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ABSTRACT

This report documents work performed during the period January 1 to
December 31 , 1977 under joint ONR-DARPA sponsorship. This period covers the
second year of a three year program focused upon the tasks associated with
the devel opment of new and improved materials for ceramic piezoelectric trans.-
ducers , and wi th Improving the understanding of the processing and properties
of present PZT ceramics.

A major part of the effort has been concerned wi th the development of new
techniques for the fabrication of diphasic ceramic and ceramic:plastic compo-
sites and with investigation of the manner In which local and macroscopic
syninetry and phase interconnection (connectivity ) controls the coupled elasto-
electric (plezoelectric) and thermo-elasto-electric (pyroelectric) properties
of the composite. Replicating a natural microstructure of desired connectivity ,
a new type of flexible ceramic elastomer composite has been developed which
exhibits 933 constants over an order of magnitude larger than PZT and has inter-
esting potential for many passive voltage generation applications such as in
hydrophones and towed arrays.

Tape casting (doctor blade) methods are being used to explore a wide
range of potentially interesting l amellar heterogeneous systems wi th ferro-
elec tr ic , antiferroelectric and interleaved electrode configurations. New
pretreatments of the cast tapes are being studied to equalize shrinkage in
the different compositions during firing and poling and property studies are
now in progress for a number of these new composite systems.

Electrostriction transducers in the ferroelectric relaxor family

Pb3MgN b2O9:PbTiO3 have been studied , and in cooperat ion w i th Corn ing Researc h

Center extruded multi-element transducer structures incorporating these

materials are being Investigated.

The ADAGE computer graphics facility at Penn State Is being used to

develop a family of Elastic Gibbs functions for the PZT solid solution system

and to study the full three dimensional polarization surfaces in the vicinity

of the morphotropic phase boundary.

Processing studies have been performed on PZT and on various relaxor

ferroelectric formulations . Preparation , calcin ing, fabrication and densifi-

cation procedures have had to be developed both for conventiona l single phase,

and for the more unusual diphasic systems presently under study .
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I. INTRO DUCTION

Th i ~ rop o rt  docuti~ nts work perf ormed ~tur nq ho perIod Janu~irv 1 to

Decent~er 31 . 1 ~) •‘ 7 under joint ONR—DARPA sponsorship. This pen od co v ers the

second yea r o ~ ~i t hree year proqr~in focused upon t hi’ t•~sk S as soc 1~ ted wi h

the Je~e 1 ‘r ot~ t of new and improved nki t on al s ~~ c P i o:oel oc t i m

• t ra usduce rs ~nd wi th i ‘nprovi nq t he unders t~nd I imq of t he proce ’~ si n~i ~ind

~~~~ I es of presen t r.’ T cer.imi c s

Over the past yeir a in.ijor part ot the ef f or t  has been concerned with

dove lop n~ techn iques t om ’ the f~hn1 c.it ion of di ph~s c ~nd polypha’~ Ic ct ’ ram i cs

and ci’ ~ic : pl.ist Ic conmpos I te s . and wi th  Invest I ~at in~ both theoni’t I ca l ly and

exper imenta Ii •v t he n~inner in which 1 oca 1 and mat - rosco p Ic syn~mme t ry and the node

of phact’ Inte rconnect ion (connec t i vi tv) co ntro ls  the coupled ci ast 0— e lec tr ic

(p ie :oelec t r ic  and therme- o la s t o - e l e c t r ic  (py ro e loc t r l c )  propert ios of the

compo s i tes .  -
•

A spec i a I ceramic rep Ii c a t  ion has bci’n L1e~’i ’ 1 opod whic h enabi es 5i natur a l

icro ‘~t m c t  urt’ w i t h  t hi’ des i red tor m of phase conn ect ion to be repi icat e~l in

a co mp let e ly new ty pe ot ce ramic :elac t omne r compos i to in which

the I’. I phase can be poled to sat ura t toe remanence f rom s imple sur fac e el e c— —

1Pm m s ma tt’rI a I o~h i hi t s tm~~, constants over an order of n~iqn it udi’ 1 aroer

than the present ~
‘. I . Is hi qhl v t’le\lble and robust to hand le. Thi s m aterial

appea m’ •; to have vom’v interest $nq pot enti al for many pass 1 Vt ’ vo l ta~)e ~euerat ion

app l i c a t i o n s  such as In hvdrophonos and In t owed a rrays.  A patent app 11 c at  ion

ma ~ been submi ted to cove r the spec Ia 1 rep ii cat io n  procedure used .

• I ape cast I nq doctor hi ado met h~t1c are bet ns~ ‘is ed t o  explore a ~ i ~Ie

i’,mnu ’ of  potenti ally intt ’rest I nq 1 amel 1 an hett ’roqe~eous s stems w i t h  fer ro—

1 ect r  i ~
- 

• anti ferroe l ect n ic  and in tem ’ leaved e le ct rod e cont ’ iqurat ions. New

~r’t  reat ment s of the cast  tapes are heinq stud ied to equa l I :e shr~nka~e in the

— —~•~• ~~~~~~~~~~~~~~ ‘——— —- -S 
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different compositions during firing and polthq and property studies are now

in  progress for a number of these new composite syst~nis .

For more specialized applications, where a transducer Is used for “slow ”

precise position control , as in optic al interferonmeters , phase correction

mirrors and mn uitipos ition mirror s , high permi ttivity compositions in  the RaTiO 3:

CaZrO3 and Pb3MgNb2O9:PbTiO 3 systems are being studied . These materi als are

dominantly in the paraelectric phase, and dimension control is obtained

through the high intrinsic quadratic electrostrict ive effect. Since stable

ferroelectric domain structure s do not occur , the problems of dime nsional creep

and non-reproducibility (aging and de-aqing effects) of the conventional pie:o-

ceramic are largely eliminated . Current studies suggest that for suitably

chosen compositions in the Pb3MqNb2O9 :PbT iO 3 family “e f fec t ive~ e lect rostr ict ion

constants  may be more than 10 time s those of the conventional RaTiO 3 based cer-

amics. We are now working with Corn irm q Research Center to exploit these larger

electrostriction properties in extruded multi -element transducer structures.

A second major part of this program is aimed at achiev inq a better under-

standing of the very complex interactions between single domain, domain wail and

phase boundary contributions which contro l the electr ical , mechanical and electro-

me chanica l properties of the present NT materials , and particularly with the

manner in which processing and the resultant ceramic m i c r o st r u c tu r e  modn i a t e

these interactions. To this end , we have used the ADAGE computer graphics

systenm at Penn State to develop computational techniques to handle and display

the phenomenological Elastic Gibbs functions for perovskite ferroelectrics. In

specializing the function to the P.’Ts. we use those facets of the behavior which

are least likel y to he grossly perturbed by the ceramic ~i icrostructur e . namely

the phase transition temperatures and the spontaneous strains as a function

of temperature in the ferroe lectr ic phases . This work is now at the stage where j
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the whole phase diagram for the “single cell’ pure PZTs is adequately described

by the function , and the parameters are in the final stage of refinement to

fit the spontaneous strains with temperature indepet~ ~ t electrost nictio~
constants. The ADAGE graphics capability allows a simple visualiza tion of

the three dimensiona l polarization surfaces at any energy level and a direc t

method of viewing the possible switching trajectories between rhombohedral and

tetragonal phases under elastic or electric stress. It is our intenti on to use

the refined energy function to compute single domain dielectric and piezoe lectric

properties and to ascertain the manner in which these properties may be perturbed

by realizable elastic and electric stress fields in the ceramic.

Considerable work on the processing of PZT and of various electrostrictor

formulations has been required to underpin the whole materials effort. Prepara-

tion , calcining , fabrication and densification procedures have had to be developed

both for the singl e phase , and for the more unusual mixed phase materials.

For the conventional mixed oxide starting materials , problems associated

with the variability of the Zr02 powders available to the PZT manufacturers

have been studied , and new evidence adduced as to the infl uence of the state of

aggregation of the Zr02 upon calcining behavior and upon sintering and resultant

ml crostructure .

Work on the contract has been described in the following papers presented

at National and International Meetings (page iv) and in the papers which have

been published or are accepted for publication (page v) .

In the following report, a very brief narrative description is given of the

present ongoing work In the areas of electrostrictors , diphasic materials ,

phenomenological studies, processing work , and amorphous materials. Studies

~shich have been written up for publication are included as appendices to the

report and are referred to in the text in the appropriate sections.
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2. CERAMICS FOR ELECTROSTR ICTION TRANSDUCERS

2.1 INTRO2L’CTION

Very earl y inthe evolution of piezoceramic materials , soft ” low coerciv ity

ferroel ectric ceramics were often used under DC bias for piezoelectric applica-

tions. However , with the evolution of the PZT family, where the effective coer-

civity could be controlled by suitable ‘doping ’ systems the present generation of

poled piezocerarni cs completely replaced these early electrostrictive devices .

Over the last ten years , however , the rapid development of tape cast multilayer

technology , and the ensuing development of new high K low saturation anhysteretic

capacitor dielectric formulations has considerably changed the situation.

The observation of very efficien t ultrasound generation from simple high K

multi layer chip capacitors by G. Kino and colleagues at Stamford suggested that

a new look at electrostrictive devices based on the multilayer confi guration would

be most desirable. Earlier work ( 1976 Report ) confirmed the large strain effects

in commercial BaTiO 3 based capacitor formulations , and the potential utility of

these electrostrictive effects for certain device configurations.

Over the past year, the major effort on materials for potential application

in electrostriction transducer systems has focused upon a study of the ferroelectric

relaxor dielectrics. It has been proposed (1 ,2,3) that in these systems there is

a spatially inhomogeneous distribution of cations th the crysta l lattice , giving

rise to a broad spatial distribution of ferroelectric Curie temperature and the

coexistence of ferroelectric and paraelectric phases over a wide temperature range .

Lead niagnesiun i niobate (PMN) (Pb3M9Nb 2O9) is perhaps the most thoroughly studied

example in the perovskite family of ferroel ectrics , and a very extensive literatu re

doc uments structure , dielectric, optical . electrooptical and nonlinea r optical

properties of this compound . Surprising ly little, however, appears to have been

reported on the electromechanical properties of this or of other relaxor materials.

although PMN itself is quite widely used in Japan as one component in ternary

PbT i O3:PbZrO3:Pb3MgNb2O9 ceramic transducer formulations.

~
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E’arly optical studies show clearly that above -20°C P9F~ has no stable remanerit

polarization , even though large polarization levels can be field induced , with cor-

responding high stable quadratic electrooptic response. Clearl y if the quadratic

electrostrjction constants in this structure are “norma l hi gh stable quadratic

electrostriction should also occur. This was shown to be the case. and PMN itself

is superior to mod i fied BaTiO 3 in its electrostrictive response. The response can

be further improved if the Curie range , which is below room temperature in PMN ,

could be shifted to slightly higher temperature , and our major effort has been

focused on solid solution systems based upon PMN which might accomplish this goal.

Initial studies have been focused on the following solid solution systems :

(1) PbM g113Nb213O3:Pb(M9112w112 )03
This system was selected to investi gate the evolution of properties across

a solid solution field between a disordered relaxor ( PMN ) and a cation ordered

antiferroe lectric (PMW).

(2) Pb(Mg 1 ,3Nb213)03:Pb(Zn113Nb213)03
Selected to study the evolution from a relaxor of l ower Curie range (PMN )

to a relaxor with a higher Curie range (PZnN).

(3) Pb ( Mg113Nb 2,,3 )C 3 :PbTiO 3
A solid solution between the relaxor and a simple tetra oonal ferroelectric

(abrupt transition ) material.

(4) Pbt1g 113~1b213O3:Pb1iO 3:BaZn 113Nb213O3
When it became apparent in the studies under (2) above that we could not

stabilize the PZnN against the pyrochlore alternative structure , even in solid

solution with PMN, this sequence was chosen as a possible indirect route to

stab il iz ing the higher temperature relaxor , with ,  we believe , most inte”esting

results .

In parallel with these extensive material studies , a l ower level program

has been carried on in cooperation with Corning Research Center to investigate

the p o s s i b i l i t y  of using the extrusion techniques developed at Corning for

______ -~~~
• ---~~~~ ===.-— ~~- ----- —- - - -  - ,
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exhaust catalyst support structures to fabricate electrostriction transducer

arrays for possible optical applications.

2.2 STUDIES OF RELAXOR FERROELECTR ICS

2.2.1 Lead Magnesium Niobate: Lead Magnesium Tungstate

Initial dielectric studies showed that this system was not promis ing

for transducer appl i cations , since both the Curie range and the absolute

leve l of the permitt -ivity are reduced by PMW solid substitution , even though

the antiferroelectric Curie point of PMW (39°C) is above room temperature.

Nonetheless , work on the system has been actively pushed forward because of

the hi gh potential which we believe it holds for answering some of the more

intractable genera l questions relating to the orig in of the relaxor response

in all systems.

Preparation , preliminary characterization and dielectric studies on this

system have been written up for publication and are attached as Appendix 1 to

this report. The basis for our continuin g interest may be briefly summarized

as fol l ows :

(1) Complete solid solution between the two endmembers has been clearly

demonstrated .

(ii) Relaxor character (a diffuse phase change ) is preserved in composi-

tions up to 80 mole PMW .

(iii) Clear superlattice lines begin to appear in the x-ray spectrum

which correspond with the superstructure observed in pure PMW , at compositions

containing more than 2O~ PMW . -

(iv) There is clear evidence of line broadening in the superstructure

lines at low PMW concentrations which is not evident in the base structure

lines. This broadening decreases steadily with increasing PMW concentration.

One of the most intractable problems in the relaxor systems is that of

the scale of the compositional inhonio geneity which gives rise to the Curie -

point distribution in these crystals. For the PMN :PMW solid solutions the

_____ 
... --—— -—---- —- - .  ~~~~~~~
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TABLE 2.1

Composition Calcininq Time 15 Hours

Mole Fraction PMN :PT First Second Third

1.0:0.0 850°C 870°C 900°C

O 95’O 05 900°C 920°C 950°C

0.90:0.10 950°C 950°C 950°C

Calcining schedule for compositions In the PMN :PT solid solution system

TABLE 2.2

Composition
Sinteri ng Ti Fired

Mole Fraction PMN :PT Temperature me Density

1.0:0.0 l 28O~C 2 hours 7.40 gm/cc

0,95:0.05 1 300°C 2 hours 7.45 gm/cc

0.90:0.10 1 320°C 2 hours 7.41 gm/cc

Sintering conditions and fired densities for PMN:PT solid solutions

~ 

,

~ 
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~‘.2. d.2 Dielectric Measurements

Pure PMN : Weak field dielectric perml ttivity as a function of Ire-

quency and temperature (Fig.  2 . 1 )  conf irm the broad diffuse character of the

-
• 

ferroe le’c t n ic phase change in  this material , givin o data In good agreement

with ear lier published values. Low frequency (0.1 Hz) hysteresis measurements

taken by the modified Sawyer Tower method (Fig . :‘.2) also confirm the absence

of any true rernanent pol arization in PMN at room temperature . In exploring the

hlqh field dielectric saturation under large DC bias voltages , a new and inter-

esting phenonienon was observed which appears to he characteristic of the ferro-

electric relaxors . For temperatures above ?5’C the measured per ni ittivity de-

creases continuously with bias with ascending and descending fields tracing the

same path (Fiq. ~‘.3a). Below 25”C , however , in the relaxation region , an

unusual inverse hysteresis is observed (Fig. 2.3b). At lower temperatures ,

the behavior again becomes largely anhysteretic then finally at still l ower

temperature , the expected butterfly curve of conventiona l ferroelectri . behavior

is observed (Fiti . ~.3c ,d). j
This unusual saturation behavior was first observed in pure PMt4 ceramics ,

but has now been confirmed in PMN :PMW solid solutions with relaxor character

and in the PMN:PT solid solutions to be described . Thus we are tempted to

believe that it may be a phenomenon occurrin g in all ceramic rela xation dielec-

trics when measured within the dispersion range .

PMN:PT Solid Solutions: For compositions containing up to lO~
’- PT , which

a rt’ of most interest technolo gically, the dielectric relaxation character

associated with diphase transition behavior is preserved , though the dispersion

-
• 

range de’e- re’ases continuously with PT addition (Flo . ~‘.4). Hysteresis measure-

ments con f i rm tha t compositions containing up to 10 mole ‘
~ PT remain essent iall y

anhyst eret ic under low frequency cy cl in g fields . Under DC bias , the inverse

hyster esis phenomenon in the dielectric saturation is observed in  a ll coniposi -

Uons , although as the PT content increases the temperature range over wh ic h

“inverse ” l oops are observed contracts (Pig. ~‘.5). 

. • .
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2.2.3.3. Electrostrict ion Measurements

The quadratic electrostriction constant Q12 was determined from mea-

surements of the transverse contraction in thin ceramic disks subjected to DC

bias fields applied in a direction normal to the plane of the disk. The

dimension change was measured using a differential transformer dilatometer at

the larger dilatation levels , and a high sensitivity capacitance dilatometer

at the l ower strain level .

Transverse contraction as a function of bias field for PMN, PMN 5 mole % PT

and PMN 10 mole % PT are shown in Fig. 2.6. For comparison the comparable data

for a BaTiO3 type K6,000 formulation is also shown . The PMN compositions are j
anhysteretic , and retrace the same curve both with rising and falling fields .

The BaTiO3 based composition shows a weak remanence , and only the data for

rising fields are reproduced here .

Data for severa l other PMN solid solutions which have been studied are

also included ira Fig. 2.6 for reference. - -
‘

- -
~ At present we are constructing a more sensitive dilatometer with better

absolute precision , so that the temperature and time dependence of the dila-

tation levels can be completely documented .

2.3 PbMq
113Nb213O3:PbTIO3:BaZn 113Nb213O3

In an attempt to circumvent the instability in the PMN :PZnN phase system ,

several compositions in the PMN :PT:BaZnN solid solution system were fabricated.

For this system , the compositions studied showed no tendency to develop pyro-

chlore structure phases and “solid solution ” formation was evidenced in the

continuous change of lattice parameters wi th composition .

Dielectric data , however , suggest the coexistence of two relaxat ion regions:

one centered near 0°C which increases in magnitude with the mole fraction of

PMN , the second near 110°C which increases with mole fraction of BaZnN (Fig. 2.7).

The net result in intermediate regions appears to be a rather flat temperature C

dependence in the average permittivity over a very wide temperature range . 
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Since BaZnN shows low dielectric per in ittivi ty with no relaxor character .

we believe that in these complex compositions there is part ial conversion to

rh:n~. stabi liz ed in a perovs kitt ’ form by the residual E~a ’ 4 . Th e ’ unexpected

find -~ng is that in  these solid solutions, the two Curie ranges apparently do

not ama l gamete to a sin gle diffuse relaxor peak, hut to some ex tent retain

their individual character more like a mi xture of two separate phases .

This unexpected result does , however, suggest that w i th  more study , we

mey be able to s tab i l i ze  high perm i t t iv ity  behavior over a vt’r broad t empera-

ture range and probably also enhance the temperature st abi l it of the elt’ctro-

strict ion behavior by usin g mixed systems of this ~ pe.

Dilatation studies are now proceeding on these nore comple x rela xor

systems.
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3. DIPHASIC MATERIA LS

3 .1 INTRODUCTION

The basic thinking which led to the expectation that two-phase systems

mi ght offer significant advantage for certain types of transducer applica-

tions has been suni’narized for publication and is attached as Appendix II to

this report. Exploitation of these basic concepts has so far concentrated on

two areas of study .

(1) The development of two-phase cerarnic :plastic composites , using

natura l template microstructure s to control the connectivity between phases

so as to be able to produce PZT:plastic composites which could be poled to

full saturation rernanence from simple surface electrodes , then processed to

give a mechanically flexible transducer with very high 933 and 9h coefficients

which night find application in hydrophones and in towed array systems .

( 2) Development of techniques to produce cera mic:cer am ic composites wi th

lamellar heterogeneous structures , which mi ght exploit the wide range of phases

available in the PZT and PSnZT family. To integrate noble metal electrodes

interleaving the laniellae for i mpedance control , and to explore the consequences

.,pon the high field poling and depolina character of the mutual influence he-

tween the phases upon both the electrical and elastic boundary conditions in

each phase.

Using a modification of the ‘ replarnine process ” developed by E.W . White

and colleagues at MRL , new transducer ‘~ateria 1s have been fabricated which

replicate a natural cora l microstructure , and exhibit a number of the expected

features , i.e. ease of poling , high fle x ibility , large 
~~ 

coefficients and

very hi gh 9h coefficients . This work is presented in Appendix III.

For the lamellar heterogeneous systems , the effort needed to co-process

different PZT and PSnZT composites to high density monolithic structures has

- - - --5---——
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required considerable work upon preparation , tape casting, assembly and densification . H

This work is reported in section 5 of the report, which contains the preliminary

electric al and piezoelectric data for several of the composites which have been fab-

ricated to date .

3.2 PZT:PLAST!C COMPOSITES

Work of the past year using the replamine process to develop a PZT:elastomer

compos i te polable from simple surface electrodes , highly flexible and with large 933
coefficients is contained in Appendix 111* .

Current work in this area is concerned with:

( I )  Developing a suite of PZT:ela stome r samples of size and shape suitable for

more extensive and detailed evaluation of the parameters .

(ii) Further studies of the preparation techniques , in particular for the re-

impregnation step when the unpolymerized elastomer is introduced into the fixed

ceramic replica. It is this step which at present gives the major problem in scaling

up the processing to produce larger samples.

(iii) Application of the processing to develop hard PZT:plastic composites

us inq a “hard” epoxy as the plastic phase.

(iv) Evaluation of the pyroelectric response of the hard epoxy PZT composites,

as a model system to explore the modification of the pyroelectr ic fi gure of mer i t

between single and diphasic systems .

Cv ) Examination of the piezoe l ectric resonance spectra for the hard composites ,

to enable characterization of the leastic anisotropy , the mechanical Q and the pieze-

electric coupling coefficients under AC drive fields. F
(vi ) Determination of the temperature coefficients of resonance for simple exten-

sional resonance anodes to explore the influence of material parameters symmetry and

connectivity , and assess the possibility of using two-phase structures for tempera-

ture com pensated resonators .
*Coanp lenlentary work s t the Nava l Researc h Laboratory , using a different approach ,
has confirmed the piezoe lectric parameters for series and parallel connected compo- C
sites , and has led to the development of a new type of flexible macrocomposite
which shows considera bly enhanced voltage sensit iv i ty . 

-
~~~ ~~~~~~~~~~~~ —~~~-~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~ - -——-
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0~er the pac t yc aa’ .s very heavy osnphas I s in ow’ proe t ’s s nq s t t id ies has

been upon genera t lug the s se ~ es s a rv h,s c kqroun d 1 o he ab lt~ 1 o ,ss seiuh ii ’ and

dens I t  y t b~s~ structures . Tb I s work i s c overe d in Sect I on 5 t~ I t hi ~

I~ St’eI Ofl t hese stud Ies we bel ieve that by us lug pressure lens I f i ca t  ion

o I the greets c -v ram 1~~ t .5 pc ’s be to re’ ,issemh 1 y , we shall be ab it ’ to hal ane e shrink —

age between tape s ol di ft ~~~~ conqms it ion and thus avoid the poroc it y probl ems

wh ich plagued m i t  lal 1ahr liat Ion . Coupled with th e ,ihi ii tv to hot i s os ta t  ical ly

press the pri’s m t  erect monol ith ic ,isseanh last ’s , pa~esvn I ev I deuc e’ stac ~t~ec s hat i

will he poss ib le t O  ,ich i eV ~ 5s de ’qua t t ’  dens i lv and phase c onnect i vi  l v  w ithout t O O

much in t erd i t  lu s I~n he t ween the cons ti tuen t phases

Pl,s f I num el ec t s’tides have been succ ess fta 11 y co fi red into severa l of the

props . 1 of  ~~ IVT compos i t Ions , and data are now bei ng oN si ned on the mod I f ica —

t i Ons which can be’ e f f e c t e d  both In the polin g c h a r a c t e r i s t i c s  and in the p ie :o —

eii’c t I’l C pO)’t0f l~hIt5e t’ US i t ~q thes e ’ i nt et srat i’d e’l e~ t rode ct ruct nrc ’s
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4.  PHENOMENOLOGICAL STUDIES

4.1 INTRODUCTION

Over the first year of this contract the ADAGE computer graphics system

was used to explore the possibility of computer solution and display of the

Elastic Gibbs Free Energy for simple perovskite type (single cell) ferroelec-

trics. Two problems were initially tackled.

