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':POINT DEFECTS AND SINTERING LEAD ZIRCONATE TITANATE
v . o _
R. B. Atkin and R. M. Fulrath
Inorgani¢ Materials Reéearch_Division, Lawrence Radiation Laboratory,
. and Department of Materials Science and Engineering,
- College of Engineering, University of California,
Berkeley, California
ABSTRACT
‘Thé crystal chemistry of point defects in lead zirconate titanate
is discussed. The results are used to interpret sintering and grain
growth behavior.
Lattice vacancies are created thermally, by substitutional impurities

with the incorrect Valencé, and by changing the stoichiometry. Charged

: o . ' +3 Hl
oxygen vacancles are introduced when Al replaces Ti and charged lead

. . +5 ' ot :

vacancles are introduced when Nb. © replaces Ti . These vacancies are
believed associated with the impurity ions and cause them to be adsorbed
'at grain boundaries. This retards grain growth and thereby expedites
densification. Aluminum ions (deficient valence) compensate for niobium
ions (excess valence). These "paired" defects are not associated with

~ vacancies and are not adsorbed so they do not impede grain growth.

Based in part-on a\thesisisubmitted by Robert B. Atkin for the D. of Eng.
degree in materials science gt the University of California, Berkeley,
September 1970. '

At the time this work was done the writers were, respectively, research
assistant and professor of ceramic engineering, Department of Materials:
- .Science and Engineering, College of Engineering, and Inorganic Materials
Research Division, Lawrence Radiation Laboratory, University of Calif.

¥Now with IBM Corp., San Jose, California.
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Sinferihg'follows'Coblefé'modél,.bulk:diffusion of vacancies from
pdres fé‘gfaih boundariés, Hoxygén ﬁacancies are belieyed to be the
usléwest moVingSPecies.. Aluminum{hibﬁium compensaﬁidn is again observed.
- Dopiﬁé With:alu@inﬁm.decreaseé the_mbbility of.ferroglectric domain
boundariés Whiié'nidbium inéreéses it. Dbping‘with both ions produce

ferroeleétric.properties_similar to undoped material, .
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” I.. Introduction

-J'”fiégdizifcon&tebtitanafe Ceramics are extenéivel& used for piezo-
‘eléétrié defiées.aﬁéiaré'pfoﬁisiné candidéteé for electro-optic and in-
fofmatio#{étorage:déviéés. These.éppiicatidns.require very precisely
éontroiiéd”ferrogleétric prdpérties;;hence,.éldse édntroi over the
. ceramic @iéréstruéture.and cqﬁPOSitioﬁ is required. To achieve this con-
trol,‘thé factors affecting.the matériéié behavior during thé fabrication
précess should be thoroughly understood. | | |

The sintering»éndvgrain gfoﬁth behavior of lead zirconate titanate
powdef’ig quité»SéhSitive fo additions.of certain three and five valent
ions.l_ Niobium, for example, accelerafes dénsification.2 "It has been
suggesféd that ddpiné»increaées thé concentration of lattice vacancies,
thereb&‘increasing the rate‘éf diffusidn and densification; this explana~
tion will be examined. Aluﬁinum,ions aiéo affect_fhe behavior of this
matérial.3_5 ThiS'ié.of.consideréble practical importance because
ceramid'précessingvmay introdﬁcé relatiﬁely large andvuncontrblled
‘amounts of aluminum'oxide.s Powdéf mixing and grinding operations are
often done in porcelgin or alumina ball mills with alumina media; normal
mill wear will introduce appreciable quantities.of alumina, silica and
magneéia;g |

The:sintéring étmosphere also affects the-ultiméte microstructure

b7

‘and ferréelectric properties. _Sintering an oxidé compound in a re-
ducing atmosphére will changevthe concentration of lattice vacanéies and,
hence,.ﬁheldiffusivities of fhe oxygén.and:metal.ions. This concept, as
applied to the sintering of_alumiha, has been discussed in.detail byv

