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A LIQUID.PHASE DENSIfICATION TECHNIQUE
FOR THE LEAD ZIRCONATE TITANATE SYSTEM
John W. Sherohﬁén, Jr. |
Inorg;nic Materials Research Diviéion, Lawrence Berkelevaaboratory,
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720 ‘
. ABSTRACT

By combining cqnventional processing‘methodsjfhat are known to
~enhance sihﬁering, a unique liquid phase densificationvtechnique has
‘fbeen investigated for the PZT system. The technique is a two-step
prdqess: (1) utilization of a low température liquid phase (PbO'PbFZ)k
‘to optimize, with the‘aid of applied pressure, the rearrangementvof the
PZT particles on formation of the liquid, and (2);a éubsequenﬁ heat
‘treatment to allow 1iquid.phase sintering'to bccur.”_Dinng this heat
‘treatment a fixed PbO atmosphere was established to remove the liquid
from the fZT material in a controlled‘manner, thus 'producing a denée
single phase PZT ceramic of fixed stoichiometry. |

The.evaPOration of PbO;PbF2 from PZ.ST'5 was_experiméntally
observed using thermogravimetry. The evaporation réfe was found to be
.dependent on the partial pressure of PbO as set bj multi-phase packing
powder compositions within the PZT system. The rate of liquid rémoval_:
- was further sensitive to both the density and temperature of the'PZ.ST.5
specimen. As the dénsity increaseé to a closed pore geometry, the.rate
: of evapofation of the liquid phase became thickness dependent. Tﬁe PbO
ﬂ.vapqr pressure of the PZ.ST.S material containing the PbO rich liquid

was determined for the evaporation rate in a PT + P packing powder using

the Langmuir equation. By comparing the Langmuir PbO vapor pressure at

i
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different temperatures with the PbO vapor pressﬁre from Knudsen effusion
data, the évaporation coefficient was calculated as aéproximately 1.8 x
10_6 in the temperature range of 1150° to 1250°C."Iniéddition, ferro-
electric and piezoelectric measurements were made dn PJZ.ST_5 specimens‘

of various intrinsic nonstoichiometry that were initially densified by Y’

the liquid phase densification technique.
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" trolled light scatterer or retarder depending on the grain size.

I. INTRODUCTION

Because of the ferrcelectric nature of the lead zirconate titanate

(PZT) system;'it has been utilized for mény yeérs in the fabrication of

piezoelectric devices. It is favored for these devices because of its

large piezoelectric effects, high Curie temperature, and high permit-

tivity. Along with these propertiés, the PZT system has the ability to
function within a wide range of ferroelectric ahd:?iezoelectric applica-

tions by intentional variation of the ratio of zirconium to titanium, or

by partial replacement of lead, titanium, or zirconium by other

S 1-6 , . . . i
elements. Yet its ferroelectric and piezoelectric parameters are not

| only affected by'cobposition, but are further sensitive to variations in.
‘Jdensity and grain s:‘L"’Ze.7-9 Also, it has been shown that'electrd—optic
‘ devices can be made from modified PZT compositions; uLanthanum'modified
“lead zirconate titanate (PLZT) is optically transparent when near theo- .

- rétical density and has the ‘ability to behave as an electrically con-

10-14

‘Chemical composition and microstructure are theréfore important factors

that can determine functional usage.’

‘In addition, changes in chemical composition due to nonstoichio—

‘metric effects must be controlled to maintain the PZT composition in its
" single phase region. Because there exists a high vapor pressure of lead

oxide (PbO) at temperatures required for densifying PZT powder compacts,

©15-18

* “an intrinsic nmonstoichiometric composition can occur. _ If the

Eevapofation'of PbO from the PZT ceramic is not controlled, loss of PbO

can lead tq'thé'developmeht of second phases‘(e.g.’ZrO2 and Ti0,). It

has been shown that loss of PbO from the system can affect both the
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electrical and physical properties..lgn21

Variation.in stoichiometry durihg’densificatiqﬁ of PZT must there-
fore be conﬁrolled along with developmént of a desirable microstructure
to produce reproducible énd predictable ceramics. Althouéh densification

~ of the PZT_sysfem_has been achieved by both hot pressing and ﬁormél.sin- »
tering techniqueé, both>proéessing schemes require.many hours at tqla—
tively high‘temperatures. COnsequeﬁtly, difficulties exist-in maintain-
ing a fixed stoiéhiometry duringvprdcessing. In the case of:unmodifiedbl-
PZT, it;is difficult to obtain densities higher than 95% of theoreticéal.
High relative density can generally be obtained in the PZT systém
' when the addition of a.dopant affects the grain'groﬁth behavior by soiig
.solufion substitution in the lattice. The dopant acts as a grain grthh_
inhibitor that allows the pores to remain on.the grain‘boundaries where- 
pore elimiﬁation can take place by grain bouﬁdary diffusion. Without a
igrain growth inhibitor, exaggerated grain growth méy occur that can lead
to entrapment of pores within the grains and produce & density 1imita£ién;
 removal of the pores, in this case by bulk diffusion of lattice vagancies,
would requife comparativély long tiﬁes. Even though use of é &opant may
result in a highly dense PZT and give control over grain growth, the com-
" position has been modified. Since the ferroelecﬁric and fiezoelectric{
propefties are dependent on chemical composition and microstructure, the
need of a dobant prevents the déterﬁinatibn of.the'intfinsic electrical -
properties of PZT. A prbcessing scheme is therefdre of impartance that
can establish a controlled PbO atﬁosphere to mainﬁain stoichiqmetry and
achievé high density (even in unmodified PZT) without affecting'the

initial composition.
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The purpose of this study was to émploy a combination of processing
methods to investigate a unique densification technique that can achieve
a highly dense, unﬁodified single phase PZT ceramic with fixed stoichio¥
metry. Io develop a processing procedure to improve'the dgnsification
‘and quality of unmodified PZT, a review of the conveﬁ;ional processing
techniques was necessary.

A. Sintering PZT

Sintering is often.referred to as a pr§ceés whereby powder particle
'compacts‘are heat treated to achieve densification by removal.of
porosity. Tﬁis process occurs due to the decrease in the surface free
energy associated with the decrease of surface areavduring densification.
Material tfansport mechaniéms.that have been generally accepted to lead
.to pore removal in oxide ceramics are volume diffusion and viscous or
plastic flow. However, é viscoﬁs or plastic flow mass transport mechanism

has not been experimentally verified as applicable to the sintering of

: g . . L 22
ceramics except in the initial stages of sintering glass spheres.”. As
-a consequence, material’transport by a diffusion controlled process has

. been the accepted mechanism for solid state sintering.

1. Sintering Aid

Coble23’24 has developed a model to describe the intermediate and

final stages of sintering based on diffusion of lattice vacancies from

pores to grain boundaries. Atkin and Fulrathzl have shown that unmodified

PZT behaves according to the kinetics predicted by the Coble model, but

that it is difficult to obtain a highly dense PZT ceramic unless a sinter-
ing aid is utilized. The addition of an impurity generally aids in sin-

tering by preventing exaggerated grain growth from occurring. Reducing
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grain boundary mobility and, therefdre, grain grthh is importént since
solid state sintering involves many hours at relatively high temperatures
to achieve a dense ceramié.

Although an impurity can aid.in control of the microstructure, it
-also has éﬁ effect on the PZT electrical properties. .Depending'on the
étomié radii of tﬁe impurity atom along with its vaience, its presence
iﬁ the lattice influences the ferrbelectric and piezbéléctfic proper-

,ties.21’25

Because the ferroelectric and piezoelectric behavior are
' dependent on both composition and microstructure, the true intrinsic
electrical properties have not been measured on highly dense unmodified -

 pzT.

2. Lead Oxide Atmosphere

Since the sintering of PZT réduires relativél&_high teﬁperatﬁres to
achieve densification,’the loss ofIPbO frém‘the sygtem must be pre-..
' vented.* Lbss of PbO results in intrinsic nonstoichiometric changes in
composition that cahvleéd to the.developmenf of second phases; 'Aﬁ advan-~-
~tége of the sintering process is that during the heat treatment the PZT . .
- samples can bé placed in an environment of a packing powder of PZT ¢om= |
.‘position to‘buffer the loss of PbO ffbm the samples. Variations of this:

2,26,27

technique have been used to reduce PbO evaporation. Only recently

“have studies been concerned with the PbO vapor pressure above the PZT

21,28-30

 system. Atkin and'Fulrathzl have shown the densification and

. grain growth behavior of both modified and unmodified PZT sintered in

*Loss of TiOp or ZrOy from the system is insignificant since their vapor
pressures are negligible at the temperatures required for sintering PZT.
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atmospheres of various PbO and oxygen activities. Holman and Fulrath29
have shown that by establishing the correct PbO activity, the single
phase width of a PZT composition can be determined with temperature.

Experimental results have thus indicated that the evaporation of PbO

- from the sample can be controlled by heat treating'in a fixed Pb0O atmo-

sphere.

B. Pressure Sintering

1. Dehsification Méchanishs

Removal of porosity by sintering under the influence of ankexternai 
pressnﬁ'is a densification process known as hot pfeSsingvor pressure
siﬁtering. Pressure is applied to a‘powder compaét By means of a die
assembly that can‘withsténd both.pressures and temperatures required to
pfomote densifiéation. With the aid of applied'pressufe,'an incréaée in

the rate of densification of the sample can result because of mechanisms

- not found in the normal sintering process.