(I) Using the imaging capability of the ADAGE to explore the three

dimensional polarization surfaces of constant AG , near the phase stability

limits for the simple Devonshire function , so as to be able to delineate minimum

energy trajectories for cubic-tetragonal , tetragonal-orthorhombic, and ortho-

rhombic-rhombohedra l switching.

( fl) The evolution of a more comp lete energy function which would mimic -

the tetragonal-rhombohedra l morphotropic phase boundary so important in the

P21 piezoceramics .

During the past year , task I has been essentially completed . All three

phase transitions accessible with the simple Devonshire function have been

explored in detail , and a motion picture describing this study is almost corn-

plete . Preliminary work has been started to explore the deformation of the

polarization surface by electric fields and mechanical stress to examine field

forced ferroelectric swi tching trajectories ,but the detailed examination is

being postponed until the energy function for PZT is available.

The major part of our effort Is now focused onto the task 11. and progress

on this topic wi l l  be discussed in the following section.

4.2 DEVELOPMENT _OF AN_ELA STI C GIBB S FUNCT ION FOR PZT

In a simple ferroelectric crystal , derived from the cubic m3m prototype .

the increment In the elastic gibbs free energy associated with the onset of a

polarization P, with components P1. P2. p3 may be written :

-~~~~~ ~~~~~~~~~~~ - -— -- — -- 
-- —- -
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AG1 
= A ( P ~~+P~~+P~~) + B (P ~ +P~ +P~~) + ~~~~~~~~~~~~~~~~~~~~

+D(P~+P~+p~) ~~~~~~~~~~~~~~~~~~~~~~~~~

+ F ( P ~~P~~P~~) - 1/2 S11 (X~+X~+X~ ) - S 12 (X
1 X 2

+X
2 X 3

+X
3X 1 )

- 1/2 s44 (x~+ X~ + X~~) - Q11 (X
1 P~ + X 2P~ +X

3
P~~

}

- 

~12 ~~~~~~~~~ 
+X

2
(P ~ +P~~) +x 3 (P~+p~)}

-Q44 fx 4P2P3+x5P1

where the A ,B,C ,D,E ,F are dielectric stiffness , and higher order stiffness

coefficients , s1~1, sf’2,s~ the elastic compliances (measured at constant

polarization ) , Qil, p12’ Q44 the cubic electrostriction constant.

The 4,8... may be functions of both temperature and composition , but in

any solid solution system it is expected that the variation would be continuous

across the phase diagram. To give Curie Weiss behavior in the paraelectric

phase ,A must necessarily be a linearly decreasing function of temperature

passin g through zero at the Curie Weiss temperature e which is at or below

the temperature of onset of the first ferroelectric phase (Tc)~
Initial studies had shown that even if the parameters A,8,C,D are given

con t i nuous temperature dependence a simple tetragonal :rhombohedral morphotropy

coul d not be developed from the simple Devonshire function (E~F=O) . However ,

by adding a positive E parameter to destabilize the orthorhombic and rhombo-

hedral phase , then restabilizing the rhombohedra l phase with a negative F

parameter , tetragonal and rhombohedral phases could be made coincident over

a wide temperature range without any interleaving orthorhombic regions.

To permit ready visual izat ion of the infl uence of the A F parameters

on the resultin g phase stabilities , the ADAGE has now been programed to

-

~~~~ 

- 

—— - ---- - - -
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opera te in a spl i t  screen mode . The right hand hal t of the screen plots

vs T for all possible stable phases . \G1 is derived from a computer

solution of the polynomial equations

F
- 

5P .

which yield the appropriate va l ues of at each temperature . On the ADAGE

the A F are under dial control and linear temperature coefficients can be

added to any of the parameters B -
~~ F. Markers are inserted at each of the

intersect ions of the different phase stabilities , marking the equilibrium tran-

si t ion temperatures. This information on phase stabilities is then transferred

to the left portion of the screen , the parameters A F are incremented to new

va l ues under machine control and the process is repeated. In this manner , a hypo-

thet ical phase diaqraiw can be rapidly built up for any g iven i nit i al choice

of parameters , and any chosen scheme of parameter incremen ts. Since the startin g

values and progression increments are under analog control on the ADAGE system , - -

new combinutions can be “dialed” in at the start of each run and a w ide range

of parameter combinations can be tested in quite a short period .

Experience using this plotting program has confirmed our earlier expec-

tat ions i n that:

(1) We cannot reproduce morphotropy with the simple Devonshire function .

(2) In the Devonshire formalism , as expected , the parameter ~ = C/B con-

trols the relative stabi l i ty of tetragona l to orthorhoinbic and rhonibohedral

phases; however the orthorhombic phase always interleaves or is degenerate

with the rhombohedral.

(3)  To genera te a near vert ical tetraqonal -rho mbohedral boundary requires

a positive value of E, and a negative va l ue of F.

- 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~-~~~~ - ~~~~~~~ — ~ - -‘- - II -
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(4) For all parameter combinations which generate a near vertical

(mo rp-hotropic boundary ) the orthorhombic phase is always very close to (but

metastable with respec t to) the overlaying tetraqonal and rhombohedra l stabil i ty

curves .

Having developed a small family of dimensionless parameters which mimic

rnorphotropy , the necessary task Is now to scale and refine the fitting to

describe rea l PZT compositions as accurately as possible. This task clearly

requires additional experimental data , and we are proceeding as follows :

(1) Reprogramming the incremental behavior of •Tc to reflec t the nonlinear

behavior of vs composition in the known PZT phase diagram.

(2) Measuring the spontaneous strains X 11(5 )~ X 22 
= X 33 (x) as a function

of temperature , by x-ray methods on a series of carefully prepared compositions

• in the tetragonal phase field.

(3) Measuring X 44( s )  vs T for composi t ions  in the single cell rhombohedral

field.

(4) Calculating 
~~~~ 

vs T for each of the combinations of parameters which

exhibit morphotropy .

(5) Using the relations X11 
= Q11 P~ X22 = Q12P~ to fit the measured

strain behavior with P5 (T
~
). t~ and Q 11 and Q12 as fitting parameters .

(6) Re-calcu lating the phase diagram for the new Tc and ~ values to con-

firm that the minor changes in these parameters do not deqrade the initial

f i t t ing of the phase diagram.

The best fitting to date has been obtained with the following parame ters :

Ao = 1 (no scaling for Xo)

0 C/B = -1.20 in PbZrO3 channing linearly to

+0.80 in PbTIO 3

E = 8 O X 1 O 6

F = _ 45 0. lO _6 in PbZrO 3 changing linearly to

_200.10 6 in PbT IO3 
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The temperature behavior of Tc (Fig . 4.1) is chosen to fit the phase

diagram given by Jaffe Cook and Jaffe .

The trend of Tc 
- ~ from PbT i O3 to PhZr 0 5 Ti 0 5 O3 required for fittin g

is shown also in FIg. 4.1. The resultin q values for Q11 vs composition are

shown in Fig . 4.2 together with the calculated values of P~ (25~C) vs compo-

sition . The fitting of the observed and calculated spontaneous strains for pure

PbTiO 3 and for PbZr0 5Ti 0 503 are shown in Fig. 4.3. For intermediate composi-

tions , the fitting is very similar. To obtain this fitting, however , it is

necessary to assume that Q11 and Q12 decrease con tinuously with increasing Zr

content as shown in Fig . 4.2.

The difficulty of proceedin g from the measured sinale crystal data is

admi rably shown in Fig . 4.2. The trian gular data points for PS are taken from

the compila tion by Landolt Bornstein. The scatter for pure PbT 1 O1 is i mmedi-

ately evident , the very low va l ue for sin gle crystals of PbZr0 4 T1 0 6 03 is

clearly incorrect, while the corrected ceramic va l ue (assuming perfect poling)

at the rhombohedra l 44:56 composition is very close to the predicted curve .

The next step in refinement wi l l  be to selec t a va lue so as to scale

the dielectric perm ittiv ity . here again , the quality of the available single

crystal data leaves much to be desired. Normally it is a trivial task to

selec t to fit the Curie Weiss behavior above T c ; however in both ceramics

and single crystals values of the Curie constant C have been quoted which
5range from less than 1 .5 x 10 to greater than 14 x 10 - . S i nce usually the -

lowest va lues of C are most reliable, we propose to select initi a lly C = 1.5 x

For our va lues of Tc - ~ this gives

K = 10,000 at T~ for PhTi03
K = 30,000 at Tc for PbZr05 Ti 0 1 O~

which are not unrealistic as compared to the best measured sinole cryst al

va lues.
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Calculations of the anisotropic dielec tric permittivit ies and the piezo-

electric d , g, a, b parameters for the single domain states are now proceeding.
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5. PROCESSING STUDIES

5.1 INTRODUCTION

The ‘kliority of the processin o work described in previous reports has been

complete d. Our goa l of developing standa rd i zed” processes that al low us to

duplicate industrial practice in batching, calcinin g , forming, and sintering

mixed oxide compositions and processing precalcined convr~rcia1 formulations has

been attained. Four papers prepared for publication describing the different

aspects of this work are included in the appendix.

In the past 6 month period we have concentrated our efforts on the problems

associated with the fabrication of l amellar heterogeneous devices (LHD’ s ) . The

topics include :

A. Powder Preparation

B. Tape Casting

C. Fabrication of Devices

D. Dielectric Measurements

C. Hot Isost at ic Pressing ¶

s . P O W D E R P P A R A T I O N

The fabrication of many of the LHD’s will require chemicall y prepared pro-

cursors for control of reactivity during sinterin q .

The preparation and reactivity evaluations of chem ical ly prepa red oxides

and P T  compositions are described in the append ix.

A t present we are continuin g our investigations of the reactivity of these

‘ate rials. The goa l of the work is the development of a one-step process in

which che i lcally prepared powders can he introduced into tape without prior

calci nin g . Rate controlled sinter ina will he used to fire the tapes to produce

the right phase prior to the high temperature densificat ion period . 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -- -,~~~~~~~ -- -,. -- -——-. - -
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S . 3 TA PU CA ST ING

Work i s  c o nt  i nui nq on us inq the technique of post casting pressin g ( PCP

to incre~ se the ~ireen tape densi t~ . In previous work we have dt ’inonst r a te d

tha t PCP can he used to i ncreast ’ the green dens i tv by as much as 30~ . This

increase in density signifi cant ly alters the sinte rinq kinetics of the tape .

A ~-erv in te rest in g trend has been noted where the green dens i ty and t i red

density have a linear relationship over a ranoe of green densit i es from 3.5 to

4. ~ini ’cc ( See paper by Biq ie rs , Shrout and Sc hulze in appendix ’~.

In addition the PCP tape fires to acceptable densities at temperatures

- 
i-~ l00~C lower than a pressed d isc of the same co~pos it  ion. The PCP process

appears to have great utilit y in the fabrication of LHD’ s. With this process

it was possible to l ower the s in t e ri n~i temperatures and cont ~‘ol firin c shrink—

ages. The contro l of shrinkage is a c r i t i c a l  problem in the fa br icat ion of

the LHD’s described in late~’ sections of the report.

Work in pro~ire ss includes extens ion ~f the ~ireen dens ity - fired densit y

data to l ower and possibl y hi Qher va l ues of green densi t~ . ~e are also hu i l d in a

a warm ro ll ing appara t us that w i l l  enable us to d~nsi f larL~er qL4an t i ties of

tape with more reproduc ihi 11 t~ than is current lv ach iev ed ~.i th hatch unia\ ia l

pressin g .

5. 4 FABRICATION OF [
~U V I C E S

We are presentl y hul ld in n the fol low in g LH’~ confi  ~urat io ns:

A. Mu I t i p1 e 1 ave cs ~f ct’ra”~i cs with the same cor ipos it ion and cx terra 1

J B. Mul ipi e layers of cera”~i cs with di fferent c~ i’~posi t ion’~ arc

electrodes.

C .  Multiple la ’,ers of cera:” i cs w i t h  the sai’ie cc’r pos i t ion and irte !’nal

electro des.

P. Multiple 1 aye rs of ct ’ram i cs wi t h di f f e r e n t  c o n pos  i t  io n  and i nt ~r a l

electrodes . 

I _ -___ 
~~ ,-- .,- - -
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Many va riables are encountered in the fabrication of the devices . The

most important under invest lia tion are :

A. Reac t i v i t y  of o \ ides  or compounds and the effect on sint ori nq.

B. Effect of tape green densit y on sinte ring .

C. Fabrication techniques require d to electro de , asse ~-b 1e nultilayers .

D. Binder burnout of ta pe and electrodes .

C. Sinte rinq including electrode compatibilit y and interact ion of
I

ceramic layers of Ii f feren t comp osit ions.

5.5 DIEL ECTRIC MEASURE~ LN~S

Dielectric measureii’ents are bein g conducted to compare the effec t of

various fabrication methods on the electrical properties of comme rcial m aterial.

Initial studies have been limi ted to four compositions f rom Ultra Sonics

(401-SSS , AOl , 501 . and USH-32).

4 comparison is to he rode between conventionally pressed a”d tape cast

sing le phase materia ’ . These results will he used to Study th e i nterac ti ons

in cofired composites of one or i-ore ceramic compositions and intern al ~i1a tin uni

electrodes. The pr i”a rv ‘-easurements will he d,, and cOmple x cc r’’ t t i~ i t .~ 35

a function of temperature and f requency.

The devices were pepOred from ta pe produced as desc ri bed in t ne ca pe r

by Biqgers, Sh rout an d Schulze -included in the appendix.

The mult iple lover device~ were bui lt up fr om on e— inch square s cut f~’~m

green tape. After stacking the composites were uni a \ia11 ~ pressea at ‘ d L

and 5000 psi.

The part wi t.h internal electrodes were fabricated fr~~~
- o ne—  inch squa res

of green tape on which the plat i nu’i e lec t  rode patterns were screen pr nt . ’d .

The r 1 at  i nun ink wa s all owe d to air dry and the requi s i t e  number ~~ layers
$

was stacked and un iax iafl v pressed at SO~C and 5000 psi.

_ 
_ _-



__________________-~ - 

T~~i~
”’
~~ 

-. .7.— 
~~‘.‘ ~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~

2 1

For binder burnout the parts were placed on a zirconia setter and fired

in air. A typical binder burnout schedule for the parts was one hour heat-up

to 110°C hold for 2 hours , 2 hours to 280°C with a 3-hour hold followed by

one hour change to 350°C with a one-hour hold.

Firing was done in alumin a containers . The parts were placed on setters

of their own composition . The setters were stacked together with a PbO source

at the top and bottom of the stack. A silicon carbide resistance furnace was

used for sintering. The firing schedule included a 200°C/hr heat-up to 1 330°C

with a 2-hour hold followed by cooling with the power off.

Initial measurements indicate that there is essentially no difference

(tolerance f5~~~) in the electrical characteristics of ceramic prepared by cold

pressing or tape casting. it is , however , necessary to consider the density

and microstructura l difference that may occur when sinterin çj from these two

fairly different green states.

Tables E~5 .l and 5.5.2 may be used to compare fired single tape l ayers and

pressed multilayer ceramic bodies with the typical values obtained from conven-

t ionally cold pressed ceramic . The reduct ion in K and to a lesser extent

in the sing le l ayers can be attributed mainly to a reduced density (see appendix

on pressing effects on tape). The samples produced from pressing and cofir ing

10 l ayers had hi gher densities which resulted in higher K and l ower tan ~ (1).

Some two layer composites have been prepared using a “hard” and “soft”

• PZT to explore the possibility of producing a composite w i th  improved hiqh drive

field stability . Results of tests on the first two composites are listed in

t . 
Table 5.5.2. The calculated values were derived usin ci the experimental values

in Table 5.5.3 and the following series m ixin g equations.

K = 
(t 1 + t 2 ) (K 2 t 1+K 1 t 2)
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Table ~~. 5.1

Electrical Properties of Tape-Cast Single Layer PZT’s.

* K~ - (1kHz - 25”C) tan ~~~~ (x 1O~~ C/u) -

)esi qnation ~~~~~~~~~~~ Exp . 1kHz - 25”C [xp.

430 3000 1350 1100 0.0100 293
401-888 3000 1000 893 0.0045 ~‘15 .~3O

501 3000 2000 1000 0.0237 430 370
IJi H-32 3400 3200 2120 0.0340 590 510

*Specimens poled for 2 minutes at 100°C.
-24 hours after poling.

Table 5 .5.2

Electr ical Properties of Tape-Cast 10 Layer ( ‘ lul t i )  PZT ’ s. 

p01j~q* K~~~~~~~~ ~5 c )  an s ’ d ( i O -T
~~C/ N ) 2 5 C

Desiqnation C~~ii. Exp. 1kHz - 25~’C Np .

401 2600 1350 1130 0.0050 ‘~O 3~ )
401-838 2600 1003 935 0.0027 ‘15

501 2200 2000 1600 3.0180 40L)
U~H-32 2000 3200 .‘070 0.0298

*c’ ,~ecitflens poled for 2 minute s at lOO”C.
• ‘4 hours after po linn . 

- 

-

Table 5.5.3

Electrical Properties of Tape-Cast Mult i (~O!50) Layer P T ’ s 

--- --~~- -  ~~~~~~- - -  .
~~~~ ~~~~~~~~~~~

- -
~~~

- Pol inq* K - (1 LH’ - ~‘:~ C ) tan ~~~

‘ d ~ (lO~~ C N )
Spec i non ~

~)esignation ~~~~ 
1LHZ - .‘~~C 10O~.~~ ~~

‘C

CaL Ex p. Cal .  H.p.

.~Jl — :~~/~ i)l 30:13 1100 1 ~Th0 0.0100 .‘~~~ ) .‘7~
.
~ ii —tiSS/USH— ~~

‘ 3~10~) 1 .‘0’~ *~ 0. 01 ? 3 3 3~ 31 :-~

* 
~.per i jnens poled for :‘ ni nutes at 100 C

.1 hours after pol in ci .

-
-~~~~~~~~~~-‘~~~~~~~
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.H

where t = fraction of total thickness , K relative permittiv ity and d d33
of component.

A l l  experimenta l values f a l l  below those calculated from dense tape cast

ma teria l. The decreases are most l ikely the result of a decreased density in

the soft phase (11511-32 or 501 ) which has now been shown to have a greater

linear shrinkage than the 401-888 material. It appears that the coninon surface

is well bonded and the fi rst l ayer to approach maximum shrinkage clamp s the

densification in the adjacent layer. The result is Increased porosity in one

layer along the interface. Experiments are now being conducted in pretreatment

of the tapes to equalize the shrinkage .

Figure 5.5. 1 i l lustrates the relaxations that occur when combi ning P/Ts with

quite different additions. The hard ma teria ls have modifications tha t cause

oxyqen vacanc ies  which result in conductivit ies about three orders of magnitude

greater than the ma terials with additives causing A-position vacancies. As the H:

temperature Is increased , the RC time constant of the hard l ayer is decreased

and interfacia l polarization contributes to the permittivity at hi gher fre-

quencies. This is most apparent in the increase in the tan S when the RC time

constant becomes equa l to the inverse of the frequency. At 1KHz the r e l a x a t i o n

occurs at approximately the same temperature as the transition in the 401-888

materia l , resultln g in a lar ge tan \ peak at 265 ’C. When the resistivity de-

creases by an order of maqnitude with Increasin g temperature , the relaxation -
-

occurs at 10 KHz (365”C). At higher temperature this again occurs for 100 KHz

at 420 ”C.

The very nonun iform voltage distribution that may occur as a function of

frequency suggests that very different polin g conditions may be achieved depend-

ing on the application of fi el d. A DC polin g condition would apply most of the

L 

field across the Insulatin g, soft l ayers and build up a space charge at the inter-

face due to the con duction through the hard l ayer. Pulse p01 mc i  would be tempera-

turt’ dependent and apply the voltaae Inversely proportional to the pe r m i t t iv i t i e s .
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10 KHz
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3 .  
100 KHz
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]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ l00 KHz

100 200 300 400

TEMPERA TURE IN “C

Fig. 5.5.1 Interfacia l Polarizat ion Relaxation in LHD 401-888/U5H-32
(Equal Thickness Layers).
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5.6 HOT ISOSTATIC PRESS ING

One of the most serious problems encountered in fabrication of the LHD’ s

is difficulty in obtaining matched shrinkages and similar fired densities with

H - layers of different composition .

The post casting pressing technique already described is one method of

s o l v i n g  the problems of cofiring. It is possible that some variation of hot

isostatic pressing in conjunction with PCP may produce the best LHD ’s.

In the HIP process it is necessary to achieve closed porosity (“i.’92% theo-

retical density ) by conventional sintering . The parts can then be hipped to

- - nearly theoretical density at l ower temperatures and time s than the sintering

process.

In the process envisioned substitution of chemically prepared oxides or

compounds in the PZT compositions and pressing of the tape would be used to

obtain the desired closed porosity state by sintering at low temperatures and

short times. The parts would then be hipped to acceptable densities for elec-

trical ‘ roperty evalua 4Hin. This combined process may be the only way of

fabricating devices with ceramic l ayers of radically different compositions.

With the previous hot isostatic press design , problems associated with

convectional heat loss at high gas pressures were encountered , leading to steep

temperature gradients in the hot zone and excessive power input requirements.

The temperature gradients have been largely eliminated by incorporatin o a

hearth heater into the furnace structure. However , the low therma l efficiency

(for example , with pure argon at 3000 psi the highest temperature attainable

was only 1210°C for a power input of 7 KVA ) has meant that conventiona l furnace 
-

desi gns based on conduction and radiation controlled heat transfer must be

aba ndoned in favor of a system designed to eliminate convection.

Accord i ngly, in the present HIP design (Fig. 5.6.1) the heating element,
1

a molybdenum-wound alumina crucible 4” high x 2” internal diame ter , is enclosed

_____ ______ _____ ______ __ 
_ _ _ _  
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F icii ’-~ 5 .6.1 The Hot Isostatic Press

f— Steel Bomb

:1 Stainless Steel Cans

/ ________ — — Molybdenum Can

/ ~~TC l . ’

~ TC2 ~ 
— — Alum i na Can

/ TC3 . /
/ TC4 . — — 7 — — Mo Wound Alu m ina

____ 
_____ 

Mumina Support

__________________ Argon m l  t ’t

Ri
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within four sealed concentric ceramic and meta l cans which act as convection

barriers. The innermost alumina barrier provides both therma l and electrical

insulation. This arrangement , which can be readily assembled for rapid specimen

turn-around , has proved to be very thermally efficient , requiring only 0.8 KVA

of power to maintain the hot zone at 1300°C under 3000 psi argon pressure.

Although these HIP conditions would be typical for the PZT compositions now

under investigation , the equipment has been tested to 1 700°C and 4,400 psi.

Hot zone temperature profiles at various pressures are shown in Fi gs. 5.6.2a

and 5.6.2b . It has been found that the length of the constant temperature region

is very dependent upon specimen size. Large specimens interrupt the con ’ection

path within the hot zone and reduce its ability to even out temperature gradients .

Although a large temperature drop is observed in the l ower part of the furnace ,

it should be noted that the temperature wi thin the top inch of the hot zone is

constant to within 10°C for small specimen size . The length of the constant

temperature region can be increased if necessary by incorpor atina a hearth heater

within the wound alumina crucible.

