered with

packing powder# in a platinum crucible with a tight fitting 1lid. The

%  Baker, reagent grade.

¥% Wah Chang, reactor grade.

t  B&A, reagent grade.

# The powder is to isolate the specimens and to provide the correct
partial pressure of lead oxide as digcussed below.
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crucible was evacuated and refilled with the desired gas. "Oxygen and
mixtures of oxygen and nitrogen were used. The crucible ﬁasﬁtheniheated
in én atmosphere furnace which had the same gas compositién."At first,
the_specimens were set in the furnace and heated to the[sinfering tempera~
ture, but this resulted in a slow heating rate and consequently,vcon—
siderable uncertainty about the effective.time at temperature. Later, a
technique was devised to insert and withdraw the crucible from the hot
zone of the atmosphere furnace. Using this procedure, the specimens
reached the sintering témperature in leés than two minutes and cooled
below 600°C in about 10 seconds. The subsequent rate of cooling was re-
duced to avoid fracture'at the curie transformation around 350°C.

The density of the sintered specimens was measured by immersion in
mercury or by calculating the specimen's Volume from its dimensions and
measuring itsT&eight. The geometric technique was used for determining
the initial densit& to avoid contamination with mercury and it was
faster and more accurate than the immersion method. Mercury immersion
was necessary for irregularly shaped pieces; e.g., broken, cracked or
warped pellets.

Grain sizes were measured from scanning electron micrographs of
surfaces thaﬁ were polished and chemically etched, frécture surfaces,
and original pellet surfaces that were thermally etched during sintering;.
These measurements were in agreement except when the specimen contained

a volatile grain growth inhibitor. Bismuth additions impeded grain

~growth in the pellet's interior but not at its surface. It is believed

that bismuth was depleted from the surface by evaporation so grain growth
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was not effectively impeded there.* Inte?ior grain:siges vere used for
bismuth doped materials. The‘line intércept method33 was used. Reported
' grain sizes are 1.5 times fhe average chord length. More than 200 grains
were counted for each determination. |

High field ferroelectric measurements were made to determine the
ease and extent of domain reorientation.v Specimens were prepared by
lapping the pellet faces flat and parallel and painting** on silver
electrodes. An alternating electric field (peak approximately *100
volts/mil or 40 KV/cm) was applied and the resulting dielectric polariza-
tion was recorded. Hysteresis loops were run at 60 and 0.01 hz. The
magnitude of the maximum polarization is pfoportional to the_extent of
domain boundary motion which is sensitive to the concentration of lattice

35

vacancies.

. *  This phenomenon was observed with magnesia doped alumina.35 Magnesia
loss at the surface is believed to allow more rapid growth there.
¥% . Silver conducting Paint, Micro-Circuits Co.
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IIT. RESULTS AND DISCUSSIONS

A, Stoichiometry and Lattice Vacancies

. Lead zirconate titanafé has two components’ that are quite'Volatile
at the sintering temperature, lead and oxygen. The equilibrium vapor
pressures of zirconium, titanium and thegr oxides are low at 1200°C, so
these coﬁponents are not readily lost by evaporation. In ordef to estab-
lish and maintain the desired stoichiometry, lead zirconate and lead
titanate must be heat treated in an atmosphere which contains’the correct
oxygen and lead oxide partial pressures. Egquilibrium of the vapor-phase

reaction

>
0 < Pb +1/2 02 (1)
vapor vapor .
vapor
is assumed so any two vapor pressures fix the lead and the oxygen
activity.

The phése diagrams for lead oxide-titanium oxide36 and lead oxide-

zirconium oxide36 are shown in Fig. 1. Both were determined in air. The.

corresponding lead oxide activity composition diagrams are alsc shown.
These were constructed for 1200°C using the following assumptions:

(1) ‘The lead oxide activity coefficient is equal to unity in the
liquid phasés. This is Raoult's Law for the lead oxide rich compositions;
the activity of pure lead oxide is taken as unity.

(2) The lead oxide activity decreases linearly with composition in
the solid solution regions (Henry's Law).

