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IONIC SUBSTITUTIONS IN LEAD ZIRCONATE-TITANATE
' R. B. Atkin, R. L. Holman, and R. M. Fulrath
Inorganic Materials Research Division, Lawrence Radlatlon Laboratory,
and Department of Materials Scienceand Englneerlng,

College of Engineering, University of Callfornla,
Berkeley, California _

‘May 1970

ABSTRACT
The solid staté substitutions of bismuth and niobium ions in the
perovskité”cr&stal structure of:Pb(Ti.q7Zf.53)03, has been investigated
by samplé'weiéht—ehanges that occur at ﬁemperature in an "equilibrium"
lead exide.éfmosphere; A model ie Prbpogéd that includes the effect of
chérge'neﬁfralization, requiring-weightelosses for "A"- and weight gains
for."B"—sife‘eubstitutions. eExpefiﬁents suppoft the‘substi£ﬁtion of.

L3+ . . +
bismuth as Bi-' on the Pb-' "A" site and nicbium as Nb’

‘on the (Ti,z0)"

"B" site ef‘PZT.. 1.5 moles of PbO are lost by sbeeimens for each mole
of BiO;.s5 added. For each mole'of.Nboz.s added, 0.5 moles of PbO are
gained. Theee resultsvere in agreement with both the proposed model and
ionic size erguments.:_The weight.chepges were observed to be time de~-
pendent during the first 36-hO£heurs at tem?eratures (1150°C)._'This is

accounted for by the fermation ofntranéient second phases.

Thls paper was presented in part at the 22nd Pacific Coast Reglonal _
Meeting, bedttle, Washlngton October 15, 1969. e

At the time this work was»done-the writers were, respectively,
graduate research assistants (Atkin and Holman), and professor of
ceramic engineering.
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I. INTRODUCTION

‘The fégrbeiectric properties ofvlgaa zirconate—titénate (PzT)
ceramics arévQﬁite sepéitive to additibné of trivalénﬁ énd pentavalent
oxides. 22 Tb‘uhdersféh% this phenoméha‘it must be known whether the
ddpant»catiohé enter‘theF"A"voflnB“ suﬁlatticesvéf-thévA303 (P2T) perov-
skité éryéfél'and théir actual Qaiehcé:‘ ifffhere is a Qalence discfépancy
the chérge:béiénéingbpoint defects should bevidentified.

Westdﬁ;et]al.3 introduéed a-technique ﬁo eStébliéﬁvthat trivéleht
iron enters the "B" iéttice sites in PZT, substituting for titanium or
Zirconium.;7fhe& sintered PZT samples in -a lead oxide atmosphere and.
observedeéight'gains correspoﬁding to apprbximétely two moles of PbO
»for‘each"mdlé of FeéOa added. As iroﬁ'enﬁered-the "B" lattice positioﬁs
ah equal number of leéd atonms ﬁeré obtained from the atmosphere filling
the néleereéted "A" lattice_éités.v Howeier; if the substitutional ion
had enteréd théy"A" éubléttice i£’Wouid displace lead causing the specimen
to lose.wéight.‘?v - ) | -
| “.InbadAition, this technique mayhbe adapted to reveal the valénce of
.the substiﬁuted cation. When tﬁere_is a valence discrgpancy, anion or
 'cation* vacancies wili form to maintain.electro—neutraiity. The cfeatibn
of tﬁése vqcancies‘één.ﬁe deteéted since the atoms.ihitially occupying

them must leave the sample, thefebybdecreasing its weight.’ For example,

* Only "A" site cation vacancies are expected as lead is less strongly
bonded than either titanium or zirconium:. The creation of electronic
defects are rejected on the grounds that PZT is not semiconducting. How-
ever, charge compensation by_either the formation of hydroxyl (OH™) ions
or reduced titanium ions, Ti +, is not considered because no weight
‘change would be detected. o ' '
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one oxygenivacéhcy will be formed for every two trivaleht iron atoms.that
enter tetreQalent lattice sites. - The weight change‘due touthe}lossvof
oxygen is eﬁell but meesurable, proVided‘that”the equilibfatien afmosphere
has controlled fhe paftial pressures ofvlead'oxide and:oxygen.