Characterization experiments are now in progress to determine the optimum

HIP conditions for the various PZT compositions being studied. Preliminary work

on a 95.~ dense PbTi0 45Zr0 5503 composition indicates that theoretical density

can be obta i ned in this material after one hour at 1 300°C under 3000 psi with

approximately 1% wei ght loss due to lead oxide vaporization. Attempts to control

this weig ht loss have included :

A. Encapsulatin g the specimens in platinum foil --  expensive and did not 
-

significantly reduce vaporization of PbO .

B. Incorporation of PbO source material within the hot zone. The excess

lead oxide was reduced in the neutral HIP atmosphere and this led to

degradation of the platinum thermocouples.
1

C. Minimizing the HIP time . This has proved to be the most successfu l method

of avoiding weight loss.
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Fi ’aure f~. (‘ ..
‘ Temperature Profiles at Various HIP Pressures

Tei pera ture - C ‘ 1 300 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— _

~~~~~ _~~~~

0 PS I

1200 1000 PS I

1100 \ \\ “2000 PSI
1000

900

3000 PSI
800 I

T El TC2 TC3 TC4

Thermocouple Posit ion in Hot Zone

(a) Small Specime n Si:e (—1 cu in .)

Te’ i~pera ture C)  1 300 -~

~~~~~~~ 0 PSI - -

L~0 0 .

1000 PSI
1100

1 000 PSI

900 . 
\

•1 ~~~
~ 3000 PSI

— TC 1 TC~’ 1C3 TC4

Thermoco up le Pos it ion in  Hot .‘one

(b) Lam e Spec imen SL’e 
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Discoloration has been observed in hot isostatically pressed specimens

on removal from the press. This may be due to contamination by traces of

volatile molybdenum oxides present within the furnace. However, it would seem

more probable that slight surface reduction of the PZT occurred in neutral HIP

atmosphere since the specimens regained their original colors when reheated to

1000°C in air. To eliminate this problem , the H I P  furnace will be rewound

with platinum and operated in a slightl y oxidizing environment.

Measured dielectric constants and d33 values for this hot isostatically

pressed composition show increases consistent with the increase in density (See

Table 5.6.1). A comparison of micrographs of both the pre-sintered and the hot

isostatically pressed materials (Fig. 5 .6.3) indicates that the HIP process

has virtually eliminated porosity without otherwise affecting grain morphology .

A program of HIP experiments on other piezoelectr ic materials , e.g. tape-cast

composites and Corning ’s “honeycomb ” structured BaTiO3 ceramic is now in progress.

Reference

1. K. Okazaki and K. Nagata . Effects of the Density and the Grain Size of
Piezoe l ectric Ceramics influencing Upon the Electrical Properties. Trans. -

Ins t. Electronics Commun. Engrs . Japan 53C, 815—822 (1970).
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6. AMORPHOUS FERROELECTRICS

6.1 INTRODUCTION

The theoretical studies of Lines (6.1) and initial experimental work at

Bell Telephones by Nassau (6H’) and Glass (6.3) suggest the possibility of

achievin g ferroel ectric properties in a glass. The theory suagests that for

the possibility of ferroelectric ordering the network should incorporate

highly polarizable ionic groupings such as the B06 octahedron and that for Such corn-

pounds the network arranoement would a lways have a Curie point T
~ s ig ni f icant ly be low

that of the corresponding regularly ordered crystalline structures. Thus

potential materials of interest should have very hi gh proper ferroelectric

Curie temperatures in the crystalline phase , with the possibility of multi -

axial polar arrangements within the polarizable ‘sub units ” of the regular

ordered crystalline unit cell.

Lithium niobate satisfies these requirements and shows unusua l properties

i n the splat quenched glass which could be attri buted to a ferroelectric

ordering.

Roller spla t quenchin g is a difficult task with l ower therma l conductivit y

inorganic liquids. The objective of our studies was to produce stoichio ntetric

amorphous films of a very high T
~ 

ferroelectr ic compound by the RF sputterin g

process, and to test the dielectric and related properties of these film s for

potential ferroelectric activity . For these studies , strontium pyroniobate.

Sr~-N b ,O_ , was selec ted as it has one of the highest known Curie ter~peratures of - -

all ox ide ferroelectrics. It was hoped that if the amorphous f i l ms themselves

showed norma l dielectric response, it mi ght be possible , by suitable therma l -

annealing, to induce controlled i’ecryst alli :ation and thus e\plore the evo lu-

ti r- .n of the properties o the crystalline phase for micro cryst alline s i zes .

—~~~~~~~~~~ -- -~ - r~ ~~~~~~~~~~~~~~ -



- — —  .
-

6.2 SAMPLE PREPARATION

RF sputterin q of insulators is itself a highly complex and difficult

subject. Much progress has been made , particularly wi thin th e las t 10 years in

characterizing and correlating the release and deposition mechani sms , but it is

still not possible to predict ad in itio ” the required boundary conditions and

much initial exp’~- -inent ation is required for each new compound to establish

the choices of geometry, carrier gas species , pressure , power level , substrate

requirements , substrate temperature , etc . for successful sputtering.

Dur ing the past year over 500 sputtering runs have been carried out to

test out and optim ize the paramEters for Sr2Nb2O7 so as to be able to repro-

duc ibly sputter stoichiometric films onto a range of different substrate

ma te r i a l s . 
-

Using a standard MRC model 8502 sputtering unit operating at l3 .E MHz with

2 diameter cerami c target and a target substrate spacing of the follow ing

optimum conditions were found.

(1) Car rier gas pure 0~ at pressure 30.10~~ torr.

(2) Power level 50 wa tts.

(3) Substrate recrystallized Al~ O3.

(4) Target composition SrO ’
~1 05.(Nb~05).

The off stoichiometry inthe target required to produce stoich io~’etric

films on the substrate was traced to a high re-sputterin g rate fm~ n the sub-

stra te , which also gives rise to an unusuall y low effective sputterin~ ra te

in this sytem . By redesiani nq the dark space shield on the target , it w a s

found possible to improve the soutter ina rate for oblique angles . a i~ in t 1 ii s

manner ~o achieve deposit ion ra tes of more than 50 I\ ni inute.

6.3 DIELECTRIC STUDIES

After considerable experimentation , pinhole free samples up to 1~ m in 

~
- — 
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thickness with stoichiometr y corresponding to Sr2Nb2O7 saitable for dielectric

studies were obtained .

X-ray powder diffraction gave no discernible structure , but after heating

to 1200°C for 4 hours a pattern corresponding to the polycrystal Sr2Nb2O7
material prepared by conventional cerami c methods was obtained .

Dielectric measurements taken as a function of temperature and frequency

on the amorphous films are shown in Fig. 6.1 , and the corresponding loss tangent

in Fig. 6.2. Unfortunately, the dielectr ic results do not provide any unequivocal

evidence either for or against ferroelectricity . The frequency dependence of the

higher temperature rise in c ’ an d the corres po n d i n g  rapid  r i se in tan ‘
~ suggest

that th is is extrinsic, and associated with space charge deformation of the

potential distribution (Maxwell-Wagner effect).

Attempts to pole the films with high DC fields at room temperature gave

no residual pyroelectric effect, an d there was no evidence of dielectric hys-

teresis. The films are too thin for proper bulk measurements of the optical

properties but exhibit no starting t~i ref ringence , or substructure which could

be associated with ferroelectric orderinq . Thus we are tempted to believe th at

amorphous Sr2Nb2O7, as fabricated by R.F . sputterin g onto a cool (less than

400°C) substrate does not exhibit ferroelectricity .

6 .4 PRELIMINARY ANNEALING STUDIES

Amorphous Sr2Nb2O7 fi l ms deposited on recrystallized alum ina proved

remarkab ly~~able under therma l annealing.

Initial runs were for 18 hours at 300, 500, 700 and 1 000°C produced no

observable change in the film under microscopic examination. Increasing the

time at 1 000°C from 36 hours even up to 148 hc~urs , again showed unchanged

amorphous films .
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t-~.3 M.I • I inos , A.M . Gla’~s. B u ll . Am. Cerarn . Soc . 6 , 3b3 ( H / /) ,

I-

I

- ~~- - - - - -~~~-- - -~~~



-- _ _ _~~~-- -

- - 

. AP PENDI X I

— -—~~~~ —



-~ --~ - 

_ _ _  
- 

- - - 

St fliL’ t U re~ ~iikl 1)1 1 i ’t - r Ic Propert  I t ’s  o t Ma~ e’E J .i is I I) I lit’

So i i t t  So I t i t  ton  S vs t e ’m I’b ( ~lg 
~ / / 0 : I’b (W 1 / )Mg 

~ / 
) 0

S. N,~im~ r i  • ~~ . . .Ling , I.. E . Cz - ss .iiid R . E . Ne ’wn) iam

Mat or I a is Re ’ ‘,e ’,i re ’ li l ahe -. r , i  t c~ i vr1~e~ i1*~nnsv I ~~~ í a St a t o ir~ i Ve~ rs it V

t’n I ~‘ors I t  v P ark  • Pounsy I Van  I a I t - .802

1. m t  r o d u - t  t on

Le ’.td m.I gnt’ S I urn Il I c ’ba t o (PKN ) I s  a t or toe’ I ~ e t  F i t ’ in.i t e ’ F (a I w it ii c i i  I l u s t ’
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per s  lye w i t  Ii a broad f re q u en cy  de’p t ’nde ’ut m a x i m u m  In  ‘ in  the r an g e ’ I) t o  — l  ~°t

and a ~-o rr~’spond tu g  broad m a x i m u m  Lu ‘‘ at  I owe ’r t ompe r a t u r e s  . A V e ’ t V  e -> ~t e n s  I Vt

l i t  ~ r a t  ti re’ ~~c ’\ ’ t ’ r I t i g  many of t he p ro~~’ F t  I i s  of t h i s  e ’ornpound is ~ f t o c t  ly e  I v s u m —

m ar i z e d  in L a n d o l t  B or n s t t ’tn  ‘
~~~ .

At room t emp era t ure  Ph (Mg 1 i~~ 
0 , ( PM\~) l i , u s  an c ’rt  I tor ho mb I c ’ i  l i v  d I c ’r  t e d

pe ’ r o v s k t t t ’ s t r u c t u r e , w i t h  a u n i t  c- e l i  w h i c h  is  i I ’ j c F c ’ X t f l i , i t e ’ i V  - i a  X - i i  \

who re a t s t ho d I fflt ’Ils (on of  t he ’ n orma l po no vn h I ~
- s i n  g t e ’ c i  I I ~~~ : -

f o r m u  1 ci L i l t  i t s / u n  i t  c o i l  . ‘r ite’ or ( g i n  of t ii i s  on I i  F g t cI  ‘‘ sup er e ’e ’ 1 1’’ has ~e , t i

F h ’  ed t o  two p henomena

1,-I- 
- n

I A t, h r e ’e’ d imens t on i I o i d e -  r i uc~ ol t he’ M~ and I,’ c i t  L e n i n  Iii t t i e ’ h s i t  
~~~~ -r

of  the -\BO s t r t l c ’t t ire ’ , prottut’ Lug a doubl ing ot  t i te ~ w i l t  c O i l  t ’cl ge’n .

( i i  Ant  I po I ar  d I sp  I ae ’e’me’ut o I I l i t ’ I o t t o  • I ca d I o an add It I on _ i  I dotil’ 1 Inc

}‘M\~ u n c I e r e ~c’ t ’s a t i- ans  It ton I rom qu ad i i i i ’ i  i’d t o  e l o cib  i t ’d . 1  1 p i i  i i ~~~
- , t s  i t

Jt ) °( , w i t h  . w e a k  d i e ’ l e ’c ’ t r l c ’ m, i x i r n u r n  at  t h i s  i’lia .s . - - h i t i - - , - i i i , i  - i  l oss o t  ( t i e

o F t  h o r h o m b i c - d i s t o r t  t~-. h~
) 
. S m e t ’ t ile’ i c ’wt ’r t t ’mpe ’r~ u t  t i l e  p l t i ~ ;i i lc ’ ’ S  I I c ’ t  t ’\h  I b i t

d te’It ’etr L l i v s t e ’ r e ’s I s  I t  ha s  he ’e’n c l , i o n  I te ’d i ’  h i t  i t  c i  l O t  i c c  ( I  i c  .

t he’ pr e’sen t Wc’ i’k showM I i i i  t PMN , i t id  i’~ fl- I oi-m .1 c ‘m l’ I o t t ’  t I f l~~ t’ o t  sc ’ l i d  sc ’ I
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t b its he twe ’en t h e ’ two e’n dmornbe ’ r e’o mpos I t I oiis . 01 spe ’e ’ i , i l  I n  I i r e ’s t I or t h OSe’

st  ud I t ’ s was t hi’ m annt ’l ’ I n  wh I oh t i l t ’ d i t ’ I e’e ’ t rh dl sp o t  I c ’ i i  ‘iiaitg e’ s w i t  hi e - c im pos I —

I It ’l l  in  t h e ’  sc’ 1 Id no!  c u t  t t i i t  F~ln ge ’ • t i l e ’ e V c ’  I c i t  Ion ot  t ile’ c ’r d e ’re ’d supe ’r st  l U c  t ci t e’ s ,

. t t tel  t l i e ’ mod i f  I ~‘ , u t  ions w h ich  ot’e’LIF in the ’ h i  gite’ r l i e ’ Id  d i e ’ lo t ’ I r i~ - p ro p e ’r t  ie’ s

J S  t ile’ o rd e ’ red ~ ,u I ton a rrauge ’lnon t he’c ’ome’ s est ab I i  she ’d. 1~Ii I s paper  Is  e’ofle ’e’ rued

p r I m a r i l y  wit ii t l i e ’ d ie  b e ’ I r Ic p r o p e r t i e s. A more ’ dot  a i It ’d d ose ’ r I p t  I on o I t he ’

sI rue’tci ral work w i l l  he’ g i v en  i i i  a s u b s eq uo nt  p a per .

.~ . San~pj e j 1r_e’j~ i_r~u_t i  c i i i  and  C h ar a  t e ’i’ I :‘i  t ion

The’ re ’qu t r o d  Se’ r I c ’S c i  e’eirnpo cind s We ’ re ’ p r epa red f r o m  t~c ’a gem t grade’ PbO , ~lgt)

Nb int l  140 ~~. Fli t ’ c c ’ ili-l t I t i i e i i t  OX i d e S  We n t  mixe ’el  in  ap p r o p r i a t e ’  p ropo r t  ion s .

h ,i  1 1 — m i l l  e d  in - i I c Olie ’ I • t hon t i n  f o c i  and C , u  I c ’ I n e’d in a i r  ( i i  a c ’ I osod a I urn I na e ru e ’ I b i e ’ .

Ca I e in  tu g  t e’mp e’ rat t i r e ’S r ange d f re ’m ~00 t c i I , 000° C-- depend lug on e’c)mp O s i t  ion f or  a

e , h  h e ’ m e ’ t Ime ’ o t I ‘i Ite ’ci i - s. ‘~h~ r e’scI I t lu g  c a  I c  h i t  was g r o u n d  and re’ f I re ’eI f o r  tw o

, i t id  i t  t e ’i l.l I I i i i c ’i i l pe’ i ’ i c ’cI ’ -~ t ~ t ’i l s t i r e ’ c c i i t i j i l  e t o  i t i c  t i on .

t ’ O F i n i t e ’ s~ u nij ’  I Wi ’ r e ’ p r c -pa rod liv c c ’ t e l  r r e’ ss lug i nt o  d I s .~ . ‘~ e t ’ni d i  , i f l l e  t e l ’

.unel I ( r i n g  on I r c c ’n i . i  o c t  h i s  In  , u l i ’ . S i u t e ’r i n g  t e’mpe’ra t ur e s  range’d rom

t~ ’ 1 5~) 
~ c i t  pe ’ilcI l i i i  O il  ~

, ‘rt l i c ’s I t I i ’l l .  ‘
~ .~— t c ’ ci u s i i t t  t i  l ug  t Irne ’ was used . in  t ho

p u r e ’ PMW c e ’ F , I f l h ( e i - i , t i i c ’ t  c was i 1 w , i ~-s i n t . t , i I  1 ,umount ot  u S c c c ’ i I c i  p h a se , p r o b a b l y

~ t , i I~~ i te ’  ( I ’ i i W c i l .is pi \ j c 1 i 5 1 \  rc po i  I t ’d !‘v ~‘ ,i s i a v s k I I  i t  , i I  .

X — i - iv  powcle ’i d l t  I r , u c ’ I ion p i t  1 , 1 1 1 0  1,- c - i t  t , i k e ’ll , i t  r , ’, ’ni t e m p e r a t u r e  us lug

( ‘ u i — K ~ r ,id l a t c ’li . l i i i - n int h  I t o  We ’ t~e~ ,i  1 I o t  po i- ov sk i t o  st rue  I c u r e ’ , ,hileI e Xc e’p I pur e ’

t’MW ise ’ re ’ ,i I I e ’c ih  I ,  , b i t e  1 , i t t  i c e ’ c c i i  t in  t t , c  i c ’ dot  e’ i’m ii te ’cl  f r o m  I, . 0 0 1  , ( . I I

I, b l O t  ,u i tc i  I 1 .’ 1 1  rO t I e d  I on s , I h i h i d  1, - c S  !‘ e ’ I n g  r c t t ’ r r e ’d to  t I l e ’ N’ m u  t h e

pe’ r c i v s k  i t t ’  c ’ e ’ I I . S i i p t ’r st  ru e ’t i i i , ’ r e t  I c t  i ‘ns c hu i i ’ i i  t or 1st  I c ’ c ’f ~i c I O 1 i I i  I b u g  e ’l

t i l e ’ pe r ovsk  j t t  suhc ’e ’ I I In’ c,, i i i  I 0 , 1 P1’ c i i  I or c c ’ru pc S i t  b its ~~, ‘t i t  i j u l  t t p  I l l O l e  t hati

mc ’ I c  - I’M ’t4 • wi t i t  ( i t t  ems I t  I c O  I n c  i c , i S  1 t t c ~ c ’e ’ f l t  k f l h i c i t t S  I v  i, i t  ii In c  F t , l S  i u i i ’~ 1’ M\~ c

c ut  . t h e ’ I a t  I I c e ’  i c O i O  t a n t  s and t l ie \ — -  u , i v  ~i i t  I r i o t  I c ’il t n t  Oti s i t  V i , i t  i 0

I (~ 
~
, 1 / 1( 1 0 0)  ,ts i fu m e ’ t t er n  c c i  c c l u t t l l c ’ s  I t  I on , u re’ s i  o t t  In  ~

‘ 1g.  1 . To , i \ 0  i ci 
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t h e  e’ t ’imp l cx i t  1e14 ass c’c iatt’d with t he ’ qu ae lrup  it ’ cc’ 11 i i i  P1414. 1 lie’ h i t  ens I t s ’

r at  Los we’ r e’ t aken  .u t  SO ° C , wit h I t  is  in t h e ’ e’cib I e’ p hu ~u se re’gion f o r  a l l  e’ e iu u p e i —

• s ( t t o n s .

D i e  h. _ ’ct F Ic Me ’asure’mt ’nts

‘Fhie gene ra l t r e’nds in l i e ’ t e’mp e ’r .h t lure’ de ’pt ’nde ’nce ’ c ’ I t h e’ weak i i  c ’ I el t i l t ’  I t’ t ’

tri o ttt’rml t t iv i t v  C ~i e  F O S S  t lit? Sel l Id sot  ut  ion range ’  can he seem in F i g .

which  scuniiu , i  t I ~e-s moasu Fome’u t s t ak e’n . i t  100 k u . ’ In  a f i t ’ itt o l  100 ~~~~ i t  s / e ’m

I t is e v i d e n t  t h a t  ti lt’ max (mum va h u e  c i i  1 d i e d ’ r e ’as e’s rap  Id l ’s’ w i t  ii h i t ’ i’ e ’ii S I i ig

I’MW con ten t , but t  t h e  broad max t rn t tm  c ’ I ou r , i c ’ I e’ F 1st  I i ’ of  ~u d i f f u s e’ e’ l i an ge is ov I eie ’ti t

e’Ve ’il up t o  80 mci i ~‘
‘: P1414, I’hi i s  was con i i  rme ’eI liv t i l e ’ le ’c t l ’ I c dl spe c F sI  on me’a Sure’ —

ment s  on co m p o s i t i o n s  t aken  at  10 me’ ie ’~ P14W tne’ r e ’ment  s. 1v p l e ’al  dat  ~i I c ’F (lie’

( it )  m o l e’~ r ~~~ e’ompo si t  ion is g (v on in  F i g .  ~~, where’ t h e’ sli l f t  lug of  c ’ max h mun u

to  lu I ghe r t e’rnpe ra tu  re’s wit ii Inc  re’as l u g  moasur  tu g  I l’e ’qu e’uc ’ V i s  c 1 c ’,i F I v  e ’’s’ i don I

To summar ize the  el i  spot’ s I t in c h a t  , i  , r i  ~ . “~ is  a p 1 ot . of t i l t ’ ‘ s i  l t i e ’~ c i t 1’ , t he’ Fmax
t e m p er a t u r e  of t . Taken , u t  f n e qne ’u ie  i e ’S of I , 10 , 100 and 1 , 1) 011 khI ,~ t o r

max

e’ompos i t  I otis . i t  Fc ’ i-is t h e ’ so I i t t  sot  cit I c ’ uu  r ange ’ F 1g. -~ hi p l o t  s t he’ ‘‘ci i  spe - i - si  oit i- I u t g c ’

( ‘I’ i t  1I ’ftlz — ‘F 1kHz ) as ,i fu n e ’t ion  ~i I  ce ’illpd’s I t  i t ’l l . i t  is  l n t c u c - st  I t i t ~ I c ’max max

no t e’ t h a t  up to t,0 uno l t ’~~- P14W , t h e ’ d i  spe ’r S Ion r i u l g e ’ l i l t ’ i i i i i d 0  • t l i c ’t t  c ’ i i i i  g i ie ’r i’~I\~

c o n t e n t  dee’ i’ e’a se ’s r ap  Id iv t o  a b r u p t  I r au s  I t 1cm i-’t ’Ii av lot ’  i t  t Il e ’ 50 nto l c

con t e n t ,

An Int l  I c at  Ion of t h it ’ de ’ c ’ t’c ’,ii-j I i ld . I e’ i Foe ’ i e ’c t I ’ I t ’ c h a t i c  I c i  1 i- it I t S  i i i  I lie ’ 1 OW e F

I e’mp er at  t i re ’ r og  lot - i (ho I c’w t lie ’ -r ~~~ go) was eibt  .1 iucd I rorn mi - h o  u d f l t c ’il t ii c i t
max

d i e  le ’ c t  r i o  iiv ~~t ores I s  und er  ‘s ’cr -,’ I c it , f r e ’qu e ’ncv Jr  ly e ’ ( 0 . 1  II , ’ 1 . ~L i x  i m i i m  t O l ~ i t t e i l t

p o l a r  I ;‘ ,i t ion I e ’Ve  h i-i as ,i t c i t i , - t  Ion c i t  t t ’tnpe~i~ it t i r e  a i t e l  c c ’t I l h’ c ’S i t I t ’tt t i c  shoc~u t i i i