Pfessure sintéring densification mechanisms that haye been suggestéd
to éxplain an increase in the rate of densificatién undér stgess are
particie fearrangement (occurs particularly duringAearly stages of com-
pactioh),_plastic flow, and stresé enhanced diffusion models.. of these
mecﬁanisms, particle rearrangement and stress enhanced diffusion have
been proposed by Haeftling3l‘t6 exﬁlaiﬁ’the densificétion behavior of
hot—pressed’ﬁodified_PZT;. Comparison of the densification raté 6f PZT
ﬁnder diffeieht.stresses indicatedva linear relatiohéhip and was
accounted for by a Nabérro—Herring mechanism of stress directed‘ﬁovement
of vacancies. Based on é loﬁ activation énergy‘Valge as determined ffém

an Arrhenius plot of diffusion coefficients calculated from the Nabarro-
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Herring eduation, Haertling furthervsuggested that'Qiscous behavior due-
to grain boundary sliding was aléo contributing to thé denéifiéation_
'process. Hence, experimentai evidenée tends to indicage that particle
rearraﬁgement appears to be an important mechanisﬁ in the initial densi-

fication of hOt-pressed PZT.

2. Controlled Microstructure .

Since:pféssufe sintering introduces densificétion.mechanisms_that-
can increase thé rate of densificatién as compared to that of the normai
siﬁtering ﬁroéess, it offers a method of acquiring control of the'micrp-.
étructute. By the use of external pressure, a highly'densé sample can

'generally bé obtained at lower temperatures and in ieSS time than in
pressureless sintering. The density of the sample gan‘often be estab-
lished before appreciable grain growth occurs; Thé,desired grain size
can then be developed by a subsequent isdthermal.heat treatment. Control

of the microstructure by this approach has been performed oﬁ modified

PZT to demonstrate the effects of microstructure on its électrical

758,11 pove pioduced_mddified PZT sampleé

properties. Okazaki and Nagata
with constant grain size and variable density élong with samples of con--

stant density and variable grain size by a hot-préssing technique.

3. Loss of Lead Oxide

Althougﬁ hot pressing is a processing method that can lead to a
'controlied microstruéture;.the lack of'COntroi of the loss of PbOlfrbmn
the'PZTvsample remains a proBleQ. With external pressure, the rate of:
,densification is enhanced, allowing_densification tb‘procéed at lowe£
temperatﬁres; yet temperatures above 1000°C are generally necessary td

develop a fully dense modified PZT sample. Vapor pressures of PbO above
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the PZT system as determined by Knudsen effusion expérimenps indicate
that the vapor pressure of PbO is significant even at temperatures of

% ' : .
1000°C. Development of an intrinsic nonstoichiometric PZT from the loss

of PbO can therefore occur during hot pressing.

C. Liquid Phase Sintering PZT.

Sintering in the presence of a liquid phase is a processing tech-
nique that often leads to enhanced densification. Thé technique is -
similar.to that of normal'sintering in that a compaét'of powder particles
is heat tféated to achieﬁekdensificétion withouﬁ applied preséure. The
difference lies in the intentional addition to the compact of a second
phase material that forms a liquid during the heat treatment. .Kingery
. has qutlined the requirements for liquid phase Sintéring to be effective’

‘in obtaining complete densificatiqn. It is essential to have (1) an
;appreciable amount of liquidvphase, (2) an appreciable solubility of the
Llsolid in the.liquid, and (3) éomplete‘wetting of the solid by the liquid
 for rapid liquid phasé densification.

On formation of the liquid phase, the initial rapid increase in’
density is éttributed to the.rearrapgement of the solid'particles due to
:iiquid flow. Furthef.densificatioh of the éoﬁpact proceeds by an
:'increasé in the solubility at the solid—liduid interface between solid

-particles because of capillary compressive forées.33 in this way, densi-
‘ figationncan_take place since precipitation away from the contaét area by

' transfer of material through the liquid allows the decrease of the center-

*The vapor pressure of PbO above Pb(Zr 5Ti 5)03 + Zr02’+ TiO2 is approxi-

mately 10—5.atm at 1000°C.30 As a result, the PbO vapor pressure above
single phase PZ 5T 5 is sufficient to develop multiphases. '



to-center distance between the partiéles.

Although sintering with an appropriate iiquid:cén increase the rate
of densification, the liquid phése is.generally retained in the micro-
structﬁre. Consequently, this result'is usually détfimental in applica-
tions requiring ceramics as insﬁlatots. If the diélectric conétant of
the crystallized liquid phase is much lower than that of the solid,
dielectric breakdown will:often occur through the second phase at rela--
tively lower electric fieids. Because tﬁe diélectrié constant 6f PZT-is
rather high (llOO as méasured at lOOFHz6),'the presehce of a second phase
between the gréins is undesirable. Atkin34 has shown that the ferro-
electric propefties_of PZT. can be altered by silicé additions where é -
silicate glass liquid phase covered each of the ferroélectric grains and
served as a series capacitance.

Use of excess PbO in the PZT.system to form a_iead oxide rich liqﬁi&
phase has been'attempted by Brown and Mazdiyasﬁi35-and Snow27’36 in sin-

teriﬁg.chemically prepared PLZT. Their results'showed that a PLZT
matefial ofl0ptical transparency compaféble to that obtained by hot
pressing can be fabricated by liquid phése.sintering. Brownfand
Mézdiyasni sintered PLZT that was synthesized from metal alkoxides and -
" achieved complete‘densification in eight hours at 1120°C. Their samples
contained 10 wt% excess PbO and were fired in a packing powder of the.J
same coﬁposition as_the sample. ‘Snow acquired complete densification of

 PLZT prepafed from metal alkoxides, with the exception of the lead

® ' .
-addition, only after sintering for 60 hours at 1200°C. His samples

- *A lead oxide powder was used instead of an alkoxide of lead.
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contained approximately 6.6 wt% excess PbO and were heat treated in an
alumina crucible arrangement that contained- either a_PbZrO3 or a PbZrO3 +

Pb0, packing powder composition. The difference in the processing para-

2
meters to obtain optical transparent PLZT suggest the importance of

studying the behavior of the liquid phase during sintering. The optimum
amount of excess PbO and the ability to control the removal of the liquid

phase are necessary factors that need to be investigated.

D. Combination of Techniques

In both the hot pressihg and liquid phase sintering techniques, the
rate of densification is enhanced as compared to normal sintering. But
with the problem of PbO evaporation in PZT and the possible detrimental
effect of second phases on the electrical properties, these techniques
aloné are not optimum processing methods to control intrinsic non-
stoichiometry. By using a combination of these teéﬁniques for rapid
densification and an understanding of how to properiy control the loss of
PbO0 from the system, é ﬁnique liquid phase densification technique has
been investigated to develop a highly dense unmodified single phase PZT
ceramic with fixed stoichiometry.

The procedure for this techniqué is essentially a two-step process.
The first step makesvuée of a low temperature liquid phése that can
'optimize, with the aid of external applied pressure,vthe rearrangement
process on formatién of the liquid. The second step involves a éubsequent
heat.freatmént without‘applied preséﬁre'to allow liqﬁid phase siptéring
fo occur, During»this heat treatment, a fixed Pb0O atmosphere is estab-
lished that_pefmits tﬁe liquid to be removed in a céﬁtfoiled manner and

maintain the PZT sample within its single phase region.
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IT. EXPERIMENTAL

A. Powder Preparation

| For thé purpose of_compgrison, a PZTbcomposition éf Pb(zr.STi.5)03’
which will be written aS.PZ.5T.59 was prepared from both mixed oxides
and chemical compounds .’ Appropfiéte amounts of lead oxide,* zircdnium
‘dioxide,** and titanium dioxidef powders were used:to”férﬁ the mixed
_ dxides compoéition. In the cése of the chemically_ﬁrépared-powder, the
: PZ.ST.S composition was made from an initial solutibn:COntaining proper
amounts of lead oxide powdér,*,zirconium tetra-n-butoxide liquia .
| (Zr(OBu)A),++ titanium tetra—-n-butoxide liqgid (fi(OBu)A),TT along with
isopropyl alcohol and distilled water. The low temperature liquid phase
added to both powder preparations after'forming PVZ.S'I’.5 was a lead
onyluoridg (Pbo-PbFz)-composition thatvhas a melting temperature of
-approximately 500°C. A flow chart outlining the procedure in the prepara-
tion of thé mixed oxides, the chemically prepared, and the lead oxy-
fiuoride powders is shown in Fig; 1, |

A.calcining femperature.of 1200°C was used in thebpowdef preparation

of the mixed oxides to insure cdmplete reaction. Anvisostatié préssedb,
slug of the mixed oxides was fired in a platinum.crucible at 1260°C for:
" five hours in a PZ+Z packing poWder to Buffer‘the 1oés.of PSO. ‘Thé
- powder preparation used for ;he chemically prepared material essentially
follows the procedure outlined by Haertling.and Land37 in the preparation:
of chemically prepared PLZT. 'Both thermogfavimetric_analysié (TG) and
_ * Baker, reagent grade.
*% Wah Chang, reactor grade.

T B & A, reagent grade. :
tt Dynamit Nobel of America, Northvale, New Jersey..
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PbO
2r (O BU)4
Ti (080)4
DISTILLED H,0

ISOPROPYL ALCOHOL
and - BLENDER
TEFLONI BALLS I5 MINUTES
'DRY
[
ISOSTATIC DRY
PRESSED SLUG PbO 24 HRS, 100C
CALCINE
5HRS, 1200°C ]
IN PZ+Z MIX - 24 HOURS CALCINE
[ DISTILLED H,O and TEFLON 16 HRS, 500°C
" ALLOWING :
(OUTER SURFACE PbF, TO HYDROLYZE
OF SLUG REMOVED :
T MILL
| MILL DRY ISOPROPYL ond LUCITE
ISOPROPYL and LUCITE 24 HRS, 110°C
DRY
CALCINE
I LEAD OXYFLUORIDE .
. BURNOUT PbO- PbF, 4 HRS, 500 ¢
24 HRS, 400°C
MIXED OXIDES LIQUID PHASE CHEMICALLY PREPARED
PZsTs : PZsTs

N

MIX - 24 HOURS

/N

MIX - 24 HOURS

ACETONE and TEFLON /

Fig. 1. Powder preparation flow chart for the mixed oxides, the chemically.