(3) The decomposition vapor pressures of lead titanate and lead

zirconate as messured by Knudsen cell experiments,37 were converted to
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Fig. 1. The binary phase diagrams indicate that the perovskite compounds
may exist over a range of composition. The activity:composition
diagrams show the limiting lead oxide activities for the single
phase regions. '
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activities by dividing by the vapor pressure above pure lead oxide at the

same temperature.

At 1200°C lead zirconate and lead titanate are completely mis-

36,38

cible. Their éélid solutions exist over a considerable range of

- Pb0: (Zr,Ti)0, ratios, each COrréspondihg to a different lead oxide

‘activity. The metal:oxygen ratio may also vary as indicated on the

qﬁaternary phase diagram sketch in Fig. 2. This latter variance is be-
lieved to be primarily accommodated by lattice vacancies. High concen-
trations of interstitials is unlikely because the perovskite unit cell
(Fig. 3) is already efficiently packed and the possible interstitial
sites are bounded by both positive and negative ions. The. crystal struc-

ture may be thqught of as a .cubic close packed, ordered arrangement of

‘lead and oxygen. The octahedral site at the center of the cell is

bouﬁdedkby six oxygens and occupied by either zirconium or titanium.

The other three octahedra are formed each by four anions and two lead

)

ions; they are unoccupied. The tetrahedral sites are bounded by one

lead and three oxygens. These are also empty. Alternatively, the struc-

9

ture may be compared to that of rhenium oxide (Re03).3 ~ Then the struc-

tural units are (Zr;Ti)O: octahedra. They are bouhd.together at corners
as each oxygen is coordinated with two tetravalent ions. Divalent lead

enters the_l2 fold sites betweeﬁ octahedra to maintain electroneutrality.
This description implies that crystal may become substantially deficient

in lead if another charge balancing mechanism is operative. Such

*
mechanisms might be the localization of electron holes at the vacancy,

¥ This type of A site vacancy is not charged with respect to the undis-
turbed lattice and will be designated as V,. Uncharged B site and

oxygen vacancies will be represented by V, and V., respectively. The

concentration of the defect will be indicated by square brackets [ 1.



-]10-

SINGLE PHASE
PbO: TiO, BINARY | SOLID SOLUTION

Figure | REGION. Pb(Zr,Ti)O5

TiO,

PbO &

PbO : ZrO, BINARY
Figure |

2702

XBL 708-64k4g

Fig. 2. Schematic Pb:Zr:Ti:0 phase diagram showing that the oxygen:
metal ratio may also vary. .
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XBL 708-6448

Fig. 3. The perovskite unit cell with possible interstitial sites
indicated.
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the formation of an anion vacancy at an adjacent’lattice_site, or the
substitution of an ion with the incorrect valence on an adjacent site.

Clearly the concentration of lattice vacancies changes with fhe
activity of lead oxide. With the oxygen pressure fixed, the crystal will
.saturate with A-site vacancies when the lead oxide activity is sgffi—
cliently low. Subsequent loss of lead oxide will result in.the formation
of a second phase, but the lead oxide activity of the system will remain
constant. These lower limit activities were calculated from reported37
vapor pressufe measurements of mixtures of Pb(Zr,Ti)Oj3; and (Zr,Ti)O,.
They are plotted in Fig; 4. The decoﬁposition pressufe (presumed to be
lead oxide pfessure) is greater for PbZr0O3; than for Pb(Zr.sTi.s)03. Thus
when a specimen of Pb(Zr.sTi.s)O3 is buried in a mixture of lead zirconate
plus zirconia and heat tfeated at a high temperature, vapor transport of -
lead oxide will allow the specimen to "eqﬁiliﬁrate" with the packing
powder. Transport of titania and zirconia is negligible &t 1200°C Ye}
the zirconium-titeanium ratio of the specimen will not change. The
specimen will simply lose lead oxide until its activity is approximatelyb
0.05. Some of the zirconia in packing powder will react with the ex-
pelled lead oxide to form more lead zirconate and the lead oxide
activity of the system will remain at 0.05. Loss of lead oxide from the
system (say by evaboration to the surrounding) will cause some of the
lead zirconate to decompose, but the lead oxide activity does not de-
crease,

This "buffered" situation is also possible for high lead oxide
activities. The leéd oxide activity of mixtures of Pb(Zr,Ti)0O3 and lead

oxide rich liquid were calculated from the PbO:ZrOz:TiOz ternary phase
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Fig. 4. Limiting lead oxide activities for single phase Pb(Zr,Ti)OB.



