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SINTERING Sc AND Nb. MODIFIED LEAD ZIRCONATE TITANATE
Douglas Chrlstopher Lee
Inorganic’ Materials Research D1v151on Lawrence Radiation Laboratory,
and Department of Materials Sc1ence and Engineering,
College of Engineering, University of California,
Berkeley, California

ABSTRACT

The Pb(Zr )0

{53Tiwh7 3vsystem was doped with niocbium and scandium

ions to correlate sintering.behevior and ferrcelectric ﬁroperties to a
proposed lead vacancy_ﬁodel. Compositions of I;B'at;% Nb; 1.5 at.% Nb--
1.5 at.%-Sc; and 1.5.at.% Nb-3.0 at.% Sc were sintered at 1150°C, l200°C,

and 1300°C and densification and grain growth data-were tabulated.

Weight loss data, microprobe analysis, X-ray diffraction and ferro-

electric hysteresis loops were used to characterize the system. “Evidence

supporting a low solubility Iimit of scandium in the lead zirconate

titanate system was presented. The suppression-of sintering and ferro-

- electric properties by the addition of scandium to lead zirconate

titanate and the enhancement .of these properties by niobium strengthens

the proposed lead vacancy model.



I.. ‘I'NTRODUCTI:C')N :

Lead Zircenate titaeate has_received‘considerable attention in
recent years fer its electronic applications. Economic censidﬁrations
preclude.the uee of this-ﬁaterial in many'applications;'yet the con-
stituents in their powder.fdrm end.correct impurity content are relativeLy
inexpensiye} The high‘cest is due to the difficulty in ceramic pfocess—
ing. Electrical propertiesvare not repreducible beceuse of uncontrolled
parameters in cefamictpfocessing. The purpose of this study was tbe
determine the .actual phenomeneﬁ‘ahd mechanisms enCountered in ceramic
proceséing ahd’sinteripg of leed zirconate titanete;' The results should
lead.to‘improtementjof the'repreducibility end,reliability of electrical .
propertiee of this materiel;

'fTheIWOfR that has been done on this system is mainly of an engineer_
“ing natﬁre directed thardvoptimizing ferreelectrie ahd piezoelectric
pfOpertiesvand not concerﬁed with uﬁderstanding actual meehanisms in-
volved.vtihis is understandable'due to the1COmpiexity of'ménufééturing
processee and parameters. | |

The theoretlcal 51ngle crystal models derlved by phy5101sts and the
results: of data obtalned by researchers us1ng polycrystalllne samples are ~
very dlfflcult to correlate in terms of dopants and thelr effect on
.electrlcal propertles. .Statlc models, -dynamic models'based on«lattlce:
dynamics; endithefphenomenOngical thermpdynamic theories ali-dealing
with siﬁglevcrystais de'not.account for_compbsitional variatiens.l‘ Poly-
crystalline models are.no”better in this respeet;

It is'pOSeibiefto propose‘a lead'tacancy model ﬁsing the current

"state of the artv.ceramiC'technOlogybto rélate dopent concentrations to
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léad vacaﬁcy conCentratiQﬁ_andfsiﬁtering.behavior in lead zirconate
titanate. The shape of fefroelectric hySteresié 1oops sééms to have a
strong réla£ion to propdsedllead ﬁacancy concentrations.  This can be
dedﬁced from obserﬁing éxperimental data and may be used to aid in under-
étanding sintering results.? Experiments thaﬁ could relate conclusifely

the proposed lead vacancy model .to actual behavior would be beneficial.

‘Proposed Mechanism of Sintering Lead Zirconate Titanate

"Sintering is increasing the étrength and/or density of a particulate:

compact by:applicatioh Of'a'relative'high.temperatﬁre with the reduction
of surfaéé.free énergy aé.the driving fbrcé; Kingery gives four basic
mechanisms by.whith,sintering é single phase material may take plaqe:
.'sturface 'diffu_s_i‘o‘n,. evaporé.tion condensation.; 'volume. diffusion, and
viscous flow.3 The degree to which any one mechanism predominates de-~
ﬁends updh_the material and temperature.. Oﬁly.the latter two mechanisms
resﬁlt iﬁ densification. In'thé lead zirconate_titanéte Systém; the
- governing mechanism appeérs to be #olume diffusioﬁuprtgrain boundary dif-
f‘usiori;2 both of which have'essentialiy the same atomistic mechanism of -
mass trénsport.