Coble.-v8_'
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Thls paper dlscusses the chemlstry of p01nt defects in lead 21rconate )
tltanate and the mechanlsns by which these defects deternlne the s1nter—
. 1ng and Sraln growth behav1or._d"

7 B | | 'AiI;. Experlmental
"Batcnes>of;lead721rconateftitanate and 1ead>2irconate.titana£e doﬁed

w1th 2 at7 nloblumlwere compounded from the approprlate ox1des.* After |
lntlmate mlxlng, the materlals were calc1ned in a covered platlnum
crucible-at 85090. ~The-reacted:materlal’was crushed w1th a-luclte mortar
andlpestle;?then”groundlin'apvibratory'ball mill Witn lucite érinding_i
media.’ Tﬂié:féduéed.thelavefAQé crjstal.size'to about - one miéron’aﬁd the
: luc1te contamlnate was removed by alr ox1dat10n at hOO c. Spectrographlcv
: analySLS showed the materlals contalned approx1mately O 05 wt% Ales,
v_O 02 wt7 CaO O 02 wt7 SlOz and O 002 wt7 MgO Addltlonal alumlnum
(O.h Wt%)nwas added_to a portlon of_eachwnatcn as an aqueous nitrate
solutdon;e “ - | | } |

Speclmens nere formed by pre551ng the powders 1nto pellets in a
steel dle;‘ These pellets were pre—flred at 800°¢C for 1 h This increased
»thelrastrength.suff1c1ently to allow measurements of their 1n1t1al
dlmenSLOns and welght. No. 51gn1flcant shrlnkage occurred during pre— :
v':fdrlng. Tne welghed snd measured pellets were loosely covered w1th
»packlng powderf in a- platlnum cruc1ble w1th a tlght flttlng 1id. The o

'crucible was evacuated and refllled w1th the des1red gas. Oxygen and

- *Baker reagent grade PbO Wah,Chang reactor grade ZrOz, B&A reagent
) grade TlOz and Matheson Coleman & Bell szOs.- S . 1

tThe powder is to 1solate the spec1mens and to provide the correct
partlal pressure of lead oxide as dlscussed below. :
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_ mixtuies_of oxygen and;nitfogen were ﬁsed.: The cfucible was then heated
in an etmosphere furnaee which hadithe‘same“gas>compositien. At first,
the speeimehe in.their erucible‘ﬁere Set in the furnace and heated to the
eihfering temperature,.but thie‘resuitedzinva slew heating rate and con-
éequeﬁtly,‘censiderable ﬁﬂeertaiﬁty ebout‘the'effecﬁive time at femperé-
fure, Later, ejteehnique was-devised to ipsert ana.withdraw'the crucible
from the hot zone efvthe‘afmosphere fufnece. Using this procedure, the
speeimens reached thevsinterihg'tempefatufe in.leSS than two min and
cooled.beiow 6od°c.iﬁ aﬁdut iO S. The”suﬁéequehtbratebof coeiing was
redﬁce& to.éVoid'fracture'at the_eﬁrie transformation_around 3506C.

:The'aensity ef tﬁé siﬁtered Speciﬁené was measured by immersion in
mereury er By ealculating the ebecimenﬁs velﬁme frdﬁvits dimensions and
meesﬁring ifs weight. »The-geometric technique~was‘used‘for determining
the initial deﬁéityvto'evdid cohtamination with,mercury and it'was faster
and mo£e accﬁrate'then the imﬁersioﬁvmethod. Mercﬁry'immersion was
neceésary for ifregulerly'shaped.pieces; e;g., erken; erackedZOr warped
pellets.‘. |

Grain sizes were measﬁred'from'scanning elecﬁron micrographs of
surfaces thax were pollshed and chxmlcally etched, and orlglnal pellet
surfaces that were thermally etched durlng sintering. The line lntercept
'method?:was used.' Reported graln sizes are 1. 5 tlmes the average chord
length.  More than 200 grains were counted for each determination.

