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HIGH TEMPERATURE P.HABE EQUlLIBRJf m- THE 

LEAD TITANATE-LEAD ZmCONATE SYSTEM 

Ron8,ld L.· Moon 

Inorganic Materials Research Division) Lav72'ence Radiation Laboratory, 
and Department of Mineral Technology} College of Engineel'ing, 

University of California) Berl;:f:ley~ California 

ARSTR.A.CT 

Nay 1967 

Phase'relationships at elevated tempera'~ures in the lead titanate-

lead zirconate system are investigated by ve)or loss) X-ray) thermal 

and differential thermal analyses. 

A solid solution is sho',m to exist in the region betvreen the 

Curie and solidus temperatures. Experiments in the solid solution 

region conducted in vacuum at 1050°C and 1100°C sho'<1 that vaporization 

of lead oxide results in the formation of a depletion layer at the 

sa"'llple t s surface. The depletion layer is deficient in lead oxide and 

new phases appear ,as a consequence of this c')mpositional cha,'1ge. 

The lowest temperature at 'tihich liquid is formed in this system 

is the melting point of lead titanate, dete:C'mined to be l286°±3°C. 

_ Increasing the lead zirconate to lead titanate ratio increases the 

solidus temperature. The highest temperature: the melting point of 

lead zirconate) cannot be determined because of rapid crucible attack 

by the sa"llple above 1500°C. At 136o°c a peritectic reaction occurs for 

comp')sitions bet\Teen 15 to approxir::ately 40 mole % P'oZr0
3

. Above tIle 

peri tectic temperature is e.. tl~ee p~rlase regi.on with liquid, zirconia 

and lead. zirconate titanate solid .solution i:n equilib:riuI~'l. Compositioi.15 

richer in Pb&03 than 40 mole % clecoY!lpose directly to t:f1..ree ph2.ses at 



the solidus t.emperatures. 

The existence of the three phase region demm1strates that the lead 

'titanate-lead zirconate system is not a trele binary) but a subsection' 

of the PbO-Ti02-Zr02 ternary sys·tem. 



r. DTTRODTJCTION 

Lead zirconate-titanate is currently the primary crystalline solid 

used forcerrunicpiezoelectric transclucei's. Even though it is'so 

'YTidely used). little is lmO\m about the phase relationships existing at 

high tempeTatures. Since these solids are fonned at ternperatures betveen 

1100°:"1300°C by sintering or "hot-pressing methods) information of this 

nahrre is necessary for understanding the mech2.t.'1isms involvecl in forning 

dense polycrystalline bodies. In addition) the data is needed for gro\ving 

single crystals. 

The purpose of this study yT8,S '(1) to investigate vhether any high 

temperature phases do exist in this system} and (2) to deteTmine the 

solidus and liquidus temperatures of the proposed binary system. 

T'De electrical characteristic making this substance useful is its 

ferroelectric behavior. This property is fundrunental in obtaining 

ceramic polycrystalline piezoelectric transducers. A polycrystalline 

specimen vEl not ~.ct in a piezoelectric manner unless the polarity of 

the crystalS shovs a preferred orientation. A ferroelectric crystal 

can realign its direction of polarity (vTi thin crystallographic limi ta

tions) when subjected to a d.c. electric field. When a d.c. electric 

field is applied to a polycrystalline sample vith randomly oriented 

domains (regions 'rTi th the same direction of polarity), the result is a 

, sample with a net polarity created by the domain reorientation duri.t1..g 

the poling process. Because a ferroelectric crystal is 8,lso piezoelectric,. 

a transducer is produced. 

The superiority of lead zirconate titanate (PZT) over other possiole 

materials is due to the relatively high Curie temperature and the 
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piezoelectric constant'possessed by the solid solution which is obtained 

by mixing lead titanate (PbTiO) with lead zirconate (Pbzr0
3
). 

A. 

Lead titanate" PbTi03" crystallizes 'in the perovskite structure and 

. 1 3 
is ferroelect,ric beloyT its Curie temperature of 490°C. - There appears 

, , ' 

to be a further phase transition at -100°C YThich occurs only vhenthe 
, 4 

crystal is very slOl-rly cooled. This lov temperature phase is non-

ferroelectric and possesses a multiple tetragonal cell. 

In the paraelectric state above the Curie temperature, the cubic or 

idea.:!,. perovskite structure is maintained., On cooling through the Curie 

'temperature" the lattice undergoes a discontinuous change in the cia 

ratio of approximately 2%,5 and at room temperature has a tetragonal 

structure \dth the lattice pareJJleters shown in Table .1. 
6 

In addition to the lattice distortion and high value of the dielec-

tric constant at the Curie temperature" a great abnormality in the spe

cific heat and specific volume is found. 5 The specific heat anomaly 

yielded an integrated value of 1150 cal/mole over the temperature 

interval 340° to 540°C. The lineex coefficient of therme~ expaD~ion of 

a polycrystalline sample changes sign at the CUTie temperattrre and 

expands on further cooling. 7 

Diffraction studies employing X-rays and neutron beams have 

determined the atomic positions of the ior.s in the ferroelectric state.
8 

Shifts in atomic positions are best represented when the oxygen octa-

hedra are assumed to be undisturbed. Tne lead and titanium ion shifts 

axe then taken relative to an origin in the center of ,"' t."ne octahedron 

(Fig. 1). 
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Lattice para.'t'.cters of lead. titanate and lead 
zirconate at room temperature 

Tetragonal lattice parameters 

o 
,c :: l~., l532A 

cia :: L,065 

Orthorhombic lattice parameters 

0 

a :: 5.88A 

b == ll.76A 

c = 
0-

8.20A 

Relationship between the orthorhombic la tJcice pararneters 

and the tetragonal structure originally proposed 

arh 
:: J"2at 

brh 
:: 2 J"2at 

crh 
:: 2ct 
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The theoretical deW?ity as calculated from lattice parameters is 

. 3 9 
8~02±0.02 gm/cm • 

The flux method) which uses a suitable solvent from vrhich crystalli-

zation is promoted, has been, used to e;rOll sine;le crystals; hOHever) 

difficulty is encountered because of PbO loss at'high temperatures. 

Crystals vi th ecle;es of several millimeters have been obtained by using 

compo,sitions of 2PbO·Ti02 •9 Larger crystals (1 cm on edge) have been 

'VV fl 10 grmfn uSlng JU'. as a ux. 

and PbO-PbC12 13 have also been used successfully. 

PbTi0
3 

begins to decompose to PbO vapor and Ti02 solid when heated 

above 800 oc. 14 

The melting point of PbTi0
3 

is reported.as128l±3°C,9 l285°C,15 and 

1340°C. 16 The latter value vTaS determined by a strip furnace acknovrledged 

to give uncertain values of temperature. 

The binaxy system Pb0-Ti02 has never been studied in its entirety. 

~TO eutectic temperatures have been reported on both sides of' YbTi0
3 

. 
. 

The temperature in the PbO rich region vTaS 838°C and in the Ti02 rich 

region was 1240°C. 15 A second study which determined the liquidus 

temperatures over a composition range from ° to 25 mole % Ti02 gave a 

eutectic temperatUre at 818°c and eutectic composition of 7.5 mole % 
T 'O 17 

l 2' This same report mentioned two peritectic reactions present 

in the system. One peritectic reaction was suggested to occur due to .:.' ...ne 

decomposition of 2PbO·Ti0
2

• Subsequent studies, hO'tlever, he.ve ShO'tiTI no 

3 0 18 evidence of this compound. ,;;,- The most convincing of these inyestlga-

tions18 examined the PbO rich side of the PbO-Ti02 d:Lagre.mby firing 

mixtures of PbO (orthorhom.bic) and Ti02 (rutile) at 8oo o e. Tne onl:.r 

phases detected by X-ray analysis were PbTi0
3 

~~d orthorhombic and 

~. 
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tetragonal PbO. The conclusion is that a PbO solid solution is formed "i!len 

the orthorhombic PbO dissolves Ti0
2 

and transforms to tetragonal PbO, and 

that no compound exists be't\'leen PbTi0
3 

and FoO.~ 

B. PbZrO~ 

Lead. zirconate also has the ideal perovski te structure above its Curie 

temperature of approx:Lmately 230° Cj 3,19 but on cooling, the situation is 

more complex. Recent studies
20

, 21 have sho\m tHo-phase trans:Ltj.ons to tEcKe 

place about the CUl.'ie temperature. The reported'traru:d. tion temperature s 

obtained by dielectric and expansion measureD'.ents differ slightly and are 

given in Table II. 