An:indication-of sinﬁering behavior in this system in relation teo
dopants-may be obtained By‘eXamining ferroelectric hysteresis loops of
di fferently doped material. Atkin showed a relatién between thé lead
vacancy coﬁcentration and the type of hysteresis loop obsefved in léad
zirconate titanate.2

The strﬁcture of lead zircoﬁate titanate above the Curie temperature
is the'perovskitebtype with 8 Pb2+ ions on the corner siteé; Zrh+ énd

b+ : ; , - 2= : ' .
Ti occupying the center site, and O in the 6 face centered sites.



The structure and‘a.table;of ionic radii are shbﬁn in’Fig. 1 and Table I,

respectively.h’5
‘Table I.  TIonic Radii
. _ —
Ion Tonic Radii in A
2t | 1.20
T . 0
Rt o : 0.68
sc3* 0.81
w2t 0.69
0°" | 1,46

The . volume diffusion méchanism in this system has fdur ionic dif-

fusivities associated with it, one for each différent.iOn.~ The slowest

~one of these diffusivities will be rate controlling. A first'approxima—

0}

tion.method of determining which cation would.be the slowest moving
spégie ig tb examiﬁé single bondvstrengths of thevcomponeﬁt OXides‘
determined‘from the dissociation energy per gram atom of bxygen divided
by the coordination ﬁumber of the oxide. The zirconium ion and titanium -

ion have 81 kcal/mole and 73 kcal/mole, respectively, for single bond

strengths with 6 fold coordinatibn, while the lead ion'has'12‘kcal/mole'

with 121fold.coordination;6,thus the zirconium ion should have the lowest

diffusivity. Anicns are not thought to be'the‘slowest moving specie

. because of the insensitivity during sintering of the lead zirconate

titanate system to different. partial pressures of oxygen,T‘ The ionic
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size, ionic charge and ionic coordination further substantiate designat-
ing the zirconium ion as the slowest moving specie.innthis system.
Coble's equation for second and final stage sintering may be written

in the form8

L= éfain size
P'Q_Porosity
N = gedmetry féétor'V - ‘ )
D = diffusivityfof,31bweét moving specie
o= vacéncy voiume
Y = surfacé energy

and Shows that the rate,of éiﬁtering may be enhancea by optimiiing grain.
size; diffﬁsivity and femperature; The high vaporvpressure Qf lead
oxide oﬁer'ﬁhe_system afvsintering températures results in severe
limitationé in increésiné'firing temperaturé; thus; to make sintering a
practical fdbricatién process foi this material, dopants must be added
+o stop.discontinuous:gfaih growth, to increase the diffusivity of the
élbwésf'mdﬁing specie; and also to be beneficial to th¢ desired élec—
trical prpperties of the systemn. | |

aBurke shows that étppping discontinuous grain growth in aluminum
oxide is important if théoretical denSity is desired.9 The pores must
remain on the{grain.béﬁndarieé for thebretical density to be approached;
~thus, if a grain boundary'bfeaks away from a pore so that the pore is

left in‘fheiinterior of the grain, the pore will close at a véry slow
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rafe'due to inéreased diffusion'path iéngths;  Coble, Jorgensén; and
BurkelOISépérately concluded that:magheSium oxide added”ﬁd'aiumiﬁum
oxide pfevented Sécondafy grain érowfh but did not preventvﬁofmal grain
gfowth. Burke explains this as reduction of gfaiﬁ boundary mobility by
the addition of a solute.lo Coble's equation'aiso pfedicfé that the

rate of densification is inversely propoftionai to the gfain size cubed;

"thus, the densification rate is very sensitive to any increase in grain

size.

Further consideration must be given to the dopant with respect to

“its effect on the diffusivity of the slowest moving specie of the system.