F i g .  ~‘ , f r o m  w h l c ’li th e’ pc~i k v i i  I t o o t  t ile ’ l’
~ 

vs c l i m h i c ’s I t  I c ’it I F  ~c , . ‘!~l e , i i l  to

tiC ’ I’ I \‘e ’ di . Ti t i ’ I ic ’ I t h a t  I lit’ l iv sI e~ i c ’ t I c ’ ci i e ’ I c c ’ I i I t ’ be ’ii , i  v i~ ’ i i i i  mc ’ Fe ’ ~~c ’l’lj’ i c  X i i i

these’ re’l , i xc ’r  e ’e ’m p o s t t  I ons  ( h i a t t  in  c c i n ’ s ’ o u i t  h e ’ i i . i  I I t ’ i i o e ’ l o o t  i 1 ,  , ‘ i i n u t o u ’  I s

c I e .i r i  v dt’moiis I F i t  e’ ei b’s’ i t t  ox , ini  I n t l  I on ~‘t  I lie’ o’c- , ik  l I e ’ 1 d pe ’ i m  I t  I I ~
- I t  v is

i.L. 
~~~~~~~~~~~~~~ —~ —
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func t ton ~it c’s~c I It’ h i  ,is t 1e ’ l e t s .  Fc ’ r pure PMN t lie’ Se’ da t  a are’ sliowti iii F i g .  ~~~.

At h i  g u t ’ r t t’mpe ’ t’a t u re’s (‘ihovt ’ t lie ’ r et  axa  t I on range. FIg. ha) t h e’ Fe’ I s  e ’ e) t ) you —

t i on ,i  I d ic ’I  oct  r Ic sa l i t  r , i  I ion . For t empe ’ra t nrc’ In the ! re I ~u xa  I ion range’ t bo re ’ is

a pe ’cc u 1 j a r  i n v e r s e’  h v s t  e’Fe ’s i s , g iv lug  maxima bot h i In t h e  p o s i t i v e  and negat  by e

t i e ’ lel r e ’gions  when the’ ap p i  I e’d f io l e i  Is decay  l ug  ( F ig .  6h)  . On f u r t h e r  coo l lug

t i l e’ samp le ’ aga in  e l i  sil l av s  ,i imost anhyst t’ re t  Ic  b e h a v i o r  (F I g .  ôc ) , lie fe’ re i m a  h i  v

revert l ug  at even leiwe’ r t e m p e r a t u r e  t o  the mo re e’oflvt’fl t I ona I “ bu t t  t e’ r li v ’’ ioop

e ’Xt i e ’e’ t  e’d I o r  norma l I e’i’roe ’lee ’ t rh’ s ( F i g .  bd)

P1 sc ’t t s s  io n

‘l’he’ ceint Intic ’us c’ h i a n g e ’ of I at  I ice  pa r ame’tt’r wit ii comp os I t  ion , and the’

,tl ~5e’itc ’ ~ of ,inv d O  tot -tabl e second pii.ise e’xe’e’pt in the  P14W t -ompo s it tern e’ 1 e’ar i v

F ltt d I cat c’s t’omp l etc sot Id Sc) I u i t  Ion he’twe’e’ru PMN and P14W as w ou l d  be’ e’xpe ’d ’ ted I or

- I hoSe’ 1 e’acl’— t’eint , t  i n  lug perovsk  i t t ’s.  The’ tot r I v app ear u t i c ’ c’ Oh suipe’ t t a t  t I cc’ rec f l e d  —

I ot i s ,  when 
~
j eu st over 20 1 c i i  t h e ’  P14N is subs I i t  i t t  c ’c l i V  P1414 g I ‘ses a c i  car intl i o u  —

ton c ’ f the’ ‘se~ i
’ v st remg I e’itclonc -’s’ I or t ile ’ ~tg~

+ 
anti W~ + ions  t o  d l  c’ t a t  c~ an o Fcle ’ re’cl

4 e’,t t i on a rrangement  ; however  t he t i l e )  o t t  r i c cia I a e’ le lt’ i v  show tha t r e ’ 1 axor  e’ i i , t  t —

actor lIlt1 diffuse’ ti’,ttis it ion l ie ’li av ic ’r i s  pre’se’rve’d up t o  more t itan 1~I) m eileol

I’MW stti - st i t u t  I o n .

no I c’d, I e~ a I I v , (lie’ rap let re’due’ I I c ’ii c~ t t i lt’ i~o I t c ’ t i  I I c ’Ve I s of Lfl t i l t ’

pa t’ , i e ’ 1CC t r  i 0 phas e’ may be’ cltiO c~h I h i t ’ i I o ~i t’.i~~ Id V~ dti e’ t I ott ci t  t iii’ ( t i  t i e ’ 14e’ iss

t e’mpct’at cure ’ I ) • c ’r a I owc ’r I ng  ci t  (hit’ Ciii’ It’ coust  ant ~ t - I t  l i  I’~fl4 ~ctbst i t u t  ie i i i .

i’i c ’ I s c i t  t ile ’ re’c ip roca  1 0115e ’ chi t Iii ii It he ’ 0 let b e l t _ c _ t i ’  I~ ~t h i I f l O sS)  IS ~i I Uth  I I c’tl

oh I e ’uiipt ’ i , i t  itte ’ (Fig. 7) 5tt ~~t~e ’St t h u t  hot hi p 1~t’s’ i- i , ’i i i t  t’c’i e ’ , hut t hat t h e’ dom iti ,int

i t i l’ I ue’n c ’ e ’ is a r~ip Id  re’dtte’ t I c i ii c ’ t~ t h e  C u r  h e  c ’ ’nst  ~iui I I t , i t  Ii P14W c’& i f l t  0111 1 I- 1g.  -‘1’

i t  tcIe ’tl c ’e’ 1 t’c’fl i t li~ ii 1 gb I i , ’ l c l  1 i i i i , i r  i ,‘, i t  1cm l O ’ i t i \  ~0I It too t e ’mpet ’ zl t  t i l e ’s

h i d  I c i t t O  t l i . u t  Some’ ts’e’,ik  i t ’Fi ’ Oc ’ l e ’c t t I t  iit ’ l i , i ~ t o t  , i i i d  a ¶ i t d t - I c ’vo l c ’t  i’ e’rn an o u l t

~ c ’ I .i r I: at  It ’ll Pt ’ r i-i I i - i t S e ’ von up t o  80 mo 1 c ’ - - i ’M\~ i n  I lie’ so i Id so i c i t  i oil i t  i ‘

~

c ’ i o , u u  , t u c ’wt ’ve ’r • I rom I he l ’h . i s  be ’h ,iv I c i  I h a t  e ’ s O t i  i i i  put’ e’ t~~tN • I lie’ t , ’t  i o  I c c l i  i
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response is q u i t o  abnormal  wit Ii a true ’ rem,me’ut t  lid tar t .~,i t lou very mu e ’h sm~i ii e’r

t han  the  t c~ t j  I p o l a r  I ;~~u I Ion I i ’ V e ’ 1 wit ie’ii e an he h i t ’ 1 ude’d untie ’ r l i e ’ Id • and a t ilt ’S

uinusua  1 ‘‘ inverse ” i ivs teres  is at  t e ’mper at nr c’s ii i  t hit ’ F e ’ 1 ,tx ,it hem F , iuli ~e’

On the  model which has been prt ’poseel b’s’ Smet 1 et isk L i  e’t ,t I . ~ 1 )  
anti ot hers  1, 2 • 1)

el ift u iston of  t h e  p hase t r a n s i t  l o u t  Is ~i t t r I b c t t e ’ ei (ci spa t l a l  f l c i c t c u a t  i on s  I n the !

d i s t r i b u t i o n  of t he  d isordered  I~ s i t e ’ oat ions in t h e ’  P1’~~ g i v i n g  r i s e ’ t o  a s p a t  h a l

d 1st r i b u t  ion of ‘‘ loca l ’ ’  t rail s i t  ion tem p e’r a t u i res  , and a e’omp I ox atm ix  t u g 01 hot ii

i n t r I n s Ic  and e’Xt r insic  po la r i za t  ion mee’hat t l sun s  . Tht ’ s low  e’ompt lnents  01 t he’

p o lar lz ah l l  l i v  are ’ sugge stt ’d te i .i r i S e ’ pr m a r  i i  v t h r o u g h ext r it-is i t  p henouite ’na sut’ii - -

as domain  wa l l  mot ion in I he fe ’ r r oe ’ I cc - t r it ’ r e ’g t in s  or p 1t u Sc ’ bou ndary  mti t Ion a t

the od gos of th ie po la r  fer r o o lec  t r l c  reg ions , and te l g i v e’ r i s e ’  t o  t he  c bse ’r ve ~d

low f r e q u e n c y  d i spe r s ion  in t ’ .

Recent  St udies on the “ ag ing ” phenomena in re ’ I ~u x o r  I e ’F roe’ I cot  r Ic s In t h e’

PLZT f a m i ly  (7 )  
at-id in ~~~~~ g ive’ f c t r t  l ior  s t u p p c ’r t  It ’ t h i s  flielde’ l by de’monst ra t  lug

an aging of the  d i spe r s ive  component  s i m i  t a r  t o  t h a t  observed in  convent  i o t t u I

f e r ro ele c c t r  ic ce ramIcs  in t he  f e r r oe i  e’c’ t r h t ’ phase .

We he 1 teve tha t  the presen t  St udv g i ‘se ’s f u r  t h e  t’ r a t h i e’ r cone ’ 1 t is  i t o  et, i ~l e n c  ~
-

f o r  lo~’a I spat  ial i i i’terogenei tv  in t h e ’ c a t  ion c l (  i-- i t r I bu t t  fern f o r  (h i  S Sc ’ l i d  so lii—

I ion sy s t e m .  Obv tocusi  y , Nb and Mg~~ t~ i i i l t c ’ t o rde’ r in ,i  s imp i t’  , t  I t e’rna t e t , i o l i  i ’it

w i t h o u t  massIve ’ e’iian c~e’ or t’hemie ’al imb a l ane ’e~ ~h~’vo I oplnc~, ‘s’ e’t e t c h  i t  ~i - tO me’ I e~

P14W add it  (c l i i  there is c i  oar cv I eiouic -e 0 t an c ’r dere ’d .i  r rangenie’n I r. l v i  ug q u i l t  e ’

s tre ing s c t p e r l a t t l c e ’ t’c’ f lt ’t’t ions .  i t  I s  n , i t i u r , u h  t c i su~~c ’c ’st t h i , i t  t Itost ’ ntust ,iI ’jSe ’

p r i m a r i l y  f rom Ic ’ c- a l  re’g he lms w hi c h ,irc ’ r i che r in t 1 u u l - .~st  ott , , i f l c l  t h a t  t lie ’ o t d e i

would b reak  down in the  i c’c ’a 1 r eg ions  wh I e’h ,iFc ’ r i ch e r  in ul c ’l ’ h im.  in t li i  s

manner , local l v  d i s c ir de re’d r e g i o n s  w i t h  I l u ~- t u , i t  i ons  In  t h e ’ N b ” 
~~~~~ l i t  Ic ’s

and as Sot ’ i,i t c c l  d 1st r I b u t e ’d Cur  I o t e’mper u t u  i’os s h u t  I d po r s 1st  i e - i’o ss moot c ’t t ilt ’

phase d 1;igrti m and i t  w ou l d  not  he su i rp r  I s  1mg t , ’ f l i - it t  e l I  spt ’r s hVe ~ he’iiav hot cup t c ’

e’eimpel s I t  I t in s  with more’ I han 70 mcl i c ’ P11W . 

• - 
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S imI Li r I v , however , I t  would  he e x p e ’o t c’ci t l i a r  eird e ’r e’d reg i ons r it ’ll li -i

t ungs tet l , w h i l e ’h have a tcnde’ne’v to  favor ,unt ipe)l~ir c-at Ion disp l .ut ’e’me’ut s wclul ei

t iot prov I d e ’  pa th is  of easy f lux l i n k a g e  f c u r  t he  die  icc t r i t ’ d i  sp i ad ’ e’uue ’n t at  ii i  gh

f i e l d s  and would st r o n g ly  r e i n f o r c e  the re-i l e’ of t h e  “ low  Cur i e  t e’mpe ’ra (tire ”

regions in th e ’  pure’ P~~~, and t itus rap Id lv  red uce at iv true Icr Fete’ l e ’e’ I n e ’ r om a n—

ence in the lower t empe ra tu r e  phase’ as i s  ohserve’d .

Summa r V

These s tudies  have shown t h a t  PMN P14W f o r m  a comp i e’te’ range ’ of sd l i d  SO i t t—

lions w i t h , at hi gher t e m p e r a t u r e s , a c u b i t ’ pe ’rc ’s’sk I t e ’ St ru c ’ t u re  . Re’ i ax, ’r ~‘ i i , i r —

a c t o r  In the weak f f e ’I d  e l ie ’Ie ’ct r l c  r esponse ’ is p resen ted  In e’ompo s it  i o t u s  up

to  60 mo 1 e’~ P14W, but  ele ’C roast’s r a p i d l y ,it  It ig ite r e’ofle’Cnt r a t i o n s , whi e -r e ’as supe - r —

1 , i t t  ice ref iC e ’ I tems c’orrcsponding to an ordered c’at ion ar r an ge’me’nt i t og in  t o

appea r in e’OmpOS I t  Ions wit ii me) re’ t han  20 intl it ’ ’ P14W . 1-11gb fit’ Id re spouse ,i t I c ’i ~

temperature’s m d  It’~~~ ’ a rap id d Imlnuit i c -in In r emanent  po1.i i’1.~ i t  ion o i l  it P11W c o i l —

e’cflt r,i t ion , butt weak ferr oe ’  leo t r Ic I tv  has been t r aced  up t o  80 not h e ’ ’ - h’MW e ’eltflpO

s i t  t ons .  Al I samples  w I t h  re l axel r c h i a r a c - t  or e x h ib i t  an u n u t s u u , i i  “ i t tv e rse’’’

l i t - s t  ~‘ 
i- os is in ~ under h i t s  when measur e’ei it I e’mpor i I t i l e ’S

0’

o l o s e ’ o the  Cur I t ’ range . The ’ b e h a v i o r  is  qui~i l i t  at  i ye ’ lv cxl’ 1 a I neil on I he ’ h as  is

, i I  t h e  Smo lensk  i t mode l Ie I V t h e  ft’rroe l e ’e-tri c wit h i d i  I f Us e ’ p haso t t - ~i u l s  i t  i on .  
-
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F i g .  I L a t t i c e  e’o n s t c i f l t  antI superst  ru c tu re  l ine’ i n t e ’n s i t  v as a f u n c t  ion  of

composition in PMN:P MW solid solutions.

• Fig. 2 Dielectric p erm ttt iv itv as a function ill temper a ture in P?’U’~: PMW solid

solid solut ions at ,t fixed frequency of 100 KHz.

Fig .  3 Dielectric dispersIon in a 0.6P~’ff’I :O.4PMW solid solution.

Fig.  u (a ) Dispersi on of the  t e m p e r a t u r e  of ma x imum permi t  t i v i t y  itt -
‘

PMN :Pt4W solid sol utions.

(b) Dispe ’rslon range as a fune ’ t iein 01 compos i t i on  in P~~~~~:PMW

solid s o l u t i o n s .

Fig. S (a) Maximum remanen t po larization 
~r 

vs temperature.

(b) Maximum remanenco as a function of composition.

Fig. ti Dielec tric saturation as a function o f DC biasing f i e l d  in P~~~.

(a) 39°C (b) -17° C ( t ’~ 
-~~c~~C (d) -136°C

Fig. 7 (a) Inver se d ie l ect r i c  s u s c e p t i b i l i ty  (die ’loc - t r i c  s t i f f n e s s )  as a

fun c t ion of t empera tu re in PM1’~:PNW Sc ’I Id solu t ions.

:1 ( h i  C u r i e  ce - in s t a n t  C .ts ,t funot ion c- i f c -o n p c ’s i t  ion in Pt’~~ : P14W so l id

so l t u t  ion s .
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ABSTRACT 
Connectivity is a critical parameter in composites designed for use
as plezoelectric transducers or as pyroelec tric detectors. There are
ten important connectivity pattern s in d iphasic solids , rangin g from
a 0—0 unconnected checkerboard patter n to a 3-3 pattern lit which
both phases are three d imensionally self—connected . Processin g meth-
ods for m a n u f a c t u r i n g  some of these pattern s are described. Series
and parallel models for composite piezoe lectrics and pvroelectr lcs
lead to several interest ing results , such as a d iphasic pvroelectric
in which neither phase is pyroelectric. The inc-idels are also help ful
in interpreting the structure— p ropert y relations in single—p hase
materials where the crystal struc tures mimic certa in connectivity
patterns.

Introduction

Led by the semiconductor industry , material s science has entered a new era ,
the age of carefully patterned inhomogeneous solids designed to perform specific
functions. No longer as much concerned with the properties of the  best single—
phase materials , many scientists now search for the best comb ination of mate-
rials and ways to process them. in a very real sense , the field has ma tured
from science to engineering just as electrical science changed to clectr i ca l
engineerin g years ago .

In mos t e lec t ron ic  dev ices tht’re are several phases involved and a number
of ~~terizi l par.-imete rs to be optimized . An el*~ct rc ’ra ’ , h , i n i c a l  t ransducer , for
example , ma x’ require a c’ t-imbt h at i o n  of properties such as large pi ez oe le ctr ic
coefficient (d or g), low density, and nie chi ani cal flex ibilit y . A pv r oel e c tr ic
detector m ight require large pvr ot ’lect ric c o e f f ic i e n t , l c’uw t he rmal  capacit y ,
and low dielt ’ct r lc constant . In general , the t asl~ of r~.u t e r i a l s  desi gn may he
considerabl y sir ~;’lIfIcd if It is possible t o  devi se a ~lgur e c -f  merit which
combines the most sensi tive parameters i.n a form allo w ing ~,l~~’le m I t - i  o t , n ~~ct r I s c t n
of the possible “trade offs ” in property coeff icients. In certain ryro ele tr IC
sy stem s , for examp le , a useful fi gure of merit is p/ c where p Is the’ pv rot ’lec—
tr ic coefficient and c the electric perm ittivi tv.
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Unfortunately, the figure of merit often involves property coefficient,
which are conflic ting in nature. To make a flexible electromechanical trans—
ducer it would be desirable to use the large piezoelectrtc effects in a poled
cera mic piezoelect ric , but cera mics are brittle and st iff  lacking the required
flexibility, while polymers having the desired mechanical properties are at
best very weak piezoelectr ics. Thus , for such an applicat ion a composite mate—
rial combining the desirable properties of two different phases might be vastly
superior. The main problem is to effect the combination in such a manner as to
exploit the desirable features of both components and thereb y maximize the
figure of merit.

Combining materials means not only choosing componen t phases with the
right properties , but also coupling them in the best manner. Connectivity of
the individual phases is of ut moSt importance , because this controls the elec-
tric flux pattern as ve.].l as the mechanical propert ies. Symmetry is a second
import ant consideration , since syimnetry and properties are interrelated through
tensor coeff icients .  in this regard there are several levels of symmetry to
be considered: the crystallographic symmetry of each phase , the sy etry after
processing, the combined symmetry of the composite , and the environmenta l in—
‘luence on the total symmetry including electrodes and clamps.

The points of interest are schematically formalized in Fig. 1 for a simp le
two—phase system. It is interestin g to note that in some composites , not only
are the properties of the separate phases modified (sum properties), but the
composite may exhibit completel y new couplings (product properties) not found
in the separate phases. -

A physical property relates an input physical quantity X to an output
physcial quantity Y. The X—Y effect may be a linear relationship specified by
a property coefficient C ~Y/3X , or it may be a more complicated effect. As
pointed out by van Suchteien (1), two classes of X— Y e f f ec t s  can be dis t ing—
uished in composites.

Sum properties are those in which the X—Y effect of the composite is deter-
mined by the X—Y effects in phases 1 and 2. As an example , consider the stif—
fenin g of a matrix by strong parallel fibers. ‘~oun g ’s modulus of the composite
(E) depends on the moduli of the matrix phase O-E) and the embedded fiber phase
(2E). In the direction of the fibers , E is given by ~~~ + 2E(l—x) , where x is
the volume fraction (2). When measured in various directions , such properties
often vary between the geometric and arithmetic mean of the properties assoel—
ated with the constituent phases.

Product properties are less expected and somewhat more complicated : An X—Y
effect in the composite results from an X—Z effect In phase 1 and a Z—Y effect
in phase 2. Itt other words , applying X to the compos ite causes Z to change in
phase 1; the change i~. Z in phase 1 causes Z to change in phase 2, which then
results ii~ a change in Y in phase 2. The transfer of the q u a n t i ty  Z f rom 1 to
2 can be accomplished by several different kinds of coupling .

As an example of a product property, consider a magnetoelectric composite
made from a fer rct elec tric (phase 1) and a ferroma gnetic (phase 2). Crv stallite s
of the two phases are assumed to be in good mechanical contact. The ferrc’—
electric grains are poled near the ferro ele ctric Curie temp erature in a strong
electric field to make the composite p ie zoel ec tric. Magnetic poling of’ the
ferromagnetic phase is accompli shed In a similar way , by anne aling the compo-
site in a ma gnetic fie ld.
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When an electric f ield is
applied to a magnetoelectric com-
posite of thi, type the f err-a—
electric grains elongate parallel
to the electric field. The change
in shape of the fer roelectr ic 

- 
~~~

grain, causes -the ferromagnetic ~~~ ~~~~~~~~~~~~~

gra ins t.o deform , zesulting in a
r)tbI~ge it magnetization. -

PROCLS!.Jwt. ( ! _._-~~~~~ PAOC USI~~70 ~~~~~~~~~~~~~~~~~ consider a -
composite of ~barium tita nate and
cobalt ferrite. ‘The single cr-ye— I7Drrt1e~ ~~~9rn rD u s • 

~r~~ ert~ ei

t a). monodo ain poin t symmetries - - 

~
, •

are 4mm1’ for BaTID3 and m ’in ’ 
~~~~~~for CoTe2 O4. Vnen prepared as

polycrysta ls , the symmetri es
r evert to spherical ~~‘zni ’ - if 

- -poled , however , the fer r -oeiect ri c s~ rr ror~~.~’i 
-

cetamic becomes ~‘tnl ’ and the fer—
r imagnetic cerami c ~~n ’. if the -— - - - -~~- - —I -

