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HIGH TEMPERATURE PHASE EQUILIBRIA IN THE
LEAD TITANATE-~LEAD ZIRCONATE SYSTEM

Ronald L. Moon" and Rlchara M. Fulrath
Inorganlc Materlals Research D1v151on Lawrence Radiation Laboratory,
: and Department of Materials Sclence and Engineering,
College of Engineering, University of California,
Berkeley, California :
ABSTRACT
Phase relationships at eleveted tempefatures in fhe leadvtitanate-

_ieadbzircenate sysfem Were investigeted by X-fay diffractidn, thefﬁal and
‘differential thermal analysis. ?bTiQa melts at 1286°C while PbZrOj
éppearS.fo_decompose before nelting. ABetween 15 tovepproximately ﬁOi‘
:‘f'mele % PbZr0s a peritectie‘reéction oceurs at 1360°C. Compositions richer

Hin PbZr03; directly'decoﬁpoee te the_three pheseAregion of liqﬁid, zir;'
zl‘eonia and PZT on melting;:wherea;fcomposifione lower than 15.mole %

PbZr03; Show solid solution behavior.

e
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. Based on a dissertation submitted by Ronald L. Moon in partial ful-
. fillment of the requirements for the degree of Doctor of Philosophy in
" engineering science, University of California, Berkeley, Callfornla,
" May 1967 :

_ This work was done under the ausplces of the Unlted States Atomic
.Energy Commnission. :

Athe time this work was done the writers were, respectlvely, rese
assistant .and professor of ceramic engineering, Department of Materials
Science: and Engineering. : '



I. INTRODUCTION

Lead zirconéﬁé ﬁitanéte_is ohe ofvthe leading'matgrials used in the
manufacture of transducers. Until recenﬁly; h0w§ver;,1ittlé'information
.about the phase‘relétionships éxisting at_hiéh temperatures was avail-
- able. \The purposés_bf this paper is:to sﬁbstantiate‘by an independent
method the high température.phases and to:moaify the transition‘tempera-,
tures proposed.v | |
The region betﬁeen room tempsraturevand the vicinity of the Curie

~

temperatures (490° and 210°C) for various ratios of PbTi0,;/PbZrO; has

1,2,3 The phases are tetragonal,'rhombohedral -

been fully’in§éstigated.
'énd orthérhombic with fhe morphotropic~bdﬁhdagies a£v53 and 92 mole %
VPbeO3.V At températures between the Curie point.and 900°C;_the.latticef

' parameter.vs:P£Zr03 conteh? follows Vegard's Law With:the'structure being
cubic perovskiteuh- Above §OO°C subiimatién bf Pbo cauées[composifioﬁal

' fariations-at the'sui'face,5 thus preventing furthéf use of a high'tempera-
tﬁre X—raf camera. A.PbQ dépletéd iayer which‘ﬁhickens with time has
':bgen Obserfed-for Pb(Zro.ss, Ti§.3;)03 heated in vaégum-frqm 690° to
ll30°c;6,thé rate‘of weight loss increases with an increase in Pb2r03
‘.Conﬁeﬁf;T. An isothermal rgaétion diagram for the ternary system PbO-TiO,-

» Zr02 has béen prepared bf'X—ray anélysiéiof samples held at 1100°C for one
héur followed by-quenchingyto‘room temperature.s’g' df_particular_interést_
Here is the sectieﬁ'with a cén;tant molar.ratiQ §f PbO/(ZrOz + Ti0,) = 1.
The solid solution in tﬂis region‘extends from.0;96 to 1.08 indicating

. that a small loss in.PbO #ill not cause a phase change. Using the séﬁe

-method Fushimi and Tkeda™® determined the temperature-composition diagram

”'for the PbTi0;3;-PbZrOs binary. Between O-14 mole % PbZrO; the behavior"
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resembled that of solid solﬁtiop melting; above 1k mole% and temperatures
above 1340°C the solid solution decomposed to liquid to ZrOz + Pb(Zr,Ti)oa.
Further heating caused the three—phase regien to decompose to liquid +
- ZrOz.f The'presenee'qf ; threefphaSe region in'this.binary demonstreted
rthat the system PbTiO3-PbZr03: must be.treated as.a vertical sectioh ih
the ternary system ?bO-ZrOzéTidg.lo This fact complicates the analysis
of the PZT system because a greater reliance.on the experimeﬁta% data is
neeessary when the binarytequilibriuﬁ conditibns no longer appiy;.”
Errors in the solidué temperature aﬁd in the pheses detected can

occﬁr when quenching techqiques are*used'to‘investigatera eomplex oxide
system;'_Detefmination\of the'solidus tempefetﬁre dependsxen the'detec-
tion at rgem temperature of a new phase whiéh is formed wheﬁ the 1iqﬁid
.feeolidifies.v.If'the 1iqgid phase reacts rapidly with the solid phase
f'd@ring.cooling, a.éreatef}ameunt_of liquidfis necessary before detection
is ?ossible by either optical or X-rayjmethods. The result is a higher
SOlidus tempereture. On cooling anyvcomplexbmelt, thé_posSibility of’
preferential‘nucleation.of_e non—equilibrium species possessing,a lower
" surface energy than the equilibrium solid can cause furthervcemplicatione.
efﬂe solidxthen detected at room temperature will not be indicative of the
vhigh temperature equtiibrium.