JACETONE ond TEFLON

COLD PRESS
10,000 PSI

prepared, and the liquid phase materials.

XBL7310-5494
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differential thermal analysis (DTA) were performed on the cheﬁically.
prepéred‘powder for purposes of charaéterization. A.semiquantitativeb
spectrographic analysis* 6f tﬁe impurity content of the PZ.ST'5 ahd’the
lead oxyfluoride materials is given in Table I. The specific surface
area of thé,maferials wés also determined by a Oné—point BET method - oy
| using a Perkin-Elmer sorptometer.

B. Hot-Pressing Process

To determine the proper liquid content té obtain maximum density in
the first step of the process, various weight-pe;cents of the "1iéuid"
phase were mixed with both the mixed oxides and cﬁemically prepared PZT
‘powder. The mixed material Qas cold pressed aﬁ 16,000 psi in_a 3.2 cm _
diameter die to form an initiil compact that was then placed in.a stain-
leés stee1 hot;§ress die assembly shown iﬁ Fig. 2. A-3.5-cm diameterv‘:
stainless stéel insert was used to allow movement of the course (-36 +
»80 ﬁesh) zirconia sand into tﬁe free volume and proﬁide a better transfer
of force to the powder compact. - A pre-load of 1000 1bs was applied to -
the die while heating in helium to 600°C at a rate of 10°C'per minute.';
On reaching‘temperature, a loadvof 12,000 1bs was éppliea to the die for
3.5 hours and displacement of the samplé:was mogiﬁored by.a Linear
Variable Differential Tfansformer. After hot pressing, the dievwas'
immediately remQQed frpm the press and éllowed to air(cool. The pressed
sample was then taken out of the die and its butér lafer ground away td

remove zirconia particles that were embedded in the surface.

* American Spectrographic Laboratories
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TABLE I
% Mixed Chemically " Lead

Impurity Oxides Prepared Oxyfluoride
Element Pb(Zr sTi 5)0, Pb(Zr ;Ti )0, (PbO-PbF,)

Hf - .5% -

Si .005% .01 1<.005%

Bi .025 .025 .015

Al .06 .02 <.001

Cu .007 .003 <.001

Ni .015. .02 -
" Ba »<.OOi 1 <.001 -

B - .005 -

Mg 001 - <.001

Fe - - .005

Ag - - <.001

Co .002 .002 -

Ca 02 - 002

*Reported as weight percent of the oxides of the elements.
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Fig. 2. Stainless steel hot-press die assembly.
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The amount of liquid phase remaining in the sample after pressing

was determined by recording the sample weight loss by TG. ' This was

accomplished By slicing a 0.8 mm thick rectangular plate from the pressed

sample on an Isomet diamond saw and placing the specimen in a platinum

wire cage that was attached to a_R—lOO Cahn balance. The sample was

‘heated rapidly to 1000°C in air by a platinum wound furnace and the

weight loss was recorded. After removal of the liquid as determined by.

the rate of weight loss at 1000°C, the sample was immediately air cooled

and the density was measured and compared to the density obtained in

other pressed samples of various liquid content. .Thé-highést density.

specimen indicated the weight percent liquid phase éddition necessary to
Joptimize the first step in the liquid phasevdensification technique.
1fThis procedure was performed for both the mixed oxides and chemically

v'prepared PZ 5T 5 compositions.

C. Liquid Phase Sintering Process

1. Mixed Oxides Material

After establishing the proper amount of liquid content for the

_initial hot-pressing step, a study ofvremoving the liquid from the

-pressed sample .in a controlled manner during liquid phase sintering was

investigated. ’Speciméhs df rectangularvshape éf approximately SIﬁm wide
and 10 mm in length were obtained from a mixéd oxide.hot—pressed sampie
and_g;ound with 600 mesh SiC powder to achieve both é'O.Svmm énd 1.6 mm
thickness. A specimen of each thickness was packed in different multi-

phase powder compositioﬁs within the PZT system in a platinum crucible

" and heated in 0, at a rate of 86°C/hr to 1200°C. The packing powder

compositions were chosen to establish atmospheres of various PbO
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activities that would allow the sample to equilibrate by losing PbO, but
still maintain the sample in its single phase region. The specimens were

held at temperature for different time intervals in the packing powder

compositions of lead zirconate plus 5 wt7 zirconia (PZ+Z),'1ead titanate

L

plus 5 wt¥% PBd (PT+P), and PZ'ST.S plus 5 wt% PbO (PZ_.ST.5+P). Afte.xj_v
the heat treatment, the specimens were rapidly coéled to room tempera;
ture. o -

The amount of liquidrfemaining in the specimens as a result of
firing in_different'PbO atmospheres for various timésvét 1200°C was
determined b& thérmogravimetry., The specimens were:feheated rapidly:to'
1000°C (in an attempt to reduce additioﬁal liquid phase sinteriﬁgi éﬁd
the weight loss of the specimens was monitored by the R-100 Cahn balance.
- The fraction of liquid removed from the sample was_caléulated by compar-
ing the amount of weight 1oss»after liquid phase sintefing'to the total
Qeight loss éfter hot pressing. After removal of the liquid byvévapora;v
tion, Lhe density of the specimens was measured by immersion in dis-

. tilled Wéter.

2. Chemically Prepared Material

A hot-pressed cﬁemically prepared sample containing the optimum - b
"_amount of 1iquid‘phase, as determined by the first step in tﬁe prdcess,' |
"-was uéed for a liquid phase sintering study. Rectangular shape specimens

of 1.8 mm thick, 3 mm wide, an& lOvmm in length were‘heat treaﬁed by

using a doublé platinum crucible geometry as shown in‘Fig. 3. A thin

layer of coarsé (-36 +80 mesh) zirconia setting sand was used to-separéte

the specimen from the inner crucible. Use of the double crucible éllowed

removal of the liquid phase from the.specimen‘thrbugh_the vapor phase,
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| Pt CRUCIBLE.
~INNER
Pt CRUCIBLE PACKING
WITH LOOSE POWDER

FITTING LID —..

SAMPLE —\

~~ THIN LAYER—
~ 2r0, SETTING SAND

XBL746-6629

 Fig. 3. Double platinum crucible for heat treatment of the chemlcally o

prepared PZ 5T 5°
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avoiding direct contact with the liquid phase in the packing powder.

The specimens were heated in O2 at a rate of 86°C/hr and held for
one minute at temperatures in the fange‘from 1000° to 1200°C in a packing
powder of PT + P. After removal of the remaining liquid by thermo-~ |
gravimetry at 1000°C in-air, the fraction of.liquidvrémoved; the dén-

" sities, and the érain sizes were measured. The grain size was determined
by the line intefcept method38 frﬁm photomicrdgraphs of polished surfaces
that were chemically etched by a 5% HCl solution containing several drops
of 487 HF. The densities were obtained by immersion of the specimens in

distilled watef. K

D. Temperature Dependence

The effect of temperature on liquid phase rembval was invesfigated
by firing 0.8 mm thick mixed oxide specimens in a packing powder of
PT + P. "The specimens were heated at a rate df'86°C/hr in 0, to a tem;
perature in the range of 1050°>to 1250°C and heldifof successive inter-
ﬁals of time extending up to 12 hours. After holding at temperature for
the different time intervals, the specimens were répidiy cooled to
ambient temperature. Ihe fraction of liquid removed, the density, and
the grain size of the specimen were determined. The grain sizes were
determined by thevline intercept method from photomicrographs of
polished surfaces that had been etched. .

From the fraction of liquid removed, the rate of weight loss from
the specimens in a PT + P packing powder composition was determined at
various temperatures. Because the rate of weight,loss.is a measure of
tﬁe rate of escape of molecules from the sufface of.the specimen, the

weight loss -behavior was correlated to a Langmuir method for measuring
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vapor preséures. Assuming the Langmuif postulate.that the number of
molecules leaving é surface is indepéndent of the'nuﬁber of gas molecules
striking the surface, the Langmuir equation was usedvto calcﬁlate the
vapor pressure at different teﬁperafﬁfes. By comparing the Langmuir

vapor pressure to the vapor pressure determined by Knudsen effusion

'experiments,3o the evaporation coefficient was obtained for liqﬁid phase

5T 5 in a_PT+P‘packing poWder.b'Also, by plotting the

. Langmuir vapor pressure along with the vapor‘pressure from Knudsen

effusion data versus reciprocal temperature, a comparison was made of

-thé'appafentﬂenthalpy and entropy for evaporation of the liquid phasel

E. Ferroelectric and Piezoelectric Measurements

The ferxoeléctric and piezoelectric behavior of PZ 5T 5 was inves-
tigated by firing samplées in different packing powder compositioﬁs'having
a Pbo activity that'allowed the iﬁtrinsic’nonstoichiometry of the sampleé

to remain within the single phase region. .Specimens of PZ ST‘5 prepared

n'froﬁ mixed’ oxides were sintered by the liquid phasé &eﬁsification teéh— |
“‘nique. Each‘spécimen was initially ground to approximately 0.8 mm thick-
’ness.gnd heated in O2 at a rate of 86°C/hr:to a temperature of 1250°C i# |
 'the.dodble platinum crucible geometry. The specimens were held af
" temperature for eight houfs.and the liquid phase was removed in an atmd—
._fspherg of PbO set b& a PT+P packing'powder composition. After the heat

:treatment, the specimens were furnace cooled and then further'grOund to

a thickness of appfoximately 0.4 mm using 1000 mesh SiC powder.