Pr~~~~rt ~~,s  ~f C~~~;-~~~~t i  ( ~~~ - ~‘,‘ -~‘-r -~ - - ‘  ~ - ‘~~ -electric and magnetic polin g 
~~~~ ~~~ %vVr~~t r ~ C-~ t ’-r L ,~ -: --~~t, -fields are applied in the same ‘~~& ~~~~~~~~~~~ - - -

direction , the net symmetry of
the composite is ma gnet ic  point - -- - - -—- —

group a m ’ . This poin t symmetry 
_________

j 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~exhibits the magnetoelectric ~ t ru ~~tu r ~ ~~~~~~~~~~~~~~~~~~

effect , even though neither
EaT IO3 nor Coye,0 4 alone is
magnetoelectric! !~easurements ~I r , E)  L) r l ~i~~~~ tr u~ ti i re

on BaTIO3—CoFe2O4 commosites
prepared by ~midirecti onal
solidification at the eutectic
composition show magnetoelectric
coefficients two orders of -mag-- FIG. 1
nitude larger than the best single Flow chart illustrating design tonsideratiu ’- .
phase material (3 ,4). Another in— for optimizing tbe performance of solid state
terestin g product property is devices. The task of the materials eng ineer
described in a later secf :ion: a is to fin d the materials, process ing methodt ,
pyroelectric composite made from and connectivity patte rn s which maximize the - 

-

two non—pyroelectric phases. figure of merit.

Corrnec t :v i rv

Connec tivity is a key feature in proper ty develop ment in nu ltipha se s o l i ds
since physical  p rope r t i e s  can change b y man y o rders  of m.~gn i t ud c de-pendir~g ~~~the manner in whi ch connec tions ar e made. Imagin e , for instan c- t- . ;u ele c:ri c
wire in which the m etal lic condu ctor and i tr  r u b b e r  in s ul at i o n  wt - r t- co n n e ct ed
in series rather than in parallel.

Each phase in it composite ma~ he sc l f — c o n n e c t e d  in ~e- ru , one- , two , or th rt-~domensions . I: Is natural to c ’~-~~ini -  a~ re i ’~ t o  t h i t - e ’  p~-r p e nd I c u l a :  .i’~e — t~ --
C5u~ e all propert y tensors ar e It ~e r red  t o  such ~z v ~,t c m5 ( S ) .  I f  we l i r~~t ~ ht
d I scuss ion  t o  dipha .- ic - c r~i t c ~~, t h e - r - are ten corner : ~v 1 r i e s:  f l — P , ~ — D , : — c ~,3—0 , I-- I . 2—1 , 3—I , 2—2 , 3— , and 3— 3 . The t en  d i : f t - r en : c ’nnec t ~~v~~t i e s  ar e-
illus~ .~~t ed Ir . FIg . 2 , using a cube a~- th e b:~sic hu lld:ng b lock .- A —l c~~n n c c —
tIv~ t v  ~~t tc rtt , for c~~ampi t  , ha ’ one pha se s l ~~— connectv d it, t d ~~r r n c t o r t a 2

t h t  c ’t : ie - r i-.e i~~—c onne~c tt-c ~ ~r rne—d mt- ~~’ ~rr-..,l c: ;~in~- tsr ± ~~: - T ~ . 
• t~ t- 
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nnecttvity pattern. zre tot geametr icafly unique. in the case of a 2—2. patter s
the fibers of the second phase might be perpendicular to the layers 01 the first

as in Pig. 2 , or they might be parallel to the layers .

j.n pas sing we -tote that connectiv ity pattern s for more than two pbaaes are
basically similar to the diphasic patte rn s, but far more num erous . There .are .20
three-phase pattern-s and 35 four—phase patte rn. compared to the .10 two—pbase
patte rn s ~~.t Pig. 2. Pot n phases the number of connectivity -pattern~ is

- (u -p 3) ) /31n1 . Tr iphasic connectivity patterns are important when electrode
pattern s are incorporated in the diphasic cera mic structures discussed later .

During the past few years we have been developing processin g techn iques fox-
making di-phasic ceramic composites with different connectivities. Extrusion , tape—
casting and replamine methods have been especially successful . The 3—1 connectj ..
vity patt ern in Fig. 2 is ideall y suited to extrusio n processing . A ceramic slip
is extru ded thr ough a die giving a three—d imensionally connected pattern with ot~e—
dimensional holes, which can later be I flied wi th a second phase.
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FIG. 2 ,
Ten connec t iv i t y  p a t ter n s fo r  a diphasic  sol id.  Each phase has -ero— , i-ne- - , rw~’—
or three—dimensional  connec t iv i ty  to  I t s e l f .  lxi t he  3—I comr ’o site , ± r r  in st ant - c ,
th e shaded phase is thre e—di mensf on aulv connec ted and t h e  un sh a d e d  ~ h~~st -  ~~~ t ine-
dimcr~ iona1lv c onnected . Arrows are used to i n d i r a t i  t h e  cortn - c t e d  d : r e c t i r n~- .
T~ r views of the- 3-3 and 3—2 pattern s are g iv en  because the r~-;s in:cr;rnetra~ in~
nezwo r~.s are d~ fficu1 t to vIsualize on pap er - . The views arc r e l i tN -d  by 9~~ c r u-r’.-
ter-c1o~~~.~~se rc~~atIon aoo~~ 2. HI SPAG~~I SB~~T QUALI?Y PBMIILQAJ~L~I
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Another type of connectivity well suited to processing is the 2—2 pat tern
made up of alternating layers of the two phases . The tape—castin g of multllayer
capacitors with alternatin g layers of metal and ceramic Is a way of producing
2— 2 connectivity. in this arrangemen t both phases are self—con nected in the

- lateral I and I directions but not connected perpendicular to the layers along Z.

in 3—2 connectivity , one phase is three—dimensiona lly connected , the oth er
in two. This pattern can be considered a modified mult ilayer patte rn with 2—2
connectivity. If boles are left in the layers of one phase , layers of the
second phase can conn ect throug h the holes giving three —dimensional connectivity.

The most complicated and in many ways the most interest ing pa t tern  is 3-3
connectivi ty (Fig. 2) in which the two phases form inter-penetratin g three—
d imensional networks. P a t t e r n s  of this type often occur in living systems such
as coral where organic tissue and an Inorga nic skeleton interpen etrate one
another. These structures can be rep licated in other materia ls using the lost—
wax method (6) . The rep lamin e process , as it Is called , can also be used to
duplicate the connectivity patterns foun d in foam , wood , and other porous mate-
rials.

Four examp les of electroceramics with different connectivity pattern s are
shown in Fig. 3. Diph asic ceramic capacitors have been made of  BaT 1O3 grains
separated by thin layers of NaNbO3 in the grain boundary regions. The sodiu m

-
- 

-~ niobate is three—dimensionally connected while the barium titanate grains are
not in contact , making it a 3—0 connectivity pattern . The ceramic Is manufac-.-
tured by liquid phase sintering at temperatures above the melting point of
Na~Th03 but below that of BaT IO 3 . At these temperatures , sodium niobate melts

- 

- and coats the BaTi O 3 grain s but rapid cooling prevents reaction between the two
- 

- phases. - Bigh dielectric constan t capacitors made with these n icro str u ctu r es
show excellen t hi gh—voltage characteristics. Normally, the polariza tion of
barium tita nate capacitors saturates at high voltages , with the dielectric con-
stan t decreasing by as much as a factor of two; but separating the grains of
ferroe lectri c BaT iO 3 with a thin layer of a n tiferroelectr ic  NaNb O3 compensates
the saturation ef fec t  to give a flat  voltage response ( 7 ) .

Connectivity patterns can be synthesi zed as nia crost ru ctures , as micro-
str uctures , or even as crystal str i ctures. The BaTIO 3—N aNbO3 composite j ust
considered had a 3—0 microst ru cture. The next three examples involve macro—
structures with 3—1 2—2 , and 3—3 connectiv ities. Figure 3b shows an extruded
BaTIO3 honeycomb cerami c made by Dr. lrwin Lachtr~an of the Corning Research
Center. The cera mic is three —dimensionally connected with empty channels in
one direction to provide the desired 3—1 connectivity. When the  channels are
filled with metal electrodes , si2able electric fields can be app lied across
the thin ceramic walls. The device Is intended for use as an elec tro strictive
micropositioner for adaptive optic systems .

Two composite p ie r o e l ec t r i c  tran sducers a r e I l l u s t r a t e d  in Figs.  3c and
3d. The imiltilayer com posite of “hard ” and “ s o f t ” FZT has 2 — 2 c o n ne c t I v i t y
and properties superior to a sing le—p ha se p i ez o e l e c t r i c .  The s o f t  FZT ha~ a
large p iezoe lect r ic  response and is kept in a po led s tate  by the hard PZT .
Figure 3d shows a silicone ruhhcr—PZT composite r~~de by t he  replarn inc  process
(6). The 3—3 connectivi ty provides mechanical strength and flexibility f r om
the high pol ymer , an d e l ec t r i c  c o n t i n u i t y  and a large p ie~~~&- l ec t r I c  e f f e c t  f r o m
PZT . These mater ia ls  wil l  be discussed in more detail  in la t e r  a r t i c l e s .

- 8~S’I ~
3A~Irf 

~~~- ---
--

~~~ - 
_ _ _ _  --A



-~ ‘~~~~~~~~~-~T~ ~~
- 

r - 
-
~~~ -~~~~~ — --

J
L 4  t~&•~ , -

~~~~&di 
_ _

~
;- 

~~~
—:A &Y\~~~~i 

_ _ _

I’
-~

-

c £3

F IC . 3
(a) BaTi03—N al~b03 ceramic microstructure with 3—0 connectivity.
(b) Extruded BaTIO3 ceramic with 3—1 conn ectivI ty.
(c) Bard and soft PZT multilayers having 2—2 connectivity.
(d) Rep lamine PZT cast on a coral pattern with 3—3 connectivity.

P iezoelec t r ic  Com-oosit es

To illustrate the major mod ifications in ensemble propert ies which can be

effecte d ev e.n in simple line-ar systems, one—dimensional solutions are prcscnte~
for the piezoelectric and pyroe lectric properties of heter ogeneous two—p hase

structures.

Series Connection: Consider first the pie zoelectric properties of lamellz~
dip hasic composites . Longitudinal p iezociec t r ic  c o e f fic i e n t  d33 has been de-

rived for a diphasic p’.ezoelectrlc with the  constituent pha ses arranged in

altcrna:ing layers TtOr~~a1 to the 
~~~ 

direction (Fig .  4a). Designating phase I

with a superscript 1 , and phase 2 with s u p e r s c ri p t  2. p~ a~.e ~ has vi’lunc i r . i ~~—

n o n  lv , p~e :oelectric coefficient 1d 33 and p e r c .i t t iv i tv  ~~~~~~~ and phase 2 h~~
2y , — d 3~~, an d C 33 ,  r e spec t ive l y. Solving fo r  th e p i e : oe lt - c : r i c  c oe f li c i e nt
of the cr ~~pc ’si te  g ives

1 1  2 1v d 33 £ _ 4 
- 

V d
:~ 

t

33 1 2
V 1 , 4 v E _ ,

tising the rela tion g33 — d 33 /c 33 v~~e- l d s  : h t  p i~~;r t ’ t c t r i c  v c - l t a F t -  cot

i i  2 2
— 33 -‘ig_ .  — V ~3~~

4 V - -
-

33 3
- - 

~~~ ~~~~~~ ,~~~~~~~~~~
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(b)

TIC. 4
The series (a) and parallel (b) models used in estimating the piezoelectric and

pyroelectric effects of dip hasic solids.

It is interesting to note that for series connection even a very thin l ow—
permtttivi ry layer rapidly lowers the d— coefficient but has littl e e f f e c t  on
the correspond in g g— coefficient. -

Parallel Connecti on: If the two phases lie in layers perpend icular to the
el ectrode (Fig. 4b), again for the one—d imensional case and neglectin g trans-
verse coupling, the composite piezoelectric coefficient is

i i  2 2 2  1
— v d33 s33 + v d 33 s33 

-d33 — 12  2 1  
(_,)

V S33 + V S 33

where 1ç and 2s33 are the ela stic como liances for stresses normal t o  the
electrodes. For the voltage coefficient ,

1 1  2 2 2  1
— — 

v1 d 33 533 + v d 33_
£ 33 

- (L )g33 1 2 2 1 1 - 2 2( v s33 + v £33) ( C 33 T c33
)

A c O o ~~r i :(  of in te re s t  here is tha t of at ’. e l a s ti c a l ly  co~~p l I o nt  no~~r i c~~c~ciec -
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tric in parallel with a stiff piezoelectric . In this case 1-d 33 >> 2d 33 — 0
1533 <( 2933, ‘V 2v 1/2 then a33 

1d33, and if 1t33 >> 2c33, then g33
21833. and for smaller volume fraction , of the piezoelectric phase , the g—
coefficient is correspondingly amplified , it is thi. case which accounts for
the highly successful per formance of the r eplaminefor si transducer st ructure
described in a later paper . The structure also has considerable hyd rostatic
sensitivity. -

Pyr oelectric Composites

The correspondin g series and paralle l connected diphas ic systems have also
been studied for pyroelect r ic response. 1t~~is veil known that all pyroe lectr ic
crystals are also p iezoelectr i c  and that the ther mal expansion gen erated on
heating gives rise to a strain which operates through the p iezoelectric coef-

- - ficients to give an additional secondary pyroe lectric effect. If the crystal
is free to expand , what is normally measured is the sum of primary and second—
ary e f fec t s , and in some materials both components are of the same order of
magnitude. It must be remembered , however , that in many m a t e r ia l s  (poled PIT
is a good examp le) th e hydrostatic p iewe lec tric eff ect is small , due to can—

- 
- cellation between coefficients with opposite si gn. Clearl y , if the negative

part of the p iezoelectric response coul d be removed by suitable clamping, the
secondary contribution to the pyroe lectr ic effect coul d be strongly enhanced .

Simple Series Connection: Consider the response of a inultilayer di phasic
pyroe lectric (Fig. 4a) made up from a volum e fraction 1v of phase wit h pe rmit-
tivity 1-C 33 and pyroe leetric coefficient 1p3, interleaved along the x3—
direction with a ~hase of volume fraction 2v , pertnittivitv 2c33, and pyroelec- .
tric c o e f f i c i e n t  ‘-p3. Piezoe lectric and therma l expansion c o e f f i cie n t s  are
represented by dij  and 

~~~j ,  respectivel y . To sim~1ifv the calculation we assume
that both phases are poled ceramics with  conical svnmietry and with the polar
axis (x3) perpendicular to the plane of the interleavin g layers.

With close transverse connection of thin sheets , and assumin g no surface
tractions , the total pyroelectric effect is calculated for a uniform temnera- - 

-

ture change AT. There are two te rm s correspondin g to the primary and secondary H
ef fec ts :

1 1  2 2 2  1
— 

V P 3 C33 + V p
3 C 33

1 2  2 1  +
V C

3~ + V C 33

1 2 

21v
2v( 2e33

1d
31 

lC 2d ) ( 2
t1 ‘ )

( v C
33 + v c 33) [  v C s 11 + s1-~) + v (  +

and for  the f i gure of merit:

~3 
1v1p3 

2v 2p 3 2 1v 2
vCn 1 

- 
b al

) 
1d 31 d 31

~~~~~ 
+ 2~ 

+ 
( 1v ( d  

~~~~~~

2

~~~~~~~~~) 
~~~2y~~1 ç ~ 

ç
~

-
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The secondary pyroelec tric effect makes a ma~5or contribution for sizable
therma l expansion mi smatch ( 2ci1 — ~ci1 ) .  This is a good example of a pr oduct
property since neither phase is required to exhibit primary p y roe lect r ic i ty .
Devices based on these principles are under construction , both here and else-
where .

Seconda ry pyroe lectric e f f e c t s  also ap pear in composite with parallel con-
nect ivity . in this case , the composite pyr oelect ric coefficien t is

1 2  2 1 1 2
— 1 1 2 2 V v( — 

- 
ci3) (  d 33 — d 33 )

p3 — v p 3 + ~~~~~~~ 1 2  2 1v 8 33 + ~ 
~ 22

We are experimentin g with SbSI — plastic composit es based on this geometry .

St ruc tur e -P rone r tv  Rela t ionships

Many of the ideas  developed  f or  composite materials are relevant to single-
phase ma terials as well. The concepts of parallel and series connectivi ty, for
instance , can be used to explain the anisotropy in properties of single cryst-
als. As an examp le , it is instructive to examine the s t r u c t u r e — p r o p e r ty
relationships for the hydrostatic pi ezoelectric effect , and to compare the
relationships with the composite models derived in the earlier sections.

Hydrostatic pressure coefficients for a number of piez oelec tric crystals
and ceramics are given in Table 1. Since the sy~~ etr  requirements for rvrc ’-
el ec t r i c i ty  and hy dros t a t i c  p ie zoelec t r i c itv  are ident ica l , all the m at e r i a l s
are also pvroe lectr ic . For purposes of d iscuss ion , they  can be d i v i d e d  in to
fe r roelect r i c  pyroe lec t rics  and ordinary ( n o n — f e r r o e l e c t ri c )  p v roe le ct r i c s .  As
shown in Table 1 , the ferroelectri cs have substantia l dh coefficients hut the
g
~ 

values are not very big because of their large permittivities.

Ordinary pyroe lectrics can be further subdivided into water—s oluble t’vro—
electr ics and oxide pvroelectrics .. Oxides and sul f ides with the wurtzite
structure (Fig. 5a) have very small hydrostatic piez oelec tric effects. The
wurtzite crystal structure is based on a hexagonal ~lose—packed anion lattice
with cat ions in tetrahedral interstice s. Compared to the other ryr ot ’lectrics ,
the atomic bonding in the wurtzltes is very isotropic. it is not surprising,
therefore , that under hydrostatic pressure they deform isotrop icallv , lcadi~ig
to very small p iezot~lect ric effocts.

~Silicate pyr oel ectrics h.we somewhat l.irger hydrostatic coef flcicnts that’.
the ~ irtzite group. Tourmaline is a com o l o x  b o r o s il i c at e  minera l  con~~a i r. i n g
tetrahedral SiO~ groups. Tht -  .ilica t e t ra h ed r a  are arran ged in Si~ O~~ rings
o r i en t ed  p e r p e n d i c u lar  to  the  p v r o e l ec t ri c  axis. This imparts an anis~’t ro~ v
to the  s t r u c tur e  no t  foun d in the -  w i i r t zi t t ~ group. But the silicat e and ~ ‘rate
groups are l in)~cd together by 113+ and M g . + ions which also form r .~ir1v stro~’.g
chem ical bonds and hence tourmal ine is not as .u-~i so tr o p ic  as some other crv s—
tals .

More anis otrop ic s t r u c t u r e s  ar c  found am~ng the w a ter—s o lubl e p v r o e h - c —
t r i e s .  L i t h i u m  sulfa te monohvdr .~ite (Li~~ o~ .B~O) is  an 1m~’o r t a nt  ~-~~~‘T lP  ~ ‘.th
an ex tremel y large ~~ c o e f f i c i e n t , so l ar ~-e that the  c ry s t a l s  h av e  been used
as hy drostatic pr e~;sure sensors. The cr y st a l s tr u c t u r e  of lith ium su~ fat~
contains 11+ cations , tetrahedral SO~~ anions , and w at e r  m o l e c u l e s.  Io n i c
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TABLE 1 -

Hydrostatic piezoelectric coefficients for a number of materials. For a given
pressure , dh measures the electric polari zation , and gh the open —circuit  elec-
tric field. dh is expressed in units of 10 12 C/N and 8b in lO-~~~2/C.

Water—Soluble Pvroelectries d
h 

.

Ethylene diamin e tar t rate ( EDT) 1.0 -

C2H4(NB3)2 C4R406
Lithium sulphate monohydrate (LE) 16.I~ 180

L12SO4.B20
Others <4 <100

P-vroelec tric Silicate Minerals

Tourmaline 2.5 35
(Na ,Ca)(Mg, Fe )3B 3A16S16( O ,OB ,F)31

Others <3 <30

IJur tzlte—Familv Pvr oelectrics

BeO ,ZnO ,CdS ,CdSe <0.2 <3

Ferroelectr ic Single Crystals

Barium r it anat e  16.6 1].
BaTiO3

Trigly cine sulfate (TGS) 8.0 30
(NH,CH 2 COOH) 3 .H2so4

Antimony sulfur iodide (10°C) 1100 14
SbSI

Lithium niobate 14.5 5~
LiMbo3

Poled Ferroelectric Ceramics

Barium titanate 34 2
BaTiO3 

-

Lead nio ’bate 67 34
PbNb 2O6 - -

Lead zirconate titanate (FZT) 20—50 2—9
Pb(Ti ,Zn) 03

Sodium potassium r t ioh at e  40 10
(Na ,K)Nb 03

bonds between cations and anions extend 11) all directions in the crystals but
t he  hy drogen bonding b e t we e n  wa t e r  molecules ex t en d s  on ly  a long  b,  t h e  U:’. .. ~ue
polar axis (Fig .  5b) .  Tot - i sb n in t h i s  d i r e c t i o n  ~ r o d t i r ~ -s a l ar g e  eh~c tr i c
polar iza t ion. Short  h v i r og e n  bonds l i k e  these in lithium sulfate ~-~~o an in-
portant contribution to the  p i ez o e le ct r i c  e f f e c t  because t h e  r ro r c ’t -  p o s i t i o n
changes as the oxy -:~-c~:vgcn is st r e t c h e d .  In shor t  v~~ro~~ot - bonds t h e  proton
is midway between the oxvgen s , whereas the proton is uns~~cz~- t - t r ~~c al l v p o s i t i o n e d
in long H bonds .  N o c h an i c a l  s t r e s s , t h e r e f o r e , d i r e c t ly  a f f e c t s  t he  di :~o~~e
moments  of t h e  wa t e r  n~-slecu les , p r o d u cin g  e l e c t r i c  p o l ar i : a t i o~’. a lon g  t h e  h
axis  an~ producin g an unusuall y large d 2 2 c o e f f i c i e n t  in l i t ur s u l t a t e .  The
large p i ezoe lec t r i c  e f f e c t together with a small d i e l e c t r i c  c o nst a n t  g L v e s  i t
the largest hydros ta t ic  vol tage  c o e f f i c i e n t  (gb ) of any mat e r i a l s , in c 1 u~~ing
f e r r o e l e c t r i c s .
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in su ary, we see that the best piezoelectr ice for hydrostat ic sensor s
are those with anisotr opic stru ctures and a ~~ lecular mechanis m for piezoe lec—

— tr i c ity .  The analogy with the composite piezoelectric a discussed earlie r is
rather strik ing. A particular l y useful composite for hydros tatic appl ications
is one with the parallel arrangement composed of a s t i f f  p iezoelect r ic in a
compliant matrix . The structures of LiSO 4.I ~2O and SbSI resemble this composite
on an atomi c scal e , leadin g to the conclusion that one can use tbe composite
~~dels in interpreting the propertie s of a single phase materials as well as
composites.
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FLEXIBLE COl’~~OSITE TRANSDUCERS

D.P. Skinner , R.E . Newnham and L.E . Cross
Materials Research Laboratory

The Pennsy lvania State University
University Park , Pennsylvania 16802

ABSTRACT
Flexible PZT/pol yme r composi te  t r ansducers  have been fabr ica ted
with a novel m icrbstruc tural confi guration . The concept of
connectivit y has been app lied in the evaluation of the type of
structure needed to optimize the propertie s of the composite.

• Properties of several kinds of p iezoelectric transducers are
compa red.

• In t roduction

Twe n t y — f i v e  years  of research have fa i l e d  to uncover a b e t t e r  p iezoe lec—
tr-i c than the Pb(Zr ,Ti)03 or PZT family of compositions now in use as ceramic
transducers. Similar situations prevail in s e m i c o n d u c t o r s, su per c c en d u ct o r s ,
magnet ics , and othe r f i e lds  of solid state science. To effect further improve-
ments , many ma te r ia ls  eng ineers are turning to cortposites——c ombinations of
phases selected for the best individual proper t ies and p u t  together in a manner
des i gned to make maximum use of these properties. Traditionall y composites
have been formulated with basic properties such as mechanical strength in mind .
There exists , however , a number of “coupled pr oper t ies ” which have rece ived
considerable attention in sing le phase ma ter ia l s , hut have ht-~ n r e l a t i ve ly
ite~~l c c t c d  in c o m p o s i t e s .  An example of a coup led property is p iezo eloc tri -~itv.
lit the d tr ea t p~ ez o€ ’ i n e t  r ft e f f e c t  an app i l ed moahan icaI I ~-e r - e  i s  cotup i ed t o
an e l e c t r i ca l  r e s p o n s e  in an act - n t  r J r  material. It is t lirough beast ’  cou p led
p r op er t  in s  t h a t  -om 1 -n ’s i  t e  mater iils are expected to p 1 cv a v i t a l  role in future
dev ice  d~’s~~gn .

In sclc,-t in~ a material to be used in a dcv icc , a t e s t - ttil g u i d e l  In c is t he
“f i ~ci r e  o~ seC i t ”——a comhin .ut ion of p i r a m et  t- rs pertain i n ~ to a part Icular app i 1—
c a t  ion  w h i c h  al lows one to easily compare the  propert h’s of a number of mate—
r~ al s  and e-’valu 5-u te  t h e i r  p o t e n t i a l  u s e f u l n e s s .  In t he case of p i e - .’o el ec t r ic s
used  as p a s s i v e  d e t e c t o r s  ( such  as hvdr op hones) a fi~~tere of ns ’r l t  i s  the p i e ~~cs—
t l ~~c tt j C voltage coeffic ient , referred to as the g t ot-I f i c i e n t .  This q t u a n t  it v
is  a r r i v e d  it  by d i v i d i n g  t h e  p l e zo e l ec t r i c  s t ra i n  - oc-f fi c i c n t , d j j k .  by t h e
a p p r o p r l a t -  p e r m i t t l v i t v  c o e f f i c i e n t , r~~~.
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One of our recent interests has been in developing low-density, comp l i a n t ,
f l e x i b l e  p i e zo e l e c t r i c  t r a n s d u c e r s .  A l o w — d e n s i t y  p i e z o e le c t ri c  shou ld  have
b e t t e r  ac o u s t i c  coup l ing  to water  and more easily a d j u s t e d  buoyancy  t han the
h i g h — d e n s i t y  PiT ceramics now used fo r hy drophones. A compliant material would
have b e t t e r  r e s i s t a n c e  to mechanical  shock than  a c o n v e n t i o n al  ce ramic  t rans-
ducer  and a l a r g e  comp l i a n c e  would a lso mean h igh  damping,  which  is de s ir a b l e
in a passive device .  A f l e x i b l e  m a t er i a l  could be used as a conforma l de t ec—
tor. The development of a p lezoelectrlc material which e x h i b i ts  t h i s  combina-
t i o n  of seeming ly c o n f l i c t i n g  proper t ies  may be c a r ri e d  out In basically two
different ways. The traditional approach is to look for a single homogeneous
m a t e r i a l  possessing al l the r e q u i r e d  p r o p e r t i e s .  A mater ia l  of cur ren t  inter-
est in this  ca tegory is poly ( v t n y l i d ene f l uor id e ) ,  PVF 2 .

P iezoelec t r i c i t y  was f i r s t  repor ted  in t h i s  mate r i a l  in 1969 by Kaw ai ( 1) .
In order  to make PVF 2 p i e z o e l e c t r i c a l l y ac t ive , a f i l m  of the mate r ia l  u s u a l l y
about 25 to 75 Urn thick is electroded and polar ized und er app lica t ion of very
l arge e l ec tr ic f i e l d s  (abou t i0 7 to iü8 V/rn )  at e levated  t empera tu res  (>100° C)
fo r t imes up to several hours.  The f i lms  are then cooled to room tempera tu re
be fore  the f i e l d  is turned o f f  ( 2 ) .  PVF 2 has a dielectric constant of 15 which
is hi gh for normal organic materials but two orders of magnitude lower than a
t y p ical PZT ceramic. The long i tud i nal p iezoe lect r i c  s t ra in  c o e f f i c i e n t s  (d 33) - ‘
of “poled” PVF 2 a re qui te  high for  pol ymers——on the order of 10 x iü~~ 2 C/N ,
but this is also significantly l ower than the d33 values for PZT ceramics which
range from about 100 to 600 x io~~

2 C/N. Al though PVF2 has a re la t ively sma l l
d33, the permittivity of this material is low enough that a large figure of
mer i t  is obta i ned (140 x i0~~ VmJ N compared to about 20 x iO~~ Vm/N fo r a - -

t y p i c a l  PiT ceramic) ( 3).  The compliance and f le x i b i l i t y  of PVF 2 is hi gh and
the de ns i ty  is low compared to conventional ceramic piezoelectrics. Overall
th is  combina t ion  of p r o p e r t i e s  appears  q u i t e  at t r a c t i v e  and , in fac t , PVF2 has
gained the attention of a number of investi gators whose efforts have been
di rected toward develop ing devices based on piezoelectricity in PVF2 (3 , 4 ) .
There are , however , p r o b l e m s  assoc ia ted  w i t h  the  use of PVF7 . The low p i e z o —

— elec tric strain coefficient indicates that the material would not be of inter-
est as an active device , and although its high voltage sensitivit y means it
should be good as a passive device , a problem irises here , too . l~hen used as
a h y drop hone , the material must be fixed to a cu rved  s u r f a c e  w h i c h  can f l e x  in
response to pressure changes. The diff icu 1t~’ li e s in desi gning a st - c l o d  flex-
ible mount for the polymer which will function when exposed t o  the hi gh pres-
sures which exist deep in the ocean and still retain se n sitivit y n e ar  the
surface. So we see , then , that the figure of merit d jjk /c j] is not the sole
criterion , but that other aspects of the problem must ~e examined .

A sec ond appr oach Involv es the des i gn and use of :i compos ite s i t  ~- r  i a l .
The composite should be desi giied to t a k e  sax i t-sd -ed\- cnt age of t he  ‘j Ot-  f u l  ;~rcp—
t- rt ies of each phase. A logical c h o i c e  is a ~ ampos it c in id e of a po 1 vst- r and
a PiT ceramic. The polymer phase  ~,- ‘ u l d l ow er  ho l i - i t s  i t v  an d p t - F r i  i t t  i v i  t v and
increase  t h e  e l a s t i c  comp l i a n c e .  I f  an elast onit -r is used , the con ip o s  it e ~cauld
be compliant and flexible. If an epoxy is used , the transducer c o u l d  p o s s i b ly
be used as a resonator. The properties of p iezoelectric ‘~‘T ar  well known t o f
elect rora’chanical t r a n s d u c er  designers , and t ho se  ret icr iii s could impart large
piezoelectric strain coeffici ents ic the c o m p o si t e .  A few att empt s h av e  bee n
rade at c ret t jog an e iastomer/l’~ T (ompos it e fur use as a flexible 1 ow— dt -nt-i i tv
tra nsducer (5) . The approach use d in t h e a s~ a t  t € - n i p t  s was t o  load a pci \-sc-r
film with part fries of a pi ~iot ’l  c-a t r ic  r a t  e a r l  al . The d t - g r e a e  of f l  c x i hi l  it
an d t h e  magn i  t tide of the d and g cot -f f i c i o t t  s a rc  pr  i t - i c r  ii v coot r ’l led by t h e

• ~ize of the pi ez oclec tr ic part l (-les in t h e  l t , s c v i l v  l o i l t -d e l a s t  a m er  f i l m .

a
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The Gould flexible composite was fabricated using 5 to 10 um par :icics
bound in a polyurethane matrix . A similar material (T—flex) was developed at
Honeywell using 120 U~ particles in a s i l icone rubber ma t r ix .  The l on g i t u d i n al
d values obtained in both cases were comparable  to the p i ez o e l e c t ri c  P VF — ~m.ate r ial  but  the vol tage  s ens i t i v i t i e s  were lower because of the higher permit—
t iv i t i es in the  composi tes .  The difficuIt~’ with this type of composite w h e r e
the piezoelectric particles are smaller in diameter than the thickness of the
polymer sheet (Fig. la) is thai low pertnittivity polymer layers interleave the
p iezoe lectric particles p reven t ing  s a t u r a t i o n  poling a f t e r  the composite is
formed.  Af t e r  some polin g has been achieved , t he interleaved compl ian t  pol ymer
a t t enu ates the p iezoelect r ic  response of the composite.

Composites were also made at Honeywell which contained much larger parti—
d e s  (up to 2.4 tmn in diameter). A material of this type is shown schematic-
ally in Fig . lb. Here the particle size approaches the thickness of the com-
posite. Since the piezoelectric particles run from electrode to electrode ,
near saturation poling can be achieved. The large rigid piezoele ctric par-
ticles can transmit an applied stress well leading to high d values if d is
measured across the particles. Permittivities in these materia ls are low com-
pa red to homogeneous PZT, resulting in high g values. The problem here is
that properties of the composite are extremely position sensitive.

- To make an effective com-
posite transducer , it can be
seen that one cannot merely mix
two materials together——some
other consideration is necessary .

• Designing a composite entails
not only choosing component pha— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Phose 2ses with the right p r o p e r t i e s  but
also coupling the materials itt ~~~~~~~~~~~~~~~~~~~~~~~~~ 1
the optimal manner. The connec— ~~~~~~~ P\~

_
~5’~V>~j

tivity of each phase is of major (~~)
importance since this controls
the electric flux pattern and ~~ --

the mechanical stress distri— /
/‘/ 

‘
~V’,/ ’ ~~~~~ -

bution . 
~~~//~~ / 1/  Pn2se 2