The transitions observed in Pbzr0
3 

o~1.. cooling give a para-electric 

state above'" 228 0
, a ferroelectric state ex..hibiting a volui'ne expe.nsion on 

cooling behleen 228°c and"" 212°C, and finally an anti.-ferroelectric ste.te 

below 212°C Sho"\'ling a volume contraction on cooling. 'l'he intermediate 

ferroelectric phase will disappear if the calcium impurity content of 

21 
Zr0

2 
is increased. 

Calorimetric measurements yield a heat of transition of 41~0 cal/mole. 22 

At room temperature, the structure is orthorhombic} 23 although it vras 

. t· d .!. • .c>' d t.... 1 24 IT1h' h . d . .::l.t:' t' , . flrs l envl.Lle as evragon8.J.." -,- __ lS p .ase lS erlVe'...l .Lrom l1e CUOlC 

perovski te lattice by antiparallel displacelrlent of the Pb ions along one 

of tne origina.1. (110) directioJ:1..s) called the a axis. 23 (Fig. 2.) Add.itional 

. detailed studies revealed that the oxygen a':~OffiS are also displaced anti-

2 C 

pare,llel to each other in the (001) plane. ) The para=c.eter s are .given 

in .Table I vi tn a and. b axes being oriented. along the origine..1. cubic (110) 

d 
.. .!.. 23 lrec vlorr ... 

26 
reported. PbZtT0

3 
alJpe'e~s to be tl'1E onl~'" interll:ediate cOl:J.PQ~~d oe-
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TABIJE II. Transition temperatures of PbZ:r:03 near the Curie temp_ 

Heating 

Cooling 

. Lower 
transition temp. 

226°c 

227°C 

232°C 

212°C 

219°C 

Higher transition 
temp. 

236°c 

231°C 

235°C 

226°c 

230°C 

228°c 

Measurement 
m.ethod 

Expansion 

DieleCtric 

Expansion 

Expansion 

Expansion 

Dielectric 

Ref. 

21 

20 

20 

21 

20 

20 
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Zr0
2 

sample at 950°6 produces only Pbzr0
3 

and tetragonal Zr02 • Further 

heating of this mixture causes -che tetragonal Zr0
2 

to transform to 

monoclinic Zr02 ancI the diffraction lines of PbZr0
3 

to become more 

, f' ,27 ae -lnea. Studies :Lnvol ving mixtures rich in PbO do not report the 

. _ 16 28 'exlstence of 2PbO.Zr0
2

, ,- Th h ' . 26 1 • t" t e p __ ase o.le.,gram s 101nng ne lncongruen-

':melting of' PbZr0
3 

is given in Fig. 3-

Single crystals of P'nZr0
3 

produced by evaporation at l250C\C \-lith a 

2 0 
P'oC12 flux are light brm-ffi cubes and octahedra up to 0.3 mm in length. 7 

P'oZr0
3 

is reported to cJ.ecompose at approximately 1150°C. 16 The 

term decompose must refer to the SUblimation of PbO, leaving Zr02' 

Further discussion on the domain properties, antiferroelectric and 

ferroelectric theory and other physical properties for both P'oZr0
3 

and 

PbTi03 are su:mrl'.arized in Ferroelectric Crystals by Jones and Shirane. 30 

C. YJixtures of PbTi03 and PbZr0
3 

PbTi03 and PbZr03 have been shown to-possess the cubic perOvskite 

structure above their respective Curie points. Since they differ in 

structure O[l~y by the substitution of zirconium for titanium) it would 

be expected that a complete solid solution exists above the Curie point. 

T:~is) indeed, appears to be true up to 900°C where the lattice peraneter 

vs PbZr03 content still follo'irs Vegard r sLaT". 31 High te.L1perature X-ray 

studies above 900°C have not been attempted due to the rapid loss of FoO 

vapor. 

Substitution of the zirconilli~ ion for the titanium ion in the 

results in a decrease in the Curie temperatt~e.Y,32 

Belo"T the Curie temperature ti·TO morphotropic bou..c'1d.arie3 ex:::'st. 

For composi tion.s rich in PbTi0
3 

a tetragone~ phase exists j from. about 

4~r 1 r:I. Pi m' O./.. '8 1 d Pi"'; ° ./.., '"" '" ~ , b' • 1 - mo e fO Oil 3 ,,0 nea!".l.Y mo eia o~~ 3 "ne "".r.a3_ J..S rnom ~oneara--,-.: 
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near PbZr0
3 

the· orthorhombic phase is the stable one. The Curie 

temperature vs composition curve (the upper curve in Fig. 4) has been 

established by dielectric constant and linear expansion measurement. 7: 33 

It should be noted that this figure violates the phase rule~ The phase 

fields present should be separated by a hTO-phasE; region. at the boundary 

bet'ITeen the tetre,eonal and rhombohedral transition. Tne antiferroelec-

tric region A~ is probably a two phase region extending about the line 

separating F and A ; in this case one phase would be ferroelectric "hile 
. a CJ., 

the other VTould be antiferroelectric. 

The region near the rhombohedral-tetragonal transition shows the 

highest electromechanical coupling coefficient and piezoelectric modules 

(0.
33

) •16)34;35 t ' 1 0.' h ';".L. For hlS reason) .several. stu les ave attemp "eO. vO 

determine the location of'this boundary. The results are given in Table 

III. 

The orthorhombic phase) extending from PbZr0
3 

to about 8 mole % 

PbTi03 at room temperature is antiferroelectric; its cia tetragonality 

ratio is less than -one. Ferroelectricity is ex.'r1ibited: however, by 

both ~'r1e rhombohedral and tetragonal phases. At room t~~perature 

cia = 1.06 for PbTi03 and decreases to cia = 1 for 8 mole % PbTi0
3

• 

As the tetragonality ratio decreases upon the replacement of zircopi~~ 

for titanium ion) the unit cell volume increases from a low value of 

62.721 3 for PbTi03 to 70 .2~ 3 at 7.5 mole % PbTi0
3

• 7 

As reported earlier, loss of' lead oxide results in compositional 

changes during high' temperature property measurements and sirc8le crystal 

grmvth. SubliJ2ation of PDO from. ?ZT cOI!lposition is negligible below 

, .L. 1 800 o c.14 apprOXl1n8.ve_y For a given temperature above 800°C higher 

rates of loss are seen as the PbZr0
3 

content increases. 37 
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TABLE III. Ve.lues for the composition of the tetrae;ona1..:. 

r.hombohedral boundary~ 

--------------------------------------------------------------------

Composition Reference 

0·53 ± Ob01 35 

0.51~ ±. 0.005 16 

0.55 ± 0.25 31~ 

0 0 55 36 

'~ -
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Fluorescent analysis of the s1.J.rface of a PZT sa."Ilple vlhich has lost 

weight suggests that a small a~ount of Ti may be lost in addition to 

the PbO. 37.· 

The loss of PbO can be minimized by ml~fling with a composition 

richer in PbZr0
3

• 37 For example, a PbZr0
3 

pellei? ,.,rill provide this 

atmosphere for all other PZT compositions. Smnplessubjected.to this 

treatment can actually gain weight. 

Attempts to grow single crystals of lead zircons.te titanate have 

used a: flux of PbO and B
2

0
3 

to obtain crystals containing . only a fevr 

38 mole %PbZr0
3

• Preliminary studies with a mixture of KF and PbF2 as 

a flux have yielded crystals of various compositions. 39 In most studies 

the use of polycrystalline sa."Ilples still predominates. 

A lead. zirconate titanate (PZT) piezoelectric sample of a particular 

composition is usually made by mixing together the proper proportions 

40-42 
of PbO, Ti02 and Zr02' although a co-precipitation process and the 

use of Pb(C03) and Pb(OH)2 have been exPlored. 43 

-

X-ray examination of a mixture of PbO, Ti02 and Zr02 in the molar 

ratio of 2:1:1 heated to different temperatures for a given period of 

tL"Ile reveal the follOwing unbalanced reactions: 44 

(1) PbO + Ti02 ~ PbTi03 

(2) PbTi0
3 

+ PDO + Zr02 ~ Pb(Zr1_xTix )03 X < 0·5 

(3) Fo(Zrl_xTix ) ?3 + FoTi03 ~ Pb(ZrO• 5' TiO• 5)03 

The first reaction is aLmost complete after heating at 650°C for t',ro 

. 
hours. At approximately the sa."Ile temperature the second reaction beginsA 

Apparently, the FoTi0
3 

Lmmediately begins to form a PbZr0
3 

rich solid 

solution when PbO and Zr02 .start reacting. Wnether the lead oxide and 
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zirconia first react to form PbZr0
3 

is not lmovm;hOl,rever) PbZr0
3 

is 

not detected at any time.. After tvro hours at 750°C the uncombined PbO 

and Zr02 are almost cons1.l.."Jed) but some PbTl0
3 

stlll rema:I.ns. Fj_nally: 

the Pb(ZrO•
5

' Tio.
5
)03 solid solution is formed by consuming the unreacted 

PbTiO".). 
:Y 

These reactions seem reasonable in light of the relative 'stabilities 

of PbTi0
3 

and PbZr0
3

• If, equimolar mixtures of Ti02 and PbZr0
3 

are 

heated) the PbZr0
3 

will decompose leaving Zr02 and PbTi0
3 

(.ri th 7 mole % 

PbZr0
3 

in solid solution). Conversely) if a similar experiment is 

perfol~ed with PbTi0
3 

and Zr02 the result is Zr02 containfng a small 

amount of Ti02 in solid solution and PbTi0
3 

containing a small amount 

of Pbzr0
3

. 35 

A reaction diagram in the ternary system PbO-Zr02-Ti02 prepared 

from X-ray studies of samples of various compositions that .Tere heated 

at 1100°C for one to two hours is sho'V.rn in Fig. 5. 16)35 Of particular 

interest here is the section with a constant molar ratio of 
Zr°2+Ti02 

PbO 

The solid solutionxegion about this molar ratio extends from 0.96 to 

1.08 as determined by phase studies and lattice parameter variations. 