The specimens were once again placed in the double platinum crucible

- geometry with the exception that this time each was surrounded by a

- different multi-phase packing powder composition. A heat treatment of
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1100°C ie air was performed for 24 hours to allow the specimens to
equilibrate with the packiﬁg powder composition whese Pb0 activity per-
mitted the specimens to remain within their single phase region. After
the specimens had furnace cooled, they were prepared for both ferro-
electric and piezpelectric measurements.

. The specimens were diamond-core drilled to fofm disks of 4 mm in
diameter and air drying electrodes were applied usieg a silver conduct-
ing paint.* Ferroelectrie parameters were_determined from P-E hysteresis
loops using a Sawyer-Tower eircuit by applying an effective voitage of
900V at 60 Hz.v The coercive electric field,vEc, the remanent polariza-
tion, Pr’ and the maximum polarization,** Pm’ were measured.

.‘Similar disks were electrically poled in silicone oi1 using a DC
field of 15 KV/cm. After the poled disks had aged for 24 hours, the
dielectric constants were determined from a General Radio impedance,
bridge typevl650—A at l.KHz. In addition, the resonant and antifesonant
frequencies, fr and fa’ of ;he disks were obtained and the planaf coupling
factor, kp’ and the piezoelectric constant, d31, were calculated. bByva
direct measurement of displacement, X, of the disks versus a small applied
electric field, the planar piezoelectric constant,'dp, was determined

from the slope of X versus E as recorded on an X-Y plotter.

"% Micro-Circuits Co. , 3
** Measured at maximum electric field.
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III. RESULTS AND DISCUSSION

To investigate a processing‘tecﬁnique that involvés a second phase
in the densification of PZT,”it was convenient to cﬁbqseva'PZT composi-
. tion having.a simple detectable X-rayvpattern. The PZQﬁT.s composition
 was therefore selected because of its tetragonal perovskite lattice
structure and its center position ﬁithin the PbZrO3-PbTi03 phase system.
In addition, the PZ.S-"I‘.5 composition was also chosen.because at the PbO
»deficiént side pf its single phase width, a nonstoiéhiometric material
exists consiséing of both rhpmbohedral-and tetragoﬁal'phases.31 As a
-result, X-ray anélysié can be used to detect when'fhe PZ.ST'5 compositioﬁv
reaches equilibrium with the PbO deficient side of its single phase
‘width.

The lead 6xjfluoride composifion, PbO'PbFz, was ¢bnsidered for>fhé
* rearrangement and iiquid.phase siﬁtering steps in denéifying_PZT because
of the following characteristics: | |

(l)‘ The composition has a low melting temperature of approximately
500°C. The low melting temperéture allows the use.of a relative economi—
ijcal hot-press die‘(étainless steel) to provide the pressure needed to
"enhance the_reafraﬂgement process on melting'ofvthe secona phase méteriél.

(2)_ The composition on melting contains PbO that would provide for
‘the solubility of solid PZT needed for rapid liquid phase densification,

(3) The Vapbr pressure ofvPbF2 is greater than that of Pb0O. At
'high tempgraturés thé PbF2 can readily evaporate from.the systeﬁ leaving

a rich PbO liquid whose evaporation could be influenced by an external

PbO atmosphere.
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composition has been used successfully -as a flux

for growing single crystals in the PZT system.39’40'

(4) The PbO'PbF2

A. ?owder Charaéterization
In c_he'pteparation of the.mixed oxides PZ ST;_S, a high calcining |
témperaturezqf 1200°C was chosen to insure compiete reaction of the
é#idés. This“provided a méans of definitely.distihguishing the X-ray
_péaks of Pz;5T¢5 from that of the liquid phase affer the inifial hét—
ﬁ;eésing step%}h\the densification process. Alsp; due to the high cal-
vciﬁétion temperature, a.large particle si‘zevPZ.ST.‘5 material was
_ developed that provided a comparison on densifying submicron particies"
‘PZ.ST.s méde from chémically prepared material. Tablg I1 gives.the
specific surface area of the materials gfter powder pré§aration.-_
.The lead Qxyfluéride comﬁosiiion.waé prepared,ffdm PbO and PbF2
powder mixed in distilled wéter-by thé reaction: |
PbO + PbF, + 30,0 2YILOLYSIS_ 5 py(ony, + 2HF —SE e  Pb OF, + 3H of
' 2 2 25°C _ 2 110°C 2772 2
24 hrs. _ 24 hrs. '
This procedure provided a uniform "liquid" phaée composition by preveﬁt—
ing.a_heat t;éat@ent that might have gauséd PbF2 évapdfation. |
..In pfeparing the chemicaily p;epared PZ.ST;5, it was necessary to .
_1determine the correct amount of ZrO2 and TiO2 in solutions of Zf(OBﬁ)af
 !ana Ti(OBu)g; resﬁectivély,_to obtain the desired Zr/Ti ratio during
mixing. This was accomplished by forming a precipitafé froﬁ a known
volume“of the metal tetrabuﬁoxide by adding distilléd ﬁatef. A heat
treatment to remove thevchemical water and carbonacéoqs impuritieé from -
the precipitate, andbthereby'fbrm the oxide, gaye 28.4 w/b ZrO2 and

24,
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- TABLE II
Specific " - Green
v : - Surface . : Density
» , _ Area . at 10,000 psi
Material . (mz/g) . (% of theoretical)
Mixed ' ‘ o '
Oxides 0.12 59.8
PZ 5T s
Chemically
Prepared , 8.3 30.6
P2 5T s |
PbO°PbF2 1.1

*Average geometric density of all PZ 5T 5 + X wt? Pb0°PbF2'after.cold
pressing. ot :
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23.4 w/o TiO2 for the respective metal';etrébutoxide;

“After mixing the correct proportions of ZrtOBu)3; Ti(OBu)h, and PbO
to form PZ.ST.S along with isopropyl.alcéhol,-water was added slowly to
precipitate a white powder which‘was charactefiéed.by TG, DTA, énd X-ray
diffracfion after calciningvétFQarious'temperatures. Figure‘4é shows
the weight loss observed witﬁ temperature for the cheﬁically prepared
powder; A total weight loss of 5% occuried.wighin the temperature range
”of‘50° to approximately 506°C and was attribdted to the loss of surface-
absorbed water and the removal of carbonaceous material. Comparing the 
weight loss curve with the DTA data of Fib. 4b, it was observed ;hat an -
béndothermic peak exists between 100° and 200°C indicafing dehydration of
the péwder. At approximately 325°C-a strong exotherﬁi¢“peak.ocqurs and
compares in temperature to the;remaining weight loss range shown thermo—

gravimetrically. Removal of the last of the chemical water and carbona-

ceous impurities allows the exothermic reaction associated with crystal- .

lization of the material to occur.

X-ray examination of the powder after various heat treatments showed .

the crystallization character of the chemically prepared PZ 5T 5° A

heat treatment at 250°C gave an X-ray pattern of an amorphous powder
: 24 y

_.having a very broad single peak. By heating the précipitate powder to . - -

- 350°C, broad X-ray peaks appeared that related to the beginning of PZT

. crystallizatien as indicated by the large exothermic peak of Fig. 4b. A

further heat treatment at 450°C showed a narrowing of the broad peaks

corresponding to unreacted PbO and Zr02. It is suggested that since the =

initial solution in the preparation of the chemically prepared PZ 5T 5

contained a PbO powder instead of a lead alkoxide;bthe lead was rot
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intimately mixed to provide complete reaction.. Heqce, some of the PbO
must rely on an extended diffusion process to form the.PZT cempositionf_
This interpretation is supported by the broad exothermic ﬁeak of Fig. 4b
frem 375° to 550°C.

B. Liquid Phase Pressing

The first step in the liquid phase densification technique is

essentially concerned with the removal of porosity in the initial PZT

compact by optimizing, with the aid of applied pressure, the rearrange-

‘ment process associated with formation of a iiquid>phese.. The'objective
of this procedure was to prepare the PZT sample for'tapid liquid phase
sintering by establishing a high initial density. This wae"accomplished
_ by pressing the PZT sample containing PbQ*PbF2 withiﬁ zirconia sand at
600°C using a stainless steel hot press die assembly'as shewn in Fig. 2.
The zirconia sand prevented stresses from occhrring?iﬁ the sample on .
eooling due to tﬁe mismatch in thermal expansion‘with stainless steel.
v:.fhe sand also provided easy removal of the sample frem the die after hot
pressing.

Cook and Dungan41‘have used a similar die geometry in hot pressing’
PZT embedded in zirconia sand using an alumina die. By the use of streih
gages, they showed that only about 50% (depending on sana mesh) of the
epplied load was actually transmitted to the sample in the vertical

direction. The force along the horizontal direction remained very low.

As a consequence, displacement of the sample was largely in the directionf

‘of the applied load with very little change in the initial diameter. In
pressing PZ 5T 5 in the presence of a liquid phase using a stainless

steel insert, the displacement of the pressed sample was also found to
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be mainly in the direction of the applied load.