Connec~ ivitv ~~~~~/~~~~~~~
/‘>- 

Phose I

The importance of connec— (b)
tivity was illustrated in refer-
ence 6 by considering the
piezoelectric properties of
lamellar di phasic cosre’sites
and calculat ing the one dir~en—
sional solutions for d 33 (the
average longitudinal p i e r a c i e C —
tric voltage coefficient) far
various connectivity types. 

~
-j c 1Considering simple one-dir-en- - 

-

- Two types of p1e:oe1ec~~r1c po1\-rcr cc’trt’o—sional solutions (rez~ ert~ nc - .
- -

- sit es: (a) represents sr-.all pie:c’t-i ectrlc
transverse coup ling) tor a two 

par ticles suspended in a polymer f11r- ;
phase composite we rave two - ,

- 
-

- (b) represents bound p:e~~-’eA ectr 1c par—possible cases: series cc’snection - - - $1tid es of a s i r e  car-~ ara~’1e ice ~he th i ck—and parallel rOnnt-CtiCfl. 
ness of r ite poi\~rcr sheet.

h - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - — - -  - -
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The series connection case (Fig. 2a) corresponds to tha t in which small
p i ezoe lect r ic par t ic les  are suspended in a polymer film (Fig. I a ) .  The app l i -
ca ble equations for the p iezoe lectric coeffic ients are

1 1  2 2 2  1
V d3~ c33 + 

~ 
d 33 c33

33 12  2 1v c
33 + v c

33

— 1 1  2 2  -

- - - g
33~~ v g 33 + v g 33

where the v ’s represent the volume fractions of phase 1 and phase 2 , the d 33
1 s

represent the p iezoe lectric strain coefficients , th e c 33 ’s represent the
pe r m i t t i vi t i e s , and the g33 ’s(~~~33/c33) are the  p iezoe lec t r ic  vol tage  c o e f f i -
c i en t s.  

-

-
~~ —EIec~rode Substitution of numerical val—

ues into these equation s shows that
7 / /  / /~‘ / / / /  a mere l~ volume fr action addition

— —Phase 2 of low perinittivity nonpiezoelec—

1X3 

~W///////~ 
— Phase I ~~~

C
d
P
~~~~~~~c : i ~~~~:

is essential l y unchanged.  This re-
sult is in qualitative agreement
with the values obtained in the

(a) SERIES CONNECTION m~~~~’
(
~r 

the Ho ney we ll  T-

The parallel connection case

_______________________ (Fig. 2b) corresponds to the cornpo—
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —Electrode site in which the particle s ir e
~~~~~ // 

/ 
e q u a l s  t he  f i l m  t h i c k nes s  ( F ig .  lh ) .

— — Phase 2 The resulting equations are:

X3 — Phase I 
- 

1v’d33 s33+ v d 33
1s337/ // //j d 33 

—— 
~~
--

~~~~
—--- -

~~ ~~~
— —

~~~~~~~~~
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(b) PARALLEL CONNECT ION
I i  -‘ ~‘ ‘  1

- 
v d~~3~ s33~~

v d 33 5
33

S33 -i 1 ~ 1 
-

FIG. 2 ( V 5
3~ + v d. , .~ Cv t fl

-f t 
33
)

Simple  l a m el la r  d i p h as i c  ~~ n i p o s it e s : ( a)  -

series connection , alternat ing layers of
picroe l ectric ceramic and nonp iez oc-lec— when t h t  var~.al’1t -s art- o~ f i~~e d a-~i n c  po lvire -r; (h) para llel connection , 

in t~~t t st’rit -i- - a
~ ,t ~i t ’ ~~ ~h c 53 ‘ sa l t e r n a t  i n g  st r ipe - s  of pie zoelet-tr lc arc  t l i~ elast i ca:- o ~~ t t c e -- ~ o: lie

c e r a m i c  and  n o n p i e r a e i t - C~~r iC  po lymer  Su b — i t i t t : :  ion ~c cnn c ut  ed c oft nuot i s i  
~~ 

b~ - t ween the ci cc — 
pr i at  t- va I ue s jfle~ t-quik vc ’i : s t -

t rode’ ; . 
f t  i t i ts  f a r  a c~’np i e n t  - n o i c r e —  1 
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elec tri e , low permitt iv it y polymer and a rigid , high permitt ivity , p le zoe lec—
t ric ceramic indicates that d 33 is approximate ly  equal to  the d 33 of the
cera m ic  and that there is actually an amp lification of the g coeffic ient. For
smaller volume fractions of the piezoe lectric phase , the g value is amplified
even further.

From these simp le calculations one can see that a comp osite p ie zo t -l ectr i c
t ransducer  mater ia l  should  have a para l lel  connec t i on  in which the piezoelectric
phase is continuous f rom one e lec t rode  to the other to provide the continuit y
of electr ic  f lu x required for  sa tu ra t ion  poling. The ceramic phase shou ld also
be oriented normal to the electroded surfaces for the transmission of mechanical
stress and hig h piezoelectric response. Clearl y, the type of structure desired
for effective mixing is one of closel y spaced , colinear , one—d imensional p iezo-
electric rods held in a three—dimensional pol~~ er matrix (Fig. 3). A compos ite
of this type is said to  have 3--i connect iv i ty  (6) .

~~~~~~static Sensitiv ity -

A problem arises when one 1Phose I ~~Phose 2
a t t empts to  use PZT as a s ingle— -

phase hy drostatic sensor because
d 33 is approximately equal to —2d 31 ,~~~~~~~~~ i_ _ i_ t _~~~~~~~~..
r e su l t i ng  in a low p i ez o e le c t r i c  ~~~~~~~~~~~~~~~~~~~~~
response to  pressure change . Since l .....

~~~ 
~~~~~~~~ 

- -
~

si zable g33 coe f f i c i e n t s  can be / t.
~~ ~~

— obtained for  composites with par—
- - allel connection , it is interest-

ing to inquire into the hy drostatic
sensitivity of this  type of con-
nectivity. FIG. 3

A 3—1 structure . Ceramic rods one—To evaluate the effective
dimensionally connected betweenhydrostatic sensitivity for par— - - - - -

- . electrodes and held in a threu—d -tmen—allel connection , i t  is necessary - 
- -

- 
- sionall~ connected polymer matrix.

to evaluate the transverse p iezo- - -

electric coefficient d31 since
— P3 = — ( d 33 + 2d 31) G where C’ is 

— 1 1 
-
~ 

-
~

— t he  app l ied h y d r o s t a t i c  pressure .  i t  can be shown that d 31 v d 31 + v d 31,
so that

- - 

1v 1d 33
2 s33 + 

2v 2d 3~~ s11 I 1 2 2
d
h

d33 + .d 31 = --- --—--

~

---

~~

--_-- --— - — - + 2 ( v d 31 + v d ~~1
)

v s 33 + v s 33 —

Su ppose- for t he c o m p o s i t e  w~- choose e qua l  v o l  U rIC -c of p i e - r e e l  c -c t r Ic PZT
çp h a s e  1) and a soft u-lastomer (j- ’iase 2)  such t h a t  : 1v -~v l / d  1 533 ~~

5 33, 1d-~3 ~‘> 2 d 33, and 1d 33 ~~ 2 d~~1. For t h e  ( e a r - p o s i t e -  d 31 l /  1d~~. and
1d 33, g i v i n g  d h 1/2 ]-d 33.

This i s  a ~-on s i d - r a h l t -  improveir -ot ovcr s i u i g l e  p r i e s t -  1’ t u i  or u :~~n c - . S i n c e
t h e  h c d  rephon&-s us ed under hvd u ct-i t at  in  cond it i o ns  a T e -  O C r i r I e l  lv  ~-e l  t ~~~~ ge- n t - n a —

ors , r he- f u r t  her  favorabl e- t- u:hance-mt- nt of t lit vo l  a ge c s- f t  i c i eint can al so
~ e x ; e l o i t  ed.

a;
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We have seen that the simple calculatio ns ind icate a compos1t ~ w Ith 3-1
connec t iv i ty  is needed to make an effective Compos ite transduc er. Since , how-
eve r , in f i r ing  the ce- i amic f ibers  one must mai ntain their t a li e n t a t i o n , inter-
conn ect ions between the rods are needed and there fore in prac tice p a rtial 3— 3
character is required. in a 3— 3 template , both phases are continuously con-
nect ed in all three d imens ions .  This  t ype  of St r u c t u r e  is ex h i b i t e d  by certain
polymer fo.ams , some di phasic glasses , three—dimensiona lly woven m a t e r i a l s , and
by biological substances such as wood and coral.

Coral skeletons are characterized by a structure with the following fe a-
tures: (i) a narrow pore size distribution ; (ii) a pore volume approximatel y
equal to the solid phase volume , and (iii) complete pore interconnect ivity
making every po re access ib le  f rom al l  other  pores .  The d imensions of the pores
v ar ~- f r o m  species to species , but within one species the size range is quite
c h i t  row . Di ffe-rent species of coral have various degrees of anisotropv in their
s t r u c t u r e  ranging f rom a 3—1 connec t i v i t y  of nearl y p a r a l l e l  tubes to h i g h l y
isotropic 3—3 structures. Figure 6 shows a micrograph cube of the  ca lc ium
carbonate skeleton of the coral species goniopora which we have used as a struc—
tura l template for making  compos i t e  t r a n s d u c e r s .  The rep licating technique ,
known as the replamineform process , was d e v e l o p e d  at the Materials Research
Labo ra to ry  at Penn S t a t e  for  p roduc ing  p r o s t h e t i c  m a t e r i a l s  ( 7 ) .  I~t ’ ch ose t h e
rep l atn in e f o r m  process for  r e p t o d u c i n g  the  3— 3 connectivit y typ e because of past

• expe r ience wi th  th i s  procedure , hu t are investigating other temp lates w h i c h  are
not subject to the vagaries of coral growth.

Rep f o r m  Process

— ~~~~~~~~ The first s tep  of t he rep lamine

- 
- - process is to shape the coral • which
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the to ta l  a rea ~th e u r igin di  c e l i d A  t1e p Jac e •~••~~ •~~ ‘ t ~ ~~~~L A ~~ / ~~ ~ & ) ~~ ~~~- A  r c p i i L a  is
then backfilled with a suitabl e pol ymer such as Dow Corning 1WX—4 62 10 E I asto m er
which is a high purity silicone rubber . After  the sur face has been cleaned , a
sliver—loaded silicone rubber electrode is applied . The comp osite is then
poled at a f i e ld  strength of 14 K y/c m for 5 minutes at 100° C . The relat ive per—
mit tiv ity of the unbroken composit e as determined on a K? 4270A automa tic capa-
citance brid ge is about 100. The longitudinal piezoelectric coefficient was
eva luated on a Channel Products Ber lincourt d 33 meter. The d 33 values obtained
for the unbroken composite are r elatively area insensitive and agree well with
the simple parallel model predicti on of about 160 x 10—12 C/N. As poled , the
replamine replica is still a ri gid structure because of the three—d imensional

• connectivity of the ceramic pha se. If , howeve r , t he body is now crushe d to
break the cerami c connectivity an extre mely f lexible  p lezoelectr ic composite
results (Fig.  5 ) .  Crushin g is carried out by reducing the samp le hei ght to 80%
of its orig inal value and simultaneousl y shearing the sample 20% of the sample
height about an axis perpendicular to the crushing force direction .

By breaking the poled ceramic , the ea :y electric flux path throug h th e
poled p iezoe lectric is interrupted , thus l owering the perm ittivity . The pieces
of poled piezoe lectric are still held in posi tion I -y  the polyme r matrix and
will, therefore still transmit stress. As a result , the d coefficient remains
high while the permittivity is reduced and thus the longitud inal piezoelectric
voltage coefficient , g33( d33/c33), is greatly enhanced with respect to the g
value of a homogeneous ceramic piezoelec tric.

After disrupting the connec—
tivity of the PZT phase by crushing
t he sample , the relative permitti— - 

-

vity is reduced to about 40, while
d 33 is only reduced to about 100 x -

10—12 C/N . The g values of these 
- . 

-

flexible composites are approxi— ~~~ c~
niateiv 300 x i0~~ Vm/N which is fif- -
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The d 33 value of the 3—3 - 
-

composite is reasonabl y good , so
that  if the  con n e c t i v i ty  is not F IG.  5
broken and a r i gid polvtner is used Flexible P T !sllicone rubb~-r p i e c o e l e c —
in p lace of s i l icone rubber , I t  t r i c  compos i t e  p r o d u c e d  by the rep lant—
may be possible to fabricate a low inef ornu process. The samp le - is  ap p r e x i—
d e n s i t y ,  hi gh coup l i n g  r e s o nat or .  m a t e I r  25 x 25 x 4 rn~ .
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TABLE 1

Comparison of s e v e r a l  t r e u i s d e i c e r  mate-rials

Property PVF., (Ref. 3) Homogeneous F l e x i b l e
— PZl~~50lA * 3—3 composite

Density
x 1O 3 Kg/rn3 1.8 7.9 3.3

Comp liance Hi gh Low High

d 33 14 400 100
x 10-12 C/N

C
R 10 2000 40

g33

x io— ~ \~.m/N 140 20 300

*Ultrasonjc Powder , Inc. “Piezosonic Powders” data sheet.

The g~ 3 of PVF7 is high compared to conventional PiT hut , as no ted previously ,
the use of this materi al as a h ydrop hone is l im i t e d  by r r e c h u n i c • u l  p r ob lems .
The hydrostatic v o l t a~te- sensitivity of the rep lainine courpo si t e is quite large ,
about 200 times the sons i t  ivit~’ of an equal—s l:~ed luotro ~~e -u- te -ou s P ZT — 50 1A s lug
and about twice that of PVF 2.

Hydr ophone desi gners have’ i nupr ovee l t h e  re spouse  o t l lc ’l t l O i t ’IiOOU S PdT by
using a th in—wa lied ho I low cvi  i uder  w i t h  capp e d  ends p oled  in •c manner w h i c h
greatly enhances  the  hvdrostat ic r e ’sponse of t h e ’ dc -v i c e ’ • bitt t he -’se’ r i g id de-
v ices  are s u s c e p t i bl e  t o  fail ore [c o r n  low—i e- vel u’u~- clu ,c ct t~ al sl ic e ck s .  A l s o , the
n e c e s s i ty  of sealing the en- i s  of the d e v i c e ’  (as  In the  c isc - of t he  P\F . c l t v j c e )
l i m i t s  the  I i fc t  ime and the range  of d e p t h s  t ce t w h i c h  t he’ h v dr eep hon e c cci he
used. This is not t h e  case with t he so l i d  r ep l a m in e  c ‘:~pos i r e .  The ’ 3— .1
compos i te is hi gh lv shock re s is t ant  . It s d e s I gned i ~~~~~~~~~~ ne -o t i s  st rue  t t i r e  —

it  tenuates t h e ’ L et  - r a l  e -o mp o u e i i t  s ~~ the h\’~I r o s t  ~i t  I c ’ 
~ 

I t  ~~5i i t e ’ IFR I enhances
t he l ong it tid I na 1 re’s :‘on so vi thout a comp I i i ’ i  t e’i! sc~,i I t V  e - t O f l  I ~u I i t  ~ 00 ,

so i t  c o ul d  he nsed to a u u v  d e p t h .

Further e’valti jt ion ot  t h i s  n e w  t ype of t c e n s d i k e r r h l t e ’r i , u l  i s  i n  ‘ l c ’: c c e o s
and w i l l  be the  subject of l a t e r  p • Ipe - r s .
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Reactivity of Zirconia in Calcining of Lead Zirconate-Lead Titanate

Compositions Prepared from Mixed Oxides

J.V. Riggers and S. Venkataramani

Materials Research Laboratory
The Pennsylvania State University

University Park , Pennsylvania 16802

Abstract

The reactivity of zirconia is an important factor in calcining

PZT compositions. In this study we have compared the reactivity

using several different techniques of a conv~ercia1 zi rconia and

hi gh purity chemically prepared powder produced by hydrolysis of

a butoxide . The results of the work show that there is a con-

siderable difference in the calcining behavior of mi xed oxide

composition prepared with the two different zirconia sources .
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1 . INTRODUCTION

Zirconla is presumably the least reactive of the constituent oxides used

to produce ceramics in the PbO-Zr02-T102 system. In the formation of PZT

• (PbZrO3-PbT1O3) solid solutions from mi xed oxides, the solid state reactions

during calcining of the oxide mixtures usually begins with the formation of

a Pb1103 phase around 700°C. The remaining PbO, Zr02 and T102 react at a

higher temperature (‘~8OO°C) to form the Pb(ZrATI 1 A )O3. The more specific

sequence of reaction is reported~~’
2
~ to be the formation of PbTiO 3 followed

by an intermediate Pb(ZrTi)03 and finally both reacting to form the required

PZT . However , exceptions have been noted in which the reaction sequence was

opposite , a PbZrO 3 phase formed first wi th PbO , and 1102 reacting later as

PbTIO 3 or forming the solid solution PZT~
3
~.

In the present work we have determi ned the reaction sequence on calcining

of four PZT compositions covering a wide range of Zr02 content. Two sets of

compositions were prepared , one using commercial oxides and one in which a

high purity , submicron chemically prepared Zr02 was substituted for the

commercial powder.

2. EXPERIMENTAL

2.1 P~~aa ration of the conia Po ider

The :irconia for this study was prepared by the hydrolysis of the .‘irconiuni-

tetra-(n)-butoxlde (Z8T). Figure 1 • ives the flow sheet of the process. The

method is similar to the one used by Mazdlyasni et ~~~~~
Two hundred ml of ZBT were added In a slow stream to 500 nil of deionized

• water agitated In a high speed blender. The butoxide was hydrolyzed wit - h an

exotherma l reaction to form the hydroxide

nH2OZr(OBu)4 + 4F120 
- - - - -

~~ Zr(OH)4 + BuOH + nH2O

_ _ __ _ __ _ __ _ __ _ __ _ __ _ __ _ __ _ _  -~~~~~~ - - 
j
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ZIR CONIUM 
- 

DEIO NIZED 1
BUTOXIDE WATER

-

. 

J~
_
~~~~~

BLENDER - -
~~~~

- - - - - -- I

~

. ..