In order fdr’a'zirconia ionlocated on a B site to Jump from one unit cell
to an adjoining unit cell, the adjoining unit cell must be vacant. Also,

being a highly charged ion, electrostatic repulsion wiil’prévent it from

‘approaching a charged lead ion. It may be postulated that for a zir-

conia ion to jump, the path that would require thé 10weét éhérgy would
be thrdugh’a vacant iead ion site and into a vacant adjoining B site.
InterStitiél models'and oxygen'vacanéy models are possibilifiés but seem
unlikely from observing the experiméntal results from the system. Pryor
showed that the oxygen pressure had no effect on the densification ratell
of the §ystem except to allow 3% higher end point densities due to the
présencé of a diffusible gaéeous}spécie‘entrapped in thé pores.
Holman'élﬁeight loss experimenfs indicate the présence'of extrinsic lead
vacancigé alsb,ll This lgads to poStulating that lead vacéncy concen-

tration may be directly proportional to the diffusivity of the slowest

~.moving specie.-
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The lead vacancy coﬁcentration may be controlléd by small édditions

of dopants withva unit variation of ionic-chargé and with the ionic

radius suiféble for ionic substitution.._Atkin showed in this system o
that aluminum oXidevhad.a»measurable solubility even though it has an
ionic fédii bf .Si, which ié 25% smaller than titanium.ahd violates
_ previous:crystal chemistry‘rules'of solubility.;2 The model results in
one.léad vacancy for evefy twé ions of plﬁé‘fivé charée»incorporated on
a zirconiévor titania site~which has a charge of four. Alsd,_suppres—
 sion of intrinsic lead vécancies is possible by placing a plus three
éharge ion.on:the zircbnia and titania site. Thé.two ions chosen fof
" this were Nb°' ana Sc3+’which have ionic radii of .69 Z and .81 Z,
reépectively. It was thought thét both ions added in qﬁantities below
the soluﬁility_wbuld inﬁibit grain growth and niobium Qould increase
the difquivity of the sldwest moving‘specie, thereby enhancing the
rate of dénsification. ,Originally an analysis_of'isothermal sintering
curves ﬁas.proposed for three different scandium and niobium doped com-~
positions with thé hope that Coble's equaﬁion could be applied to
determiﬁe relaiiﬁé diffusivities and activation energies. The suppres-
'_sidn of the rate of densification by the addition bf scandia ion to
'léad»zircohaté titanaté was so-great that complete data for an.in-depthv
analysis could not be obtained. Thus, thé results will be treated in

a quaiitative manner; _ ' ‘ .

| The solid.solution system of Pb (SC.SNb.S)l-xMXO3’ where M is a

zirconium, titanium or hafnium ion, have been studied by Tennery, Hang;

and Novak;l3

and also by Johnson, Valenta, Dougherty, Douglass, and
Meadows.lh Both directed their research toward frends in electrical

properties with varying composition.



' Ii. EXPERIMENTAL PROCEDURE
The titania; Zirconié; ieadEOXide, and‘calcined'powders'used in
‘this investigation wére analyzed.by seﬁi-quantitative analysis to deter-
. ‘mine their‘impurit& content. The calcined powders showed a maximum of
300 parté per million for any one impurity whereas dopant levels were
greater than 3000 parts per million;' Thé.results of:this analysis.are
given in Table II. |

. ' *
Table II. . Analysis of Raw Materials

T.G.A. Titania . = ~ Reactor Grade . . Reagent Grade
Titanium Corp. " Zirconia ‘ v Po0
of America g Wah Change Co. S ‘Baker Chemical -
Pb- 300 ppm Ti 60 ppm Ti 20 ppm
Si 600 ppm Ba <100 ppm "~ Ba 10 ppm
Mg - 30 -ppm-  Mn <10 ppm . 8i 20 ppm
Fe <20 ppm Si 500 ppm Mg 10 ppm
“Ca " 70 ppm ' Hf 2500 ppm - - Ag - 5. ppm
Al 400 ppm Mg 100 ppm ~ Ca 10 ppm
: ’ ' Fe 300 ppm © Bi - 300 ppm
Ca 150 ppm C 5 ppm

Cr <100 ppm i - Al - 10 ppm
Co < 30 ppm o

'Analysis of Nb Dopéd Lead Zirconate Titanaxe
Plus Scandium Oxide Titrated Additions.

, - 1.5 at.% Nb- 1.5 at.% Nb-

1.5 at. % Nb . 1.5 at.% Sc ©'3.0 at.% Sc
- Nb " 7000 ppm , . 7000 ppm . 5000 ppm
Sc 7 50 ppm . 2500 ppm S 7000 ppm
Si 100 ppm ' 100 ppm _ 100 ppm
Al 300 - ppm , 300 ppm - 250 ppm
Mg ‘ 40 ppm 30 ppm 40 ppm
Ca - g 200 ppm ' ~ 200 ppm 200 ppm
(Theoret. Nb 6100 ppm .. 6100 ppm ' 6100 ppm
doping . Sc 0 ppm © 3200 ppm . 6400 ppm

level)