Highefield ferrbelectric measurements'were made to determine the
ease and extent_<3fdpmain reorientetien.__Speeimensbwere prepared by

lapping the pellet faces flat and parallel and painting on silver
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. S : T . . ) . ’ o . .
- electrodes. = An alternating electric field (approximately # 100 volts/
mil or 40 KV/cm) was applied and the resulting dielectric polarization
was recorded. Hysteresis ipopéfwere run at 60 and 0.01 hz. The magni-
tude»of'thevﬁaXimum'polarizatidn is proportidnal-to'the extent of domain
bpunaéiy:motion which’iS'séhsitive to thé.Qoncentration-of_lattice
o 10,11 ¢ - |
vacancies. T

III. Results and Discussions

_(1) —Stoichi6metry'ahdeattiCe‘Vacgncies
‘Lead»zirconatélfiténate_hés,tWo cémponents'that are quite volatile
.at.thé sintéring temﬁeréﬁﬁre;;léad‘éﬁd 6xygén.v:fhe:équilibrium vapor
- pressures of zirconiuﬁ, titaniumvand.ﬁheir oxides are lOw at 120000,'30
theSe_comﬁdnentswéfe ﬁét réadily lef by evapofatidn, HIﬁ ordef to estab-
lish'aﬁd maintéiﬁffhé degired'stoichiémetfy, lead zirconate and lead
_titénaté ﬁuét.ﬁé heaﬁ treétea‘in an_éﬁmqsphgfélwhich contains the correét
okYééh'énd.lead oxide‘pafﬁialhpreééures.. EquilibriUm of ‘the vapor;phasé
?eéctiqn“ |
OVgpcr :P?vapor +.1’/2'C_)Vapor | | (l).
' is assumed so -any two vapdr pressurés fix £he lead'and ﬁhe okygén
activity_;-'- - | |
.fhefbhase diagfémg forflééd oxide¥£iféhium oiidel? and ‘lead oxide-
zirconiumVéxidele ére éhoﬁﬁ in Fig. 1. Both;were determined‘in air.
The éoffespbnding iead éiide activity:qomppsitiqn diagrams'are also

éhown;-'These were cbnstructed for 1200°C using'the_folloWing assumptions:

* Silver Conducting Paint, Micro-Circuits Co. .
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(g): fhé lead oxiée aétivity goefficient isveQual to unity in the
liquid-phaseS: -This'ié Raoult's Law for theﬁlead oxide rich compositibns;
the aéjivity df;pure'lééd,oiide iF taken as'uhity.v

‘(b) .fﬁe léad:bxide:activityhdeéfeases linéérly wifh composition in
the sélidvéolutioh:regioﬁs (Henry's Law).. | |

(c)’fThe-décompqsitién ?apor pressures of lead.titaﬁéte and lead
zifconate as measﬁfediby Knﬁdéen céli experiments,l3 were converted to
éctivitiés'by dividing byithe vapor presSﬁre above pure lead oxide at the
same temperature. |

At 1200°C lead zircbﬂaté_and lead titanate are completely miscible.lg’lu

Their Sblid soluﬁiéns éiiét'oﬁef”a'consiaerable range of PbO: (Zr,Ti)Oz
ratios,'each.cbrres?oﬁding td’a.différenf ieadlbxide‘activity; The
metél:o#ygen ratio may aléo vary. The latter variances are believed to

be primarily accommodated by lattice vacancies. High,concentrations.of
interstitials is unlikely, because the possible interstitial sites in the
péﬁo?skiﬁé unit déli‘(fig. 2) are bounded by both pbsitiVe‘and negative
ibns.:.Thé crystal>struc£ur¢ may ﬁe,thguéh£ §f'és-a cubic close packed,
,:ordered grrangement of lead and oxygen. The oétahedrai site at ihe cen-
ter of the cell is bbﬁnded by_six éxyééns and occupied'by'either zir-

» Qonium or titanium. Th'_e cher' three octal@edra é.re' forined each by four_
aniohé and two leadiions;'they are unoccuéiéd.' The ﬁetfahedral sites are -
boundgd by one lead aﬁd three oxygens; These ére also empty. Alterna-
 tivély,5the étructuré may be conbaréd't§ that_of'rhenium oxide (Reog).15
Then the structural unité arev(Zr,Ti)Oz octahedra. They are bound to-

gether at corners as each oxygen is coordinated with two tetravalent ions.