| With.a_high”temperature X-ray camera and'vapqr pressure studies
ruled out, the most useful methed of,verifying tﬁe quenching resﬁlté is
i thermal ahaleis. The previous objections to quenching.procedures are
overcome’ty ueing heating curves for the fiﬁal temperature determination,

- provided the samples are properly homogenized.



II. EXPERIMENTAL TECHNIQUES

PZT powder;IOf various-éOmposifion.yEré madeAby weighing the proper
'proportioné of reégent.grade PbQ_(Bakér's), Ti02 (Fisher's) and reactor.
.gréde ZrOzi(Wah Chgng)-info-a glass mixingﬂjar; (Table I); The charge
. was ﬁixéd with isopfopyl alcohol, vacuumfdriéd and pressea iﬁto pellets
which were fired (albng with a PZT ?ellét higher in,PbZrOz contenf to
prevent PbO loss) in & Pticrucible.at 800°C for apbro#iméfély ﬁine days.
av‘SpectfograpHic énalysis o% the fiqgl pellets did not defect any impurity
pickup by this procedure. : | A

. The final compositions were checked by we£ chemical and X;ray

methods. 'TheIWet éhemica%'analysis for cbncéntration:determination
utilized a épéctrographipitechnique for Ti,ll a thermbgravimétric pro-
cedure féf 7r1? and, an eiéctrochemical method-fbrva?ls (Table'II); For
th¢ k—ray determigatibn of the compositions, the d spacings of the {321}
_gndv{2ll}_lines were obtained and then.éompared to a d spacing calculated
.from lattice pérameters.lh The‘létter we#é assumed'to vary.linearly over
“ﬁhé;éomposition range andiﬁefé fitted to a étraighf line by a least ﬁeéns
square procedure, (Fig. 1 and Fig. 2). 1In order £§ 6btain agreemenf with-
the céléulated.valués, itb§as neceésary to réheat.the;calcined powders at.
~ l2OQ°C_for one hour in a ;losed'Pt crucibie, This treétmenf homogenizéd
“the powdefs{v The effect oflthe treatmentvis'iilustrated‘in Fig. 3. A
conclusion is thaé thevuniférmity of starﬁing‘powaers.for vafious pfocessé
ing sﬁudies canvbe achie?ed oﬁly by reheating to higher témperatures; il.e.,
.‘thé éémmon practice of caicining the mixed oxides for .one hour>at’800° to

900°C is insufficieut for the attainment of reproducible powders.
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Examination for phase changes taking place below the solidus tempera-

5

'turé'was,by DTAl and X-rayvdiffréction. Thermal;érreéﬁ.experiments were
conduéted:in a 48.2 em x 82 cm water—cdoléd sfeel,cflindrical furnace
lined'with.fire bricks and heafed’with,seven MoSiﬁ elements. An Aléoa

| muff;e tqbe cloéed afjﬁoth ends with removablg Bricks was placed down
the ééntfe of the furnace. The constant heating'zdne'obtained was 6.4 cm
lqng..‘Témperatﬁre control was reguléted by a variable;proportiohal drive
'qontroller which provided a linear réte of inérease.in temperaturé from
room témperature to‘l600°C. :

A conical Pticrucible suspendéd from.a Ptswire'éhreaded through a .
fvthermocouple tube inserted:in the ﬁpper brick plug éérVed as:thévcoﬁtain-i
er, (Fig;_h). Powdgfé of the compositibh to be“teéted:wefe_weighed‘

- (30 gn) into the Pt crucible and a 0.025 mm Pt foil was sv,pot-wel'de»d over
thg.top to reduce the vaﬁor loss at high témpefatures; A 0.20 mm Pt—Pt\
10 Rh tﬁermocouple insulated with a‘b.6§ mm Alzoéituﬁing3 notched and
- bound with Pt wire, was used as a temberatﬁre Sehsor. fThé,thérmoéouple
was inserted into the thermoéouélevwell ét theycrucible'é base and
secﬁred by'pinching the we}i shut below the. bound Pt wiref' The thermo-
f couple e.m.f. waé monitored'by a potentiometricall& balahced strip éhart-
recorder. | |