~~~

.

DR IER 1 20°C
l2 hrs

[
~~~~~~~i 2 Media

300°C
CALCINE 12 hrs

STORE

FIg. 1. Flow Sheet - Preparation of Alkoxy Derived Zirconla
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The resulting slurry was pan dried at ‘~.i20°C and ball milled for 8

hours in a polyethylene jar using stabiliz ed Zr02 balls and an ethanol

med ium . The slurry was then dried and the powder was calcined at 500°C

for 12 hours .

2.2 PZT Preparat ion

Four compositions with ZrO2/Ti02 mole ratios varying as 40/60, 52/48, 60/40,

and 90/10 were prepared using “Analar ” PbO , Ti zon Ti02, and Harshaw Lot 6/76

Zr02 for the standard compositions (designated as H series). The chemically

prepared Zr02 was used instead of the Harshaw Lot 6/76 for the experimental

compositions (designated as P series).

The oxides were wei ghed and ball milled for 12 hours in polyethylene jars

using stabilized ZrO2 cyl i nders in an ethanol medium. The slurry was then

dried and the powders were used in the calcinin a studies. Table I gives the

details of the P21 compositions.

2.3 Calcining (Reactivity) Studies

The calcining studies were done in a resistance heated muffle furnace.

The temperatures were 500, 600, and 800°C with holding periods of ~3, 6, and 9

hours . The PZTs were weighed into alumina crucibles , covered with alum ina

lids and calcined at the temperatures and periods mentioned above.

Weight losses on calcining were recorded . The calcined samples were also

analyzed using x-ray diffraction for the detection of the major phases .

Unreacted or “free” PbO was volumetrically determined by treatment with

1:3 acetic acid and titrating the solutio n with a standard EDTA using xylenol

orange as indicator. In some samples unreacted (Zr02 + Ti02) were also esti-

mated by a gravimetric method described by Robinson and Joyce~
2
~. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 1 . P21 CompositIons

Weight %
No. Composition  •—-~~~

—- •- 

- - . -

~~~~~~~~~ PhO Zr02 1102 
-

1 PbZr0r Tl 05O3 69.66 15.38 14.96

Pb7r01jj048O3 68.54 19.68 11.78

3 PbZr05 T1 04O3 67.82 22.47 9.71

4 PbZr09 Ti 01 03 65.26 3~.42 p.34
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.1 . RESULTS AND DISCUSSION

3.1 Chem ical Preparation of ZrOZ

Results of surface area measurements as determ ined by a BET techn iq ue on

typical chem ically prepared and commercial powders are shown in Table 11 .

A computer assisted scanning electron microscope (SEM) and a technique

described by Lebied zik et ~~~~~ were used to determine the particle size and

shape distribution of the coninercial ZrO.~. The process uses computer contro l

of the SEM raster which generates both particle size and shape data based on

a set of ei ght orthogonal axes imposed on each partic ul ate in a large sample

• population.

The nu n/ma x ratio listed is the ratio of the m i nimum and maximum diameter
• of the particles and is indicative of particle shape . A spheric al parti cle

would have a min, ’max rat io of 1 . The results of the analysis are shown in

Fiq. ~~~.

A quan titative particle size and shape measurement ot the chemicall y

prepared powders could not he made because of their fineness . Transmission

elec tron micr oscopy showed that the particle size distribution was narrow

and that the average particle was about 300A in diameter with an irregular

shape . These part icle size and surface area data for t he chem i c a l l y prepa rr d

ZrO~ are in qood agreement with the va l ues reported by Ma:diyasni et

for powders obtained by ~ vapor phase hydrol ysis of the alkox idc .

The powders as precipitated were amorphous to \ - r a S , and the peaks

qradually sharpened up when heated at 500’C. The T~ A and DATA data (H i .  •~l

Indicate that the precip itate is a comple x gel (probah1 ~ ~
‘r(0H)rx}l .L)) which

becomes a well crystallized ?rO~, on heat inq .
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Table II. Surface Area of the Oxides Used In the PZT
Preparation

Material Surface Area [112/gm]

Lead oxide
0.42

(Nationa l Lead )

Titanium oxide
9.28

(T i zon )

Zirconium oxide
15.00

• (Harshaw lot 6/76)

Zirconium oxide
H 154.00

(Chemically prepared )

L. - -

I
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Average Diameter Distribution (0 Percent)
Harshaw Zr02 6/76

0 1 2 3 4 5 6 7 8 9 10 Class No.
• 0- ---O--- -0- ---0--- -0-- --0-- --0--- -0 0--- -O

0.16 0.00 0
., 0.25 0.56 23

. 0.40 **** 7.11 292
: 0.63 ~~~~~~~~ 20.06 824
,,, 1.00 ~~~~~~~~~~~ 32.41 1331
~ 1.60 ************** 27.7 1 1138
~ 2.50 ***** 10.57 434

4.00 * 1.39 57
6.30 0.15 6
10.00 0.05 2

For All Types
O 1 2 3 4 5 6 7 8 9 10 C lass No. 

O----0----0----O----O----O----O----0----0----O
0.050 * 1.14 47

• 0.100 ** 3.26 13~0.150 ** 4.65 191
0.200 *** 5.55 228
0.250 *** 6.84 281
0.300 ~~~ 7.43 305

~ 0.350 **** 8.04 330
~ 0.400 **** 8.16 335

0.450 ***** 9.62 395
~
, 0.500 **** 7.91 325
~ 0.550 ***** 9.93 408

~ 0.600 **** 8.11 333
0.650 **** 8.13 334
0.700 ** 4 .7 2  194
0.750 ** 4.07 167
0.800 * 1.66 68
0.850 0.66 27
0.900 0.12 5

Fig. 2. PartIcle size distribution of the Zr02 powders.
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b

Average Diameter Distribution (# Percent)
• For all types

0 1 2 3 4 5 6 7 8 9 10 Class No. 

o----o----o----o----o----o----o----o----o----o
0.16 [ 0.00 0
0.25 f 0.07 2

~ 0.40 ~~~~ 8.62 261
0.63 r*************** ** 34.78 1053
1.00 r******~~ *****~~ 30.12 912
1.60 ~~~~~~~ 17.40 527
2.50 *** 6.04 183

~ 4.00 * 2.38 72
6.30 [ 0.36 11
10.00 { 0.13 4
16.00 [ 0.10 3

Mm /Max Diameter Distrib\jtion
• For all types

O 1 2 3 4 5 6 7 8 9 10 Class No. 

0-- --0-- --0----O- ---0- ---0- ---0--- -0----O- ---0
0.050 [* 1.29 39
0.100 ~~ 3.20 97
0.150 N~ 5.05 153
0.200 [*** 5.75 174
0.250 ~~ 6.24 189
0.300 [*** 6.57 199

~ 0.350 ~~~ 
7.79 236

0.400 ~~~ 6.87 208
~ 0.450 

~~~~~~~~~~~~~~ 
10.73 325

~ 0.500 [*** 6.27 190 —

0.550 ***** 10.70 324
‘~ 0.600 **** 7.56 229

0.650 ***** 9.78 296
0.700 ~~ 5.35 162
0.750 [~ 

3.34 101
0.800 [* 2.31 70
0.850 [ 0.96 29
0.900 r 0.17 5
0.950 { 0.07 2

Fig. 2. PartIcle size distribution of the Zr02 powders (Cont’d). 
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3.2 Re ct ivj~~~~tudies_of itions

Table III gives qualitatively the major phases detected i n the variou s

PZT compositions as a function of temperature and period of calcina tion .

The seqi~ence of reactions in the compositions P1 to P4 containing the chemi c-

ally prepared ZrO -, is distinctly different from those containing the commercial

Zr02. In these powders a PZ and PT phase are found along with a PZT phase

and finally a stoichiometric PZT phase. Depending on the amount of Zr02 in

the PZT the formation and the relative amount of the PZ phase formed varies

(P1 to P3 has less PZ formed than P4).

3.3 Chemical Analys is of PZT

Figure 4 shows the amount of unreacted PbO as a function of the calcining

time and temperature for the 90/10 PZT composition (PbZr 09 Ti 01 03). The

amount of PbO decreases as the calcinin q temperature and/or time increase.

Further the “free” PbO content in the P4 sample containing the chemically pre-

pared Zr02 is consistently l ower than that in the samples containing the Harshaw

Zr02. It is interest inq to note that the free PbO in the P4 sample at the

500°C calcine is even l ower than that in the H4 sample at the 600°C calcine .

The reversal of these results for the 800°C calcine is probably due to the

higher loss of the uncombined PbO from the 114 samples which lost 2-3 w- ’o at

800°C and 0.5-1 w/o at 500 and 600°C. The P4 lost consistently 2-3 w o  for

the whole range of the ca lcini n g sequences ; the higher loss was probably due to

adsorbed species on the ultrafine Zr02.

Table IV shows the amount of the unreacted ( ZrO~ + Ti02 ) for 2 calcines.

It is obvious that the reaction is more complete in the P4 samp le and also

that there is a PbZrO3 (PZ) formation occurring as evident from the \-ray data.

Though the va l ues agree with the calculations, a more complex reaction sequence

involving an intermediate PZT, P2 and PT could not be ruled out. 

--- -
~~~

- -
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P~ 8000C

H4 800°C

I -‘

3 6

C’
C-)

P.-

~ 
60...

50- 

500°C

40 

600°C

I 
—

6
Time Hrs

Fig. 4. Uncombined PbO vs Period of
Calcining for Various Temperatures. 
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Table IV .

Te~p ’ Ti F ree PhO tIin - r~~ted ç r0’ + 1102 )

“C hr 114 ~4 p4 P4

¶ 0 0 9 58 .8 51 .1 -~~~~ . 50 2~ . 25

54. 9 3~ .4 30 . 26 l~~. t~5

Fo,~m~1 at len : PhO - .25 wt”.

flt’~ .~r~~T i 1 )O 3 ~r02 - 32.42 wt~

Ti0 -~ - 2 .34  wt’~

0.~ rhO 0 9 .‘r O ,  O .~ Pb ZrO 3 - (a )

0.1 PhO 0.1 
~ 2 0.1 PbTI O3 - (h)

e.  ~~ . ~
‘-

~ in - r i  al n~i’nte r 1

It  al l ~ t ’ ‘ - - ~i t e d  rhO fo l lows reac t  ion ( a ‘I

~~~~~~~~~~~ t ~ ~ : r0 ~ ~r~h I ned

‘ ~~~~~~. 5 - H . ’ )  x

e ’  ~~~~~~ # T ~0 ) : ~~~~ ~~

If (h) is com plete and the rest o I he reacted PhO t ak~’-~ ‘“  I

reaction (a)

Perce nt unreac ted (1r02 + 1iO~ 
‘I ~~~ .

I

-,.-.~~~~~~~~~~~~~~~~~~~~~~~~~~ —-- - .  - -
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4. CON CL US ~0NS

We have shown tha t. the use of c heul I ca II y prepa red /rO , s I qn I f Iran t i y

a lt o p’ s the cal c in I nq ~~~~~ t ion sequence for ml xt’d oxide P/T c ompo . I t I o,is

The first compound formed with the commercial /rO., composition s is lead

titan ate and lead :1 rconate i ’. formed first when us I nq the chemicall y prepared

~ i rconia . A P/T phase is formed at 500°C using chemi ally prepared :i rcon Ia

whi le  the coii~~ rcial 1r0 composit ion s hows PZT as a phase only for the 800’i

cal c l f lCs .

The Inc rt’a sed rear t lvi ty of the c hemi tally prep1~ red ZrO. m ight he used

o qrea t advan taqt’ in the process I rig of coniuerc I al P/I COtfl~)OS i t  1 OilS . it Is

poss lb it ’ that the separate cal c in i nq step normally emp l oyed to produc t’ ceraiui cs

from mi xed oxide powders c ou 11 be e l i ui na ted and a s I nq 1 e fir ing SL hedu 1 e ould

he devised wi th su I table time at low t emperatures to promote formation of the

r I ght ~Omb i nation of phases to produce hi gh dens i ti ceramics. The in t roduc t ion

of ‘;uch a process could lead to l ower prod uc t ion costs and more reproduc I hit’

properties . However, in order to dt’vel op a one step f i t ’ I no seq uence , ens i dor-

ab 1 v more must . he known about ‘~i n t  en nq n~’chan I sius and k I net icc for P.1 coiiipo-

s i t  t O?15 . ~q)ec i t i t a l  ly, we must bet for underst and the ro le of unr e ac ted  and

in te ninod Ia to phases on the S in t er i tI q behavior.

A t pro so n t work i ‘~ In proorec s that w i ll generat e nero detailed t ’ t ’th t 1 Ot t

sequent e maps for the ml xed ox Ides us I nq chemic ally prepared i rcon i a . In

paral lt ’ 1 studi es the s inte rine beh avior ot discs wi th di ttei’ent ombi nat ions

of unre1i c t t’d and intermedi ate phase wil l be dot enin i ned .

a

— —~~~~~~~~- 
— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -. ~~~~~-~~~~~ ——- — -

~~~~-



- -~

lb

~~f~r~ c!s

1. Yoshihiro Matsuo and Hiromu Sasaki. Fortination of Lead Zirconate-Lead

Titanate Solid Solutions. J. Am. Cer. Soc . 48, 289-91 (1965).

2. A.E. Robinson and l.A. Joyce. Preparation of Lead Zirconate-Ti tanate

Compositions. I. Determination of Unreacted Constituents. Trans.

Brit. Cer. Soc . 61(2) 85-93 (1962).

3. 8. Jaffe , W .H. Cook , Jr. and H. Jaffe . Piezoelectric CeramIcs , pp. 137-

38, Academic Press , London and New York . 2

4. K.S. Mazdiyasni , C.T. Lynch and J.S . Smith. Preparation of Ultra High

Purity Submicron Refractor Oxides. J. Am . Cer . Soc. 48, 372-75

(1965).

5. J. Lebied z l k , R.G.  Bur ke , S. Troutman , G.G. Johnson and E.W. White.

New Met hods for Quantitat ive Characterization of Mult iphase

Part iculate Mater ials Including Thickness Measurement . Scann in9

l~çt~~~~~ ç_rp~çppy, Part 1, 26 -33 ( 1973 ) .



,r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AP PEND IX V

~ 

-: -



- ~~~~~~~~“ - 

~~~~~~~~~~~~~~~~ ~~~~T ~~~~~~~~~~~~~~~~~~~~~~ 
____ ~~~~~~~~~~~~~~~~~~~~~~~ - 

-

Preparation and Reactivity of Lead Zirconate-Titanate Solid Solutions

Produced by Precipitation from Aqueous Solutions

S. Venkataramani and J V. Biggers
Materials Research Laboratory

The Pennsylvania State University
Un i vers i ty Park , Pennsylvania 16802

Abstract

A process for preparation of PZT by precipitation from butoxide

precursors is described . The reactivity of the powders during low

temperature firing (calcining) has been determined using wei ght loss ,

x-ray diffraction, and DTA-TGA techni ques .
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I~ITR0DUCT ION

Solid solutions of lead zirconate - lead t~tanate (PZT) ceramics

are widely used in piezoelectric devices. The most useful PZT composi-

tions are of those in the vicinity of the nornhotrooic boundary

Pb(Zr
~

Ti 1~~
)O 3 with x be tween 0.50 and 0.5 5’. Most commerc ial ceramics

are prepared from calc ined mi xed oxide powders. Difficulties in mixing

and variations in composition and physical characteristics of the in-

d ividual powders lead to inhomogeneities in both composition and micro -

structure wh ich in turn affect the mechanical and piezoelectric proper-

ties .

Alternate methods o oreiarinq fine , homogeneous oowder have been

developed . The ceramic oxide powders thus obtained are generall y termed

“chemicall y prePared” oxides. In short , the process involves the phvsico-

chemical reaction of the precursor compounds of the required oxides. The

widely used precursors are organic and inorganic compounds esnecia lly

alkoxides , oxalates . citrates , nitrates , sul Fates . etc . The usual

physi co-chemical reactions are evaporation , pyroly sis , hydrol ysis. co-

pre cipit ation , sol-ael formation and freeze drying.

Haert ling and Land~~ synthesized PZT wi th lanthanum additions (PLZT)

by the hydrolysis of alkoxides , by adding a lanthanum acetate solution

to a mixture of lead oxide , zirconium and titaniu m hutoxides keot an ita -

ted in a high speed blen’1er. The butoxides ~sere hydrolyzed by the water

of the aceta te solution and the resulting slip was a complex oxide , hy-

droxide mixture of the PLZt comoosition . On drvin n ann calcini n ci the

PLZT oxide was obtained. The oxide was of very hiqh ouri~ y and submicron

in size and the ceramics made from it had su~erior electr o-o ’tic proper-

ties . Brown and ‘iazdivasnl~
2
~ also have reoorted the oreparation of

I -
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PLZT from the constituent alkoxide hydro ivs is .

Preparations of PZT and PLT composition from nitrates haS been re-

ported by 1cNanara~~~, Murata~~ and Thon’son~
5
~. The oxides were ob-

tained by either spray dryinci , evaporation, freeze dryin g, or more com-

monl y , coorecipitat ion of thenitrate solution of the cnnstituent oxide

in the ri ght proportion . The problem of stab ili~ ing the titanium nitra te

solution was overcome by either addin g titani um oxide as the alkoxide or

addin a H202 to the nitrate solution . PZT compositions have also been

obta i ned by the copre cthitation of citrates and forniates of the con-

stituent oxides in alcohol .

In this work the PZT were prepared from mixt ures of alkoxides and

lead acetate . The sequence of reactions for caicinin ti at various tem-

peratures and time s has been investi~ ated.

2. EXPERIMENTAL

The starting materials for the preparation of [VT were lead acetate

solution (25 wt ). Zirconiu m tetra -n-hutoxide (2~ - t~6 wt 2rO 2 ’~ and

titaniu m tetra -n—butoxi de (23.71 wt ‘
~ Ti02). The :irconiun and tit a niu m

but oxides were weighed into a hinh soeed blender and mi xoti for about ~ -

minu tes . The lead acetate solution w-~s slowl y added to this al kox ide mix-

ture ~s aq itation was continued. The water of the acetate solution h”-

drolyzed the alkoxides exother ,nicallv , and the result inc nr eci ”it ate was

a complex PZT hydroxide acetate. The total m ixing t ime wa s ihou~ 20 rOn-

utes. The resultin c viscous s u n  was dried overni °ht in an oven at l2 )’C.

The dried ‘cake ’ was then ball m illed for $ hours In a po l yeth’,1 Ofle i it’

us ino stabilized Zr02 cylinders and an ethanol medium. The bal l  ‘nll e,-l

powder was dried in the oven at l2~)°C.

k______ _ 
—- --- -- —-- _ _
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The compositions had varvinr i Zr02/Ti02 mole rat i os of 52/ 4 f , 60/40,

70/33, 80/20, and 40/60. Some of these com positions were a lso pre:ared

by adding deionized water to an agitated mixture of Pb’), zirconi um , and

t itanium butoxides . The cieneral process flow sheet is s hown in Fig. 1.

The com positions were ca lcined in sintered a lumina cruc ibles at 500°.

600°, 8000, and 1 000°C for periods ranging from 2 - 16 hours . The weight

losses during calcinin g were determined and x-ray diffraction data were

obta i ned in order to detect the major Phases present. DIA and 11A

were done on the 32/48 cormosition .

3. RESULTS AND DISCUSSION

The as-precioitated , dried samples were ‘ amorohous ” to x-ray . The

BET surface area of the P7T was -28 t12/qm . Scanning electorn microscopic

analysis of the oowder revealed an averaoe particle size of -0.5 urn .

The weiQht losses on calcining shown in Table I indicate that the co-

precipitated material from lead aceta te and the alkoxi rles is a mixture of

acetate and oxyhydroxide rather than a single ohase PZI oxyhydroxide com-

plex. The weight loss of PbZr052 Tr0 43O3 is around 22 which is in good

agreement with the figure obtained frori the T~A (Fic~. 2). Assu m ina that

the precipitate is a mixture of lead acetate and the hydroxides of zir-

coniun and titanium the weight loss on calcini on woul’~ be ~~~~~ On the

other hand if all the constituents are hvr4 rolyzed to the t’c~spective hy-

droxides the loss would he 14O . A coriplex mixture of acetate and oxy-

hydroxides would have weight loss within the ranae of 14 - 29~. Hence

the weight loss figures of the sarnoles ( 2~ ) show that the ~recipit ate

as dried is a comolex acetate oxyhydroxide . The o rec lo i ta te obtained by

a
the hydrolysis of PbO , and the alkoxides , lost 5 .5  1. 1 in we ight on
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ca l cinin a . If the dried preci pi tate ~s a totall y hvdrolysed PZT hv-

lrc’ x I de. t he weight 1 oss would he 10 , and if it is a PIT oxide the 1 oss

would be zero . . ~oreover , it can be calculated that if the PhO is coti-

verted to Ph(0H )~ and the z ircon ium and t i tan i um butoxides to the respe~-

tive oxyhvdroxides the loss would be 7.0.. Hence the hydrolysis of a

mixture ~ t Pbfl , and the alkoxides apparently result in a cotnr’lex oxy-

hydroxide of the PZT .

The )TA (Fig. 2) of the Pb(Ir 1 52 Ti )03 nreci nitate obtained

by the hydro lys is  o ~ the lead acetate m d  the hutoxi des of :1 t-con I

and t i taniunt shows an endothermic peak at - 2~) 0 C  and broad oxo the rt- around

1: ) ~ _ 4 3~1~’C correspondi tic to the melt m g  and conversion o~ lead iceta to to

lead ox ide. Apart from these there is another exnthernic neak ~round

3~~~ C. There are no exothermi c neaks seen at f~)~)~ ’; no bro~
4 red otis

around ~~
) and no endothem ic peaks a round ~0~) C  as repor te d ~

‘

the reaction amonc a ni xture o~ [‘hO , .‘r0 , and T i~~, to ~ori ‘.~T .

The T~A (Fig. 2) as mentioned before indic ates tha t the --aj or te i qh t

losses occur till 50-Y C and ~urt her loss tue to the ~‘bP e’~ ipo rat  ion around

~l0O—l3J0~C.

X -ray d i f f ract ion anal y s is  (Table 2~ rev e als t i e  seq uence o~ t ie

reactions occurrinn at various ca l cining cyc les.