Divalent lead enters the 12 fold sites between octahedra to maintain
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eiectroceutralify.” Thls descrlétlon 1mplles that crystal may become
subsfantlaily deflclent 1n lead 1f another charge balanc1ng mechanism is’
operative. .Such mechanisms might be the localiZation of_electron holes
atfthe'vacaﬁcy,* tﬁé qum;tiqﬁ of an'ahioﬂ'vacanqy at an adjacent‘
iattice;'site,-dr'the scbsfiturioa_of~aa'ien with the incorrect valence
,v_d‘n an adj'aceriﬁ"site".: . | “
| 'cieéiiy.fhe‘cogceﬁtfafion of 1atticé.vacancies'éhanges with tﬁe
_ acfiVityfof lead:dxide; Wlth the oxygen pressure flxed the crystal Wlll »
: . i .
‘saturate w1th.A-51te vacanc1es when the lead ox1de act1v1ty is suffl—
:cently_low; SUbsequént 1qss of'lead oxide'will‘result.in the formation
ofaa‘second;phase,.%ﬁtvthe;lead oxide actifity’bfvthe sjstem'ﬁill remain
'ﬂechS£ant:'>These_lower'limi£>activities wereucalculated frem reporfedl3
vapor;préssure measuremehts of:mixﬁﬁres éf Pb(ZréTi)Oa'and‘(Zr;Ti)Oz.a
They are plotted in Fig. 3. ~The deccmposition-pressure (presumed,to be »
: lead ox1de pressure) is greater for PbZrOs than for Pb(Zr.5T1 5)03.v‘Thus
when a spec1men of Pb(Zr 5T1 5)03 is burled in a mlxture of lead zir-.
conate plus 21rcon1a and heat treated at a hlgh‘temperature? vaper trans- R
port_of»iead oxide will allow thevspecimen ﬁo "edﬁilibrate" with the
‘packing pow'der° $raﬁsport of titania_apd'sirconia is negligible at
12006C so the zirconium—tiﬁanium‘rafic_of the'speciﬁen will_notvchange.
vThe specimed will simply iose lead cxide'until its actiyit& is approxi-

mately 0.05. Some of the zirconia in packihg powdér will react with the

‘ ®This type of A site vacancy is- not charged w1tharespect to the undls- ‘
- turbed lattice and will be. des1gnated as’ VA’ Uncharged B 51te and oxy—
gen vacancies will be represented by VB and VO’ respectively. - The con-
_centratlon of the defect w1ll be: 1nd1cated by'Square brackets [ 1.
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expelled lead'oxide to:form‘more lead zirconate and;the lead oxide
activity of the system wili femain at 0.05. Loss:of lead oxide from the
system (say by evapqration to_the:surrounding).will cause some of the
lead Ziieoﬁate~td decompoée, Bﬁﬁ.the lead oxide_aetivify dbes'nat de-
crease. N o

Thie."buffered" sitﬁatibheis aiso poesibleﬂfof high lead oxide
activitiee; The lead ox1de act1v1ty of mlxtures of Pb(Zr Ti)Os and lead
oxide rlch llquld were calculated from the PbO: ZrOz TlOz ternary phase
diagram.lh' Again Raoult's Law was assumed for the liquid and pure lead
ox1de (lquld) was taken as the standard state. Those activities a?ev
also plotted’in Fig. 3. Now consider a specimen paéked in a mixture of
lead titanate and lead oxide. After equilibration'with_respect.to lead
oxide, the acfivity ef the system.will remain at approximately 0.7 (at
1200°¢ ..;dsee Fig; 3). Loss of lead o£ide froﬁ.the system Will.simply
reduce the quantity of the lead oxlde rlch.llquld in ‘the packlng powder.
During equlllbratlon the spec1men remains 51ngle phase but its lead
ex1de act1v1ty is 1ncreased to approximately O.T. Thls.change is accom~-
plished by ihcreas;ng the lead concentration of the crystal, i.e.,
reduciﬁg the_concentratien of lead.aaeancies.