A typical comparison of displacement of the PZ " sample versus

5.5
time at 600°C for the mixed oxides andvchemically prepared materials,
with and without the liquid phase, is shown in Fig. 5. .it_is observed
that in both PZ.ST.5 powder preparations the presence Qf é liquid phase
greatly increases the densificatién of the sample. The déta also show
that the fine particle chemically prepared powder has a much higher dis-
placement as compared to the mixed oxide material. This is pfobably a, 
result of the very low green density obtained in the chemically‘preparéd
material as présented in Table II which is characteristic of submicron‘_

particle size mat;erials.42

éhe datavof Fig. 5 also‘show a pressing run performed in air for thev
mixéd ogides sample. Original experiments in the investigation of liquid
.phase pressing at 600°C weré attempted in both 02 and in air. By slicing
-throqgh these pressed samples, it was observed that the center région had
a black.afpearahce. From X-ray examination, it was found that the black
region contained-éome metallic lead.that existed even in samples pressed:
in an oxygen atmoSpﬁeré. Sincé,any substitution of F—1 for O_2 into the
PZT structure must result. in excess PbO:

Pb(Zr Elx (zf Ti

5 .5)03—2x sz + 2xPb0O

Ti ()0, + x PbF 1ex

2 +.Pb

5
where [J represents the vacancy for charge compensation, it was assumed
that the presence of metéllic lead was due to the high percentage of
PbF4 that exists in the vapor phase of PbFZ. Zmbov et al.43 and Hauge

et'al.44 havé shown that the vapor phase of PbF2 at 715°C contains 667
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PbF4, 25% PbF,, 27 PbF, and 7% Pb. Evaporation of PbFZ'from liquid

22
PbO'PbF2 can therefore develop a partial pressure of lead in the System;
During hot pressing, the sample densifies to the extent that oxidation
of_this lead_must proceed by diffusion through the_compact; Aé a ;eéult,
bfthe appearénce.of the black region of the'cénter of thé Sampie after
pressing iﬁdicates'whére oxidation'of the lead\haslnot’octurred. In any
. case, pressing‘in helium gave a uniform blagkness throughout the samples
~and also a slightly greater displacement. Hence, all hot pressings weré
:ﬁerformed in helium. A phctdmicrograph of the mixed oxide pfepared
.PZ.‘ST.5 sample gftér pressing is'presented in Fig. 6'shpwing very ligﬁt
I;areas that are probably metallic lead. The black-areas_are‘"pullfouts"'
~-of material due to polishing.A | |
To determine the optimum‘liquidhcontent for thé first step in the

_process, samples of both powder preparations were hot pressed with various

_weight percents of PbO’PbFz.

The optimum initial amount of liquid phase .
” was established by comparing the density of the pressed PZ 5T 5 after -
removal of the liquid by TG.

C. TG Liquid Phase Removal

The method of determining the amount of liquid remaining in the
»pfesged samples was based on the weight'lOSS behavior of a two-phase
system where the activity of a volatile component at a constant tempera*'

‘ture must remain constant. The PbO—ZrOz-TiO2 isothermal ternary phase

»diagram at 1100°Cl6’45’46 is shown in Fig. 7, along with the single phaée 

30

. width for PberTi 0 At 1100°C an initial PZT sample with excess

- 1-x 3" v _ _
PbO will lie in the two-phase region represented by solid PZT and a PbO

rich liquid. Because PbO has a significant vapor pressure at.1000°C,
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the loss of PbO by evaporatibn from the system will evenfualiy reduce
the amount of liquid and leave only the solid PZT. During the time that
the two'phaseS'exist in equilibrium, the vapor pressure or activity of

Pbo, must remain constant. This point can be more clearly

“pbo’
empha;ized if it is assumed that a "quasi-binary" ahalysis of a desig~- ' -
nated PZT com#osition is applicable to the type of binary phase diagram
.representéd Ey PbO-—TiO2 shown in Fig. 8a. |

A constant temperature line across the phase‘diagram'ﬁt 1100°C sbbws..
peints A, B, C, and D at different isothermal compositional positions.
At point A, a tﬁo-phasé region consisting of a.PbO-rich liquid and solid
PT are in eduilibrium. Upon 1osé of PﬁO by evaporation; point A
approaches point B indicating that the amount of liquid phase Has been
reduced (lever rule) but that the solid phase compositions afe unchanged-
. as defined-by‘the equilibrium phase diagram. Since the composition ofa
the liquid and solid phases remain unaltered (only their relative
amounts chaﬁge) the activity of PbO remains constant as shown in Fig.
8b.** Further loss of PbO will remove the liquid entirely leaving'on1y~. : .
" a single phase PT sclid of width AW representéd by points B and C. In
this region,'loss of PbO introduced nonstoichiometry within the PT solid

by generating both lead and oxygen vacancies: =

Pbl-x E:Ix T O3-x ¢x

* The activity of PbO above the PZT system is defined:

oo FZT) = Pppo(PZT) /Bpy hire)
*% At constant temperature, the activity is only a function o compoé
sition. . '

1
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whete (0 and ¢ represent lead and oxygen Qacancies respectively. The
'resultant change in composition in this region lowers the PbO activity
until»point C is reached; At poiﬁt C the loss of PbO is sufficient to
begin ﬁucleeticn of a secoﬁd‘phase cf eolid TiO2 if further etaporation
occurs. ‘Between points C and D within the region of‘two solid phases,‘
the compositiene again remain constant, fixing the PbO activity. Since
.the activity of PbO defines‘the-vapor pressure of PbO above the system“
.(based on the standard state of pure Pb0), a constaﬁt activity refers to -
a constant vapor presSgre, and thus, a varying activity implies'a pressure
change. Ccnsequently, a multicle phase region in the:PZT system asserts
a constant vaﬁcr pressure of PbO while a single phase region produces ;7
‘vatiable PbO presscre. |
Beceqse the vapor pressure of a system is related to the’rate of

‘weight loss from the éystem, detection of both types'of phase regiohs can.

':be realizedvby‘means of thefmogravimetry. The high vepor pressure species

must have sufficient molecular weight to produce measufable_weight changes -

:as in the case of the PbO vapor. From the Langmuir equation which is
-based on the concept that when a system is in equilibrium the number of

‘molecules leaving a surface is independent of the molecules striking the

surface, the vapor pressure is proportional to the rate of weight loss at -

:constant temperature.47 Hence, for a constant vaper pressure-(two?phasev
" region) the rate of weight loss is linear and for a yariable pressure
(single phase region) the rate is hon-linear. |

| The discussion thus far has'been based on the &eight lqss behavief
.6f PZT in the presence Qf a PbO rich liquid phaee without considering the

effect of PbFZ., With the addition of an initial PbOinF2 phase to PZT,
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the weight ioés behavior is similar tovthat of PZT. plus PbO: The PZT
sample after pressing contained on cooling solid additionai phases of
metallic léad, lead flporide and 1ead'oxyfluoride. On heaﬁing this
sample in air, the metallic lead oxidizes to form PbO. ‘At approximately
500°C, the lead oxyfluoride begins to melt, allowing some of the PbO

along with the PbF, to dissolve in the liquid. When this happens, and

2
gince Pb_F2 has a much higher'vaporbpressure than PBo; the composition of
the liquid phase on further heating becomes increasingly rich in PbO. As-
a result, the comparison in weight loss behavior of the sample with that
of a PbO rich liquid without PbF2 is similar, especially when the PbFz:
can evapérate independent of the PZT system as experimental evidence will
‘later indicate. An example of the weight loss behaviorkof a PZ.ST-5
,;samplg containing the liquid phase after hot bressing is illustratéd in
bFig. 9. When the observed rate of weight loss of the sample is 1inéar;
the vapor pressure of PbO is constant and the sample is in the two-phase
.region (ignoring the PbFz). The linear weight loss rate continues until:
“the composition of the sample enters the single phase region where the
‘vapor pressure is not constant and a non~-linear rate of wéight lossv
‘occurs. Development of é second phase due to further loss of PbO
 estabiiéhe$ once again a iinear weight loss rate. By exﬁending the slépe
:of the linear rates, the points of tangency to the curve brécket the con;
1 standvtemperature single phase width, AW, for the PZ.ST'5 saﬁple.BO

In compéring the amount of liquid phase content after hot pressing
in samples of various-initial weight percent of PbO'bez, the percent

amount was determined based on the same instantaneous vapor pressure of

PbO within the single phase width. This was achieved by establishing
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/
the point within the single phase width that permitged-a tangent with a -
45° angle as illustrated in Fig. 9. Although the true liquid amount is
less than that determined by.this method, the relative‘compariSon between
'samples was féund to Be more convenient and more accurate ﬁy this pro-

cedure. \

Using the 1i§uid removal method by thermogravimetry, the weight per-

cent liquid phase remaining after pressing versus the initial weight per-

2

oxides and chemically prepared PZ 5T

cent of PbO°PbF, before pressing is given in Fig. 10a for both the mixed

5 The lower percent liquid loss of
thé chemically prepared powder was a result of its high displacement, as
typified in Fig. 5, frbm a starting low green density that allowed some
‘of the 1iqui& to be pressed out of the sample. From a measurement of the
density of the specimens after removal of the liqﬁid.phase, the optimum
"amount of initial PbO‘PbF2 content was established from the data repre-
séhted by‘Fig. 10b. For the chemically prepared PZ.ST.S’ it was. observed
that a relative density as high as 98% was obtained for an initial 18 wtZ%

. addition; an initial 22 wtZ% liquid phase gives a relative density

PbO*PbF,

_df 82% for'PZOST.5 made frqm mixed oxides. These highest green densitiesr»
were chosen as the optimum liquid content for léw temperature liquid

ﬁhase pressure sinteriﬁg. The decrease in the density for high liduid
additions greater than the optimum was thought to be due to the continu-
ous increase in the volume fraction of liquid which, bn removal, increases
the amount of porosity;‘

D.” Controlled Liquid Phase Sintering

With the proper amount of second phase addition established, the

ability of femoving the liquid phase in a controlled manner while liquid
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phase sintering was investigated by a subsequent'he?t treatment within a
fixed PbO atmosphere. A conétantbeO atmosphere.was maintained at con-
stant temperature by using various multifphése packing powder compositiqns
within the PZT system. The'compositions were chosen to create atmosphé;es
of various PbO activities that would allow a sample to attempt to
equilibrate by 1OSing Pb0, yet maintain the sample in its single phase
region. |
The choicesof multi-phase packing powder compositions were deter-
mined for use with PZ.ST.5 from experimental Knudsenveffusion vapor
pressure data shown in Fig. 11-.30 The data shows“the lead oxide activity -
as a function of reciprocal temperatufe for initial multi-phase compo-
sitions withip the PZT system. It is of intgrest to note that on the
_ hiéh PbO-composifion side of the ternary where a rich PbO liquid phése
can form,'thé lead oxide activity decreases withAan increaéé in tempera-
ture. This is a result of the change in liquid composition due to an .
increase in the solubility of titania and zirconia &ith'increasing

. temperature which lowers the relative amount of PbO in the liquid phase.