* Semi—Quuntitative dpectrographic Anaelysis; partS'per'miliibn of the
Qxide of the element shown by weight.
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Powdérs were dried‘at 110°C to remove the abébrbed watervand

weighed.v'Twélve mole batches were loaded into a 1.5 gallon rubbéf lined
'bail miil. The 53-47 ratio of zirconia to titania was chosen becaﬁse of -
the optimization of electrical propefties due to a low temperature ﬁhase
boundary hear this composition. Teflon media and a rubber lined ball
mill minimized contamination during mixiné. The batch was wet mixed with
isopropyl élcohbl for fiffy hoﬁrs 5ﬁd dried at 79°C. Additional dry
'mixingiwéé dbne for five ﬁburs; | |

‘v Slugs were isoétatical1y pfessed at 30,000 pdunds per sqﬁare:inch
using rubbef tubing_for molds. The slugs were inserféd‘inté é platinum
érUcible and calcined for three hours at 850°C and air quenched. The
proposed reaction is given in Taﬁle IIT. The nioﬁium dopant was added
before miXing.of the oxidés becéuse it is not available as a soluble.
salt, whiéh makes it difficult to add to the material homogeneously; it .
enhanced the kinetics of the caicining reaction. Data from calcining
experimenté indiéatéé that pure lead zirconate titanate is.not.fﬁlly
reacted at 850°C for éh hoﬁrs while.l.5.at.%va doped méterial shows no
X~-ragy diffraction evidenée of the 6Xides éfter 3 hours. It was necessary
to give the powders the same treatment until after_calcining‘and grinding
to insuré uniform particle size and'complefion of the calcining reaction.
The calcining time Versusvpafticle size was measured to obtain the shortest
time in which the‘oxides are fully reacted andghaQe the smallest particle - ©
.size. 'Thé éverége partiéle size was measured with a Fisher Sub-sieve
.Sizer.-’

The calcined slugs of the 12 mole batch of 1.5 at.% niobium doped

lead zirgbnate titanate material were crushed in a lucite automatic



Table III. Postulated Reactions

=

Calcining
. . " N ' . - ] 0 . .
.9925 PbO + .522 Ti02 + .463 Zr02 + LQ%E-szos-ﬁzgil-—-—
_ . » 3 hr.
015 0 015 [Zr.522 T w63 Nb.015] 03
| 2 2 - S
Sintering
1.5 at.% Nb.
Pbl;.015'£:].015' 2r 5o T )61 Nb.015J= 03" —
R »
1-.015 [:1b015 Zr oop T )63 Nb.015J 03
5 5 L
01.5 at.% Nb_ 1.5 at.% Sc
. s | .. ’ V‘. .015 .
-985 Pby - 515 [:].015 [Zr.szz»Tl.h63 Nb.015:] O3 # =57 8cp05 +

2 2

10225 POO ————s P ‘[Zr,siu T 456 015 SC.‘,o_ls] 3

1.5 at.% Nb_ 3.0 at.% Sc

-

1-.015 [:j .015 2T sop Tl.h63'Nb.015] O3+ =57 8¢,0; +
2 2 - - _

.97 Pb

:0375 PbO ——=———Fb | Zr o0 Ti ) )5 Wb 11 S¢;03] O3 .015 ¢ .015

Where [:]indicates'a lead vacancy and @ indicates an oxygen vacancy.
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mortar and pestle for ten minutes. Gfinding‘was done with a "Sweéo"
Vibratdny mill using a polyurathane:liner and 1ucit¢ media to minimiié
coﬁtandnaiidn; )

A vériation of teéhniqué was tb wet vibratory mill 500 grams of the
12 mole baich with zircohia media. The 500 grams_were mixed with the
'lafger batéh‘and proved a éource of 20 micron zirconia particles sub-
segquently bbserved in the microstructure. Dry. vibratory milling with
lucite média wasffduhd to be the most effective in obtaining average
‘partiéle sizevbf l.Suﬁ_ﬁifhaﬁihimum conﬁamination and all but 500 gramé
were milled_ih'this manner. A 500'gram batch was milled teh hours using
this technique énd‘pgrﬁiblé Sizes_wére‘méasuréa with a Fisher Sub-sieve
sizer and“a'géanning electron microscope; the latter showed a particle
siie range bf appfoximately .25um to 3um. The lucite contamination
obtained from abrading fhe grinding media was removed by heating the
powder to hSOéC fof 24 hours.