Accurefe specimen.weighing is required. The weight change resulting
from the eXygeh vacagcies introduced by doping a 20 gram PZT_speeimen-
with l.mole,% iron is ohly 4.88 mg.' waeﬁef,ithie techﬁique is ‘far more
sens1t1ve for measurlng lead vacanc1ee because of the hlgh atomic weight

of lead: the welght change expected by a 20 gm PzT spec1men with 1 mole %

?
’ ¥

Nb,0s is 69 5 mg.

The approx1mate chemical feactlons fer the ionic substltutlons of
trivalent ions on the npn 51te and pentavalent ions oﬁ the "B" site in
PZT are glven by equatlons (1) and (2).

3+.

M~ on the pp2t mpn site:

[ABO; +V%M293] - [( l-y'x-[] y) (3)03]_ + %X'Pbo (less) (1)

5+

M”" on the (Ti,Zr)h "B" site:

F T X;_,. vv' T | _: |
{ABO_S + %Mzos} +5 Pb0 .(Sa-ln) [(Al+y—% D%‘)( i ) 3+3y} (2)

The'weight—change centribution of charge neutralization, for valence

discrepancies of *1, is always less than the substitution effect. Thus,
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weight loss ﬁiil be expected for "A",substitufibns;'énd.weight gaiﬁs.for
"B"’substitutions;' The poésible modifiéationvof theiactivity of lead
by the preéeﬁge of thé‘dbpanf‘is aséﬁmed tb have ohiy.é sécond Qrder
effect on‘fhe'iéad vacanéy.concentraxion‘and is not considered here._

Iﬁ ge#eralg the.eiﬁeriﬁént éhould b; appiipaﬁie fq aﬁy A-B~0 com-
Pbund,bﬁfo§idéa thaivfoﬁriréquirémehts ;fé éatisfiedAat normal reaction
teﬁpéfétﬁres:: |

1. -The oxide vapof pressure of one cation must be high énough.to_
pefmit transPOTt.

2. The oxide Vapor préssufe of the 6ther cation must be low enough
to prévent vapérization loss.

3. Anb"equiliﬁrium"‘étmosphere of the high vapbr préssurezdxide_
mist be piOVidédi'h

hf“Thé high vapbf ﬁréésurévokide mnst ﬁave av;ﬁfficient hblecular
wéight fobprdduce meaéufaﬁie”wéight changes.

‘Thé?prééenﬁ-work was undertaken primérilj to detéfmiﬁé-the valence
of.bis_;.muﬂl_in'--lp-zT.T This has been a controveréial‘subject.; Haertling
has éuggésted2 on the basis of electrical resistivity measurement, that
althoﬁgh addéd'to PZT as Bi?+,‘bismuth substitutes:as B15+, More”™
recentl&}.Atkin and Fulrathu haVebproﬁosed é.model‘suégeéting Bi3f sub-
stitution on the."A":subla£tice, cohsiétént with_ferfqe}ectric and

.Siﬁtering-qata, as ﬁell‘as ioﬁié size arguments_(Tablé i); |

The'weightichange method similar to Weston's has been employéd
With some3mpdificati§ns ﬁoléiﬁdyvthe Valencéfand‘subétitutional lattice
sites of biémuth1and niobium ih.PZT; Furthéf,»fhe experimegfs“have‘prb-

vided an insight into reaction rates and mechanisms. The dopants were -
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added as. ox1des to a ca101ned PZT host compos1t10n' Pb(T1 47Zr 53)03.

II. EXPERIMENTAL PROCEDURES

(1) Materials‘Pmcéss‘ing.

'Lead Eircooate'titanate} Pb(li;47zr.sa)03, Eas obtained from high
purity_oxidee:of'lead; titahlumvaﬁd hafniam free:ziroonium,l.The dry raw
materialsAEere Welghed carefullyrinto‘a low ash rubber lined ball mill
containiné_olean Eefloﬁ bélis aad isoprole alcohol. The bafoh was roll-
milled:h8'hours. The alcohol was then evaporated at 85°C followed by
dry- roll—mllllng for 2h hours.‘

This”homogeneously mixed materialﬁﬁas:seoaratedffrom"theVmillingf
mediafandtpreased’isostaticall&'af.30,000 psi info éninehlByHB‘inch'
cylinders;ﬁ.fhe material’was'then oaloihed for 30 hoﬁrs at 850°Cxin air,
in a covered platlnum.cru01ble. "No welght changes were detectable..