7 The system was calibrated with reagént grade NaCOj3 (mp. 85h°C)1§
.:and:CaO-Ezos (m.p. 1162°c)17 which was obtained from the Bureau of Mines
Pacific Ekpériment étation. "Agreement was withinv3°c. The melting point
~of PbTiO3 waé in excellent agreement with fhe published temperétures of
il?SlQCls and i285°C;9 and was also used for calibration purposes.. The

sensitivity of the apparatus was demonstrated by its ability to detect
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-._the Curie point-fransition of PbTiO3. The weight ldss.dﬁriné the experi-
‘ﬁent.was lés; than 1% of the total ﬁeight;

Addiﬁional tests to confirm the solidus.ﬁempératﬁre were'performed
',by.pléciné a sealed T mm'x 35 mm Pf crucible containing PZT powder into a
- fﬁrnace held at constaﬁt temperéﬁure. _A therchbuple in contact with
the outside of the crucible was used for temperature determination. The
charge was examined forvliqﬁid férmaﬁion'aftef quenéhing:iﬁ:liqﬁiabnitro_

gen following a thirty-minute soak at a constant_temperétufe.

ITI. RESULTS AND DISCUSSION

1. Invesﬁigations Below ﬂhe Solidus'Temgeratufé<
. i - .
DTA of powders ranging in composiﬁidn betWeén 0 to 52}5 mole %
PbZr0;, iakén at 5 mole % intervals, showed oﬁly the Curie point and
. melting point transition, (Fig. 5). These compbsitions séemedvthe most -
.likely region. for a hggh tpmperature phase in vieﬁ 6f.the cobling curve
analysis (to be discussed latef). Several testsvin thevcohposition re—
gion.richér in PBZr03 demonstrated cofres?ohding resuits. vThe'high
_fémpérature:X—ray‘caﬁera cgnhpﬁ be:used without suﬁstantial_er;or above
E‘»_'800-90'0"(:_ since the 1éss of Pb0, combined with‘the high scattering
i abiiity of Pb and Zr ions, alldwé §nl&_the'dompqsitién near the'éurfacér
to be ascerﬁained. If the’X—ray technique‘rééorded a phase Cﬁange, the‘
new‘phase goui@ nét ﬁnambigUousl& be asSigned?to a changé in the bulk
"y stchture of the compéét};ATo circumvent_this ﬁroble@, the folléwiné>
précedﬁres'were adopted:  | | |
: (1) A 50-50 mole %‘mecﬁaniéal nixture of powders of different éom—v
positions wgé heated near'thé soliaﬁs.témpératuié of the lowest

melting substance. If a high temperaturée phase does exist, =
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compound nét cqrrespondihg_to that expected frpm the mechanical
mixturé Sﬁould_be obser?ed. | |
(2) A éample of a pafticular composiﬁion was held.for one hour
‘Below i%s'solidus temperature and then quenched iﬁ liquia. ?
nitrogen._'The.presgnce of a ngw phase would be_déteéfed by
splitting in the diffraction ééaksf
In both cases the results gave no indication of a high femﬁerature
phase, (Table III). The failure of tﬁe above methods to‘detect a,higﬁer
tgmperature phase—;coupléd with thé fact that thé lattice cénstahts'aé'
900°¢C follow_Végard's ngﬁ—indi¢ates_the solid solution reéion below;éhe
solidus is a suﬁstitutionai cubic”perovskite étrﬁcture in all qombosiﬁiéns,

2. Thermal Analysis of PbTiO;.znd PbZrOj

' The melting point of PbTi0s was found to be 1286°C '+ 3°C by noting

-i the temper§ture at which the horizontal blateau of the heatiné and.cool-
iing'éﬁfve,Began.“ Confirmation of the melting‘temberature wés accomplished'

- by a quehching technique followed by &isual oBsefvation. Sﬁmples held

for thirty minutes at 1280°C, 1283°C and 1286°C_sh§wéd'a sintered sQiid,

slight liguid formation'and complete helfing,'fespéctiveiy._vClése examnina~

tion of the heating cﬁrve showed é-3°C melting ihter#al attributed to.

19

impurities. The report of avéutectié on both sides of PbTiO; and thg
absénce‘of any compound fofmat;on other than PbTiOs; in the PbO%TiOz
"system2O negates the -idea of a peritectic'reacfion-and'supports an im-
ﬂ'purity caused melting.interval, aithough this seems large. PETiOg is
J_then a‘cbngruently meltﬁng compound, |