Equilibration eXpefimentS'were conducted with.bothdtypes of packing
powder to establish the Widthxof thevsingle pﬂaeefregion. Specimens of
Pb(Zr.sTi.s)03 slightly deficient in 1ead_eiide were weighed, equili-
brated Withi"Buffered"vpaeking powders with high and low lead oxide
activifies in one atmoéphere:of oxygen, and tﬁen reweighed. The results
bf‘these experiments at llSOéC isdshown invFig. L, If the difference in

specimen'weight at lead Qgidewactivities,of 0.7 and 0.05 is assumed
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éhfifely dué.to'fhe'difféféﬁée_in.éhé conceﬁtfationAQf leéd‘ﬁécanciés,
théﬁ:théT;étﬁraﬁioh:coﬁcéntraffoh_of‘ﬁﬁese defgcts i$Jcalcui§ted to'
5'6‘x idéa per cubic'cehfiﬁetéf.v This conpéﬁtrét#én‘correéponds to
é@ﬁfokiméfely h% 6f>fhév1éédfan¢s miééiﬁg;A Alléwances'fofisimﬁltaneous
éhaﬁgés ih'the3;ohcéntfafi6hé'6f'B'éiteiéﬁd'ékygeﬁ vacaﬁéies were not
incluaeqjin.fhis ééléﬁia#ioﬁ; -signifiéant~changes:iﬁ either'éf'ﬁﬁosé
cén;eipéétibns;ﬁéﬁldlmeéﬁ'fhé_acfual ;étufatidn'céncentraﬁion'iS'sdme—
WhattlesévthanYS.G-k'lbzo'pé};euﬁic ééntimeter. N
”It.ié.élso possible tq'fix the lead>qxidé actiVityvat_intefmediate
?alues.“The épéciﬁen is‘pggkéa.in sing1é—§hase.lead zifconété titaﬁaﬁe
powaéf'in é éldsed3cell. A Smaii;amoﬁn%_df lead 6#ide_is ioé£ byfthe
épeciﬁenQéﬁd.pabking”paﬁdef fd egtébli;h:the atmdéphefe.inéide the.éell.
| Thisﬁl§ss; of;cbufsé, fedﬁces:thé'léad.qxide»aétivity} Hence the final -
stoichiomeiry of the.Séegimgnhwili;pe:éensitive to the initial lead
:oxide'pqnéentfatioﬁ invthg.system; thg‘véiume of the cell, and any vapor
.loéséélfrom it.' Equiliﬁréﬁion experiﬁéntévwithvthis t&ﬁelof'paéking
powdef Vere{alsp conducted and sﬁowh in Fig.:ﬁ. :The lead oxide acfivity
of stbiéhiémetrit'léad zirconate-titanate packing powder was taken as 0,5.
The o%ygen'écfivity'in the preéediné.discuséion has been aséumed'
cQﬁétéh£5:bﬁtvthis_requiremént.may bé.rglaxed;_ Whgn the paftial pressure
of oxygeﬂvin;thézatmoséhére is reduded, thévépegimén,will lose;that.coé—.
jonen£ in Order fo achieve ﬁﬁg,corréc£ oxygeﬁ éctivity> o
0 2 1/2(0,) V. (@)

solid vapor o]

This same type reaction might have been'considered for lead:
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; ‘ PR |
Pbsolidf+ vaapor VPb ' (3)

Both these_reactions-alter_thevstoichiometry.
Chemiggl ihteraptionabetween the several tYpestf vacanciés in the
sdlid'should also be considered. Schottky equilibrium is probably a

reasonable assumption. For an ABOs compound the Schottky relation is:

¢

(vy] Dig] [vg1° = k. - (%)

