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College of Engineering, and Inorganic Materials 

Research Division, Lavrence Berkeley Laboratory, 

University of California, Berkeley 

Introduction 

The sintering process for lead zirconate titinate ceram-

ics is one of the most complex encountered in the ceramic ma-

terial area. First, the system shows an ~usually vide range 

of intrinsic non-stoichiometry at high temperatures. Secondly, 

the volatile nature of PbO makes high temperature'processing 

difficult. Lastly, small amounts of impurities can cause 

drastic changes in the ferroelectric cr piezoelectric proper-

ties. This discussion will concentrate on the sintering of a 

few selected PZT composition3 which include the basic PZT 

compound and various dopants. Ye will concentrate on conven­

tional sintering practice ~~ond not include hot pressing. 

Crystal Structure of PZT 

Above the Curie .temperature and below the liquidous tem­

parature lead titinate and lead zirconate form a complete 
. ' 

solid solution with the cubic perovskita (CaTi03) structure. 

Upon liquid formation the system decomposes into 2 crystalline 

phases and a lead rich liquid(l); therefore, the incongruent 

nature of melting makea the system a pseudo-binary. 

The structure of PZT can b~ vi5ualizad by face center 

cubic packing oxygen ions and replacing th~ corner ions Yith 

lead ions of +2 charge and filling the central octrahedral 
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hole with either +4 zirconium or titanium ion3, The 12~fold 

coordinated hole occupied by the lead 2+ ion has an ionic 
0 

radius of oxygen, 1.40A, The best value for the ionic radius 

of Pb2+ is 1.20A. Therefore, some lattice disfortion is 

introduced by the lead ion filling the hole. Similarly the 

central octrahedral hole is too large foi Ti4+, 

close to the size of ~he zr4+, 0.721.< 2 ) 

0 

0.605A, and 

The interstitial sites in the structure, 12 octrahedral 

holes on the cube edges and 8 tetrahedral holes at the (1/4, 

1/4, 1/4) positions, are unlikely to be filled, because each 

has both positive and negative ion neighbors.(J) 

High Temperature Intrinsic Non-Stoichipmetry 

At high temperatures the PbTi03 , PbZr03 and solid solu­

tion mixtures shov a vide solid solution region. Fig. 1 shovs 

the three component phase equilibrium diagram for the PbO -

Zr02 - Ti02 at 1100 °C. The solid solution. region is a result 

of recent work.( 4) Fig. 2 gives the PbO activity as a func­

tion of reciprocal temperature for PbTi03 , PbZr03 and Pb(Ti0 • 5 
zr0 • 5 )o3 at the limits of the s~lid solution region. The vapor 

pressure of PbO above liquid or crystalline PbO at the specific 

temperature was taken as the standard state. If a Pb(Zr0 •
5 

Ti0 •
5

}o
3 

green ceramic was heated.to agiven temperature in a 

sealed container containing a mixture of PbZr0
3 

and Zr0
2 

to 

provide a ~b.O atmosphere, the sample would equilibrate wit~ the 

atmosphere and develop an intrinsic vacancy concentration of 

both Pb and 0 vacancies to give a composition P_ bl-:x V b (Ti0 •
5 p X 

Zro 5) 0 3-x Vo • 
• X 

Therefore, the composition of a packing powder around a 

PZT can control the intrinsic dafect structure. 
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PZT can ba doped with Tarioua ions to form vacancies on 

the Pb or 0 sita. The affect of an individual ion will.depend 

on its charg$ and ionic size. The defect produced will have 

a strong influence on tha piazo and ferroelectric properties 

through its interaction with the ferroelectric domaina. Bi]+ 

and La3+ on the Pb2+ site and Nb5+ on the Ti~+ site can produce 

Pb2 + vacancies. sc3+ or AlJ+ on the Ti4 + site crw1 produce 

oxygen vacancies. Vhen an element is added above the solubility 

limit or is insoluble, secondary phases will be produced. The 

distribution of the secondary phase can have a. strong iu;fluence 

on the ~lectrical properties, especially if it is ~resent as a 

liquid film at high temperatures viich encompasses all grain 

boundaries. A simple model is shovn in Fig. 3. Si02 which is 

insoluble in PZT because of the ionic aize of Si4+(0.42i} 

behaves in this fashion and causes applied electric fields to 

have high poten·Hal drops across the low dielectric constant 

grain boundary phase. This causes an indicated increase in Ec 

for the ceramic, because the potential gradient across the 

ferroelectric phase is reduced•( 5) 