~1h-

diagram.37 Again Raoult;s Law:was aésumed for the liquid and pure lead
oxide (liguid) was taken as the standard state. Those activities are
_also plotted in Fig. 4. Now consider é specimen packed in a mixture

of lead titanate and lead oxide. After equilibration with respect to
lead oxiae, the activity,ofvthe system will remain at approximately 0.7
(at 1200°C ... see Fig. 3). Loss of lead oxide from the system will
simply reduce the quantity of the lead oxide rich liquid in the packing
pcwder; During equilibration; the specimen remains single phase, but its
lead oxide activity is increased to approximately-O.T. This change is
accomplished by increasing the lead concéntration of the‘crystal, i.e.,
reducing'the concentration of lead vacancies.

Equilibratioﬁ experimenté were conducted with both types of packing
powder to establish the width of the‘single phase region. Speciﬁens of
Pb(Zr.sTi.%)OasLightly-déficient in lead oxide were weighted, equili-
brated with "buffered" packing powders with high and low lead oxide
activities ih one atmosphere of oxygen; and then reweighed. The resulté
of these experiments at 1150°C is shown in Fig. 5. If the difference in
specimen weight at lead oxide activities of 0.7 and 0.05 is assumed en-
tirely due to the difference in the concentration of lead vacancies, then
the saturation concentration of these defects is calculated to 5.6 x 1020'
.per cubic centimeter. This concentration corresponds to approximately
L% of tﬁé lead atoms missing. Allowances for simultaneous changes in
the concentrations of B site and oxygen vacanciés were not included in
this calculation. Significant changes in either of those concentrations

would mean the actual saturation concentration is somewhat less than

5.6 x 10%% per cubic centimeter.
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© Fig. 5. Vapor-phase eguilibration experiments.
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It is also possible to fix the lead oxide activity at intermediate
values. The specimen is packed in single-phase lead zirconate titanate
powder in a closed cell. A small amount of lead oxide is lost by.the
specimen and packing powder to establish the atmosphere inside:the cell.
This loss; of'course; reduces the lead oxide activity. Hence the final
stoichiometry éf the specimen will be sensitive to fhe initial lead oxide :
concentration in thé system, the volume of the cell, and any vapor losses
from it. Equilibration experiments with this type of packing powder were
-also conducted and shown in Fig; 5. The lead oxide activity of stoichio-
metric lead zirconate-titanate packing powder was taken as 0.5

The oxygen activity has been assumed constant, but this requirement
may be relaxed. When the partial pressure of oxygen in the atmosphere
is reduced, the specimen will lose that component in order to achieve the

correct oxygen activity

-
+ .
Osoria © l/g(oz)vapor Yo (2)

. This same type'reaction might have been considered for lead:

<« + .
solid vaapor : VPb (3)
Both these reactions alter the stoichiometry.

Chemical interaction between the several types of vacancies in the
so0lid should also be considered. Schdttky equilibrium is probably a

reasonable assumption.
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[v,] [v) [v,]° =x_ | S

where Ks is a temperatﬁre dependent constant., This equilibrium may be
.obtained by the infrbduction (or exsolution) of vacancy quintuplets at

free surfaces or grain boundaries:

< (4BO ) +V 4V =3V (5)

(ABO )solid < surface A B -0

The stoichiometry is not changed as this reaction proceeds; however, the
crystal's volume increases because new unit cells are formed as ABO; is
transferred from the solid to the surface. The vacancies (one VA’ one VB

and three VO) that are created by the event then diffuse into crystal,

thereby increasing the concentration of each type. At eQuilibrium, the

ternary product of the vacancy activities (@ . .a “al ) is proportional
VA VB VO -

to the activity of (ABO3) divided by the activity of (ABOj)

solid surface’

Assuming this ratio is ﬁnit and that activities are proportional to con-
centrations, Eq. (4) is obtained. ‘Equations (2), (3), and (k) predict
that lowering the lead activity, at a fixed oxygen pressure, will in-

crease [VA]’ decrease [VB], and leave‘[Vo] unchanged. With the lead

activity constant, lowering the oxygen partial pressure should increase

[VO], decrease [VB] and not .alter [VA].