(1) Single Phase Activity Width

The data of Fig. 11 give the lead oxide activity of PZ-.ST.5 for
both a high and low.PbO'composition.régidn withvincreasing temperature.
Because the activity of PbO is constant within a,mﬁlti—phase region, the"
: BbO activity iine;for the stgrting PZ.ST.5 + PbO compbsition sets the
high_PBO éctivity si&e of the single phase width of PZ.ST'5 withAtempera- '
ture. Similarly, the PbO activity line for the PZ.S'I.‘.5 +.Z+T compo-
sition indicates the low PbO activity side of the single phase width of

PZ 5T 5 at different.temperatures. Consequently, for_a constant
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temperéture, the activity difference between the two multi-phase
PZ.ST.5 compositions represents.ﬁhe PbO activity width of the sing}e
phase region of PZ.ST.S’

'During‘liquid pﬁase sintering, the PbO activity of a PZ._,’T.5 sample
containing thg‘liquid phase is essentially on the'high.PbO activity side
of ifs single- phase region. If the sample is isothermally sintered
- within a packing éowder environment having an activity of PbO less than
that of the sample, the sample will proceed to equilibrate by IOSing
PbO until its PbO activity matches that of the packing powder; By
selecting a packing powder‘composition that has a lower activity of PBO
than the sample but greater than the low PBO activityvside of  the siﬁgle

phase region of PZ;ST.S’

position within its single phase region as determined by the PbO activity

loss of PbO will set the PZ 5T 5 sample com—

of the packing powder.

From Fig. 11 it is observed that both the PZ + Z and the PT + P
‘packing powder compositions have PbO activities that exist within the
~activity difference of the single phase width of PZ.ST.S' ‘Other multi-
‘phase compoSitions als§ exist within this single phase activity region,

e.g., compositions of PZx Tl— 1~

y = o only when x = o. Thus there is a PbO activity region within the

"+ P and PZ, 4+ Z + T_ where o<x< .5 and
X X y ——

’single phase width of PZ'ST.5 that appears as an activity gap'Between
thé PZ + Z and the PT + P compositions. It is evident that for any

PZT material the intrinsic nonstoichiometric compoéitioﬁ cannot be fixed
in this region of the single phase‘Width by a packing powder composition
in the PZT system. This may be overcome by performing Knudsen effusion

experiments to determine the PbO activities of multi-phase PZT
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compositions containing dopants. It is expected that dopants creating
lead site vacancies will lower the PbO activity of a PZT + P_packing
' powder composition and possibly remove this existing actiVity gap.

(2) Effect of Activity Difference

The effect- of remoVingvthé liquid from a mixed 6xide prepared

PZ 5T 5 sampleiduring liquid phase sintering was considered for packing

powder compqsitions in the PZvST 5 single phase PbO activity width. The.

|

compositions chosen were‘PZ + Z, PT + P, and a "control experiment'

packing powder of PZ.ST 5 + P having the same PbO activity as the sample.

Use of.the PZ.S'I‘.5 + P pécking powder composition provided infqrma;ion: f
on the abilitf of the experiment to correctly contrbi the activity of |
the PbO atmosphereband, fhereby, influence fhe weight loss behavior'of
fhe-samplé. |

_The fesults ofvthe study are presented in Fig. lZa where the
. fraction of.liquid remerd'versus time at 1200°C is shéwn for a slow

-:heating rate of 86°C/hr. ' For the PZ + Z packing powder composition where

‘the PbO activity difference from the sample is large, all the liquid was. -

,rémoved before reaching temperature. This result is reflected in - the

;data of Fig. 12b where the relative density of the sample has not changed .

. from that obtained from the first step of the process, suggesting very

" little liquid phase sintering has occurred. Thus, the large PbO activity

"difference between PZ + Z and the sample does not aliow suffiqieh; re-
“ tention of the liquid phase to provide enhanced densification. The
fZ + 2 paéking powder acts as a lérge Pbg sink forqing ﬁhe sample;fb
:give'up its liquid phase, whereﬁy densi%ication can only proceed by a.

solid state mechanism.
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To study the liquid removal behavior'in the presence of packing
Ipowders containing excess PbO,.it'was necessary to insure that the PbO
activities of the powdersvremain constant at temperature.' It was there-
fore‘necessary to determine how long during the heat treatment that the
' packing powder compos1tion would remain two-phase. This was found by

' measuring the leak rate of the PbO vapor from the covered platinum

~erucible at'temperature._ The leak rate was measured by TG on'the-actual_v

crucible used during the experiment. The highest PbO activity composi-:;

tion used in the experiment P2 .T . + P, showed a leak rate from the

L] .5
’vcrucible of 18.6 mg/hr. indicating that the composition would remain

o—phase for approximately 54 hours at 1200°C for 20 grams of an initiai‘

| 5 wt/ excess PbO addition

In the case of the PT + P packing powder composition, the difference

" in PbO activity from that of the sample is less. Hence, it was observed;;

as shown in Fig. 12a, that the difference in PbO activity was small

- . enough to influence the rate of liquid removal from the PZ 5T 5 sample.

The rate of liquid removal appears to be linear although the rate changesi

“_:vafter six hours. The relative density, after total-liquid.removal by
HTG,Itends to continoously increase. A density as high as 98% was |
l achieved with lé hours‘for the mixed oxide prepared PZ.ST 5-materialg
' The "control experiment" packing powder composition, PZ.ST 5 .P
‘was an informative experiment on the ability to control the PbO portion
"AE the iiquid in the sample. The PbO activity of both the sample and
packing powder are the same; thus, loss of PbO from - the sample should
| be negligible as long as the packing powder remains two-phase and pro-

vides for a constant activity of PbO. From the data'of‘Fig. 123, the
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predicted behavior was essentially observed where the fraction of

liquid removed from the sample‘was felatively constant. Yéf it is_notéd
‘that approximately 40% of'thelliquid was removed from the sample. $Since
only the PbO vapor éressuré of the sample can be influenced by the pack-
‘_ ing powder, PbF2 will readily_eVaﬁorate from the system. Tﬁis indicates
thétlafter_pressing at.600°C for 3.5 hours the liquid composition (after
a subsequent oxidation of the metallic lead) contained 60% PbO and 407
instead of the oriéinal 50-50 composition;

2
(3) Effect of Thickness

 PbF

The data of Fig. 12a showing the fraction of liquid removed with

time was obtained from mixed oxide PZ.ST‘5 specimens having a thicknesg
of.approximately 0.8 mm and 1.6 mm. For the PZ + Z packing powder com—
pésition, the éomplete idss of liquid from the speciméns before reaching
temperature'was the.result found for both thicknesses.‘ The activity
vdifference between PZ + Z and the specimen,'therefore, allqwed to;al
vremﬁval of the liquid independent of thickness within the range inves-
:tigated. In the case of the PT + P composition where the ACCivity
difference from the Speqimen was small, the rate of PbO loss was initiaily'
7atbi¢kness independent. Yet upon reaching a'relative_épecimen density of:‘
2approximaté1yv94%, where a closed porevcondition develops, the rate of
.PbO loss becomes thickness dependent. The separation in the-fractionjof
“1liquid removed between the specimens of different thickness was due to
the.larger amount of liquid in the tﬁicker sample since the rate of PbO
" loss wasbéonstant. Tbhe.PZ.sT.5 + P packing pdwder produces'a negligible

loss rate of PbO because of the same PbO activity as that of the sample.

' Hence, the fraction of liquid removed from the specimens remained the
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same regardless of thickness.
The behavior in the rate of PbO loss due to sample thickness can be
analyzed by considering a stepwise evaporaﬁion process that leads to a

sample weight change:
PbO(b) < PbO(s) , - (1)
PbO(s) + PbO(g) S (2)

_vwhere PbO(b) represents the PbO molecule wiﬁhin-the buik of the saﬁéle,
PbO(s) represents the PbO molecule at the.sﬁrface of the sampie, and
PbO(g) as the PbO molecule in the vapor.

" When‘two,differenf thickﬁess PZ.STH.5 samples contgininé the liquid
phase are heated in air during a TG experiment; the rate of weight loss
'.appearg as shpwn in Fig; iBf The rate of weight loss ié thickness
‘dependent‘and démonstratés that reaction (1) is rate limiting or the
slowest rgactibn rate. By heating»the sample in.air, reactidnv(Z)

becomes the fastest process and hence the evaporation process must

depend on the rate df,reaétion (1). 1If similar specimens are heated in

an'atmospheré'of PbO created by a packing powder, i.e,'PT + P; the rate
of weight loss, as ﬁés_indicated in Fig. 12a, becbmes.thickness inde~
pendent. In this case, fhe actiVity of PbO-developedey the packing
poﬁdef‘decreases the rate of reaction (2) allowing the rate‘of reabtiéﬁ
(2 to.become réte controlling. Thus the evéporation process must

depend on the rate of.PbO leaving the surface of the sample which is a

‘thickness independent process.
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PZ.S'I’.5 sample.