Equations (2);‘(3); and (4) preduct thatllowering the lead acfi?itys at
a fixéd'oxygen.pfessurg, will increase‘[YA]; degreése [VB], énd leave
[vol_unghangéd.' W;th the 1éaa'éctivityicdnstant; lowering the oxygen
vﬁartiaﬁfpréésuré'shoﬁld increase [VO], decrease [VB]‘anq not alter [VA].
Dé@iﬁg is aﬁother mechanism for inffoduciné #acéncies. When én ion
with thé iﬁéorrect“valence enters_thé lattice, charged vacancies may
form to maihtain locél eiectroneuﬁfality. These phenomena have been es-

tablishéd17’18 >

Wﬁen I\Tb+ .substitutes for>Ti+h; one.lead vacancy (with an
effectivévéharge»of,minus ﬁWo) is introduced for every two niobium lons.
Aluminum ions also.enter B lattice sites3 and are assumed to create -
chargedbahion vaéancies. 'In~each:case the effective charge of the
vacéncies‘and the‘substituted ion-is.dpposife éo coulombic attraction

between them is expected. -

(2)  Grain Growth
The effect of aluminum and:niobium on sintering and grain growth is
shown in Fig. 5. These data were obtained by slowly heating the doped

pellets and held for the indicated time at 1200°C. The rate of grain
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dgroﬁfhdis'feduééaivhendéitherfainminun?dr]niobium'is‘preseht;}'Similar‘
lvéraln growth 1nh1b1t1on has.been reported for lead 21rconate titanate
doped w1th Fe "(B site)?_'_Ta 5 (B 31te) 3 (A s1te)5 20 and La+3h
(A s1te) o |
It 1s;belleved that the doprng ions concentrate near'the grain h

'iﬂboundar;es:and subetantlally reduce thelr'moblllty. When the boundany
vnbyeé,liﬁumgst:afég”thg"excéés-(aééoéséd) 1mpur1t1es along w1th it, as.
deplcted'ln'Fig;:6, This mechanlsm for reduc1ng graln boundary moblllty
vvhas been studled theoretlcally and experlmentally as lt applles to the

recrystalllzatlon of metals. ; -23 Jorgensen 2k,25

and vIest‘brool«:e5 used
thls model to explaln‘hOW'magnes1a 1nh1b1ts gralnhgrowth in. alumlna and
allows s1nter1ng to theoretlcal den51ty. Jorgensen and Anderson26‘later
: showed that Th +h ?dlssolved in yttrla was adsorbed at graln boundarles
' and substantlally reduced the ratecﬁ‘graln growth thereby permlttlng
complete den31f1catlon. When the thorla content exceeded the SOlld solu—‘
‘ blllty*llmlt the graln growthwrate was further decreased and second
phase partlcles were observed at graln boundarles.

Doplng w1th alumlnum and nloblum aia not effectlvely 1mpede graln
_ growth, This seems to 1mply that the doplng ions are assoc1ated'w1th the
- charged vacancles they create, and these vacancles are respon51ble for

+
‘the attractlon-between the-defects and graln'boundarles,b Al 3 and Nb

+5
are belleved to associate W1th each.other (1n palrs) w1thout charged
oxygen-or-lead'uacanc1es; The defects are not strongly attracted to the
boundarles.and cannot reduce thelr mdblllty.

The graln growth klnetlcs for undoped materlal was determlned from

f’pellets that were rapldly heated and cooled Flg. T. The average_graln

Y
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size increases prqportion€l to,the cdbe-roét of time. The‘gfowth_rate
is not sensitiveyto.thg'lead or oxygen’activity;
(3) Sintering | -
| The ‘sintering kinetics of,the'uqdoped material follow the Coble
modél.27"Thié model déécribes the'iﬁtermediate and'fiﬁal‘stages of sin-
téring.siﬁgleQPhase crystalline sollids by the bhlk diffusion of vacancies
from péres to graiﬁ boundafies.  The density.incfeaéed iinearly'with»the
logafithm of timé;vFié; 8. When the spécimens were heated slowly, con~
‘siderabié sinteriﬁg‘occur?ed<during‘heafing ahd‘the‘dénsity; logafithm
time plbt ﬁas not iineér;‘Fig;NS. Instantaneous densification rates were
calculated:frbm ﬁhe'slope‘of,thé.density élofsrih Fig. 5. These rétes,
calculated at vérioﬁé‘timES; are plotted.in Fig. 9 as a function of the
measUredbgrain size cubed; Thebsloﬁe of negative.one indicates that the
densifiéafioh rafe'isvinversél& prbﬁofﬁioﬁél to thé gfain size cubed, as
prediéted bykfhé Coble’moael; | |