Therefore" it·is concluded that a small loss or gain of PbO from a PZT 

-- 1. 

sample during processing should not ca~J.se a ne'" phase to form; providing 

,the loss is uniform throughout the sam.ple, not just at the surface. 

Very recently the ternary syste:u. PbO-'l'i02-Zr02 we.s examined by 

quenching methods follOl-led by X-ray analysis. 26 In the region containine; 

more than 50 mole % PbO the tie lines beb,een the liquid and PZT solid 

solution were determined for 1100"C) 1200°C} and 1300"C. At 50 mole % 
PbO the cornposi ti~n-ter~pere\jture diagralJl shOT"red the three phases) 

l ' " Z ° Pb(Z !T1')O . " '1'" fo at...., ",-'- _i_!1_+p~.,,'-p',_l lqU1Q + ~ 2 + ' r, ~l 3} ~o oe 111 equl lorlUffi r, em~er~vure V~ __ 
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above l31~O°C and for compositions containing more than 14 mole % of 

Pb~r03) (Fig. 6). Further heating would cause the PZT to melt which 

would.leave only Zr02 of liquid as the equilibrium phases. A proposecl 

polyt,hermal projection was also given, (:Fig. 7). The authors concluded 

that the vertical section at 50 mole % PbO is not a quasi binary. 

(Appendix II). 

This fact complicates the analysis of the PbZr0
3
-PbTi0

3 
system 

because the equilibrium criterion used. in determining binary phase 

diagrams no· longer applies. A greater reliance on experimental data is 

therefore necessexy. 

Quenching procedures are not entirely satisfactory in a complex 

oxide system) and the results must be substa..'1tiated by other independent 

methods. Determination of the" solidus temperature depends upon the 

detection of a liquid phase which may be found by quenching in the liquid 

phase or by the nucleation and growth of nonequilibrium phases resulting 

from resolidification. If the liquid rapidly reacts with the s~lid phase 

on cooling) a great~r amount of liquid is necessary for detection by 

either optical or X-ray methods. The small"a..~ount of liquid formed at 

the solidus point would react rapidly with the solid on cooling to room 

temperature and would not be detectible. A new phase cannot be" detected 

until a sufficient "amount of liquid is formed so that on cooling not all 

of the liquid has time to react with the solid. The effect is to raise ~ 

" 
the solidus temperatures determined by quenching. Even more important: 

the phases detected after quenching the melt may have little relationship 

to the equilibrium situation. P~suming the liquid phase cannot be 

quenched to room temperature) as the eSorementioned study indicated) 

the following probl~m can arise. On cooling a homogeneous melt, a 
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non-equilibrium species meW preferentially nucleate because of lower 

surface energy considerations. If the reaction bet,·reen the nuclea;!:;ed 

species and the remaining melt is suffiCiently slov) due either to slovT 

diffusion in the solid Or the presence of a reaction layer) the solid 

'. obtained by quenching the liquid \'lill not represE~nt the situation in the 

l.iquid region. 
\ 

The most sensitive method that shoulc1 be used in conjunction with 

quenching techniques is thermal ana,lysis; this and other potential 

high temperature phase study methods are discussed in the next section. 

D. possible Methods of Investigation 

Several methods are available for high temperature phase equilibrium 

studies. These methods include thermal and differential thermal analysis) 

-high temperature X-ray and optical microscopy techniques) vapor pressure 

and quenching studies. Not all of these are applicable to this system. 

The primary complication develops from the PbO sublimation at higher 

temperatures. _ 

High temperature X-ray analysis detects only the phases present 

within a few microD~ of the surface in the PZT system because of the 

high scattering of the Pb and Zr ions. As lead oxide is lost from the 

surface) the phases detected would not be indicative of the composition 

of the s8Jnple. The high temperature X-ray ca'Ilera is then uJ1~atisfactory 

above approxinately 900°C. 

Observation of the melting point by optical ~etho~s is also hindered 

by. the loss of PbO. The sa'Ilple is obscured from view by condensation 

of lead oxi~e on the glass "lindo"T of the heating ste.ge. '1'1:e loss of PbO 

fTom the small a:nount -of pm-rder usually used « 1 gm)',Tould cause a 

radical change in composition s}Jecirnen were ooser"''Y-able. 
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Differential thermal analysis is useful for detecting reactions . 

taking place in the solid state. Precise determination of the reaction 

temperatures.) particv.larly the melting point) is hindered by the prior 

sintering of the po"rder., Before the onset of sintering the pOl-Tder is 

in direct contact "lith the "rall of the differential cell. The temperature 

of the pOl-Tder is then close to that of-the'block since the major mode 

of heat trru~sfer is conduction. Sintering causes a shrir~age of the 

pOl-Tder away from the cell ,-mll resulting in a larger temperature 

gradient behTeen the block and the pOl.rder. DTA was used here to examine 

the possibility of reactions t~~ing place below the SOlidus temperature, 

but not for the determination o~ this temperature. 

Equilibrium vapor pressure stUdies are useful for the detection 

of high temperature phases. A convenient method is a Knudsen cell 

weight loss exper:i.Jnent, providing the vapor pressure is less than 10- 3 

atmosphere in the temperature range of Ll1terest. This method was employed .• 

Quenching methods were discussed earlier. 

Thermal analysis is generally the most: rapid method for determining 

phase transitional temperatures, providing the heat of transition is 

sufficient for detection and that the reaction is not very sluggish. This 

is generally true for reactions involving solid-liquid transitions. I De

termination of the transition temperattrres found in this study was by 

this method. 
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II. EXPERTI1ENTAL PROCEDURE 

A. Preparation of Lead Zirconate Titanate 

POIvders containing various ratios of PbTi0
3 

to PbZr0
3 

",ere made in 

batches by 1,veighing the proper proportions of reagent gre,de PbO, Ti02 

-and Zr0
2 

(Table IV) into a glass mixing jar. The pm,rders "rere thor

oughly mixed "lith isopropyl alcohol and vacuum dried. Follo"ling the 

drying procedure, the pCY.nlers "Tere pressed into 1 inch X 1/2 inch 

pellets: placed in a P'c < crucible and calcined at 800
0 

C for an average 

of 229 hours. The pellets were crushed into pow'der that would generally 

pass through a 200 mesh screen. A spectogre,phic analysis of pOl-Iders 

prepared by this method did not detect an increase in the'impc.:-rity 

content. 

X-ray examination of the finished powders showed only the PZT 

phase to be present. The samples were also checked by chemical analysis 

to insure the correct composition. 

B. Chemical Analysis 

The calcined samples were analyzed for Ti, Zr and pb usiJ:l.g "let 

chemical methods o The powders were taken into solution bypyrosulfate 

fusion and mixed with HCL to form, zirconiQm and titanium chloride 

complexes. 

Ti analysis ~5 The above solution 'Ylas mixed i'li th concentrated 

H2S04' heated until H2S04 fumes "rere detected, cooled and passed through 

a filter to remove PbS0
4 

precipitate. The filtrate was mi.'{ed with a 

hydrogen peroxide solution to form a titanium peroxide complex. The 

concentration of titanium VlaS finally determined by optice,l density 

readings at 420 ml-l ,on a spectrophotometer.' 
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TABLE N. Results of semiquantitative spectri)graphic .;. 

analysis on the reagent grade oxides used" 

PbO (Eaker1s reagent 
grade) 

0.004% 

.005 

< .002 

.002 

.00l 

.0005 

.002 

.01 

--

<. ~0005 

Ti02 (Fisherfs 
reagent grade) 

(Ie 002;0 

.001 

.01 

.04 

.002 

\ 

. Zr02 (I-lah Chang re
actor grade) 

... , 

0.003 

.002 

.01 

.005 

.005 

<- .02% 

.05 

.005 

.006 

~, 

'! 
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Zr analysis:
46a 

Aliquots of the original solution were diluted and 

heated to near boilin3. The zirconium and titanium vrere precipitated as 

hydroxides by bubbling 1TH3into the solution. The precipitates vJere 

collected in a filter v7hile the filtrate containing the lead ion was 

discarded. The precipitates VTere brought b2.ck into solution by mixing 

vrith 50% ECL and heating~ Zirconium vlaS selectively pre cipitated as 

zirconium tetramandelate by mixing the solution with mandelic acid. 