X—ray dlffractometer analy51s revealed completely tetragonal PZT
and 1nd1cated no unreacted ox1des. | |
Oneiportion of this material was lightly.crushed.and ecreeﬁed to.
provide'séveral grades of coarse packing powder. The remaiﬁder was
pulVerized for hsrminutes.in a'1u¢itefmortar.and.peetle. A heat treat—
ment af h00°C for'2h hours was'required to.oxidize.the aorylio pick-up
durlng the grlndlng An air.oermeation subsieve eiEe analyzer_recorded
an average partlcle size of 2 microns.

Spectrographlc analysis determined that proce551ng to Ehls p01nt
aad not contrlbuted any observable contamlnatlon. The major ;mpurltles
were 0.03% Bi, O. 037 A1, o, 02% i, 0. 017 Fe, and 0, 1% W (all as oxide

 weight percents)
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(2) Sample Fabrication

The milied materiai ﬁés aried, énd pdrtions were doped with various
amounts‘of'dfy reagent grade oxides of léad; titanium, bismuth and
niobiﬁm. Theéé doped, as well as undoped ' control batches, were then
wet mixed_ih’isopropyl alcohol fqr ) hours. The aicphol was evaporated
at 80°C'u$ihg:a teflon'cdated magnéfic stirfer.to.minimiZé segregaxioh.
AVShort’(thoﬁrS)>dry(mixing'stépvfollowed.

Sfecimehsrwéré‘pfeSSéd iébsfaficélly.at‘B0,000 péi in clean, sealed
rubber-tubes, 3/ inchvin.diametef.‘ Eaéh'samplé was hand smoothed with
filtefvpaber'tp remove éharp cbrnérs, rough surfaces, énd loose powder,

Theféamﬁlés wéfe driéd"fbr'éhvhéurs7at llO°C,”bodled in a vaéuum,‘

‘and accurately weighed with minimal handling.

(35"The'Weight;Change’cell

ih.edéh éxperiménﬁ, doped ahd appropriate conffql‘sampies’wére
positionéd'cafefuliy in avélean @iatihum cfuéible, and sﬁrrounded with the
PZT pédkihg'powdef_providing the "equilibfium".lead oxide atmosphere.
;CoarSer pd&défuwaéﬁemplbyéa'in”theIVicinity of each sample fo minimize
the degree of packing_powder sintering, both to allow easy sample re-
moval, and ﬁegat§ Wéight,errorsfdue to surface';dhesion.

Expérimenfal contrél”was provided by-ihciuding sampleé doped with
Pbb.ahdviné, aé well‘ésrthree strategiéally placed undoped specimené.
The crucible was tightly capped; making & good seal..’ (Fig. 1)

The entire cruciblé_Wasidried 2k hﬁﬁrs at ilOOC and weighed.

The crucible was heated'slowly (ZOOQC/hour)th a témperature‘of
1150°C, held for the required time, and éllowed ﬁo furnace cocol. The

crucible Weight, sample weight, and reaction time was recorded. The
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cell was then repacked and refired. This procedure Was re£eated_many
' times,_thus‘allowing a monitorihg of the-weight changé_ﬁith time.
'III. DATA AND DISCUSSION | |
Two types of experimental control specimenslwefévémployed. One
type was,t6:§efifyvthevstability of fhé lead oxide'ﬁapof.pressure.in the

cell, whil_e‘th_e other was t.o assure that lead oxid'e‘_e'. tr'a.nsp‘or'tvwas rapi‘d

i
=

enough for‘ééuilibrgtibn.
Severai‘ﬁndoped control sampleé'wére placéd around.thé-test speci-
mens during .each run;: Their weights remained constant,vindiéating that
the correct PbO;partial ?re$§ure‘had been maintaihed}E A }éé& oxide
depietéd layer'Vas obséfved?near thé tép of thé.érucible,iﬁﬁt‘it'did not
penetrate fa}_into the cell:duringvahyérun."Cohtfol ;émpies.locateaiin
thié layé}flost substantial Weighﬁ, while ﬁhosé farthef down'Kneé% ﬁhé,
test épeﬁiméhs) were'unaffeéteﬁL' o B | . |
The second tyﬁé:of-ébntfol demonstrated the mbbility of lead oxide
in this system. sémpiés'containing 0.5, 1.0 and 1;5 molé % PbO additions
were run. :Theifime’feQﬁifed‘for the ekcessblead oxide to miéréte.oﬁt of-
the speéimens_increaséd with the amount of PbO added, but was never more
than 20 hours'(Fig5 2). . Alsé, specimens with titania additions, (Fig} 3),
showed that fhe ceil aimosphere readiiy sup?lied 1éad 6xide to the test
specimens. %gad oxlide vappfvreacted with the added'titanié fo-prodhce
PpTiO3, which then formedra'solid solufion with PZT, eventually bécoming
Pbl+y(Ti.57Zr.sa)lTiy03+3y