Doping is another mechanism for introducing vacancies. When an ion
with the incorrect valence enters the lattice, charged vacancies may

form to maintain local electroneutrality. This phenomena has been estab-

p

X 31 nst3 + . +2 L+l .
lished™ when Bi and Nb substitute for Pb and Ti respectively.
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Lead zirconate titanaté powder was mixed with varying amounts of bismuth
trioxide and niobium pentoxide, pressed into specimens, and equilibrated
with a large volume of packing powder which had the same initial stoi-
chiometny as the lead zirconate tifanate powder in the specimens. The
changes in speéimen Wéight that were observed dufing equilibration cor-
responded to: (1) replacement of thrée ieadvatoms'by two bismuth atoms,
and (2) creation of two unit cells for every two niobium atoms added with
one cell deficient in lead. In each case one lead vacancy is introduced
for every two substituted ions. This indicates that each lead vacancy
created to maintain electroneutrality has an effective charge of minus
two. Aluminum atoms have been shown to enter B lattice sites30 and are
assumed to create charged anion vacancies. This assumption cannot be
easily -confirmed by weight change experiments because of the small atomic
mass of oxygen. J

B. Grain Growth

During the sintering heat treatment, grain growth occurs. The
~ grain boundary mobility was found to be sensitive to the presence of
doping ions (ones which formed charged vacancies) but was not sensitive
to the concentration of uncharged vacancies. |

When grain growth is limited by the grain boundary mobility, the
rate should be inversely proportional to the average radius of curvature -
of that boundary.ho This curvature is proportional to the grain size,

and the relation can be integrated to give:
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or

G =k tl/e_fbr G, 1Ge 1 - ~ (6a) :
The average grain‘size, G, is equal to Go when the time; t, is equal to
zero. The constants; k and k', depend upon the temperature and the
boundary mobility.

.If fhe grain boﬁndaxy is pinned by discrete second-phase particles
(including pores), then the rate of grain growth is limited by the rate
of coalescence of the second bhase. The coalescence of a dispersed

second phase has been shown to proceed proportionally to the cube root of

time,hl leading one to expect similar kinetics for grain growth.
G- x" /3 | (7)

Kingery and Francois applied this relation to pore limited grain growth

2
in uranium dioxide.he Their theory was later extended by Nichols.

Both types of kinetics were observed with lead zirconate titanate
(Fig. 6). The undoped maﬁerial has a high boundary mobility so pofe‘
coaleécence is rate'limiting. The grain size is proportional to the cube
. root of timé; and the rate constant, k", has an apparent activation
energy of 96 kcal/mole. When the material is doﬁed with bismuth, niobium

or aluminum, the rate of grain growth is reduced. Similar grain inhibita-

24
v ‘ +
tion has been reported for lead zirconate titanate doped with Fe 3

(probebly substituted on B sites), and for barium titanate doped with
+5hh - 3h5

Ta (B site) and Sm (A site). The kinetics for lead zirconate
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titanate doped with two atomic percent bismutﬁ follows Eq. (6). It is
believéd that the doping_ions concentrate near’the‘grain boundaries and
substanfially reduce their mobility. vwhen thévboundary moves , it must
drag the excess (adsorbed) impuritiés along with it, as depicted in

Fig. T. This mechénism for reducing grain boundary mobilitj has been
‘studied theoreticaily and experimentally as it applies to the recrystal-

4648 k9,50

lization of metals. Jorgensen and Westbrookso used this model
to explain how magnesia inhibits grain growth in alumina and allows sin-
tering to thecretical density. Jorgensen and Anderson51 later showed
that Th+h, dissolved in yttria, was adsorbed at grain boundaries and
sﬁbstantially reduced the rate of grain growth, thereby permitting com-
plete densification. When the thoria content exceeded the solid solu-
bility limit, the grain growth rate was further decreased and second