Sintering Studies 

Al 203 and Si02 are tvo impurities vhich can be introduced 
,_ 

into PZT either in mixing the primary rav materials or grind-

ing the calcined compt~sition in alumina jars vith alumina. 

pebbles. Therefore, one of the fir3t studies~ 6 ) should be to 

identify thair affect on sintering. A PZT. composition of 0.6 

Ti and 0.4 Zr prepared from high p•Jrity chemicals and mi:xed or 

milled in organic mat9rials had Yarious p-ercenta.g~3 of eit.hsr 

Al(N0 3 ) 3 or colloidal Si02 add3d. Samples were prepared and 

fired under a controlled PbO at~osphare !or 1 1/2 hours at 
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1210 C. As can be seen in :Pig, 4 both a.ddi ti ves lead. to in­

creased densific·ation when their addition exceeds a miniJ:aum 

amount. 

A further study of the sintering of PZT inclu~ed the us~ 

of dopants and Si0
2 

and Al
2
o

3 
additives. {5 ) BiJ+ and Nb5+, 

both dopants which should favor Pb vacancy productionF were 

used. Bi 3+ and Nb5+ were added at 0.02 atomic percent, where­

as, alumina and silica were added as 0.4 weightperc~nt add­

itions. All samples were presintered at 800 C for one hour to 

remove organic materials and increase the green strength. The 

specimens were fired in a packing powder of the same composition 

of the samples 

activity side of the solid solution. 

t~~t ~as on the high PbO 

The firing geoaetry is 

shown in Fig. 5. The specimens were fired in one ataosphere· 

oxygen. The furnace vas raised to 1200 °C at 300 'C/hr and held 

for the required time. The· initial density was detenzri.iled 

after 20 minutes at 1200 CC and is shown in Fig. 6 •. As sho"Yll in 

the figure, Si02 additions increase the initial density in the 

undoped and doped samples; whereas, alumina additions descrease 

the initial density. On holding the sample at tamperature the 

density increase for samples with no alumina or silica additives 

was linear with time1/ 2• When either alumina or silica were 

present a time1/ 3 relation was observed. The sintering behaviour '~ 

Vi th no dopants, Bi 3+ ,_ or Nb5+ dopants-
' 

is shown in Fig. 7, 8, and 9. 

and no silica or alumina a solid state .diffusion process was 

3+ ·4+ apparently followed. When Al · or Si were present a liquid 

phase sintering was encountered as shown by t.he tl/J dependence. 

Alumina additions markedly reduced ferroelectric behabiour, 

5+ as shown in Pig. 10. Nb developed square loops.and could 
3+ compensate for Al • 
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Silica additions increased Ec ~ithout changing the sat­

uration polariza-tion significantely (Fig.ll). Nb 5+ and Bi 3\ 

both lead vacancy generators, were interchangeable in their 

e.ction. 

Aluminum and niobium were self compensating in ferro-

electric properties as ~hown in Fig. 10 and also in sintering 

and as grain growth inhibitors as shown in Pig. l2.{J) Both 

Alumina and niobium increased grain boundary drag and impeded 

grain boundary mobility. ~hen both were present their action 

was decreased due to association of Al3+and Nb5+ to form 

defect pairs vi thoui 0 or Pb charged va·cancies. 

The rate determining species in sintering undoped high 

purity_PZT was d~termined to be the oxygen vacancy-from the. data 

shown in Fig. 13. 

Fig. 14 compares the grain size compensated densification 

rate for lib, .Al, Nb + .Al, and undoped material. Undoped mat­

erial has the highest densification rate while.the mixed doping 

of equal atomic percents of Nb and Al give nearly the same 

densification rate at an equivalent grain size. Nb and Al doping 

alone give lower den.sificationrates but lead to a higher density 

through control of g~ain growth and subsequent reduction of the 

diffusion path length {Fig. 12). The nonlinear densification 
' 

rates for Al and Nb doped materials may be due to a change 

in the densifice.ti on mechanism from volume diffusion to grain·· 

boundary. diffusion. 

Summary 

Sintering of PZT requires .that the impurities, dopa.:nts, 

and atmosphere be ~aref~lly controlled to.produce materials 

with the d~sired f~rroelectric or piezoelectric properti~s~ 

Lattice defects ~hether intrinsic or extrinsic play an im­
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This work was done under the auspices of the U.S. Atomic 

Energy Commission. 
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