Figure 5 iﬁdicates that dobing'with aluminum of wifh,niobiuﬁ keeps
the graih éiie'émali ;ndltheréby e#pedifes'densificatioh. Niobiﬁm is a
more effecfive gréin growth inhibitor than alumihum‘so it is more effec~
ktive at éccelerating sintering. Doping with aluminum and niobium did
not retard grain growth.aé much as either alone, and densification was
slow. . |

-Increasing thé lead,éctiVity With,the pressufe of oxygen held at
one aﬁmééphere did not'alter,tﬁe densification»behaviof. A change in
;toichiéﬁetrj (iﬁcreasé in [VB]; decrease in [VAj, [VO] éonstant) Waé.
verifiéd.by"méasured wéight grains. .Specimensvin different aﬁméspheres

- gained weight at differén£ rates during the first 200 min of Sintering
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and then remalned at constant‘but dlfferent stolchlometrles durlng the p
subseduent 51nter1ng (Flg. h) The den51flcatronvms unaffected by
these varlatlons 1n st01chlometry (Flg. 8) Thls clearly 1ndlcates
that the den51f1catlon‘rate 1s 1ndependent of the concentratlon of A-site
and B-51te vacanc1es._ Reduc1ng the partlal pressure of oxygen in the_'
.‘slnterlng atmosphere (1 e., 1ncrea31ng [V ]) accelerated 51nter1ng
(Flg.'8) These observatlons seem to lndlcate that oxygen vacenc1es
ere the'slowest mov;ng'spec1e352and.hence, rate llmltlhg.- Increa51ng
their’cohcentratfoh.iﬂcreQSes:the diffusioh flux.end ihcreases the
dens1flcat10n rate.zl | | o |
One mlght expect that doplng Wlth.alumlnum (formlng addltlonal oxy-
_ geh vacanc1es) WOuld 1ncrease the rate of dlfqu1on and dens1f3.cat10n,"=
but thls is not the case.'pinnfig..9 the'densification ratesbof_the
several materlals ‘can. be compared.at the same greln s:.ze.I Whenbthe
.average grelh s;ze 1s.l2'um-the,denslflcatlon ratehls far.greater.for
the undoped meteriélr' Thls may be explalned as follows First the o
vacanc1es 1ntroduced by doplng are "bound" to the 1mpur1ty 1ons and can—
ﬁnot freely.move through the crystal to expedite mass transport Intro—r
: du01ng these "bound" racanc1es should throughrthe Schottky. relation,
(h),_reduce the. concentratlon of ! unbound' vacanc1es-and retard dif--
‘fu31on. Second thevdefect concentratloh gradlehts'at graln boundarles
(FIg.- 6) should oppose the dlffus1on of vacanc1es from pores to grain
boundarles. The adsorbed - defect mlght repel vacancies sufflclentLy for
' graln boundery dlffusion to become the domlnant.denslflcatlon mechanisr.,
This,cogld expiain thepnohelinear densrficetioh retefgrainrside relatdonv:

obser?ed‘ihrFig. 9twithfaluminum doped ahd'hiobium doped materials.