from the atmosphere within 10 hours.

. The necessary amount of PbO was obtained

.Bismﬁth doped specimens showed weight changes consistent with

3+

Eq. (1), indicating that Bi substitutes for Pb2 .with lead vacancy
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charge compensétion;. AAWeight.gain was observed dﬁripg‘the_first 8'hours
of reaction; Aftef this, net wéight.losses occurred, approaching the
eduilibrium valﬁe in 30 to ﬁO hours. Tﬁis behaviofbis believed.to

reSuit from the trénsient appearance 6f a seéond phaseﬁ’ Bismuﬁh is

' épparently éiow;to diséolve‘in PZT. The undissolved Biémuth remains as
a liquié pﬁése (m.p;'éf Biz03 is 860°c)thich picks up iead»okide from
-the;étmosphere. This "pick;ﬁp" continues until the aCti&ity'of PbO in
the liduid'is equal to that in the vapor. As diffusion of bismuth into
“the érystaiiine phéée proceeds, the émounf'of lead oxide required to
maintain the PbO écfi?ity,in the liquid dééreases and the éxcéss Pb0O
véporizes{ :E§éntually,>all the bismuth diésoives in'%héhPZT and the
Sécond phaSé diéappearé. 'Thévﬁéight chénge-timekrelétion is shown in
Fig. U for a 1 mole % BiO;.s doping in relation to the other poséibilities.

Niobium doped samples follow Eq. (2), Nb?

sﬁbstituting on the
(Ti;Zr)h+ "B" 1attice site. ‘All'samples showéd the apﬁrdﬁriaie weight
gaihs. 'HGWevég, é'ﬁeight greaier.fhanvpredicted by the model was
dbéerﬁed'duriﬁg the fiféf 10 hoﬁrsbdf‘reaction; Aftér’tﬁis, sambles
began to lose Qeight, élowly apﬁroaching the predicted gain in about
30 to L0 hduré; ‘figure‘h’éives_the_results for'l.O_molé‘% of NbOjz.s.
| It appéars that PbO vapor is initially atta;king the\hidbia éarticles,

forming a second phéée, Niobium'ions tﬁeh diffuse iﬁfo‘the PZT, and this
is accompanied b&_the simulténeous loss of the excess PbO,

The results are shown_g#ajhically.in Figs, 2—h_for representative
samples."Figure'M'includes>ﬁofmalized bismﬁth and niobium.weighﬁ change
results in comparison with the theoretical prédictiqns. Table 2 -

summarizes all the experimental data. No dependence upon héating or



8- | | UCRL-19632

cooling rateé, or upon the furnace aﬁmospheref(oz or air) was observed.
IV. CONCLUSIONS
. e 3 . +
These  experiments support the substitution of bismuth as B13 on

the Po2T

1

"A" lattice site of PZT in agreement with the proposed model.
Niobium aiséglﬁés aé Nb5+uon'ﬁheA(fi,Zf)hf:éublaftiééiof PZT, as would
be'éxﬁéctéd{ :Bbth the]bismﬁth and nidbium data sﬁppérﬁ a lead vacéncy
charge éompenéatién méchanismvahd'ﬁhe‘sdlid éblﬁbilit& 6f eéch is gréater
than'2’moie”%; '

Althoﬁgh:the.high vapor pressure of lead oxide during reaction
allowed_leéd_to be lost'of éained.readily‘by the PZT samples, the -
feaction méchahism was complex.dué to the formation of temporaryjsecond
phases. |
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Table I. Ionic,Radii[(A?+Bh+o§') (ref. 5)

- . o ‘ Effectlges : Probable
Ion oo Gl o 77 Radius (A)70 0 0 Lattice Site

o L 12 S 1. o A
n* o e j .605 c B
et  _ 6 | .72 . B

B 6 B

® Hiéheét“C.N, number tabulatéd.5 



~11-

- UCRL-19632

. Table II. Experimentally observed weight changes

in doped lead zirconate titanate

1.0% Bi0;.s . k2.