(4) Temperaturg Dependence

Speéimens‘of mixed oxides prepare& PZ.ST;slweré liquid phésé sin-
tered at various temperatures to determine the effect of.temperature.on
the rate of liquid removal with timé; ‘Figure l4a gives the fraction of
liquid removed yerSus time for differeﬁtvtempefatufes as determined by
the TG meﬁhdd for establishing the émount of liquid‘reméining in the

sample after sintering. For the specimens sintered at 1250°C, it was

observed that after two hours a change in the rate of PbO loss was again -

present. This can again be contributed to the development of a ciosed
pore geometry as indicatéd by the relative densityvof Fig. 14b. The
rélativevdenéities for the specimens tend to contingously increase with
time for the differeﬁt sintering temperatures. At IZSOBC, tﬁe mixed

N

oxide P2 5T 5 specimen obtained a relative density of approximately 98.5%

'within eight hours.

L

- Evaporatidn Coefficient. From the rates of fraction of liquid

/ .
removed of Fig. l4a, the rate of weight loss of PbO was calculated for

each temperature. Because of the oﬁe-way process of weight loss from

the PZ (T g

tion mechanism.
Langmuir48 postulated that the number of molecules leaving a sur-

face is independent of the number of gas molecules striking the surface;

hence, the rate of weight loss from the surface into a vacuum can be -

related to the equilibrium vapor pressure:

1/2 '
ZTTRT) o (3)

M

(aw/dt) (

(-
|

sample surface, an analogy was made to the Langmuir evapora-
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(b) Comparison of density after removal of the liquid at

different temperatures.

Figure 14. (a) Rate of liduid removal as a function of_temperatute due
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i
1

i

where P_ is the Langmuir pressure, A is the surfdce area, R is the gas

L
constant, M is the molecular weight, dw/dt is the weight loss rate, and
T is the absolute temperature. If an activation enérgy or entropy is
not involved in the eVaporatioﬁ'process, the equilibrium vapor pressure
can be determined from»Eq.‘(3) by the Langmuir method. On the other
hand, if an activatién energy or entroby does exist, then the sample
evaporates at a‘kinetically determined rate with enhanced energy or.

L

entropy barriers. The Langmuir pressure P. would then be related to the

equilibrium pressure Peq by the relation:
P. =0 P V (4)

where a& is the evaporation coeffiéient and, in this case, is‘'not equal»
to one (av # 1). The value of Peq is taken as the vapor pressﬁre measgred
by the Knudsen effusion metﬁbd.30

Al;hough the'Léngmuir experiment is performed in vacuum where the .
walls of the vacuum system usually act as sinks for_fhé vépér species,
- the weigh't loss studies on the PZ.ST.5 sample are similar in that the
_'packiﬁg powder acts as a sink for the PbO moiecule. Ffom the measured;

rates of weight loss of PbO, the Langmuir vapor pressure, P for the

L’

PZ 5T 5 speciméh containing a PbO rich liquid was calculated using

‘Eq. (3). From Knudsen effusion experiments on PZ 5T o+ P by Holman and @ =

~with that of P is shown in Fig. 15. The -

‘Fulrath,SO a bomparison of PL

evaporation coefficient av is low, indicating that the evaporation of
PbO from the sample involves an activation process. This is to be sus-

pected since the evaporation rate depends on the PbO activity created by
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the packing powder compositio?. Hénce, the value’of’ocv should vary
depending on the packing powder activity of PbO, i.e., increasing for;a
‘greater bevactivity difference befween'packing powder and sample. It
is also noted that the-value of a& éppéars to be conséant for PbO
evaporation‘in the temperature range from 1150° to 1250°C.

A plot.of PbO'vapor pressure versus 1/T for both PL

and Peq
(depermined from Knudsen effusioﬁrdata) is given iﬁ Fig- 16. The daté

: give a higﬁef épparent enthalpy and entropy value"as'éomﬁared to the

" apparent value obtaiﬁed by Knudsen effusion. As a resﬁlt, rem6v31 df a

" PbO molecule from the-surface‘of the specimen requires extra energy for.
evaporation in an atmosphere of:PbO activity set byva PT + P packing
upowder. It should be mentioned that these values 6f‘énthalpy énd entréﬁy
are presented‘as-apparént.values in pléce of true-vélues. This is
because entﬁalpy'ana.enthpy ére defined assuming a composition that is
‘vinvarient with temperature,‘yet fro@ the PZT‘phase diagram, PZT plus a
crich PbO liquié doeé vary in coﬁpbsition with temperature. Hence, the‘:
"apparent enthalpy énd entropy values were deﬁgrmined and compared éniy_
to indicate the influence of an atmosphere of fixed.PbO activity on thé -

evaporation of the liquid phase.

(b) Grain Growth. During the heat treatment for sintering of a compact,

‘the grains of the sample grow with time. The rate at which grain growth C

‘occurs is inversely proportional to the average radius of boundary
"'curvature;49 Because the grain size is proportional to the boundary -

' curvature, the growth rate can be integrated to give:
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where D is the aVerage grain diameter,

D0 is tﬁe average grain.diémeter at t = o, ahd

k is the rate constant that depends upon the temperéture and
boundary mobilipy. | |

For D <<D,
o

D= (kt)1/?

It has been shown that the presence of a second phase material, including -

pores, can limit the rate of grain growth such that the grain size

P X . .5
becomes proportional to the cube root of time: 0

D= Kti/3v
The graiﬁ'sizes of the mixed oxide PZ.S’I.‘.5 épecimens correspdnding‘
to the data'of Fig. l4a at different temperatures aré presénted>in Fig.
17. It is observed that the grains of the undoped PZ.ST.SFmaterial‘can
become lafgé during sintering in a liquid phase. The.time dépendénce qf
the grain sige forvdifferent témperatures is indicated in Fig. 18. .
A time exponent dependence of appréximately 1/2 and 1/3 appéars to
.be present in the grain growth behavior. The i/3 siqpe at 10505C is
suggested to be a témperatﬁre effect where the liquid phase limiﬁs the
 grain boundary mobility by the degree of PZT solubility: Becauée grain
~ growth involves movement of atoms across the boundary from the convex to

“the concave surface, the presence of the liquid phase may interfere in

this process by limiting the mobility of the atom by the lower solubility :

at that temperature. At higher températures'up‘t§ 1200°C, the time
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Figure 19. Photomicrograph of a mixed oxide prepared PZ.ST.S sample
heat treated at 1250°C for 8 hrs in a PT + P packing
powder.
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dependence exponent appears to become 1/2. 1In this case, the tempera-
ture is high enough that the grain boundary mobility is not limited by
solubility in the liquid phase and the rate of grain growth can proceed
in a manner inversely proportional to the radius of curvature. The dash
extension at 1200°C is thought to be the beginning of exaggerated grain
growth. At a temperature of 1250°C, the grain size once again appears
to have a time exponent dependence of 1/3. Since most of the liquid is
removed at this temperature and the relative density is high enough to
develop a closed pore condition, the exponent of 1/3 may result from
the decrease in grain boundary mobility due to the reduced amount of
liquid phase that now may be in pockets along the grain boundary.

A photomicrograph of the microstructure of a mixed oxide sample
heated at 1250°C for eight hours is shown in Fig. 19. The large dark
areas of the microstructure are attributed to "pull-outs" of individual
grains during polishing. Although the grain size becomes large in un-
modified PZ.ST.5 from sintering in the presence of a liquid phase, this
effect may be overcome by the addition of dopants that could help
inhibit grain growth.

E. Chemically Prepared PZ 5T 5

The chemically prepared PZ'ST.5 material containing the optimum
PbO°PbF2 content was liquid phase sintered in a PT + P packing powder
composition to investigate the effect of temperature on removal of the
liquid. Figure 20 shows the fraction of liquid removed (determined by
the TG method) versus temperature. Because of the lower weight percent

of liquid in the chemically prepared PZ 5T’5 after hot pressing, as com-

pared to the mixed oxide material, most of the liquid was removed ifron
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the specimen by heating up to a temperature above 1100°C. Also, the
relative density continuously increased with temperature indicating that
by heating up the chemically prepared specimen to a temperature of 1200°C
the relative density can reach a value of 99.5%. This represents the
highest of the reported values of density for an unmodified PZT material.
Figure 21 gives the increase in grain size of the material at
reaching temperature. A photomicrograph of the chemically prepared
specimen heated up to 1200°C and held for one min. is shown in Fig. 22.
The microstructure appears rather uniform for an undoped PZT material.

F. Ferroelectric and Piezoelectric Properties

Specimens of PZ _T 5 prepared from mixed oxides were densified at

.5
1250°C for eight hours by the liquid phase densification technique. To
determine the ferroelectric and piezoelectric behavior of PZ'ST.5 due to
intrinsic nonstoichiometric changes in composition, a subsequent heat
treatment was performed in various packing powder compositions of PbO
activity that allowed the sample to remain within its single phase
region. The packing powder compositions chosen were PZ.ST.5 + P (high
PbO activity side of the single phase region), PZ.ZT.B + P, PT + P, PZ +
Zs PZ.8T’2 + T, and PZ.ST.5 + Z + T (low PbO activity side of the single
phase width). The specimens had a thickness of 0.4 mm and were fired at
1100°C for 24 hours in the different multi-phase packing powder compo-
sitions. The heat treatment for 24 hours was an attempt to equilibrate
the PbO activity of the specimen with that of the activity of PbO set

by the packing powder. It has been shown that a porous PZT compact

whose composition is set on the high PbO activity side of its single

phase width can equilibrate in 12 hours at 1100°C with a packing powder



-61-

XBB 746-4291

Figure 22. Photomicrograph of the chemically prepared PZ 5T 5
material heat treated for Imin at 1200°C. T
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composition on the other side of the single phase,width.29 ‘Based on
this information, it was assumed that a dense specimen having an intrin-
sic nonstoichiometric composition, set by a PT + P packing bowder, would
equilibrate at 1100°C in 24 hours with a PbO activity within its single
phase region as set by the other packing powder compositions.