Vo
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(3) ‘Ferroglectric'Prqﬁeffiéé:

Thé.fefroeiectric‘hyStérésis 1oops_(Fig; lO) éonfirm the. compensatory
nature of aluminum and_nidﬁiﬁﬁ iohs. ‘Doping'with;niobium increases the
edéé»aﬁd éxﬁenﬁ.of féfraéleétric aoméiﬁ bounaafy.mdtidn While aiuminhm-
has tﬁé‘qpposite'efféc£. Wﬁeh both.ionsvare presént; the hysterésis loop
réﬁembleé'tﬁai of the undbbed materiél. ‘The,ﬁncharged lattice vacancies,
introducédvﬁy heéfing iﬁsfeduced okygeﬁ ér lead oxi&evpressﬁres, did not
affect the hysteresis lodps aé dramatically’és the charged oﬁes intro-
duced by doping. . |

| | ':IV; Slinmary and Coﬁcluéions

Single;phgse'leéd zircoﬁété.titanéte exists;over a wide range of
stoichiométfy, cbrrésponaing fo.vafyiné cohcenﬁrations of iattice.
vacaﬁéiés.  Thé material can accémmddéte felativeiy high concentrétions
of subétiﬁﬁtional'impuritiéé Whiéh;have the incorrecf valence; loéal
eiéctjbﬁéﬁtraiity'is main£éined:by éhafée&’laftice vacancies;.

vaivalent ol vifnt Ao and §entavalen£ niobium substitute for tetra-
valent titaniuﬁ,and doping with either ion retardsAgrain growth. It is

‘beliéved that the charged vacaﬁciés aséoéiated with these impuritieé
causé them to be adéofbed at grain boundaries,. Tﬁen the.moving bqﬁndary
must dfag.along the éicess éﬁnééntration_of impurities apd fhis reduces_
its mobilify. Aluminuﬁ gnd.niobium céﬁpensate for'éne another; dopingv
‘with both does not efféctiVeLy retard grain growth. Then the impurities

- _ 4 +
are assocliated with.each»otherv(Nb'S-Al 3

- pairs) and not with charged
vacancies. The defééts are not strongly adsorbed so the boundary

mobility appfoaches'that of the undoped material.



~ -1k . UCRL-20309-Rev

‘_ Doping'Wlth.alumlnum or. w1th ndonlum enhanees s1nter1ng by keeolng
_the graln SLZe‘small .thereby allonlné.den51f1catlon to contlnue at a-
rapld rate. Slnterlng follows the Coble model, shrlnkage occurs by bulk
dlfqulon of lattlce vacanc1es from'pores to graln boundarles. Oxygen
ﬁacanc1es are bellevedbto be»the slowest moving spec1es Doplné reduces
the effectlve drffu51r1fy, tne gra1n>51ze effect 1s, however, domlnant.
"The vacan01es 1ntroduced by doplngdare belleved to be bound to the im-
purlty'lons so they are not free to move through.the lattlce and con—v
trlbute to-mass transnort. | | ‘v o |

| 'ferroeieotrio measﬁréﬁenfs eéﬁfifm the.compensationveffect'nofed
for séec1mens doped w1th,bothaalun1num and nldblum
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sklte con@ounds may exist over a range -of comp051tlon. The

. act1v1ty comp051tlon dlagrams show the llmltlng lead oxi

: act1v1t1es for the s:Lngle phase reglons.

.The perovsklte unlt cell w1th p0351ble 1nterst1t1al site
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..leltlng lead oxlde act1v1t1es for 51ngle phase Pb(Zr Ti

Vapor—phase equlllbratlon experlments.

Effects_of_lmpur;tles on 51nter1ng and gfain gfowth,

~ Mechanism by which sdsorbed impurities impede grain boun

‘motion, -

10.-

" Coble sintering model

:ZGrain.growth 6f undoped‘material.l

‘The effect of atmosphere on’ the 51nter1ng of undoped mat

curves in Flg._S; versus the_lnstantaneous graln size.
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predicts a slope of minus one.

ihtercept”should'be_proportional’to the diffusivity.
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erial.

Den51f1catlon rate, calculated from the slope of the SLnterlng

The:

The

Doping with niobium or eluminum‘altefs the ferroelectric

'fhyeteresié'ldcp:_.tﬂe”effects are mutuallY-cencelling.l

‘-_pola?izatioh is plotted as a function‘cf electric field.
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