\ phase particles were observed at grain boundaries. Doping lead zirconate

tifanaie with substitutional ions that have the incorrect valence reduces

the:boﬁndary mobility so that it is slow relative to pore coalescence
and hence rate limiting as indicated by the kinetics. |
Doping with bismuth'géé aluminum or with niobium and aluminum dia
not effectiyely impede grain growth. The combination of bismuth and
niobium'waélmore effective than either alone (see Fig. 8 and ref. 32).
These observations imply that doping ions are associated with the charge
balancing vacancies and that these vacancies are responsible for the
attraction bétween the defects and the grain boundary. Compensating
doping ions, e.g., Nb+5 and A1+3 replacing two Ti+h, are believed

associated on adjacent lattice sites without charged lead orvoxygen'

vacancies. They are not attracted to the boundary, hence cannot reduce
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its mobility.

Second phases, solid or liquid, may occur when the lead oxide
activity is excessively high or low or when the impurity concentration
exceeds saturation. Silicon dioxide additions in excess of saturation
react with lead oxide (from the vapor) to form a liquid phase.25’26
This liquid expedites.grain.growth.32 Boric oxide additions form a‘
liquid that changes the grain morphology to cubes (Fig. 16c¢).

The kinetic measurements shown in Fig. 6 were obtained by heat
treating specimens, initially deficient in lead oxide, in atmospheres of
various lead oxide acfivities,bas indicated by the legend. The grain
- growth rate is virtually independent of the lead and oxygen activity so
- long as single phase lead zirconate titanate exists. The bismuth doped
material at very low lead oxide activity, presumably below the lower limit
for a single phase, showed slower grain growth. It is suspected that a
second solid phase was present, inhibiting boundary motion. At higher
temperatures, wﬁere the solubility should be greater, the deviation was
less pronounced.

C. 'Densifieation

Coble52’53

has developed a model to describe the intermediate and
final stages of sintering singlé phase crystalline solids. It is pfi~'
mariiy concerned with densification resulting from ﬁhe shrinkage bf pores
as lattice vacancies diffuse from them to grain boundaries. Other pos-
sible later stage shrinkage mechanisms (e.g., transport of atoms along

_ grain boundaries to pore by grain boundary diffusion or by plastic flow)

have not received much theoretical or experimental attention. Undoped

lead zirconate titanate followed the kineties predicted by the Coble
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model. The density increased linearly with the logarithm'of.time
(Fig. 9), and the grain size increased as the cube root of time (Figi 6).-
During densification, cylindrical and spherical pores were observed at
~ grain boundaries. The effective diffusion coefficient, D, was calculated

using the Coble equation:

40 - g5 SND. (1)
at N .

where %% is the instantaneous densification rate, K is the Bbltzma.n's
constant, T is the absolute temperature, Q is thé atomic volume (assumed
to be 1.1 x 10_22'cm3) and Yy is the surface energy (assumed to be 103
ergs/cmz). D is plotted in Fig. 10 vs 1000/RT to yield an apparent
activation energy of‘approximately 70 kcal/mole. This energy is approxi-
mately twice that dbserved by Haertling9 for pressure sintering
Pb(Zr;esTi.as)Oa doped with 2% bismuth. The actual valués of the diffusion_
COefficients‘he-calculated usingbthe Nabarro-Herring equation are, however,
within an order of magnitude of those calculated from the Coble equatién
(Fig. 10) in this study.

Increasing the lead activity with the pressure of oxygen held at
one atmosphere did not alter the densification behavior. A change in
stoichiometry (increase in [VB], decrease in [VA]; and [VO] constant)
was verified by measured weight graips. Specimens in different atmo-
spheres gained weight at different rates during the first 200 minutes

of sintering and then remained at constant but different stoichiometries

.Guring the subsequent sintering (Fig. 5). The densification was
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unaffected by these variations in stoichiometry (Fig.‘9);‘ This clearly
indicates that the dénsification rate is independent of the concentration.
of A-site and B-site vacancies.‘ Reducing the partial:pressure of oxygen
in the sintering atmosphere (i.e., increasing [VC]) accelerafed sinter-
ing (Fig. 9). These observations seem to indicate that oxygen vacapcies
are the slowest moving species, and hence, rate limiti_ng.sh‘55 Increas—
ing their concentration increases the diffusional flow and speeds densi~
fication.