The values of the ferroelectric and piezoelecfric paraméters
measured on the PZ .T specimens with respect to the packing powder

.37.5

used to establish a PbO atmosphere are given in Table III. Parameter

‘definition and relations are presented in the Appendix. The measured

values of the ferroelectric parameters Pm, EC,'and Pr are reproduced in
Fig. 23‘versus the lead oxide defective mole fraction,'XPbO,'as set at
1100°C by the different packing powder compositions. Basically there is
very iittle differeqce in the parameters With XPbOf éxcept at the
boundaries of the single phase width and at XPbO =.Q.02 set by the PZ +
Z composition. This is more.readily observed by examining the ferro-
electric hysteresis loops as shown in Fig. 24.

At XPbO = 0, the broad hysteresis loop is probaBly due to the lack

of lead vacancies to help promote domain switching; hence, a large EC

yalue along with a low Pm. At XPbo = 0.025, on the other side of the

"single phase width, it has been reported that both a rhombohedral and a

: . . 30 .
tetragonal crystal structure may exist. The .relative low Ec and Pr

values may therefore reflect the ease of domain movement due to the

‘mixed crystal structure since the rhombohedral lattice has eight possible

directions of polarization as compared to six directioms in the tetra-
gonal lattice. This is in spite of the large increase in oxygen

vacancies which have been shown to hinder domain motion.



Table III

PACKING
T
POWDER | Pr Pm | Ec | K3z | s | s s | 9 | d3 | 9% | g3
XpbO AT |u coul. |u coul kv egs * 107242 ]1012m2 kp k3 1072coulll02coul| 1073vm|I0-3vm
10O | "cmZ |"ecm2 | "cm | "€, | newton | newfon |newton |newfon | newfon | newton
PZT5+P| | |
e 106 | 13.4 | 140 | 613 9.1 8.3 10486 | 0.292| 196 S1.8 36.1 6.9
X = O :
PZ,TgtP o '
, 8.9 15.6 9.0 | 609 9.0 8.3 10.476 | 0.286| 196 894 | 364 16.6
X=0.007 .
PT+P -
X =00l 8.2 15.3 9.6 545 9. 8.4 10476 [0.286] 150 850 | 3I.1 7.6
Pzt+Z 12.7 |63 111.6 512 9.2 8.4 ‘0476‘ 0.286 | 150 825. 33.1 18.2
x=0.020| '2- . 6 | . . 478|02 82, . .
PZ gT#Z¢T | | S P SN
B2 100 | 153 | 109 | 564 | 9.2 | 85 (0475|0285 | 230 | 86.8 | 460 | 17.3
X=0.023 | : :
PZsTetZeT| | | | |
'X.0.025 83 15.1 7.9 568 9.2 85 [0476/0.286 | 350 | 87.2 {696 | 17.3

* MEASURED AT | KHz AND €, = 8.85*10°'2 farad/m

XBL 746-6619
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For the PZ + Z packing powder composition, the hyStefesis loop of

PZ 5T 5

and Pr values. Assuming that the specimen has equilibrated with the PbO

seems to have more of a‘équafe loop shape with higher-Pm, Ec’

activity of PZ + Z, it appears that the ferroélectric behavibr can be
slightly influenced By thé intrinsic iead and oxygen vacancy cdncentra—
tion. |

’ Figures.25 and 26 reproduce the values of the aielectric constant
and the piezoelectric parameters with beO’ indicatiﬁg_no change in kp’.
'k31, d3l,_and gjl, and only a small qhange in dielectric constant. Tﬁe
~ high value of d.p at XPbO = 0.025 is probabiy due onée again to the ease

of domain movement in a mixed rhombohedral and tetragonal crystal

structure.
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IV. SUMMARY AND CONCLUSIONS
By the use of a combination of conventional processing methods, a
unique liquid phase densification technique was developed for the lead
zirconate titanate.system. The densification procedure is essentially

a two-step process:

(1) Use of a low'temperature liquid phase to optimize, with the

aid of applied pressure, the rearrangement process of a PZT compact upon

formation of the liquid.

(2) A subsequent heat treatment, witﬁout applied pressure, to pro-
vide liquid phése sintering within a fixed PbO atmosphere that permits
 the liquid to be removed from the PZT sémple in a'coﬁtrolled manner,
yet maintain the PZT within its single phase region.

The addition of PbO'PbF2 to both the mixed oxideé and chemically

prepared PZ materials to form a low temperature iiquid phase allowed

.57.5 _
._ enhanced sintering to occur by the liquid phase densification technique.
A relative density as high as 99;5% was easily obtained for an un-
'modified PZ'ST.5 that was chemically preparedlaﬁd heafed at a rate of
86°C/hr to 1200°C and held for one min. in a PT + P pécking powder com-
position. |
Establishing a fixed PbO Vapor pressﬁre from a multiphése ﬁacking

: powder composition within the PZT system permittea controlled removal of
thg PbO portion of Fhe liquid‘froﬁ the sample, leaving the PbF2 to
‘evaporate freely. The rate of removal of the PbO-rich liquid depends on:
the PbO actiQity difference between the packing powder composition and
the PZ T‘S-éample; decreasing the activity differeﬁce reduces the fate

.5

of PbO evaporation. As a result, evaporation of the liquid from the
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sample involves an activation process as indicated by the low evapora-
tion coefficient determined from.evaporation in a PT + P packing powder.

For the range of sample thickness investigated, the rate of removal
of the liquid is independent of thickness if:

) (L Thefsample is liquid phase sintered in an atmosphere of PbO
where the reaction rate of PbC evaporation at the surface of the sample
is the rate controlling process.

(2)‘ The sample during liquid phase sintering has not reached a
density where a closed pore condition'develops. |

Otherwise, the rate of liquid removal becomes saﬁple thickness
dependent. N

~ Although the ratevof gréin growth appears to béhave within the
accepted values of the time exponent, the grain size of unmodified
PZ.ST.S becomés large from sintering in a liquid dérived from PbO‘PbFz.
For the chémiéally pfepared PZ.ST.S’ the graiﬁ size_waé smaller and the
microstructure appeared to be more uniform than the‘ﬁi#ed oxides
material.

By proper choice of multiphase packing powder cpmpositidn, it is
possible to fix the intrinsic noﬁstoichiometry of PZ,ST.S aéréss its
siﬁgle phase width. On this basis, an attempt was_méde to establish
sample equilibrium with various muitiphase péckihg péﬁder compositionsvl
to determiﬁe the effect of the férroelectric and piezoelectric proper-
ties on the intrinsic nonstoichiometry of PZ.ST.S; The results‘in—
dicated only secondary effects; except perhaps in the planar piezo-

electric strain constant which increased at the PbO deficient side of

the single phase width.
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Results of the liquid phase densification technique indicate that a
highly dense, unmodified single phase PZ.ST.5 ceramic of small thickness
can be ﬁroduced having a fixed stoichiometry. To obtain dense samples of
greater thickness, by this technique, would require further investiga-
tion. Yet, because the basic principles of the pfocessing procedure
should not change, it is assumed that thicker samples of composifion

within the PZT system can be obtained by this demsification technique.
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APPENDIX: Definitions and Relations of Ferroelectric aﬁd Piezoelectric Parameters

LIST OF SYMBOLS

Effective voltage (rms)

Symbol Definition ‘Unit
EC Coercive electric field volt/centimeter
PM Maximum polarization coulomb/centimeteri
Pr Remanent polarization coulomb/centimeter
K Dielectric constant
dp Planar piezoelectric strain constant meter/volt = coulomb/newton
; d31 Piezoelectric strain constant meter/volt = coulomb/newt;n
g3i, gp Piezoelectric "voltage'" constants volt meter/newton = meter /coulomb
JAN 4 fa—fr cycles/second = Hertz
fa Antiresonance frequency cycles/second = Hertz
fr Resonance frequency cycles/second = Hertz
k31 Transverse coupling factor
kp Planar cogpling factor )
sll Elastic compliance constant meter /newton
€33 Permittivity farad/meter
Cg Standard capacitor (1 mfd) farad-
q Electric charge coulomb
o Poisson ratio
Rl "Root of a Besseleéquation'
Veff

volt

-
[{

_08_



LIST OF SYMBOLS continued

Symbol o Definition ' o Unit
' . 3
p Density _ grams/centlmetep
A Area _ ' centimeter2
d Diameter of disk centimeter
t Thickness : centimeter
E(superscript) At constant electric field
D(superscript) At constant electric displacement
T(superscript) At constant stress
Relations
Ferroelectric::

E = Veff/t, P = q/A, q = c.v

Piezoelectric: disk

' 2 . 2
k2=Af—R1—(l_c‘)]|:1-A—f Rl-(l—o)]
P f l+o0 f 1+o0
r_ . ’ r .
51 -

Wﬁgre Rl

= 2.049 for 0 = 0.3.

_'[8_.



1/sE. = "42£r(1-0)
11 R,

D _ E 3
*11 7 11 (1‘k31)

2 .2 T E \
d31 = k33 (€33 S11)

The above rélations were obtained from ref. 52.
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