| The 12 moies of l,SIat.%,niobium doped lead zirconate were divided

into three équai quantities, and scandium and lead oxide were added
using titration techniqués with nitrafe solutions. One batch received
" no édditioﬁs and remained as 1.5 at.% niobium doped lead zirconate
titanate}“ﬂThe second had 1.5 mol.% scandium nitrate and .225 mol.% of
lead nitréte titrated, while the third had 3.0 mol.% scandium nitrate
and 3.0 mdl.% lead nitrate titrated. |

The éiurry férmed in titration was stirred magnetiéally wﬁile being
evaporatéd £b coat each grain of the lead zirconate titanate.with anv
appropriéte.layer of precipitated dopant. The nitrates were oxidized at

450°C for 12 hours. The dopants were added after calcining to insure
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that the average partlcle size and dlstrlbutlon were unlform between the

" three differently doped materlals so as not to affect the validity of

sintering data obtained.

The.results of a semi-quantitate spectrographic analjsié ére given
in Table:IIFelong with the caleulatea doping levels. Reasonable agree_
ment is shewn considering the,i»SO% accuracy of the spectrographic
analysis. To‘inpreve the coid pressing chéracteristics, 10 cm® of iso-
propyl alcohol were added to each 900 gram banch. 'The powders were
stored in desiccatorsvwith equilibrium vapor preesure of isopropyl
alcohol to prevent evaporétionf' |

Cold pressing of the powders,was done in a 3/4 inch die of a tungsten

‘steel alloy at 18,000 p.s.i.‘ The pelleté ranged in weight from 6 to 9

grams and had enough green strength'to allow removal of tne:EOnfémination
caused by the die wall. The green densities were 63% theoretical density
for the 3 differenf cOmposiﬁions.' |

The pellets were‘Sintered.in cylindrical 10 mil platinnm crucibles
with covers. The high vapor pressure of lead oxide necessitated the use
of packing powder techniques to provide a iéad vapor surrounding the
pellets. The dopants in the pellets have a definite effect on the
activity of iead.oxide in thevpeilets'compared to tne‘activity of the
undoped‘packing powder,.although in this experiment this was not taken
into account. 'The packing powder wes left in a coarse égglomerated
form to facilitate femoyal ef the pellets after sintering.

A kanthal wound atmosphere furnace was used for sintering the

- pellets. The furnace was pumped down for 45 minutes to about 100im with

’

a fore pump; then avflowing-oxygen atmosphere was introduced. The thermal



-12-

gradient‘in the hot zone was'iess than * 5°C and the heating rate was
20°C pér minute.. The speqimens were partially quenched by removing the.
- crucible to a temperature Zone‘of.abéuti800°c. This‘quéhch léwered the
temperature so that sintering could not take place but préﬁented the
sbecimens from being thermally shocked.

The.poétulated calecining énd sintering feactions ére given in Table
IT1. 'Thé ﬁeight Cﬁange upon sintering was recorded as a check on the
v postulatéd réactions. Also, miéroprobe analysis, X-fay‘diffraction, and
vferroeleétric hysﬁeresis”loops were used to indicate whether the pre-
dicted reéctions were cofrect and if-hot, the actual reactions that were
taking plaée; |

A micfoprobe examinatioh of sintered pellets of each of the‘thfee
di fferent compositions‘wés done ag avcheék on the postulated reactions
given in Table III..vSamples of each composition with the largest grain
' siZefand'highest dénsity'were polished and coated with a conductive layer
.of éarbqé.  Corresponding areas of each samble were scanned and Pb La’

Zr L, Ti K ., Nb L

o’ o’ Sc Ka’ and secondary electrons were recorded photo--

o’
graphically.. Poésibilities'of inhomogeneous distribution of dopants and
formatidns of second phases wére‘examined by this technique. Also line
scans Were'made as a'éuantitative indication of obseryed resultis.