The precipitate ,{as collected by filtering and fired at 1000oC. The 

residue vTaS then VTeighed as Zr0
2

6 

Pb analysis: 46b A separate sample ',laS dissolved by pyrosulfate 

fusion and then mixed with concentrated HH03 and Cu (to form CU(N0
3

)2). 

The solution ',;as maintained at 90°C .... 7hile Pb0
2 

vTaS plated out on a 

circular Pt gauge electrode. After the plating process, the electrode 

VTas dried and weighed. 

Results of the chemical analysis are su.l,ltuarized in Table V, 'Nith 

the weight percent figures representing the average of three deter-

minations per PZT composition. 

C. X-ray Analysis. 

All X-ray identification was by pO'dder diffractometry vlith CuK
2 

radiation. The PZT peaks were identified by comparing the 28 values 

of the observed peaks with the 28 values calculated from crystallographic 

34 data. For the determination of interplanar spacings) the diffracto-

meter was first calibrated with a polycrystalline quartz standard. T~e 

sCB;nning speed ·"as 1/8° /min. 

Care must be taken in the identification of l'Ji{ concentrations of 

zirconia because se';eral C1L"{p lines of ?ZT are at the same t'.{O theta 



TABLE V. Chemical analysis results> of lead zirconate ti tane.te powders 

Mole % PT 
\-it ~h 

1o,Ti02 

10 Zr02 

% PbO 

Closure 

Mol.e ojo PT * 

10 20 

2.52 4.85 

32~26 28.90 

66.1 66.0 

100 .. 9 99.75 

10.74 20056 

30 40 60 65 

7.28 9.905 14.61 16.35 

26.01 22 .. 32 15.45 13.67 

66.6 67.5 69,,8 70.55 

-
99.9 99~73 99.9100.6 

30.16 40.64 59.33 64.85 

70 75 80 85 90. 95 

17.04 18.50 19.76 20.88 23.58 24.84 

11.7~ 9 .. 88 7.99 1~.91 4.07 2.025 

71.1 71.95 72.25 72 .. 53 72·9 73 .1~5 

99·9 99a8 100.0 98 .. 3 100.6 -100 .. 3 

69 .. 13 74029 79~23 86 .. 77 89.94 94.99 . 

. )(-
!vIole 10 PbTi0

3 
calculated on the basis that all Ti02 is combined in PbTi0

3 
and all Zr02 is combined 

8.S PbZr0
3 

and that their total :::, 100.C1{o. 

., . ,. -.. ') 

I 
I-' 
(Xl 
I 
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value as the most intense line of Zr0
2

• This problem ,ms eliminated 

by sufficient Ni filtering or "lith a monochromator. 

D. Thermal Analysis 

A large cylindrical furnace "lith an outsicie "rater cooled steel 

jacket insulated from the heating zone by hJgh teInperaJc'J.rebricks 'Has 

used (Fig. 8). £.-108i
2 

elements arranged in a circular manner provided 

heat. Down the center of the furnace "TaS an A1
2

0
3 

muffle tube closed 

at both ends ,·d th removable bricks. 

Temperature was regu12.ted by a varia 'ole proportional drive con-

troller with the control thermocouple approximately I" from one of the 

elements midway between the top and bottom of the heating zone. The 

constant heating zone of this fUrnace 'A'cus 2":'1/2" long. 

To insure little heat loss a'..ray from the sample container, the 

pt crucible was suspended from a pt wire (Fig~ 9). The conical con-

tainer was placed in a loop of pt wire hanging from a small piece of 

alumina tubing. The alumina tUbing 'tlas threaded through ,vith a second 

pt wire that led up a thermocouple . tube insert in the brick plug. 

This arrangement allowed removal of the sample from. the furnace by 

merely taking the brick plug from the furnace. 

Pmvders of the composition to be tested ',vere 'deighed . (30 gm) into 

the platinum crucible and a piece of 0.00l! inch pt foil was spot ,relded 

over the top to reduce the vapor loss at high ten~eratures. A 8 mil ?t 

and 90% pt + 10% Rh thermocouple insulated. ',vith a 25 mil A120
3 

tt:.bing 'lia.S 

inserted into tr~e thermocotl?'le 1vell at the crucible t s . bottom. L'1e 

thermocouple 'was secured in place by first ::lot ching the alunlina. tubing 

at the correct diste,,:1ce from the 'bead ~o insure contact ~tTith the top o·f 
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the thermocouple 'well. The notch ,vas then wrapped vrith pt wire. After 
":-

insertion into the "Tell, the bottom of the v1ell Has pinched shut belo,1' 

the PC ,vireo 

The system was calibrated with reagent grade Na
2

C0
3 

(mp 8510 C)47, 

and CaO. B20
3 

(mp 1162° C) 48 vIhich was obtained fro]? the Bureau of Mines 

Pacific Experiment Stationa Agreement was within 3°C. The value 

obtained for the melting point of PbTi0
3 

'vas in excellent agreement 

with published temperatures (1281 and 1285°C) and was also used for 

calibration purposes. The sensitivity of the apparatus vlaS demonstrated 

by its ability to detect the Curie point transition of PbTi0
3

• -

Temperature was mOnitored by a potentiometrically balanced strip 

chart recorder used Hith a cold junction. Before each rlli~ the elec-

tronics of the system was checked against a ~~own millivolt s~urce. 

A typical run vlould commence Hhen the brick plug holding the cru

cible was inserted into the furnace held at approximately l250
o

C. After 

holding for approximately 10 minutes to homogenize the povlders, the 

temperature of the furnace Has raised at a constant rate. The holding 

period was short to prevent as lit tle PbO loss as possible. After the 

sample melted completely the temperature was held constant for approxi-

mate1y 5 to 10 minutes. Fol10vling the hold period, the temperature '/las 

driven dOvTn at a constant rate to about l250
o
C. After removing the 

crucible from the furnace, the crucible vlaS Heighed to check weight lasso 

The weight loss was generally less than 1% of the total weight of the 

charge. Tne solid was removed from the crucible by chipping vnth a cold 

chisel and han~er; it Has examined later by X~ray analysis. 
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Additional tests to confirm the solidus temperature vTere performed 

by placing a sealed 7 I:1."ll X 3:5 llli"ll pt crucible containing PZT pOlvcIerinto 

a furnace held at a constant temperature. A thermocouple in contact 

"rith the outside of the crucible was used for temperature determination. 

The charge vTas examined for liquid formation after . quenching in liquid 

nitrogen follo\dng it 30 min" soak at a constant temperature. 

E. Differential Thermal Analysis 

Differential thermal analyses (DTA) were conducted in a pt cell, 

t 1 . l' t·· -l-.. 1'" 1 '.L. • 49 a rec'angu ar 0 oCK.con alnlng ..,.TO CY_lnarlca cavl..,les. The differ:" 

ential the~mocouple was placed into each cavity through a'hole drilled 

mid.·ray between the top and bottom of the cavity. A pt and 9010 Pt-

10% Rh thermocouple was placed into the center of the block for tem-

perature monitoring.. The furnace was regulated by a variable-propor-

tional drive controller-recorder system. The control thermocouple, 

independent of the· DTA cell, was located near the Pt wound core that 

surrounded t,he DTA cell. 

Alumina Ivas used as the reference material. 

F. Vapor Loss Studies 

Weight loss experiments were conducted in vacu~"ll with the weight 

change recorded continuously on an automatic recording microbalance. 

A Kanthal wound muffle furnace vras placed aro1Ln.d a 211 O.D. mullite 

tube. which was sealed at both ends with 0 ring seals and brass fittings. 
, 

Above the mull:!. te tube a tee -she.ped copper tube connected the mulE te 

tube to the vacutL'U system and the microbalance ~ (Fig. 10). 

Regulation of terrrgeratu~e 'das by a variable proportional controller, 

using a control thermocouple placed at the hottest point bet'ween the 

furnace wall and the mullite tube. The isothermal zone was 1-1/2 inches 
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long. The sample temperature' was obtaine~ by an optical pyrometer that 

was sighted through a glass window in the brass fitting at the bottom 

of the mullite tube. 