Similar experiments on PbZrQj; were unsuccessful due to rapid de- -

“terioration of the platinum crucible at temperaturss above 1500°C. The



remeining solid was monoclinic Zr02 enen though continuous heeting of
PbZrOs to 1550°C gave no indication of melting. In addition,mseveral
crucibles were plaeed in the furnace; held etbtemperstures higher than
_.1520°C foruthree teifive minutes and then quenehed. LIn this case liquid
:fermation was net seen and the remainingjselid consisted of a PbZ;Oz
,core,surreundea:by-a vhite 2r02 layef. The‘onsettof crucible attack
veppears very suddenly as the furneee tempefature is raised above_approXi—
:I.nately 1520°C; this tempefatur:e could not be determined a_¢cui~até1y. CIf
v.'t.he reaction"vPbOvap + Pt I Pt (?b solid solution) + 1/2, 02 were taking

place, it would be accelerated by an increase in the FtO concentration.

lig
A perltectlc deconp051tlon of the form PbZrOa'z or’ PbO + ZrO (s s.) would
: . vap
. ‘cause such an increase. Any liquid PbO formed would probably be vaporized
since PbO boils at lh7290.21' Reactions of'these‘types would account for

~_beth_the deterioration of the Pt crucible and the absenée.of any form‘of
..PbO in the remaining solid.: The PBZrO? core that remeined in_tne samples
' that were plsced'for'onevto.two minutes inia constant‘temperature furnace -
is due to tne raaial temperature gredientwtnet existed.v'Sinéekthe center
was:cooler then'the exterior of the sample;.decdmposition/ha& not occurred.v
The'longer a samtle was neated the greaten'the thieknessxof the white -
ZrOz layer and the smaller ‘the dlameter of the PbZr03 core: .
Addltlonal support for a decomp031tlon react;on would be the absence
- of other 1ntermed1ate COMpounas in the PbO—ZrOz system. To firmlv es-
:stabllsn whether 2Pb0 Zr0; ex1sts, mlxtures of 2 moles PHO and 1.mole ZrO,
" were heated at 800°C. for a total of'Sh'hours. At eighteen hour intervals
,; the sample was ground analbsed by X—rav d11fract1on reblaced'and the

neat treatment continued. The only phases detected vere PbZrCj; and
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prtﬂorhomﬁic Pro. Otherrstudie58’22 have shown similar results{l Hgating
_fa 20 mole %’PbO—SO mole % Zr02 saﬁple at.950§C préducés only PbZrOs.aﬁd
:_tetragonal Z2r02 which transfofmS'to the monoclinic_form on further.
heating.23  Ffoﬁ these ébservations tﬁe exiétence of two peritectic:
reactions at 910° and 15706C (corresponding to PbZrOs; decomposition)
'éééms reas‘onab_le,lO although the lattér témpéréture is prébably erroneous.
' As shown in th;s investigation PbZrO3 cannot be contained in Pt above
1520°C. | | | | | |

-In'vieﬁ df the incongfuent melting of the PEZrOa,.the’vertibalbseC—
- tion at 50 mole % PbO in the Pbo-Zrog-Tiog compositibn-temperaturg dia-
gramiéanhot be a quasi-binary. -

3. Thermal Analysis of Lead Zirconate Titanate Mixtures .

_Thexfinal temperatures used for thé phase diégfam were-obtained frbm
- déta“derivea from<héating‘curve analysis siﬂcé sﬁpgfcooling;’the poési—

. biiity of preferenﬁiél.nucleation ofba non~equiiiﬁ;iuﬁ solid and low .dif--
fusion rates in the solid'hpfeared‘to be'preSént;f The'coolingi§urves in
fhis system proved to be inaccufaté ananwére useful in»indicating_the
t generéi trend of events only. |

‘As the melt wés coolea_the first inflection poinﬁ, whi§h isvrepre;v
sénted'b& thevuppermést line in Fig. 6,-éhowéd.distinét ﬁndercooling for
compositions of P£T103, Pb(Tig.95, Zr0§05) o; and Pb(Tio.go,‘Zfo,lb)‘Qs.
For'compositions'richér in PbZr0, tﬁe fi;ét'point split iﬁto £w0'inflec-
tion poihts. Theltempérature differénce between the épliﬁ poihté and
¥,their absélute'tempergture iﬁcreases with indreasing PbZrO3 cOnteht.
Since ﬁhe'lower pointvdid not remnin:constant while tﬁe Pb2r03'content 

vas varied, a simple peritectic reaction could not be responsible. "All

w
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poséible peritectié reactions:coﬁld not be ruled out, hdveVer,vbecause
>the‘cooling curvé behavior was véry nuch like that_of‘avmetal which
undergoes a peritecfic trgnsformation; i.e; pfonouncéduunderéooling'andb
a short iséthermal arrest whigh slowly merges into the coolihg fatevof
the fﬁrnace.zh ,Thé femperature of - the final inflection point, which
could not be detected for sémplés exceeding 25 mole %'szr03; wés con-
vtrdlled by coring; Coring isvparticulérly common when déndfitic growfh
' 1s present and results in a composition gradient through the @ehdrite.