1X-réy'diffraction was done on both powder specimens and sintered'
pellets. The (200) rhombchedral and the (200) and'(002j tetragonal
peaks.were scanned,at’1/8° per minute to.determine the proportions of
the 1owvtemperature phases pfesent. Also, slow scans were used to

search for cocond phases,  Moon's Xersy rovder date of the lead zirceonate

; R e T )
titanate system was used to index the data.
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Ferroelecﬁric'hysteresis 1@0ps Were measured with a 60 cycle Sawyer-
Tower éiréﬁit'with 60? l;O, élO volts per mil. Sintefing,speciméns were
fabricated‘ihto 3/ in. x 60 mil. éamples and 3/8 in. diameter electrodes
were éPplied. Daté wés recofded by meang éf'ah oséilioééope-camera.v
Specimené'of'l at.%‘Nb; 1 at.% Sc, and pure material ffom previous ex—
périmentsvweré.used fdr additiénél aaﬁa.v

Density versus time curves were determined for various times at

11200°C and 1150°C for the 1.5 at.% niobium doped material and at 1300°C

for the 1.5 at.% scandium-1.5 at.?% niobium and the 3.0 at.% scandium—

3

1.5 at.% niobium doped material. The X-ray value of 8.00 gr/cm® for

theoretical density of the 53-47 composition was used to calculate

relative-density.

A mefcufy immersion apparatus was used with an'Ainsvorth balance to

obtain density measurements to an accuracy of approximately *1/2 percent.

' Grain size measurements were made with a Jeoclco scanning electron micro-

scope. The intercept technique of mgltiplying 1;5 ﬁimes the number of
grains intercepted bytrandomiy drawn lines across a photomicrograph was
used.  Polish and etch techniques were uﬁilized where densities per-
mitted. 'chérwise, fired surfaces were measured.

Siﬁterihg times that.exceeded-2000 minutes fequiréd fhat the packing'

powder be changed every 2000 minutes to prevent'anyfwéight lossiduevto

lead.oxide evépofation from the crucible.
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III. RESULTS AND DISCUSSION

Sintering 

A graph of ‘the relative dehéity vefsus (time)l/g.is given in Fig. 2
for the three differén£ compositions at 1150°C, 1200°C, and 1300°C. The
'suppressioﬁ'ofrsintering by the'addition of scandium to the niobium
dopéd‘matériéi is evident. Tabie IV and Fié. 2 shéﬁ an order of magni-
tude chéngé in‘the rate of sintering with.small coﬁpésitional variation.
It is thoﬁgh§ that thevenhanCément and suppression of lead vacancies by
niobium and s#andipm reséectively.through a charge balance mechanism is

.responsible for the observed behavior.

' Tabie IV. Sintering

Percent of

300 minutes - 1200°C . theoretical density
1.5,.ét.%:.1\rb‘ ‘ | , o gen

1.5 at. M 1.5 at.% Sc . 668

1.5 at.% Nb 3.0 at.% Sc¢ . 678

300 minutes < 1300°C

1.5 ati% Nb . -
1.5 at.% b 1.5 at.% Sc 73

1.5 at.% Nb 3.0 at.% Sc B

A1l green densities 63%.

The end point density for the 1.5 at.% Nb doped material is partially

due to pores in the interior of grains. The niobium did not suppress

o
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grain growth enough to allow‘the poreé to remain on the grain boundaries;
Pores in thé intérior of grains Qefe éxperiméntally observed with the
scanning eiectron ﬁicrbscope‘én a polished'section.

A 1argerﬁportion éf the porosity observed in the_l.S at.% Wb
spécimens thét had been sintered tovtheir end point density was located
on_the gfain.bbundafies.of spééimené. Somewhat larger'gréins were
associated with these pores ihdicaﬁing that the prédomiﬁating mechanism
causing the end point denéity‘is a éecondafy grain groﬁth. Entrapment
of gas invclosed pores is‘hot suspected beéause Afkiﬁ sintefed 2.0 at.%
Nb -doped material to higher densifies and smaller_éfain size at l2OO°C.2
Tt may be concluded that 1.5 at.% Nb is an insufficient amount to suppress

grain growfh to the extent required to obtain theoretical density in lead

‘zirconate titanate.

The rélative density versus(time)l/2 plof at 1300°C. and for times
up to 8000 minutes is shown in Fig. 3 for the 1.5 at.% Nb-1.5 at.% Sc

and 1.5 at.% Nb-3.0 at.% Sc compositions. A scandium-zirconium equilib-

rium second phase was observed by X-ray diffractibn and microprobe tech-

niques in the 1.5 at.% Nb-3.0 at.% Sc samples. The presence of this

second phaSe may be responsible for the kink in the sintering curve

~shown in Fig. 3 for this composition.