The sample hung from a pt ,.,ire connected to: one arm of the micro

balance a,nd ",as cou..n.terba18~nced by weights on the. other pan. The 

capac i ty of the balance ",as 400 mg. 

wt ~ loss runs were begun by lm.,ering the sample into the fUrnace 

which was at constant temperature; the system was then evacuated. The 

sample "'as estimated to be in equilibriui11 with the surrou..ndings "Tithin 

. 5 minutes after the vacutL.'ri ",as applied. Following the vacuum treat

ment air was aQmitted to the fUrnace and the sample removed. 

.li 

, . 
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III. RESULTS Al1D DIS~JSSION 

A. Investigations Belo"r the Solidus Te!nperature 

1. DTA 

To establish vrhether·a high temperature phase exists, differential 

thermal analysis "ras undertaken to detect any heat effect associated 

wi th a possible phase change. The pOl{ders investigated were mainly 

those in the composition range behTeen· 47.5 and 100 mole % PbTi0
3

• This 

range "ras the most likely region as indicated by thermal analysis ~ The 

results showed only two endothermic reactions correcpsonding to the Curie 

and melting pOint, respectively (Fig. 11). Several tests on the PbZr0
3 

rich side region indicated the seme results. 

2. X-Ray Studies 

A supplement to DTA studies was performed by mixing calcined powders 

of different co::n.posi tion in 50- 50 mole % mixtures. The pm-rders vere 

fired for 1 hour, quenched in liquid nitrogen, and then exam:ined by 

X-ray analysis. The results are listed in Table VI. A typical X-ray 

diffractometer pattern of the mixture before and after firing is sho"m 

in Fig. 12 . 

. These results shm'T that there is no tendency for a given mixture to 

separate into a nett! compound other than that formed by the mech&''1ical 

mixture. Tnis'conclusion could possibly be critj.cized on two grounds. 

:F'irst) the 'high te!li1Jer~ture phase ID8.y not be quenched to room temperature. 

Second, the only proper method of determining the presence of a high 

~ -n.L. ' •• t' 0"'"' • '.L. .L. ~( vem~eravure pnase }.s oy ne use .!.. a nlgn ve::J.perav1.Lre "-ray ce.me;r-a. In 

ansI-Tel' to the quenching question, e-ven though the phase does not quench 

to room. tempere.ture time to recombine to the correct mixture compositi:)l1 
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TABLE VI. Results of' heatingf'or l hour of' 
equimolar mixtures of' various 

. compositions. 

Mixture 50/50 mole % Temp ·Resultant cornposition 

. . 

Pb(Zro.60) TiO.40)03+Pb(zrO.lO' TiO• 90 )03 

. 
Pb(ZrO• 70) TiO•30)03 +PbTi0

3 

., 
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is probaiJly insui'ficient. A splitting of the diffraction peaks ·ifOuld 

be expected. No such splitting is seen. The idea of using a high 

temperature camera above 900°C is not valid since the depth of penetration 

of the X-rays is verytmall due to the large scattering of the lead and 

zirconium ions. Above 800°-'900°C the loss of vapor becomes important; 

therefore) the surf'ace of the sample is not indicative of the interior. 

A sample heated to just belo"r the solidus temperature) held for one 

hour and Quenchecl in liquid nitrogen shm-TS only the original calcined 

mixture vTith no line splitting. 

'. 31 
At 900°C the lattice constant has been shown to obey Vegart ts La'·T. 

The conclusion is that the phase belov the solidus is a solid solu-

tion with the cubic perovskite structure. 

A rapid method of determining the composition of a po"rder is to find 

the d'spacing of either the (32l} or (2ll} lines. These lines are chosen 

because of their relatively strong intensity~Figures l3)1~· and 15 s11o';·r 

the comparison between the d values calculated from the lattice parameters 

(SOlid line) and t~ose obtained by diffractometer measurements. (circles). 

The lattice parameters were obtained from a National Bureau of' Standards 

report. 34 The parameters were assumed to vary linearly over the compo-

sition range and were fitted to a straight line by a least means square 

procedure. Interplaner spacings were calculated from the data using a 

digital computer. Appendix 1 summarizes the results. 

In order to obtain good agreement ,,;{ith the calculated. valu~s) it 

was necessary to treat the calcined pOviders at l200°C for 1 hottr in a 

closed Pt crucible. This treatment homogenizes. the calcined po\{ders 

vThich still sho\{ a variation of composition after calCining for 200 

hours at 800°C. Figures 16 and. 17 represent diffractometer patter~s 
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for step scanning and continuous scanning, respectively.. In both 

drawings the upper figure is the calcined material and illustrates 

the in..llomogeneity in the po\vder by the broad ill-defined peak. After. 

'the 1200°C, treatment the; peaks are easily resolved. A conclusion to 

be draim from this is that the unifOrmity of start pOvTders for various 

processing studies is achieved only by reheating the calcined pOvTders 

to higher temperatures. The common practice of calcining the mL~ed 

oxides for 1 hour at 800-900°C is therefore insufficient for the attain-

ment of reproducible starting powders. 

3.lveight Loss Studies 

It vTaS hoped that discontinuities in the log vapor pressure vs 

composition plot would also show whether an undetected high temperature 

phase did exist. This hope was not realized because of incongruent 

vaporization taking place in vacuum, demonstrated by X-ray examination 

of the sample's surface. 

During the weight loss runs the PZT phase is not the only one 

-present. The phases present in vacuum are summarized in Table VII • 

. Furthermore, the vapor pressures at 1050°C'and 1100°C proved to be'out-

side the Knudsen cell range if PbO is assumed the vapor species. 

The results are compatible with the reaction diagra~ in Fig. 5. 

For example, the phases present after PbO loss from the Pb(TiO•
95

' 

ZrO•05)03 composition are solid solution T~02 mld 95 mole 10 PbTi0
3

• If 

a line of constant mole ratio of Zr02/TiO :: .95 is dra;m on tIle reaction 

diagram, the stable phases become Ti02 and PZT as PbO is lost. Similar 

arguments can be proposed for the other compositior~. Although the 

agreement is not exact the trend is good. The appearance of other 

I' ,phases after a small percent ",,'eight loss depends on whether the experirr.e:1ts 
~'. ' 
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Phases detectecl aft.er sublimation of 
lead oxide in vacuum 

Mole % PbTi02 Phases present after wt. loss in Vacuurn 

95% Anatase (Ti02), rutile Ti02' 95% PZT 

90% Anatase (Ti02), rutile Ti02, 95% PZT 

8'Jfo (cooled in vacuum) 

Approx:iJrn te 
% loss 

3% 

21% 

" 23% 
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are conducted in vacuum or air. If approximately 1% of the total weight 

is lost in air the PZT phase is still present} but if the same percentage 

is lost in vacuum} additional phases appear. (Fig. 18) Exposure of the 

sam:ple to air at the same t.,emperature vTOuld cause the ;PZT phase which 

had disappeared to reappear (Fig •. 19). 

A tentative explanation for this phenomena fo1101{s: As!'bO is lost 

·from the surface, the composition of the Slti:'face vTill move along a 

line of constant mole ratio of Zr0
2

/Ti0
2 

towards the Ti0
2

-Zr02 binary 

on the ternaYy diagram. 

The phases present will depend upon wehther a depletion layer is 

formed. If the diffusion of PbO to the surface is slow} the phases 

detected by X-rays will be mainly those lying off the line of 50 mole % 
PbO since the composition of the surface would rapidly lose POO and 

other phases would appear. In vacuum the rate of PbO loss from the 

surface is fast} vThereas in air the rate of removal of PbO vapor from 

the sample is much slower due, to the presence of ?- gas above the surface. 

Therefore, the time-required to lose a given weight in vacuum is shorter 

than the tinle necessary to lose the same amount in air. The longer time 

in air allows diffusion to replenish the surface with PbO and yields a 

surface that more nearly reflects ·the average composition of the solid; 

then n~v phases are not detected until a larger percentage of PbO is lost • 
. ~ ~'!-:' 

Vacuum weight loss results in the formation of a depletion layer 

which is verified by the appearaIlce of nel .... :phases. Treating a vacuum 

sample in air allovTs the PbO to redistribute in the solid. For th,e 

surface} this means moving on a . line of consta..1'J.t Zr/Ti ratio to .... rards the 

!'b0 vertex of the ternary diagr~~. A sufficient amount of PZT will 

reform, by reaction of the FhO with the Ti02 &~d Zr02 present at the 

.•. 
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surface) and be detected again by X-ray a~alysis. 