The melt of a given PZT composition- (5ve.rt'ical:line) will. begin to solidify
>on reaching the liquiéus temperaturé and deposit a'solid»with'é compo-
sifign in equilibrium with the liquid at that temperatufé{ As the ten-

L perature.is lbwered"th; aQerége composition §f the solid is?not that in-
.dicaﬁed ﬁy the solidus line due to SiOW’diffuéion in the soiid,vbuf is
hlrichgr in PbZr03§ The.dé;iation‘from the équilibfium composition increases
. as the température is 1oﬁéred. .Upon reééhing the eqﬁilibrium solidus
t tem§eratﬁre'for the specif;c composition_the éveragé solid comppsition
:isvétill rich in PbZr0O3 and a liquid rich in PbTi0s remains; Coolihé
furthér, the avefage SOlidicompoéition finall& coihcides with t@e drigipai
composit‘vivon and the liguid rich inr_ PbTiO; solidif'ies;" |

‘ Support.éf tﬁis hypot%eéis is indiééted by bbservatidn“of dendritic
- growth which apééaréd to décrea;e withlthé‘additioh'of PbZrOa énd by thé |
differen£ solidué temperatures‘oﬁtained for:diffefent coolinerateé; Ther
:”faster the cooling rate, the Shqrter the period of timevforvsoliq staté
. diffusion to take place; therefore, the larger'the deviation of the
averégé.solid compositionvfrom'eqﬁiiibrium and the lower the.finél freezing

temperature. Figure 6 shows the'final,inflection points of the 5.6°/min
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~ cooled runs to be ldwér in teﬁperatureAthan.the 2.8°/min runs.
Examinatiénzdf fhe solid taken froﬁ the crﬁcible showed the follow- ,
ing: 'coméositions cbhﬁaining_o, 5 and 10 mole % PbZrO, yield'only the
-origihal'cémposition’as ascertained by X-ray analysis.' At higher per-
centages.ofvPbZroa, Zr0, (monbclinic)-ahd P;O (orthorhombicvand tetragonal)
were present in additionlto'the‘PZT phase; The PZT phase was éenérélly
richer in PbTiOs, than the original composition. A croés—seétion of a
o érucible containing“avsdlidified méit wﬁdéé‘originai cbmpositibn~was
greater than:lS mole>% PbZr0; would havefé greeﬂish;white.top layer fol-
lowed by a‘gradual transition'to a brownish-orange solid,aiong the §ide$
and bottom,éfhthe crucible., The phases ﬁresenﬁ on the £op'layér are PZT
and Zr0,,. whiié in £he b&t@oﬁ the same species wefe_detected with the
addition'of Pvo. Tﬁe solid at the bOttom.and-sides'Qf the cruciblébwoﬁld
be the phases to first solidifj on cleing; ﬁhile.thOSevaﬁ the fop and
~ center would be the lasﬁ. .The iast liquid té solidify‘would be rich.in
;‘Pbo, the lowest melting coﬁponeﬁt. The vapor pressuré would be reiatively
‘_high at‘these temperatures; accounting for the aﬁsence of Pbb at the
'ﬁsurfaée.  Thé détectioh of Pb0 at the boffomugﬂdusides'of-tﬁe-crucible
c.’o_uld be _explained'b‘y thé PbO-rich liquid finally solidifying. in the
interstices betWeen dendrites. .The éppearancesof unreacted ZfOz in tﬁe
';preseﬁce ofvPbO'seems straﬁge considefing,the solid statg reaction to
:fofm PbZr0O4 that.takesrpléce &hen powders of Pb0 énd ZrOé are mixed ana
 heéted. The appearance of these three. phases indicates the poésibilify
' of'a ihreé—phase equilibrium involving Zr0,, PZT and liquid riéh in PbO 

- at some temperature above the solidus. On the other hand, since the -
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phases present . do noﬁ feact rapidly once'ih the sdlid state,* the same
.situation could be ééused by.non—eéuilibfium nucleation 6f Zr0, and PIT
folléwed'by solidification 6f the remaining meit;

frqm thié discussion it is evi@gqt tﬁat the temperatures.determined
b& cooling cﬁrvejanalysis must ﬁot.be ﬁséd because of undércboling and
'theviﬁhomogeneity of the final solid_éaused'by éreféréntial nucleation of
‘a ﬁon—eéuilibrium species or by the slgw_difquion ratés_in the solid.
ReSolﬁtion of the»qﬁestion,bf whethef three phases.exist'af high tempera-
‘Tf.ture or whether preferential'ﬁucléétionvcauSes thé'observétion of PbO,
PZTVand Zrdz at room temperature can bé solved oniy by.heating curve