Grain Growth

The grain size versus log time is given in Fig. U4 for the different
compositions. The "grain size measurements indicated regular grain growth
at 1150°,c,and 1200°C for the 1.5 at.% o composition even though the
microstructure of the specimen that reached an end point density shows

evidence of secondary grain growth.. Kingery shows that the rate of grain
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o growth is invéfsely proportional to grain siie.6 This relationship may

be expressed in the form of:

D?-D? = K(t-t )
O (@]

X = prvoporvti onality constant

Do = grain size upon initiation of grain growfh
=.grainbsize at time t

to = time at,temperaturé that grain growth is initiated

whereby DZ—D; versus.time may Be plotted to obtain.a étraight line. This
plot is givéﬂ‘in Fig. S,forbthé 1.5 at.% Nb composition af 1150°C and
1200°C.  The.reason for the lack of grain growth invthe scandium doped
samples is proﬁably due to the faét that the pQrésiﬁy_néver reached a

. low enouéh»&alﬁe duringséintering to éllow grain boundary movement.

Weight Change

The'wéight ioss'daté indiéated that the bostulated reaction in the
1.5 at.% N5—3.0‘at.% Scbspecimeﬁs for the forma£ion of oxygen vacancies
was ﬁot occurring. The 1.5 ét.% Nb-3.0 at.% Sc speéimens were losing
on the_avéfage 3.0_wf.% lead oxide while the other compésitions lost
lesé théﬁ';E.wt.%‘iééd oxide during sintering; the latter wefe'within
experiméhﬁal efrof. The compositionévwére titrated with lead nitrate
and ééandium nitrate so.that no weight chahgehshould have occurred if
the.posﬁulated reaétions were correct.

o , @

Thefformatioﬁ of a scandia zirconia second phase in the 1.5 at.%

Nb-3.0 aﬁ.%.sﬁ_specimen'may be respoﬁsible for the observed weight loés.

It is proposed that excess scandia reacted with zirconium ions in the
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lead zirconate titanate, and the products of this reaction were a scandia-
z;rconia bﬁase and lead oxide.vapor. This lead oxide vabor left the
.sample, giVihg fhe observed Qéight'change. .

'Thelxéray diffraction results indicatéd that both the rhombohedral
and tetragonai phases of lead zirconate titanate were present in all
'thrée'compésitions. The presence of both phases may be expected since
the 53—&7'éompositionvis located near the low temperéture phase boundary.
‘The niobium‘materiél fended to bebmore tetragonal ﬁhile thebniobium—

" scandium material had.a higber proportion of the rhombohedral phase. A
further indiéatidn of the existence'of an équilibrium scandium-zirconium
second phase-in the 1.5 at.% Nb=3.0 at.% Sc material was given by com-
‘paring the X-ray patterns of the two scandium—niobiuﬁ doped materials.
“The l;Svét.%‘Nb-3.0'at.% Sc material had a larger proportion of.tetragonal
phase than the 1.5 at;% Nb-1.5 at.% Sc material because the excess
scandium fhat could not go into solution in the former reacted with the
zirconia in the lead zirconate titanate. The zirconia-titania ratio in
the lead zirconate titanate was then decreased, shifting the. composition
into the tetragonal phase region. - |

The 1.5 at.% Nb and 1.5 af.% Nb-1.5 at.% Sc_éompositions gave no
indication.of‘a second phase bva—ray-diffréction. The. 1.5 at.% Nb-
3.O'at;%18c>speciﬁens had discernible X-ray peéks which corresponded to
cubic sﬁébilized zirconia; the microprobe indicated this phase was of a

zirconia scandia composition.
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Mi croprobe

The micfoprobe.results are given in Figs. 6, 7, 8. The large zirconia
particles observed in the 1.5 at.% Nb-1.5 at.%.Sc sémple were found in all
three.compositions. It is-thought that the 500 grams of>the 12 mole
“batch whichiﬁas'ground using zirconia medié wésvreépoﬁéible for ﬁhe 20um -
chunks of zirconia occasionally found in the micréstrucfures. Thevlarge
size of the.zirconia‘allowsva non—equiiibrium situation to exist even
ihough some of the samples were held at 1300°C for 8OCO‘minutes; The
distributién of thése particles was widely scattered'in the micro-
structure and it is thought that they had little effect on the overall
‘observed behavior of this material.