The effect air has on the s~nple cotud also be explained by the 

oxidation of the divalent lead ion to its tetravalent state. As a 

result) a lead ion vacancy would be created. This vould enhance the lead 

'ion mobility in an air atmosphere. In vacuum the vacancy concentration 

,Tould decrease and a depletion layer would fODll. The reaction 

2+ / 4+ 2Pb + 1 2 02 ~ Pb + PbO + 0 has been reported to take place in the 

PZT system. 50 

In either case) the results are explained,by a deficiency of PbO 

near the surface which results in .the appearance of other phases. 

B. Investigations Above the Solidus Temperature 

1. Thermal Analysis of PbTi0
3 

and PbZr0
3 

The melting point of PbTi0
3 

was found to be 1286°±3°C by thermal 

analysis; the horizontal plateau on both the heating and cooling curves 

was ta1(en as the melting pOint. Close examination of the heating curve 

ShOVTS a slight melting interval C'" 3°C) rather than a very 'tlell defined 

plateau. This rise could indicate a peritectic reaction where POTi0
3 

decomposes to FhO rich liquid and Ti02 rich SOlid, or impurities in the 

sample. Heating curves of Na2S04 and NaCl also show this type of behavior 

with a heating interval as great as 60°C. 5l The melting of PbTi0
3 

produces an unusually level thermal arrest by these standards. 

To check this point three crucibles were held for 30 min. at 1280°c) 

1282°-1283°C, and l286°c, respectively. The first one showed no sign 

, of liquid formation. At 1283°C some liquid formed, while at l286°c .... "ne 

material. had completely mel ted. In vie'" of the recent claim of a 

eutectic reaction in the titania rich region of the PoO-Ti02 system,15 
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the melting interval is assumed to be due to impurities. PbTi03 is 

then a congruently melting, compound. Combining the melting point data 

With the data available from the literature, a binary diagram containing 

two eutectic reactions, one on either side of :pbTi0
3

, is proposed ,(Fig. 20). 

The determination of the melting point of PbZr02 was not so success

ful. Continued heating to 1550°C gives no indication of melting ~Dd 

results only in severe deterioration of a.platinum crucible. Above 

1200°C the vapor pressure of PbO becomes appreciable. The solid remain

ing after beating to 1550°C is monocliniczjrconia. 

To circumvent the problem of PbO loss, several crucibles .Tere 

inserted into the furnace, which was already at a constant temperature, 

and held for 5 minutes. It was hoped that liquid formation would be 

noted before all the PbO vaporized. No liquid w&~ detected by visual 

inspection. The solid tbat remained, as determined by X-ray analYSis, 

contained PbZr02 in the center with a .Thite layer of Zr02 on the outside. 

Above 1500°C the crucible is so severely attacked that experiments cannot 

be conducted. For instance, Fig. 21 shm-rs a Pt crucible containine; 

PbZr0
3 

before firing aDd after firing at 1520°C for 3'minutes. 

The onset of attack appears. very suddenly as the furnace temperature 

is raised. If the reaction 

PbO(vap) +,Pt - pt CPb) solution + 1/202 

.Tere te..king place a sudden increase in the PbO vapor pressure would 

cause ~n. acceleration of: this reaction. This sudden increase' could be 

explained by a peritectic decomposition reaction~ 

. PbZr°3 -liquid (rich in poe) + Zro~(s.s.) 

" 
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The vapor pressure vrould be near that of the bOiling .point (1472°C) of 

.PbO. 

From these observations the report of a melting point temperature 

of 1570°C seems erroneous. The idea of a peritectic reaction vThere· 

PoZr0
3 

decomposes to a solid rich in Zr02 and 8. liquid rich in PbO 

agrees basically vrith the present results, but the determination of the 

exact temperature seems impossible. 

The possibility of a compound 2PbO Zr02 vras investigated. ~lixtures 

of 2PbOZr02 vrere heated at 800°C for a total of 54 hours. At 18. hour 

intervals the sample was ground by mortar and pestle and analyzed by 

X-ray diffraction. The pm,der vTaS replaced in the c~ucible and the heat 

treatment continued. This operation ,fas repeated bvo times. T'ne only 

phases detected vTere PbZr0
3 

and orthorhombic PbO. (massicot) • 

As a result, the phase diagra~ in Fig. 3 appears to be reasonable. 

The vertical sectj_on at 50 mole % PbO in the PbO-Zr02-Ti02 composition 

temperature diagram ca~~ot be a quaSi binary if PbZr0
3 

melts incongruently. 

2. Thermal Analys.is of lJead Zirconate Titanate Mixtures 

The finp~ temperatures used for the phase diagram vrere obtained 

from data derived from heating curves analysis. The cooling curves 

proved to be inaccurate and were usefUl only in indicating the general 

trend of events. 

Cooling curves for a complex oxide system are unreliable for the 

determination of either the liquidus or solidus temperatures. Super-

cooling, preferential nucleation of a non-equilibrium solid, and low 

diffusion rates in the solid can C3,use subste.!1tial errors in the 

temperature determination. 
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The first inflection points on the temperature-time curve (Figs. 

22,23) observed on cooling suggests supercooling when compared with 

the liquidus temperatures obtained from heating curves. A slight incr(;:ase, 

in te~perature) definitely indicating supercooling, is noted after the 

first inflection point for 100, 95 and 90 mole %.PbTi0
3 

compositions.' 

At compos,itions richer in PbZr03 the first inflection point appears to 

split into two. The second point could be due to the peritectic reaction 

.Thich is shown in Fig. 6. "The cooling curves of a peritectic arrest in 

metals generally are characterized by pronounced undercooling and very 

snort isothermal arrest .Thich slowly merges into the cooling rate of the 

furnace. 52 A peritectic reaction in the PbTi0
3
-FoZr0

3 
would be expected 

to show a similar behavior.' 

The final inflection point near the melting point of PbTi03' is 

due to microsegregation known as "coring." Coring is particularly 

common when dendrite growth is present. The composition of the core of 

the dendrite is different from the ;utside of the dendrite. 52 

The melt of a given PZT composition '(vertical line) will begin to 

solidify on reaching the liquidus temperature and deposit a solid 

'with a composition in equilibrium with the liquid at that temperature. 

As the temperature is lO'trered the average composition of the solid is not 

that indicated by the solidus line due to slow diffusion in the solid, 

but is richer in PbZr0
3

• The deviation from the equilibrium composition' 

increases as the temperature is 10l{ered. 'Upon reaching the equilibrium 

solidus temperature for the specific composition the average solid'composition 

is still ri~h in PbZr03 e~~d liquid rich in PbTi0
3 

remains. Cooling 

further, the aver~3e solid composition finally coincides with the original 

composition and the liquid rich in PbTi0
3 

solidifies. 

'.' 
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Support of this hy:pothesis is indicated by the, different solidus 

temperatures obtained for different cooling rates. The faster the 

cooling rate, the shorter the period of time for solid state diffusion 

to take placej therefore, the larger the deviation of the average solid 

composition from equilibrium and the lower the fi.nal freezing temperature. 

Exa>nination of Table VIII indicates the final inflection points of the 
-

5.6°/min cooled runs to be lower in temperature than the 2.8°/min runs. 

Observation of the melt shows dendritic growth to be present which 

appears to d'ecrease "ith addition of PbZr0
3

• 

Table VIII and Fig. 24 s~1fiarize the cooling data. 

Examination of the solid t~~en from the crucible shows the follovTing: 

Compositions containing 90, 95 and lOOmole % PbTi0
3 

yield only the 

original composition as ascertained by X-ray analysis. At lm,er' per-

centages of PbTi03' Zr02 (monoclinic) and PbO (orthorhombic and tetragonal) 

were present in addition to thePZT, phase. The PZT phase was generally 

richer in PbTi0
3 

than the original composition. A cross-section of a 
crucible containing'a solidified melt whose original composition was 

greater than 15 mole % PbZr0
3 

would have a greenish-white top layer 

followed by a gradual transition to a bro~~ish-or~~ge solid along the 

sides and bottom of the crucible. The phases present on the top layer 

are PZT and Zr02 , while in the bottom the same species were detected 

with the addition of PbO. 