One ﬁight expect that doping with alﬁminum (forming additional
oxygen vacancies) would increase the rate of diffusion and densification.
Aluminum doping does enhance sintering, but it does so by retarding grain
~growth (Fig. 8). The absence of é precipitous increase in the effective
diffusion coefficient is explained as follows: (1) the impurities are
concentrated near grain boundaries and their presence upsets the expected

56

vacancy concentration gradient there,” and (2) the vacancies introduced
by doping are "bound" to the doping ions so they cannot mcve freely
through the lattice to expedite mass trahsport.

Doping with ions of the incorrect valence generally retarded grain
- growth and thereby enhanced sintering as shown in Fig. 8. Those data
lwere obtained by heating the specimens at 400°C per hou? to 1200°C and
holding for the indicated time. The deviation of the curves from
linearity indiates a change in densification kineﬁics. Unfortunately,
the change was masked by the slpw heating schedule; considerable sintering
occurred before the specimens reached temperature.

The behavior of lead zirconate titanate doped with two atomic per-

cent bismuth was studied in -greater detail. This densification data

k<
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(Fig. 11) was obtained with a very rapid heating and céoling cycle in
various oxygen and lead aétivity atmospheres. The positive deviation
from linearity is still observed. The actual densification rates (at
various times) were calculated from the slope of these curves and the
values were plotted against the iﬁstantaneous grain size in Fig. 12.
These curves show that the Coble equation is not obeyed and that the
densification rate of undoped lead zirconate titanate with 2u grains
would be five times faster than bismuth-doped material with the same grain
size. The alteration of the grain-growth kinetics by doping was pre-
viously mentioned.. The rate of densification doces not appesar to Be
sensitive to either ﬁhe activity of lead or oxygen except when the lead
activity is very low--presumably out of the single-phase region. This
apparent insensitivity may be questionable, since densification of the
bismuth-doped material was complete in a time much shorter than that
required for equilibration with the atmosphere.

Densifiéation is significantly changéd by doping. The bismuth may
reduce the oxygen diffusion sufficiently so that densification occurs by
an alternate mechanism., This would explain the change in kinetics.
Alternatively the excess céncentration of bismuth near grain boundafies
will upset normal vacancy-concentration gradients and this pérturbation
should change the diffusion path. This alone may be sufficient to change
the grain-size dependence of the densification rate.

D. Ferroelectric Properties

Measurements of the ferrcelectric properties was a convenient method
of characterizing the ceramics. The location of impurities could be

identified by their effect upon the ferroelectric hysteresis loops. Ions
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with excess valence (bismuth, niobium) in solid solution produce square
loops (Figs. 13 and 1L), while substitutional ions with a deficient
valence (aluminum and scandiumST) yield materials of substantially re-
ducedldomain boundary mobility. These different types of doping ions
may compensate each other (Fig. 13). When impurities are present in
excess of saturation, the secopd phase may effect the ferroelectric
properties. For example, silica additions increaséd those specimens'
coercive field. The liquid phase covered each grain and, when cooled,
this‘layer served as a serious capacitance with the ferroelectric grains
(Figs. 14 and 15).

The ferroelectric properties were sensitive to the concentration of
point defects. The specimen which had the greatest remmnant polarization
(48 microcoulomb/cm?) and the squarest hysteresis loop was produced by
rapidly cooling (from 1152°C to below 600°C in 10 seconds) fine grain,
bismuth doped materials. The loop squareness and remnant polarization
were both reduced by slow cooling. Annealing this material in an atmo-
sphere of low lead or oxygen activity increased the remnant polarization.
Rapidly cooling undoped samples also increased their ferroelectric
activity. When dense undoped specimens were annealed at various tempera-
tures and rapidly cooled, the remmant polarization increaéed with anneal-
ing temperature. After annealing in low partial pressures of oxygén, the
loops appeared more like those of the alumina-doped material. Annealing
in low lead activity atmosphere had the opposite effect--the ferroelectric
activity increased. The domain motion in aluminum-doped material was