2.0% BiOy.5s 39,

005% NbOz.s vv i6e

1.0% NbOz.5 = 20

| Sample
PZT Sample. Weight
__Doping _(em)

0.5% PO 34.813

1.0% PbO _ 35.783

1.5% PbO 12.879

0.5% Ti0; | 35.273

: 1,6%'Tio§ - 38.356

413

010

2154

705

.231.

Time (hrs)

Weight Change

Weight‘Change

@ 1150°C .. fObserved'iﬁ % Predicted in %
11 40.33; -0.345
' (-115) (-120)
19 -0.703 -0.685 .
(-251) (-245)
20 -1.065 -1.025
(=137) (-132)
-10v +0.397 +0.343
(+1k0) (+121)
7 +0.637 +0.680
(+24L) (+260)
o ~0.50 - 20.515 [1]
(-177) (-182)
32 -1,02 -1.03 [1]
_*(-u3o) (-k32)
5] -1.63
: (-640)
: -2.05
60=70% 2.0k (-805)[l]
o (=800) .
20 +0,120
- (x20) 40.175 [2]
29 +0.167 (+29.3).
: (+28)‘
28 +0.376 +0.34k [2]

(+76)

(+69.5)

* Extrapélated

() refers to actual weight change in mg.

[ ] refers to the equation by which calculation was made,
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FIGURE CAPTIONS
Weight-change cell
Sample weight-change (mg) vs. tiﬁe at llsooc.thours) for -
0.5; 1;0, and_i.S mole % PbO additions to PZT. Illustrates
the'mdbility of légd_éxide.in 1¢aving this sy$t¢m.
Sampie weight-change (mg) vs. time at 1150°é (hours),for

O.Sland 1.0 mole % additions.bf TiO, to PZT. Demonstrates

the ability of the atmosphere to supply lead oxide when it is

needed.

A plét of bismuth and nidbiﬁmIWeight ghange £¢éui%s in cOmpérison»
with the predictions of the prqpoéed moéei. ﬁeigﬁtAChanges are.
ip.@gs and time is.iﬁ\hours atlllsooc;‘:fhesﬁéta ;s nofﬁélized_

to 20 gram samples.
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WEIGHT CHANGE CELL

.~ SNUG Pt CAP
Pt CRUCIBLE
SRRt - o FINE PURE PZT
'PACKING POWDER

. PETOEOOARRRTY| = UNDOPED CONTROL

PbO CONTROL.

- COARSE PACKING
POWDER, PRE -
SINTERED PURE PZT

< DOPED PZT SAMPLES

< TiO, CONTROL

UNDOPED CONTROL

R e o FINE PURE PZT
SRS PACKING POWDER

~ XBL 6910-5716

- Figure 1
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TIME (hours) aT 1150°C

SAMPLE WEIGHT CHANGE (mg)

20 30
T T T T
_ 05%PO0
10% PO
_' 1.5% (SCALED) PbO
\~x _______
I W W |‘._J' I N N

loss

XBL 705-978

Figure 2
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_'300_.:"1 I r‘|l.| r l:~l.1‘-l"I I —

THEORETICAL

r A o 1.0%Ti0, o

N A

)
@)
o

o  05%TiG, o]
_ O _

"THEORETICAL
100[- | |

WEIGHT CHANGE (mg)

, T T T T T A I e
0] 10 - 20 30
TIME (hours) at H50°C

L1 L

. 'XBL 705-979

Figure 3
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- T T T | I T |
gain - , | M3+ for (Ter)“'
T ___——._IG"’:EJTTZS":
© 20 30 40 50 60 _

TIME (hours)aT 1I50°C
- , :
ok 1% BiOys -
-H00— o -
200\~ M3* for Pb®*
— —
-300— R T
loss [ ' ) - ) -1
________;___'___;__s_f_fO_Etff.
| | | | | !

XBL 705-980
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