The solids fOlli~d at the bottom and sides of the crucible would 

be the phe..se to first solidify on cooling, ,'hile those at the top 

would be the last. The last solids to solidify are PZT and Zr02 • The 
\ , 
detection of'PbO at the bottom of the crucible shoHs that the liquid 

s.t high temperatures is rich in PbO since it is still UIlreacted after 
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TABLE VIII. Summary of cooling curve analysis 

Composition Cooling· Upper . LOlfer 
mole % PbTi0

3 rate 
0 temp.oC temp. C 

0 3.5 1287 
' .. -

0 8 1290 SC 

5 2.8 1305 SC 1290 

5 5.6 1302 SC 1288 

10 2.8 1329 SC 1290 

10 5.6 1326 SC 1286 

15 2.8 1335 1333 1293 

15 5.6 1330 1288 

20 2.8 131.~0 1335 1289 

20 5.6 1335 1325 1285 

25 2.8 1347 1340 1289 

25 5.6 1345 1336 1279 

30 2.8 135L~ 1342 1231 

30 5.6 1355 1345 ND 

35 2.8 1359· 1347 ND 

35 5.6 1362 1345 ND 

40 2.8 1365 1352 ND 

52.5 2.8 1398 1372 ND 

60 2.8 1410 ND ND 

ND - Not detectable 

SC - Supercooling 
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cooling. The appearance of unreacted zr02 in the presence of PbO seerrili 

odd considering the solid state reaction to form PbZr0
3 

that takes place 

when por,lders of PbOa..YJ.d Zr02 are mixed and heated. This could be possible· 

if the Zr02 ) PZT) ~YJ.d liquid (rich in PbO) phases are in equilibrium 

at some temperature above the solidus. Alternat~vely) since the phases 

present do not react rapidly once in the solid state) the same situation 

could be caused by nUcleation of Zr02 and PZT followed by solidification: 

of the remaining melt. Once in the solid state the reactions necessary 

to homogenize the ?ample back to the original composition could be very 

From this discussion it is eviclent that the temperatures determined 

by cooling curve analysis must not be used because of the inhomgeneity 

of the final solid. Also) the phase equilibria existing at high 

temperatures cannot be determined by cooling curves or quenching methoQs 

alone. Resolution of the 'question of whether three phases exist at high 

temperatures or preferential nucleation causes the observation of PbO) 

PZT and Zr02 at room temperature can only be solved by heating curve 

analysis because of the absence of nucleation and growth considerations. 

The heating analysis should be pa.rticule.rly sensitive to phase 

changes in powders by the thermocouple arr~YJ.gement used here. The 

thermocouple accounts for only the portion of charge ~JUediately 

surrounding it. Whe'n this portion melts) a brea..1z in the heating curve 

yTill result. As heating proceeds) sintering ta.?:es place causing a 

shrinkage of the powder away from the crucible wall. This is demor~trated 

by the rattling of the unmelted charge in the crucible after heating 

near the melting point. The charge is then in contact with the top 

of the thermocouple well which is supporting the sintered por,rc'l.er. For 
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this reason the crucible-thermocouple arr~~ement should be very 

sensitive to melting. The first inflection point in the heating curve 

:would then represent the solidus temperature (Figs. 25-27). 

To check the' solidus temperature, the furnace was held near the 

indicated solidus temperature, but lower than the second inflection 

point. A small Pt crucible sealed with annealed Pt foil and held down 

by an inverted Al
2

0
3 

crucible "as Im,ered into the furnace and held 

for 1/2 hour. The crucible was quenched in liquid nitrogena...l1d examined 

for liquid formation. This technique was used' for a series of composit~ons 

shown in Table IX. Figure 28 shoHS one such result. In all cases 
. ' 

liquid formation was noted) thus supporting the hypothesis that the 

first inflection point represents the solidus pOint. 

Continued heating causes a second inflection which shovrs a larger 

heat effect. This is rationalized in the following manner: The sample 

sinters to a conical shaped solid supported by the thermocouple well 

and partially separated from the wall of the crucible. Heat transfer 

to the solid is by.convectionthrough the gas phase present in the 

crucible and conduction along the solid thermocouple well. The hottest 

point of the solid is the top of the thermocouple weil because good 

contact between the ,sintered powder and pt crucible is maintained in 

this region. After the first inflection point is reached the liquid 

formed in the vicinity of the thermocouple is very small and therefore 

shm·,s, a small heat effect. Further heating plus the added heat conduction 

effect of the liqUid formed brings the remaining solid (major mass) 

to the solidus temperattITe or above it. wne~ this mass melts and slw~ps 

down into the crucible the second inflection'point is noted and slight 

cooling ta...1{es place near the thermocouple :because of the heat dra\ffi 
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TABLE IX, Swnmary of constant temperature heat treatment 

, Composition 
:. mole %,PbZr03 Constant temp, Appearance of charge at 30 min. 

0 l28lo C' Solid 

0 1282-3° Small amount of liquid formed 

0 1286° Melted 

5 1280° Solid 

5 1294° 
" 

Small amount of liquid form.ed 

20 1310° Solid 

20 1325° Small amount of liquid formed 

20 1324° Small amount of liquid formed 

40 1335° Solid 

40 1343° Small amount of liquid formed 

40 1356° Liquid + solid 

52.5 1362° Small amount of liquid for~d 

52.5 1369° Liquid + solid 

60 1379° ' Small am0unt of liquid formed 

60 1384°, Liquid + solid 

70 1396° Liquid + solid (color gradation) 

70 1402° Liquid + solid 

80 1426° Liquid + solid (X-ray:PbO+zr02+PZT) 

90 1460° ? 

! , 
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away from this area to 'provide the heat of fusion. This conclusion is 

borne out by the disappearance of the dip at the second inflection point '\-Then . 
I 

,the heating rate is lOI-Tered. 

~ne last inflection on heating is the'liquiduspoint. After 

reaChing this temperature, the melt temperature rises very rapidly due 

to hes,t conduction in the ~iquid to establish a heating rate similar to 

that of the furnace. A summary of results is in Table X and Fig. 29. 

The heating curvesshOlf a trend that would support the idea of 

a three phaSe region containing liquid Zr02 + PZT does exist ath'igh tempera

tures. The results agree well ,Tith those. obtained from quenching tech-

niques as depicted in Fig. 30. The major refinements to the quenching 

diagram are the lower solidus and liquidus temperatures due to greater 

sensitivity in detection, the determination of the peritectic temperature 

to be 1360 rather than l}40°C, and the estimated extension of the 

peritectic isotherm to approximately ~O mole % PbZr0
3

. 

~ne establishment of a three phase region in the PbTi0
3
-PbZr0

3 

.system definitely p.roves the .system is not a quasi binary section in . 

the Pbo-Ti02-Zr02 composition temperature diagr&~. 



-39-

TABLE x. SUlTmlary of heating curve analysis 

Composition Heating LO'<'ier Middle .Upper 
mole: % Pbzr03 . rate % min. temp. °c 0 temp. C 

~ 

0 4· 1286 1289 

0 8 1286 1289 

5 2.5 1289 1314 

5 6 1282 1300 1312 

5 8 1272 1305 1318 

10 2·5 1294 1319 1327 

10 6 1294 1312 1329 
10 8 1294 1315 1334 

15 2.5 1291 1322 1355 

15 6 .. 130~ .1325 
-; 

15 100 1299 1322 13L~9 

20 2.5 1315 1334· 1357 
20 6 1305 1335 1360 

20 8 1309 1338 1359 

25 2·5 1317 1341 1357 

25 6 1325 13L~5 1359 

25 8 1322 1347 1359 

30 2.5 1327 1347 1368 

30 6 1322 . 1355 1372 

30 8 1322 1354 

35 2.5 1337 1353 1374 

35 8 1335 1360 1374 

40 6 1339 ·1367 1372 

52.5 6 1360 1389 1404 

60 6 1375 1408 1431 

70 6 1396 1431 . 1456 

80 6 1426 1489 
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N.. SUMMARY AN]) CONCLUSIONS 

Investigations of the PbTi0-z -PbZr0
3
, system were undertaken using 

") , 

, p 
X-ray, vapor loss) differential thermal and thermal. analysis. 

Lead zirconate titanate formed by mixing PbO) Ti02) and Zr02 

powders and calcining at 800°C vlere shown to be fnhomogeneous. Homo-

genization could be achieved by a high temperature heat treatment~ 

A solid solution is shovm to exist in the region betvreen the Curi'e 

and soli~us temperatures. X-ray) diff~rentiar thermal and thermal 

analyses failed to detect any phase transition in this region. Ex

'periments in the solid solution region conducted in vacuum at 1050°C 

and llOOoC show that vaporization of lead oxide results in composi~ 

tional changes at thesa..mple! s surface. As a consequence of the lead 

oxide depletion layer one or more new phases are detected by X-ray 

analysis. These were,identified as Zr02) Ti02' and ZrTi04• 

The congruent melting point of 'PbTi0
3 

was determined to be 

1286 ± 3°C by thermal analysis. Similar experiments with PbZr0
3 

were unsuccessful because the sample rapidly attacked the crucible 

° above 1500 C. 