analysis because nucleation and growth considerations are absent,

bh.ﬁ Héating Analysis -

Th¢ fhermocoﬁple arrangement used here ;houl& be particularly sen-
_sitiveﬁt@lﬁhase,chaﬁgesnih powders. As“heating procééds; sintering’fakes
pléce §ausingfa sﬁrinkage of the powdér:éwéylfrbm the.crucible Wail,
',dembnstraﬁed‘by the rattling'of'fhé:unméited chargé in.the crucibie'after
| héaiing near the melting point. The Charge is then supported by the top
'of.fhe fhermoébuple well,apd a break in the heating curve will result
'.when'thehpprtioﬁ ﬁearest t%e thermocouple melts. The unusual geometry
employed causes the pfimary heat flowbinbthis case to be through the Pt
'.vmetai and npt from‘the containerlwall'fhrough thg.vapprvgap to the
partiéily sintered mass of the ;riginal c0mpbsition} The firsﬁ inflectién
¥ If an equimolar mixture of Zr0, ana PbTiOz is héated the resultant

mixture is Zr02 containing a small amount of TiO2 in solid solution
and PbTiO3 containing a small amount of PbZrO;. Conversely, if a
similar experiment is performed with TiO, and PbZrQ;, the PbZr0; will

decompose leaving ZrOz and PbTiO; with T mole % PbZr0; in solid
solution. . '
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- point in the héating curve would thus represent the.solidus temperature.
This point was checked by inserting crucibles containing PZT into the
. furnace held at é constant temperature 3°-5°C.ébove.the firsﬁ inflection
point fof that composition. Examinatioﬁ showed liquidvformation.
| Continued heating‘causes'a'second inflection wﬁich showsba larger
“heat efféct. This is raﬁionalizéd in the following manner: the sample
.sinfersvto abconicai shapea solid supported by the thermoéduple well_aﬁd‘
5partially séparated fromvthe wall of fhe érucible. Heat transfer to the
Solié'is by'convection through the gas éhaée present ip'tﬁe'crucible'but
viprimarily'by éondﬁction aléﬁg the solid ihermocouplé well; The hottest
_ﬁoint of the solid is_thé fop of the thé;mécoUple weli’bécause good ‘con-
, 'tact betweep the sintered powder apd Pt crucible is>maintained'in‘fhis
Q:région; “After the first inflectiqn'poinf ié reached the liQuid formed.in
the‘viciﬁity of the thermocéuple is very small and thérefore‘shows a small
heaﬁ effect; Further heatiﬁg plus the added heat‘conduction effect of the
i_liquid formed brings tﬁe'remaining solid (méjor méss)_tovthe solidus tem-
perafure or abovevit.v
_hThe 1éétvinflection on heating‘is the'liquidus point. After reaching
this-température, the melt temperature rises very rapidly, due to.the in-
. :creased heét conduction in the liquid, fo establish a heating réte similar
": to tﬁat of the furnace. A summafy of results is in Fig. T.
The heatiﬁg curves show a trend that supports the idea th#t.g three-
"phgse region (liquia + Zer +'FZT) does exist at high teﬁpefatures; The
"jresults agree.withvthose obtained from quenching techniques, (Fig. 8).
3The’méjor refiﬁeménts td the quenching diagram are the lower solidus and

ligquidus temperatures due to greater sensitivity in detection, and the
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. determination of the peritectic temperature tolbe-1360° faﬁhgr than'
“13k0°C. | | | |
The’eStablishmeht_of a three-phase region in. the PbTng;PbZrO3b
system definitely pféVes,the sys%em is not a quasi4binéry section in the
o PbO—TiOz—ZrOQ coﬁéosifion temﬁeratUre diagram,“
IV. CONCLUSIONS

A solid solution appears to exist in'the fegion between the‘Curié 
and the solidus temperatﬁfes for all ratios'of PbZr03/PtTiOs. DTA and
X~ray techniqueS»failed,tg find a bhasé-transiﬁidn of.any‘néw“phases. |

7 The_lpwest temperatﬁ;é at'which.iiquid'is formed in.thiszsystem is
l286§ + 3°C, the melting’point of PbTiOg. Increasihg:ﬁheinZfd3 to
SPbTioalratio.increaseé thé_solidUs.teﬁpératurg. The higheét»témperature,
the mélting-pointvof PbZr0j3, could not.bé deterﬁinedtbeéause fhe’crucible
rapidly deteriorated. above 1500°C., szrd3'appegreq tq.decémpose to
Pbo(vap) + Zr0,(solid) before melting.‘ compositiqns'between PbTiO, and
15 mole % PbZrO, showea»a simple meltiﬁg behavior~§ﬁaraqtéristic of a
solid éolﬁtion.AvBetween 15 mole % to approximaﬁely 40 mole % PbZr03'é
" peritectic reaction occurs at 1360°C. Above the pefitecfic temperafure
is a ﬁﬁree—pha§e regi;n with‘liéuid; zirconia andr?ZT,solid solution in
equilibrium. beéompositioﬁ to three phg;es occurs'direétiy at the
solidus temperature for comppsitioﬁé richer in Pb2r03 than;ho_mole %.

| The phase'diagram determined here by tﬁerﬁéi analysis is in basic .
agfeement with that th;ined'bybquenching methods and confirms the existence

of a three-phase region. o ’ - .