negligible, and annealing in various atmospheres had little effect.
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Generally, lead vacancies;'particuiarly the charged ones associated
with doping, produce square loops with extensivé domain boundary motion.
High concentrations of charged and uncharged oxygen vacancies yield a
ferroelectric with quite immobile domain boundaries. Thus the desirable
material‘to be used as a switching device would contain bismuth or
nioﬁium, be heat treated in an atmosphere with a low lead activity, and
be cooled rapidly. On the other hand, a stable, low-loss ceramic for
plezoelectric applicatidns should be doped with alumina, scandium,
chromium18 or iron.eh The device would be polarized above the cﬁrie
temperature andvcoéled with the field applied. When operated near room
temperature, domain boundary motion would not occur at moderate driving
fields or étresses. Controlled reproducible properties are necessary for
all ferroelectric applications. To achieve this control, doping and im-
purity concentration levels muét be fixed, the activity of oxygen and
lead in the sintering atmosphere must be coqtrqlled, and the cooling or

subsequent heat-treatment schedules should not wvary.
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Fig. 16A. Scanning electron micrograph of thermally etch surface.

Undoped material.



_38-

XBB 6810-6221

Fig. 16B. Scanning electron micrograph of thermally etched surface.

Bismuth doped material.
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Fig. 16C. Scanning electron micrograph of thermally etched surface.

Material with boric oxide.
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Fig. 16D. Scanning electron micrograph of thermally etched surface.

Material with silica.
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IV. SUMMARY AND CONCLUSIONS

Single-phase lead zirconate titanétejexistsvo;er‘é wide range of
stoichidmetfy,'corresponding tolvarying'concentratiéhs Bf lattice
vacanciesﬂ The material‘caﬁ accommodate high concentfations of substitu~-
tioﬁal impurities which have the incorrect valence; local‘eiéctro~'

|
neﬁtrality is maintainédlby charged lattice vacancies.

Undoped lead zircdnate titanate sinters by the bulk diffusion of
vacancies from pores to grain boundaries. Oxygen vacanciés are believed
to be the slowest diffusing species. The rate of sintering is insensi-
tive to the concenfration of ﬁncharged lead vacancies, but it is

_accelerated by increasing the concentration of unchargéd oxygen Vgcancieéf
Substitutional impurities with the incorrect valence retard grain
~growth, The charged vacancies éssqciated with these ions cause them té
be adsorbed at gréin boundaries. Then the moving boﬁndar& mﬁst drag
along the excess concentration §f impurities. This reducés.its mobility :
and changes fhelgrain—growth kinetics. Ions with an excess valence com-
pensate for ions with é deficiency. Charged vacanciesvare not bound to
ﬂ either'impurity; 80 they are not strongly adsorbed, and grain growth isu
vnot gffectivély impeded. The‘rate of grain growth is insensitive to ﬁheh?
fartial pressure of léad oxide and oxygen so long as the épeciﬁen rém;ins 
 single—phase. At very low lead oxide activities,,grain\growth is.re— |
duced, probably through grain boundary pinning by solid second phase
particies. ”
Iﬁpurities enhance sintering by keeping the grain sizé small,
: thereby allowing densification to continue at a rapid rate. Bismuth

doping dééreaSes the apparent diffusivity, bpt"the;grain—size effect is

il
| R

i
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far more important. Doﬁingvaltefs the densification kinetics, but this'
does not necessarily iﬁdiéate a basic change in the sintering mechanism.
Lattice vacancies dramatically change the ferroelectric behavior. N
The charged lead vacancies introduced by doping increase the domain-
boundary mobility and produce square hysteresis loops. Chargéd oxygen
vacancies reduce boundary mﬁtion and give "propeller-shaped" loops. Com-
pensatory doping'eliminates both types of charged vacancies and yields a
ferroelectric loop like that of the undoped material. The uncharged
vacancies produced by reducing the lead and/or oxygen activity have only
a second-order effect upon the ferroelectric properties.
Thus control of the ultimate ceramic properties requires precise
control over the type and concentration of impurities, maintenace of the
correct atmosphere during sintering, and reproducible heat-treatment

schedules.

[
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Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. _

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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