The final temperatures u'sed for the phase diagram were obtained 

from heating curve analysis. Cooling curves proved to be inaccurate 

due to supercooling and'segregation in the final solid. Not only are 

the temperatures obtained by heating curves more reliable than those 

obtained from cooling curves, but the problem of nucleation and grc)\,rth 

of.nonequilibriu.m phases is not present .. The solidus temperature has been 

determined to increase '.-rith increased lead. zirconate to leat titanate 

ratio. At 1360° C a peritectic reaction occurs for compositions be-

tween l5to appr~ximately 40 mole % PbZr0
3

.. Above the peritectic' 



-41-

temperature is a three phase r-egion with liquid, zirconia and lead 

zirconate titanate solid solutions in equilibrium. Compositions richer 

- in PbZr0
3 

than 40 mole. % decompose directly to three phases at the. 

solidus temperature • Compositions bet"reen PbTi0
3 

and 15 mole % PbZr0
3 

shm'i' a simple melting behavior characteristic of a solid solution. 

The phase diagrams determined by heating curve and quenching 

analyses are in basic agreement. Temperatures obtained from heating 

curve methods are believed to be the most accurate because phase 

transitions can be detected with greater :sensit-ivity. 

As a result of the decomposition reaction, the PbZr0
3

-PbTi0
3 

phase diagram cannot be considered a true binary system, but simply 

a vertical section in the PbO-Ti02 -Zr02 composition-temperature diagram. 
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Fig. 21. Comparison of a Pt crucible containing PbZr0
3 

which was heated to 1520 0 C compared to an unheated 
crucible . 
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XBB 674-2063 

Fig. 28. Cros s - section of Pt crucible containing 
Pb(ZrO• 20 ' Ti O•80 ) 03 held ?-t 1325°C. 
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APPENDIX I 

o 
Following .is a table of interplanar spacings (d) in A units vs 

the mole fraction (x) of PbTi0
3 

in the lead titanate-lead zirconate 

lsys~em, Pb(Tix ' zrl _)o3' at room temperature. The indices of various 
. I 

planes are listed in the column at the left of the page. 

Lattice constants were taken from data of B. Jaffe) S. R.Roth, 

and S. Marzullo, (N.B. S. ~ 239 (1955) ). The lattice parameters 

were assumed to vary linearly with composition and were fitted to a 

straight line by a least means square procedure. Interplanar spacings 

were calculated from this data using the formulas for rhombohedral 

and tetragonal lattices. (International Tables for X-ray Crystallography, 

Vol. I, N. F. M. Henry and K. Lonsdale" Editors, Kynoch Press, Birming

ham, England, 1965) ). All calculations were performed with a digital 

computer. 
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X= .10 .15.20 .25 .30 .35 '.40 .45 
4.13e4 4.1310 4.1235 4.1147 4.1058 4.0938 4.08f7 4.0816 

2.9~36 2.9281 2.9225 2.9164 2.9102 2.9015 2.8927 2.8919 

2.4C13 2.3966, 2.3918 2.3869 2.3820' 2.3746 2.3672 2.3659 

2.3853 2.3812 2.3770 2.3719 2.3667 2.3599 2.3531 2.3534 

2.C692 2.0655 2.0618 2.0573 2.0529 2.0469 2.0409' 2.0408 

2.C~q2 2.0655 2.0618 2.0~73 2.0529 2.0469 2.0409 2.0408 

l.e544 1~8510 1.8475 1.8436 1.8397 1.8342 1.8287' 1.8283 

1.8471 1.8439 1.84C7 1.83671.8326 1.8274 1.8221 1.8225 

1.~966 1.6933 1.6900 1.6865 1.6829 1.6778 1.6726 1.6718 

1.6eel 1.6851 1.6821 1.6185 1.6748 1.6700 1.6651 1.6652 

1.~e53 1.6824 1.6795 1.6758 1.6722 1.6674 1.6626 1.6630 

1.46~8,' 1.4640 1.4613 1.4582 1.4551 1.4507 1.4463 1.4459 

1.3856 1.3829 1.3802 1.3773 1.3745 1.3702 1.3660 1.3653 

1.37<;5 1.3770 1.3745 1.3716 ,1.3686 1.3646 1.3606 1.3605 

1.37S5 1.3170 1.3745 1.3716 1.3686 1.3646 1.3606 1.3605 

1.37~4 1.3741 1.3717 1.3687 1.3657 1.3618 1.3579 1.3582 

1.3106 1.3082 1.3C58 1.3030 1.3002 1.2964 1.2925 1.2923 

1.3(67 1.3044 1.3022 1.2993 1.2965 1.2928 1.2890 1.2892 

1.2~17 1.2494 1.2470 1.2444 1.2418 1.2380 1.2342 1.2338 

1.2472 1.2450 1.2428 1.2401 1.237~ 1.2338 1.2302 1.2302 

1.2450 1.2428 1.2407 1.2380 1.2352 1.2317 1.2282 1.2285 

1.2006 1.1983 1.1~59 1.1935 1.1910 1.1873 1.1836 1.1829 

1.1927 1.1906 1.1e85 1.1859 1.1833 1.1799 1.1765 1.1767 

1.15C4 1.1483 1.1461 1.1437 1.1413 1.1378 1.1344 1.1341 

1.1452 1.1432 1.1412 1.1387 1.1362 1.1330 1.1297 1.1300 
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X= .10 .15 • lC .25 .30 .35 .40 .45 
1.1C64 1.1044 1.1024 1.1001 1.0977 1.0945 1.0912 1.091l 

1.1041 1.1022 1.1002 1.0978 1.0954 1.0923 1.0891 1.0893 

I.C346 1.0327 1.0309 1.0287' 1.0l65 1.0234 1.0204 1.0204 

I.CCE4 1.0065 1.0045 1.0024 1.0003 

1.CC49 1.0030 1.0012 .9991 .9969 
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.<;179 .9160 .9142 .9121 .9101 
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.9130 .9713 .9697 .9676 .9654 

.<;~32 .9513 .9495 .9415 .9455 

.~272 .9255 .9238 .9218 .9199 

.9235 .9219 .9203 .9183 .9163 

.9C61 .9044 .9C26 .90C7 .8988 

.9035 .9019 .9C02 .8983 ,.8964 

.<;C18 .9002 .8986 .8967 .8947 

.9C09 .8994 .8978 .8959 .8939 

.8e65 .8848 .8e31 .8812 .8794 

.8e05 .8790 .8775 .8756 .8736 

.se17 .8801 .8186 .8767 .8748 

.e463 .8466 .e450 .8432 .8415 

.9972 

.9940 

.9918 

.9907 

.9672 

.9672 

.9647 

.9632 

.9627 
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.9171 
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.9397 .9393 
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~H0'8CHCRAL . 
.p Q R X= .10 .15 .2C .25 .30 .35 .40 .45 

-4 2 2 .f426 .8412 .8398 .8379 .8361 .8337 .8313 .8315 

4 3 0 • e 2<; 7 .8281 .8265 .8248 .8231 .8206 .8181 .8179 

'5 0 0 .8277 .8262 "8247 .8229 .8212 .8188 .8163 .8163 

-4 3 O. .8257 .8243 .8229 .8211 .8193 .8169 .8146 .8148 

'5 1 0 • e 124 .8109 .8094 .8077 .8060 .8036 .8012 .8011 

4 3-1 .8124 .8109 .8C94 .8077 .8060 .8036 .8012 .8011 

-'5 1 0 .8108 .8094 .8C80 .8062 .8045 .8021 .7998 .7999 

4-3 1 .8C99 .8085 .8C7l .8053 .8036 .8013 .7990 .7991 

-4 3 .8(96 .8082 .8C6S .8051 .BOB .8010 .7987 .7989 

~ 3 3 • e c C/. .7989 .7<;73 .7956 .7940 .1915 .1891 .1886 

'5 .7<; 81 .1966 .1951 . .1934 .1911 .7893 .1870 .1868 

'5-1 .1<;0 .1949 .7<;34 .1917 .7900 .1817 .1854 .7854 

-'5 1 1 .1<; ~ 1 .7937 .7<;23 .1906 .1889 .1866 .7.844 .7845 

-~ 3 3 • 7<; ~ 1 .7937 .7923 .7906 .7889 .1866 .7844 .1845 

-'5 2 0 .1f72 .7658 • H45 .7628 .7612 .1590 .1568 .7569 

'5 2 0 .1698 .1684 .7669 .1653 .7631 .7614 .1591 .1590 
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AP}1EI'.TIJ IX II 

The term flquasi binary" is occasionally misunderstood and thought. 

to refer to a pseudo binary which is an equally confusing term. The 

. d fi . t . . h . f -"l" 53 ( 45' ) e n~ lon glven ere ~s .rom ..i.v~as~ng, see pg. ). 

!tThe solidification of all alloys on the se,ctlon VC (a iine 

connecting two compounds in a ternary system) follm-ls exactly 

as for a binary alloy, and in no instance does the behavior of 

an alloy give any indication that it is a member of a ternary 

system. Such sections lying within a system of higher order 

but behaving like a binary alloy system are called !quasi-binary 

sections'." 
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