-1k~

ACKN O.WLE‘DGMEN TS
: The;authdrs expréss their thanks to ﬁ; GiOqué-fqr chemicél analysis
and to A. Bugaeff and W. O'Neil for expéfimental assistance.
| This‘work,was done under the”auépices of .the United Stéfes Atomic

Energy Commission. -



 Kanebmi Nagase and Tsuneharu Nitta, Evaporétion from Pb(Ti

15—

'REFERENCES

'G. Shirane and T. Takeda, Phase Transitions in Solid Solutions of

Pb2r0s apthbTios (I) Small concentrations of PbTils, J. Phys. Soc.
Japan, 7, (1), 5-11, (1952). S |

G. Shirane, K. Suzuki, and A. Takeda, fhéée Transitions in Solid
Solutions of PbZr0s and.PbTi03 (II) J. Ph&s. Soc..Japan T, (1)-12-18,
(1952). |

E. Saﬁaguchi, Ferroelectricity vé'Antiferroelectrici%y in Solid

Solution of PbZrOs and PbTiOs, J. Phys. Soc. Japan 8, 615-629, (1953).

- Saburo Mori, Hironuchi Mitsuda, Kenju Date, Yashuhiro Hioki and

Toshihiko Mizazawa, Study of Formation Proéess of Pb(Ti,Zr)0s solid

solution with Hiéh Temperature X-ray_Diffractomeﬁrj and Differential
Thermalenalyéis,'ﬁatsushita Eiectrical Ind.;-Co., Nat. Tech.;Repoft
10, 1, p. 32-40 (196h). | o

Kyoski Okazaki, High Pefmittivity Ceramics containing Lead Monoxide

and its Evaporations at High Temperature, Yogyo Kyokai Shi_éé} (155),

260-66 (1958).

David A. Northrop, Vaporization of Lead Zirconate-Lead Titanate

Materials, J. A. Ceram. Soc: 50, 9, WU1-b45, Sept. 1967.

l-xzrx)03

{ Compositions on Firing, Matsushita Elec. Ind. Co., National Tech.

Rept. 10, 2, 162-169 (1964).

' T. Ikeda, T. Oakno, M. Watanabe, A Ternary System PbO-Ti0;-ZrO:.

Japan J. Appl. Phys. 1, k, 218-222, (1962). .
A. H. Webster, R. C. MacDonald and W. S. Bowman, The System

PLO-Zr0,-Ti0z at 1100°C, J. Can.. Ceram. Soc. 3k, 97-102, (1965).



-10.
11.

12,

13.

1k,

. 15-

16,

"';7{

18,

TS

T=16- -

Shoichi Fushimi and Takuro Ikeda, Phase Equilibrium in the System

PbO~Ti02-Zr03 , Jf:Ami Ceram. 50, 3, 129-132 (1967).

N. H. Furman, Editor, Scott's Standard Methods of Chemical Analysis,

6th Edition,vVQl. 1 (Van: Nostrand Co., Inc., New York, 1962).

I. M. Kolthoff and P. J. Elving, Treatise of Analytical Chemistry,
(Interscience Pub., New York 1961), Part II-Vol. 5.

Ibid - Part II, Vol. 6.

- B. Jaffe, R. S. Roth, and S. Mariullo, Properties of Piezoelectric

Ceramics in>the Solid Series Lead Titanate-Lead Zirconate-Lead
Oxide: Tin Oxide and Lead Titanate-Lead Hafnate, N.B.S. 55, 239-25k '

(1955).

~J. A. Pask and M. F..Warner, Differential and Thermal Analysis

"Methods and Techniques, A: Ceram. Soc. Bull., 33, 6, p. 168-175 (1954).

F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and I. Jaffe,

.. Selected Values of-Ch%mical'Thermodynaﬁic Properties, N.B.S. Circ.

500, p. 799, 1952.

E. G. King, D. R. TorgesonAand 0. A. Cook, High Temperéture Eeat

Contents of 3Ca0—3203, 2Ca0-B203 and CaO—2B203;iJ. Am. Chem. Soc.,

70, 2160-2163, (1948).

H. Rogers, The Growing of PbTiO; Crystals and somé of their Proper-

tiés, Lab. for Insulation Research, M.I.T. ONR Contracts NSoriO?BOl?

NSorio7858, Dec. 1952.
R. S. Roth, private communication to Shoichi FuShimi'and_Takuso
IKeda, Phase Equilibrium in'the System PbO-TiO2-Zr02, J. Am. Ceran.