Thé.l.S,at.%'Nb—3.Q at.% Sc sample indiéated aﬁ equilibrium second
phase of a scandium zirconium compound as shownvin'Fig. 8. The micro-
'pfébe.showed that‘the.phaseiwas homogeneously distributed throughout
the‘spécimgn'in micron sized inclusions. The 3.0 at.% addition of
scandium e;éeeded the sblubility limit in the 1.5 ét.% Nbvdoped lead
zifcbnate‘fitanate-sysfem and the excess scandium.exhibited a étrong
affinity forvzirconium. |

' The_observation of an. equilibrium scandium zirconium phase in this
speéimen is reinforced by the weight loss behavior, the X-ray diffraction
results énd the hysteresis loop data.

A_linevscan was made with the microprobe to quantitatively determine
if the»scandium concentration in the 1.5 at.% Nb-1.5 at.% Sc and thé
1;5 at.% Nb-BJQ at.% Sc specimens was thé same in the 1ead.zirconate
titanape matrix. The beam travelled 100um. across the‘SPecimens in lﬂm

steps while recording the number of counts péf ten'seconds; The positioh
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df'thé beam could be'monitoréd by an optical microscope;‘thus when the

beam intersected a pore or a second phase in the 1.5 at.% Nb-3.0 at.?%

Sc specimeﬁ, the cbunf could_be_éxclﬁded. The reéults of this ﬁechnique
gave aﬁ average.counf of 874 with a:étandard deviation of 8.2% for the
1.5 at.% Nb-1.5 4t.% Sc specimen while the 1.5 at.% Nb-3.0 at.% Sc speci-
men yielded éh average count of 1030 and a standard'deviation-of 11.2%
for Sc Ka'radiationé A difference between the‘averéges of approximately
two standard deviations indicates a siightly higher concentration of
scandium inbthe lead zirconate titanate phase iﬁ the 1;5 at.% Nb=3.0 at.%
Se specimens; This indigated that‘fhe solubility limit of scandium in
1.5 at.% Nb doped'lead'iirconate titanate is slightly abo&e 1.5 at.%.
The‘lead zirconate titanate laftice apparentiy has little tendency
to accommodate scandium ions by the formation of anion vacancies. The
ohly mechanism for incorporating meaéﬁrable amounté of scandium into the
lattice is to add an'equivalentlnumber of plus‘five ions to preserve

electrical neutrality.

The férroelectrié hysteresis loops of the different doping levels
of niobium'énd scandium are givén in Figs. 9 and 10. There are several
trends shdwn.in the ferroelectric parameters with changing coﬁposition.
Increasiﬁgithe niobium content caused PS and Pr to increase while the
coercive field remains constant in the 1.0 and 1.5 at.% Nb doped speci-
mens. The redﬁction of Pslby an‘order of magnitude and complete'losgvof
Pr with iﬁcfeasing-;candium content is aléo evident in Fig. 9.

The niobium éppears to counteract the effect of the scandium some-

what as shown by the comparison of the 1.0 at.% Sc doped material to
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l,S.at.%ANb-l.S‘ét.% Sc doped material. The scandium dopéd material
with the niobium present shows slight:ferroelecpric 5éhavi§r relative to
the 1.0 at.%ch ﬁateriai. »

| The:ﬁysteresis lobps_shown.ih Fig. 10 with an applied field of 210
- vblts/mi1 indicames that the solubility limits of_scandium‘for the 1.0
at.% Sc ahd the 1.5 at.% Nb-3.0 at.% Sc samples have been exceeded
bécause both ﬁaterialé have the same ferroelectric béhavior.

The trends shown by this ferroelectric hysteresié data étrengthen
the correiation made between domain mobility and the effect of enhaﬁcing
or depressing the lead vacancyvcoﬁcentration by dopants. Although.the
second phasefwasvpreSenfjin 1.5 at.% Nb-3.0 at.% Sc doped material,‘it
may - be postulated that it should not cause the ofder of magnitude chahge

in ferroelectric properties that was observed.

N
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IV. CONCLUSIONS
The utmost imPOrﬁance of.éompositional.COntrQl in ferroelectric
ceramics:has béén experimentally'shown."The réprdduciﬁility'of sinteriné
charaétérisfics and electricalfproﬁefties'is depeﬁdent upen composition.
The déta‘dbtained strengthens the hypothesis that lead vacancies are
the controliing facfors in solid state:sintering and déveloping_Square

loop ferrdelectrics in the lead zirconate titanate system.
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- Cubic perovskite structure.
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Ferroelectric Hysteresis Loops
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Ferroelectric Hysteresis Loops
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