Soc. 50, 3, 129-132, (196?).



- 20.

2.].»'

=17~

Yoshihiro Matsuo and Hermu Sasaki, PbO-Rich side of the' System

PBO-TiO2, J. Am. Ceram. Soc. L6, 8;fho9-hlo,:(1963).

F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine and I. Jaffe,

Selected Values of Chemical Thermodynamic Properties, N.B.S. Circ.

500, p. 653, 1952.

-

23.

- 2h.

. A. F. Robinson and T. -A. Joyce, Preparation of Lead Ziréonate—

Titanate Compoéitions.: I. Determination of Unreacted Consfituents,

Trans. Brit. Ceram. Soc. 61 (2), 85-93 (1962).

H. J. .Stocker, Contribution a 1'Etude des Propfietes des Solutions

Solides Refractaires'a Base de Zircone et de la Stabilisation de la

‘Zircon Cubique, Ann. Chim 5, 11-12, 1459, (1960). - .

F. N. Rhines, Phase Diagrams in Metallurgy (McGraw-Hill Book Co.,

New York, 1956).

Y



-18-

Table I. Semiquantitative spectrographic analysis.
of the oxides used. ' _
(Impurities reported as Wt. % of the oxide.)

PbO (Baker's Ti02 (Fisher's . Zr0O, (Wah Chang
reagent grade)

- Mg

Fe
Al
Ca

Cu

Ba
. Bi
Hf

Ag

Nb

Ti

0.00L% R i 028 ' "'vo;oo3
005 .00 loe2
<.002 01 QOl'f
002 .0l 005
.;doi | ;002 ;ooéf
.0005 - -
002 . { ;_ —
.01 _— —
_ - <.025% -
<.0005 - - -
- - .05
_ - .005
_— — .006A




Table II. Chemical analysie of lead zirconate titanate powders

: VMole % PT R o
10 0 ho 60~ 65 . 70 75 80 85 - 90 . 95
. Weight Pefcents
% Ti02 2.52 4,85 7.28 9,905 ‘14,61 16.35 17.0h 18.50 19.76 20.88 23.58 ol.8Y

% 7r02 32,

% PbO 66

26 - 28.90 26.01 22.32 15.45 13.67 11.7Th 9.88 7;99 h.91  L.0T -2.025

1 66.0 66.6 67.5  69.8 70.55 TL.1 T1.95 72.25 T72.53  T2.9  -T3.h5

Closure 100

Mole % FT* 10

'Each'percentage

- % Mole % PbTiOs3
as PbZr0s3 and

9 99.75 99.9 99.73  99.9 100.6 99.9 99.8 100.0 98.3 100.6 100.3
.Th 20.56 30.16 L0.6L  50.33 64.85 69.13 Th.29 79.23 86.77 9.9k 9k.99

is the average of at least three separate determinations.'

calculated on the bas1s that all TiO2 ig combined in PbTiOs and all ZrOz is comb1ned>
that their total lOO 0%. - : :

- =6T-
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Table III. Results of heating for 1 hour of‘equimolar

mixtures of various compositions.

‘Mixture 50/50 mole %

~ Temp

‘Resultant composition

PbZr03+Pb(qu.sogTio-20)03

Pb.(Zro ;so,Ti'o . 10)03+Pb(ZIjo. 30,Tio0. 20)03

' Pb(Zro-ed;Tiq-uo)03+Pb(Zrosro,Tio.so)os

- Pb(Zro.70,Tio.30)03+PbTi0s

I

125&50

1281°¢C
11252°C

S 1zskoc

Pb(Zrong,Tioflo)Oa

- Pb(Zro.s0,Tio.40)03
- Pb(Zro.35,Ti0.65)03

Pb(Zro.3s,Tio.65)03




~Figure 1.
‘Figure 2.

- Figure 3.

Figure L.

‘Figure 5¢

 _ Figure 6.
: Figure T.

Figure' 8.

tion) and quenching methods.”
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FIGURE CAPTIONS |

Interplaner sbacing of the (2I1) and (211) planes for rhombo-

vhedral>PZTg_ :
;Ihterpléner spacing of the (211) and (li?) planeés for tetragonal

"PZT.

Efféct'of thermal treatment on homogenizing calcined powders.

Suspension appafatus_and crucible design used in thermal

analysis.,

DTA of lead titanate rich powders.

- Phase diagram as determined by cooling curve gnalysis.
" Phase diagram as determined by heating curve analysis.

Phase diagran'ag determihed by thermal analysis (this'investiga—

10
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composmow Pb(ZrOo 20 Tio, 80)03'
RADIATION: CuKg | |

(@) CALCINED POWDER

~ (b) AFTER HEATING THE CALCINED POWDER AT 1200°C FOR 1% HRS.
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. Fig. .3
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