In the 500~C ca lcines the only prominent ob sorv it ion is t he no—

cluc tion of the amount of unreacted PhO . The sari~dIes t.e re s t i l l  een iv

crvst~l line to x— ”av s However, the sh -m rnnes s of the i o a k s  i ,1c~~ o a s o - . aS

the :~er lod of ca l ci ne increases . The eth e r na2o,. nhase I s~~’r ot’ i~ l 
- - in

intermediate PZT uhase. There is no ohvi oti s ov 1 ~1once of ei thor PhTi

or PP.,’O occurri tte as a major ohaso i~~ detected by x - r m v c

(i i ) The only ma ‘or p~iaso detec tab le  in the bOO C ~ hrs~ ~O 2 C ~ .
‘ ‘ e s
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P i t h  the i i’çroved reactivit y of these powders it is poss ib le  that

they could be used to produce ceramics without a separate ca lcini nc

step .

At present the re a c t i o n  k inet ics of the conversion of the hydroxide

to [VT and the sintering kinet ics of the resultant solid solutions are

under investi gation.

Once these processes are better understood, a series of [VT cer-

ai”ics w ith a wide range of compositions will be produced usi nu the

chem ically orepared powders . ilectric al and mechanic al property coin-

tiarisons will be made with convent ional ly produced ceramics of the

same comPositions .

1
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FIGURE CAPTIONS

Fi g. 1. Flow Sheet for Al koxy Derived PZT.

Fi g. 2. TGA arid DTA of PbZr 0 5 2 T1 0 4 3 O3.

1
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TM~LE I

Ueight loss )ata

Composfl ion j Calc th atio n 
- -

Pb ~~)
) . 6 Ti o . 43O~ UCh) / 2 hr ,‘~i . 4~

4 hr 20 .61

bOtl ’ i hr ‘1 .33

~-~00/8 hr 22.0.’

500/10 hr

~0) ’  1 ’  hr ‘1 .01

500/b hr ‘i ~~

6 )4/2 hr 2.’ . ~ 3

hr ~‘2. ~l

000/2 hr .~~,
‘ 

-

1 104 2 hr ,
‘
. . 17

- ,T1 ,,0 ,~~ 004 ‘
~
‘ hr0.h. 0.4’ s

~~~~~~~~~~~ (~(111 
~
‘ hr H. 3.’

1 000 -’.’ hr ‘3

Ph4 Tr Ti 0 ,~~ hOO/ 2 hr ‘ . 1
4 . — 0.4 o

UiLI
1 711 1 004-’2 hr 1 •

~~~~~~~

Ph~r ~Ti  ,‘l , lOOt ) .‘ hr 13 .130.~ 0..

4By t imo hydro lys is  ~f PhO, :ircon ium—t ot ra— n—htitoxicio an ’ t I t a t t l e —

t o t t - a  — n — butox ide .
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TA PLI ~
‘

X—r ay !)i tfract ton Da ta

:1 . 

-

~~ Composition Tetiip?~~~~~~~ (hr) 
Remarks

PbZr 0 5 , T i 0 4 8 03 500/P PbO ,P7T? 
1 

Broad pea ks

500/4 PbO ,PZT Poorl y

500/6 PbO ,PZT crystallized

500/8 PbO/PZT

500/10 PZT;Phfl PhO peaks are of
l ower intensit y

500/12 PZT:PhO than the [Vi peaLs
better cr y st a l -

500/16 PZT/PbO lized

600/2 PZT ,PbO

600/8 PZT,PhO?

300/2 PZT

1000/ ’ P/T web 1 crystal 11 .‘ed

PbZr - - ,Ti 3) * ~0O/ P [VT0. ~ O.~h’ 3
Ph/ r0 6Ti 0

3 nOO/ P PZT/ Phfl 11044/2 PZT

PbIt 0~~Ti 04O3* oJO ,/.’ PZT ,PhO well crv s t mlbi. ’ed

PbZr0 711 0.303 1003, P PIT 

lOO O/~ 
- 

rzr

*~3y the hydrolysis of PhO + ~irconi unm tetra — n— hut oxide + t i t a nium t e t t ’ u-

n-hutox ide .
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Lead Acetate ~~~~Tita um~n~~~~

1~IILI
~~~~~~~~~ Blender j——— —

~
- - -

~~ or~in~~~
j 

S 

1 Polyethy lene jar ,
Bal l Mill ethano l

_______ 
12 hrs

1~ 
-~~~ -~~

120°CDrying 6 hrs 

_~~ ~~ -

3 33Calc ine 12 hrs

I
Ba ll !-lill

I-’
- 
I 

- -

FZT Powder

F IG. 1. Flow Sheet for A lkoxy Derived [V T.
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THE ROLE OF Zr 0 2 P OWDERS IN MIC R OSTR UCTURAL DEV E LO P~4jNT OF PZT

CERAMICS

J .V. Biggers , D.L . Hankey, L . Tarhay

Materials Research Laboratory
The Pennsylvania State University
University Park , Pennsy lvania 16802

Processing electrical ceramics to obtain reproducible proper-
ties is not an easy task. Seeming ly inconsequential changes in raw
materials or processing steps can produce ceramics with quite dif—
ferent properties .

The lead zirconate—lead titanate solid solutions used in manu-
facture of piezoe lectric devices are a good example of processing
sensitive materials. The major precessing variables are generally
considered to be: powder characteristics (composition and particle
size distribution and morphology), material mixing, calcining and
control of furnace atmosphere during firing.

The calcining step is usually limited to temperatures of about
900°C. A recent paper by Buckner and Wil cox~ shows the strong in-
fluence of calcining temperature on the properties of the fired
ceramics. These differences are certainly in large part related
to the reactivit ies of the powders which in turn depend to a large
extent on particle composition a~d n~orpho logy . Studies of reac-
tions occurring during calcining~~’

3 have shown that cormnerci~ l 4
Zr02 is the least reactive of the powders. M~it suo  and Sasaki sug— 

f

gest that the reaction sequence of the mixed oxide powders used to
make P21 ceramics involves first the formation of PbTiO3 and then
rea ction of this with Zr02 to form PZT. There is usually a mixture
of several phases present after precessi ng , e.g. PZT , PbTiO 3 and
ZrO2. Rosolowski et al.4 have determined that coimnercial calcines
contain several weight percent of unreacted ZrO ,. They note also
that the ceramics after final firing can contain 1—2 w/o 2r02.

While there is ample evidence to suggest that reactivit y of
the ZrO2 is an important factor , i t  is extremely di fficult to relate

— — ~~~~— - - ~~~~ --— 
- _ t
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observed differences in powder composition and morphology to the
react ivity. Recent work in this laboratory has shown tha t the on ly
noticeable difference in lots of powders judged good or bad (accord-
ing to the ceramic produced) was the state of agglomeration ” .

Quantitative measurements of the agglomeration in powders are
very difficult. In order to test the hypothesis that the state of
agglomeration affects reacti vity, a series of experiments was under—
taken which compared ceramics produced under identical condition s
but with d ifferent Zr02 starting powders.

The Zr02 lots chosen were judged from a qualitative basis to
have differing agg lomerat e character , in addition , portions ol
each lot were subj ected to different high energy milling p re~
treatments in an attempt to change the particle and agglomerate
size distribution .

The different Zr02 powder s were used to produce ceramics with
the composition PbZr0 55T045 O3. This composition was chosen is
be ing representative of many commercial PZT ceramics and it was far
enough from the morphotropic boundary to preclude anomalies associ-
a t ed with the phase transition 6 .

• E)~~ERDENTAL

Three different lots of commercial ZrO , powders were selected
to t  this work——Tizon lot 367in and Harshaw lots 5—76 and 1—75. The
initial characterization ~ t these lots using optical emission spec—
t ro scopy for impurities and wet chemical anal ysis fi ’r  m a j o r  elements
has been reported earl ier ~~.

Particle size and shape were measured using a beam controlled
SEN technique 7 and surface area was determined by a BET method.

The as—received zr02 powders were then mi l l ed  u s ing t w ’~’ typ e s
c i  equipment —— a fluid energy mill and an a t t r i t i o n  m i l l .  ( l i s tr u c —

tion details and operation of both types ~ f m i 1~~. ar e  d e s c r i b e d
by Wa ng 8.

The f lu id  energy mill (Fluid En ergy Products , Hatfield , I’.L.)

uses high—pressure air which acce l e rat e s  the i n d i v i d u al  pa r t i c le s
and impacts them in a rubber—lined chamber.  Op e r a t i n g  ai r t~’.sur cs
were 600 K Pa and the residenc e t ime for part icula te s in t he m ill

• was about 10 minutes.

The a t t r i t ion mill , built at  this l a b o r a t o ry , used a polyur e-
thane l ined jar mill , a stainless ste el  imp ellor cov e r e d  w i t h  tv gon

• tubing and a charge of 0.011 m diameter z ir c o n i a  bal ls .  Thc m i l l in g
was done for 20 minutes at 200 rpm impe llor  speed w i th  equal v olum es



— — -- —~--~ 
— 

- - - 
~~~~~~~~~ ~~~ -~~~- . - U ~~~

3

of powder , ethyl alcohol and ball charge .

Figure 1 shows a processin g flow chart used to produce ceramic
discs. The powder mixing steps were carried out in rubber-lined
jar mills. Pan drying was done at 100°C fo r 24 hours. The dried
cake was broken up in an alumina mortar . This powder was calcined
in closed 99.9 w/o A12O~ crucibles for 2 hours at 900°C in an elec-
trical resistance furnace.

The calcined powders were pressed into about 0.015 m diameter
discs using a Stokes rotary press. Green densities were carefully
controlled at 65 ± l . O~ of theoretical for all pellets. The green
thickness of the pellets was about 0.0012 tu. Firing of the pellets
was carried out in closed alumina crucibles using a technique de-
scribed by Klicker and Biggers5.

Samples of the different pellets were distributed t andoml y on
the setters inside the closed alumina crucibles t o  minimize ette ~~~ ts
of thermal and PbO atmosphere gradients.

RESULTS AND DiSCUSS iON

Table 1 shows the parti cle size distribution .in~l s u r f a c e  a t e a

data icr the as—received and milled powders. Table 2 s~~ow~; in moi
detail the particle size distr ibut ton ci the l iar shaw lot l— ~ ’~ pow-
ders. The particle size changes after milling were not  sign~~t i c a n t .
Jet milling increased slightly the  su r t a c e  a rea  of the three lots
used while attritor milling appeared to  sl i g h tly  d e c re a se  the  st ir —
f ac e  areas for the Harshaw lots and increase the area for t h e  Tizon
material.

As can be seen from Table 2~~ the milling did tend to r emove
large particles and sh it  t the  distribution slightly toward a lower
mean diameter. The results were the same fo r  the o the r  l o t s .

The shape of the  particles given by the mis/max particle dia-
meter ratios in Table 1 remains essentially constant.

Emission spectroscopy was used to check tor i m pu r i t y  p i c k — u p
during milling and no contamination was detected. After calL -ining
the ph ases present were checked using x—ra y d i i  t r a c t i o n  and a wet
chemical method for Ph09. With all a s — r e c e i v e d  lot s  the  x — r . t v
diffraction showed I’~ 1 and PbTiO~ . lo all milled powders only 1’ . l
was detected . The resul ts  ot the PhO an a ly s e s  are shown in Tab le  •~~ .

There was a significant difference in un r e a c t e d  PhO between t h e
Tizon and Harshaw ~i s — r e o e i v t ’ d  l o t s .  M i l l i n g  o f  t h e  r0 _ t~~v dez  d i d
not , howev er , alter the amount of FbO in the calcine.

a

_ _ _ _
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b~eigh ~Jxides .—~~~ 
Add Binder and Plasticizer

PbO + 0.451i02 + O.SSZrO, 2 wt~ PVA4, 
4,

Mix 24 hrs Dry
Ethyl alcohol & ZrO~ balls 4,

4, Mortar and Pestl e
Dry 

I4, Sc}een
Mortar and Pestle

4, Press 5 /Ti” discs
Calcine Powder I

2 hrs at 900°C Binder Tiurnou t4, 6 hrs a~ 600°C
Mortar and Pestle 4.4. Fir e discs

Scree n — > 1.5 hrs a t 1330°C

Figur e 1. P r o c r s s i n t~ Flow Char t  for 2r&) . Study .

Tc*h1~ I . Dat~t on 2r0 ’ r ow d er s  from A u t o m a te d  SEM Imag e Aita 1 vs~ s
and Surf a ce Ar ea :~1l~ t l v s  i s .

A v e r a g e  Mitt / Ma x 5cr f ac e  Are a
:~~o , Sample Diameter Diameter - 

(BET~— 
- 

Mean(m~ o Mean(m )  o m - k  x10 -°t

1 t~~on l o t  
- ~t ’7m

As 0.t”) 0.5 0.~~-’ 0.17 is.~
~ t t  m i l l s  0. ’~

) 0.~ d. ”O 0 . 15  1 - 5 . 7
A i t r i t o t  m i l l e d  0 . t ~S 0, s O.~~0 0.18

l h ir s t i . iw  l o t  1— 7
As i ece i v t ’d 0. • 2  P . S 0. ~‘ i 0 .17  1 ~~. 5

~et mills O.b2 0. 0.-O~ 0.17
At  t I fo r mi l le d —— —— — — —— 12.

liar sh.iw l o t  ~-- “t ~
As r e ce i ved  0.8’) 0. ” O.~~ 0 . l b

1et m i l l s  0.6’~ 0. •. 0. 51 0. 17
A tt r it o r milled 0.b 0.-* 0.50 0 . 1 7  L’. -s

— •— 
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Table 2. Average Diameter Distribution for }Larshaw Lot 1’-75
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0 0 0 00 ~~~~~~~~~4 - ~- ’ . 0  0 0 0 0 0  (~4~~~~ 0 0 0 0 0 . -. ~~~~~~~~-~~~’.0

Class Limit (pm)

Table . Wet Chemical An al ys is  t o Determine “F r ee ” PhO

— Weigh t  ~ “ Free ” 1’hO
Specimen Alt e r Calcining at. 900°C

(~~r02 Specifications) For 2 Hours ~c~ ±0.l~)

Tizon-Lot 367m

As received 1.1
3 jet mills 1.0

Har sh aw—Lot  1—75

As received 0.1’
3 jet  mil ls  0. 4
Att rltor milled 0.3

liar shaw— Lot S—7 6

As received
3 jet mills
Attrit or mil led 0.5 
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Table ~~~. Ciatu Size Data t o t  Fired PZTs

Fired 1’~ ’t Sp . ’c .  Ave .  Grain Si ze
pm

Tizon 367ru
As recei v ed
Jet mill ed . . 1’

Harshaw 1-75
As received 8. 2c
Jet milled 3~ Q~
A t t ritor milled 3.10

Rarshaw 5-7b
As received 8.14
Jet milled .4 .05
Att ritor mille d I . 2~

Micr ost  ru ctu r e s  of t h e  ceramics produc ed I r em the  .15—root ’ i v ed
.iu~I at  t r i t  t o n  m i l l e d  p ow d e r s  t em l i a rshaw I ot  ~~

— ~t’ ar e  sh own in
F ig .

a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,
~ ~~~~~~~~~~~~~~~~~~~~~ .“° ~~

‘, 

~~~~~~~~~~~~~~~~~~~~~ ~‘ ~~~~~~~~~~~~~~~~~~~~~.4,~ . ~~~ ~~~~~~~~~~~~~~ ~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• 
~~~~~:.ii .

- _ _ _ _

. . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~
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Table ~ lists the average grain sizes determined by a linear
intercept technique for the different ceramics. As can be St’t ’il ,

there is the same result in all cas e s——the as—r e ceived ceramics had
a significantly larger grain size than those pr odu ced from milled
powders. in each lot the attrition milled powders had the f inest

• grain size . While it is only specu lation at this point , it seems
likely that the differences in grain si.~*’ betwe en the  as— te ceived
and milled powders must he due to react l v i t v  d i t t e r o u c e ~ d u r i n g
calcining. it is presumed tha t the absence ot the low meiritig
PbTiO 1 phase and the presence et  a PZ1 phase w i t h  hi gher :-‘~r o 2  con-
tent would lead to a situation where less li quid phase was present
dur ing f inal sintering. This could t esult in a l iner grained pro-
duct.

Table S shows the fired den sity and diele c tr i c propert ies el
the different ceramics. The densities are essen tiall y the  same b r
all specimens . The weak field K and t an  ~S values measured using
unpeled specimens are in general  a g re em ent  w i t h  t ho se  f o r  ce ram i c s
of the same composition reported b’~ B er l in c ou r t  et  .~l.10. There
were , however , s i g n i f i c a nt  d i i  terences in K between as—received
lots and as a function ot milling. Some et  the  d i f t e t e n c e s  o.ui  he
attributed to grain si:e e f f e c t s , hu t di ifc rent phase  combinations
present as a result et  react ivit v di t terences mus t  a c c o u n t  t e i  some
ot  the variation s .

T.ui’ I e ~~~. Dens i t v and Fl cc ti i c .u l D.t t a t or pt ’7 r - - I I -d.c ’ ” 0. .4~~

- Av e . Den s i t  ~- * - .  -Spe~ m e n  - - . l’ i ’ .  i t ’ot t i c Av e  . .~ t e l cc t r i oci F i r e d  D i s c s  - -Spec .  ‘I ~‘n s t  a nt  J~ Less i. Ian ~ t
~~~~~~~~~~ -~ - - - - - -

Ti~~on Lot ~c7~u
As r oot ’ ived 1 . t’ ~ it ’ .

3 let mills 7.h2 . d d 3 e

ILi r shaw l o t  i —

As r e c e iv e d  7 t ~’1 t’- . I
3 ~e’t ml] is 7. 1 ’- ’ . ‘~ 7 ; 1 .

A t t rit c r mil l -‘ . t ’ -~ ‘- . ‘~ I .00-.

U . i r s n , w  l e t  ‘.‘.— ‘
~~‘

As received .t ’t ’  “US 1 .00 ~l
3 j e t  mill s 7 . ti .’ .

~
c i t  I . 00.~ 1

Attri to r m i ll 7.t’O ‘~ •7 i i

*111 ens lt \ m e a s u re m en t s ar’. ceomet  r 10.11 .tnd were  x . tndc~c 1v checked
using a mercur y p er o s  ime t e r

All e l e c t  r I ~‘a I m e . t s t i r e m e n t  s we r ’. made .1 t 2 ~ C and I Mil:
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The Effect of Post Casting Pressing
-~ On the Density of Tape Cast PZT

J.V. Biggers , T.R. Shrou t and W.A. Schuize

Materials Research Laboratory
The Pennsyl vania State University

University Park , Pennsylvania 16802

Abstract

The fabrication of piezoelectric devices using ceramic tape

requires careful control of green density . The feasibility of using

a post casting pressing process to increase the green density has

been investigated. Results of increasing tape green density on fired

density , ceramic microstructure and some electric d properties of a

comercial PZT formulation are described .
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1. iNTRODUCT ION

• Tape casting is widely used in the manufacture of ceramic capacitors ’~~ and

substrates for microelectronic circuits~
2
~. In this process a suspension of

cerami c powders in a liquid is cast on a smooth surface such as glass , stainless

steel, or plastic. Evaporation of the liquid produces a thin , flexible ceramic

loaded plastic sheet that can be cut into the desired shape and fired to produce

the finished ceramic parts. The microstructure and properties of the cast parts

are usually indistinguishable from parts fabricated in other ways such as cold

pressing or extrusion .

At present little use is made of tape casting in the fabrication of piezo-

electric devices. From a conceptual standpoint , however , assembly of piezo-

electric devices from tape cast ceramics seems to offer some definite advantages.

Lamellar heterogeneous structures consisting of either l ayers of ceramic of the h.

same composition with internal electrodes , alternating l ayers of ceramics of

different compositi on and external electrodes , or alternating layers of ceramic

of different composition wit il internal electrodes could be expected to have

interesting piezoelectric properties; for instance by proper choice of internal

electrode configurations and (or) ceramic l ayer compositions it should be

possible to produce devices with one or more of the following characteristics:

easier poling, better resistance to depoling, improved temperature stability ,

and better piezoelectric response.

To produce these device configurations , it will undoubtedly be necessary

to carefully control the particle size and shape distribution of the powders

• and the green density of the tape . This is necessary to obtain acceptable

fired der~s1ties consistent with firing schedules that are suitable for cofirin g

of internal metal electrodes or ceramic l ayers of different composition. 

—.-—.•.- ‘—- -~~ - - __~~~a _._ _r c~~~ ar t~~ - i
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To effect this control of the sintering kinetics would normally require

painstak ing characterization and comniunition of the ceramic powders and con-

siderable manipulation of the solvents , binders , plasticizers and deflocculants

of the liquid suspension system plus changes in milling and casting procedures.

If the green density of the tap~ is the controlling factor in determining

the sintering behavior a simpler and possibly more effective alternative pro-

cess is suggested--post casting pressing. If this technique can be used to

increase the green density and if the green density determines shrinkage and

final density , then it is possible that a “standard’ casting procedure can be

used to produce tapes with l ower than desired green densities which can then

be raised to the desired value by pressing .

In the work described here we have investigated the effect of post casting

pressing on properties of tapes produced from a comercial lead zirconate-lead

titanate (PZT) formulation .

2. EXPERIMENTAL

A commercial organic liquid suspension system* (binder) and PZT powder t were

used to produce the tape for these experiments.

To determine the effect of powder size distribution on the pressing behavior

a portion of the PZT powder was passed through a high energy mil l ’
~~.

The particle size and shape distribution of the powders was determined using

a computer assisted scanning electron microscope and a technique described by

Lebiedzik et ~~~~~~~~~~~~~ The process invol ves computer control of the SEM raster

which generates both a particle size distribution and a shape distribution based

• 
on a set of eight orthogonal diameters imposed on each particulate in a large

samp le.

*Clay Thde~ ~-‘62~~Lot 1V7~ C u d  I~ T~T14b4 t o V ~Tl~~7~San Die~~ , Ca.
92121 .tUltrasonic powder PZT-40l , Ultrasonic Powders , Inc., 2383 S. Clinton Ave., South
Plainsfie ld , N.J. 07080.ttFluid Energy Mill , Fluid Energy Products , Hatfield , Pa. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi gure 1 shows the size and shape distribution of the as received powder.

The average diameter is about 4 ~im and the grain shapes are somewhat elongated .

Fi gure 2 shows the size and shape distribution of the as received powders

after jet milling. The average particle size h-as been shifted to about 2.5 ~im

wi th a much sharper distr ibution . The shapes are more nearly spherical , which

suggests that much of the size change was due to agglomerate breakup.

Suspensions of four different powder/organic binder ratios were produced

by mixing the powders and liquid in small polyurethane jars for 48 hours.

The norma l mill charge consisted of Borundum cylinders ,0.5”dia , amounting to

about 25 yb of the jar.

Typical viscosities of the slips are listed in Table 1.

Tapes were cast on a laboratory casting machine which utilizes a moving

glass plate as the casting surface. The fixed doctor blade assembly is based

on design by Run k and Andrejco~
4
~ which utilizes two blades and double slip

hoppers to minimize the effects of hydrostatic head variation and surface ten-

5 iOfl .

Casting - ias done at the rate of O.4”/sec with blade hei ghts of 0.025” .

Tape thickness after drying was greater than 0.01” .

The dried tapes were cut into 1” squares and pressed at pressures ranging

from 850 to 38000 psi (5.87 x 106 - 2.62 x 1O~ n/ni
2) using a small hydraulic

press. Green density of the tapes before and after pressing was calculated

from thicknesses measured using a dial micrometer gauge .

Sintering was done in closed hi gh p~. ity alumina crucib les. The tapes

were placed on fired setters of the same composition and a small amount of

lead zirconate was added as a source of PbO. A silicon carbide resistance fur-

nace wi th a programable controller was used for all firin g s . The heating rate

was 200°C/hr and the samples were cooled with power off.
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Ave rage Diameter Di s tr ibuti on (1 Percen t) 

o----~---- o-- __ ~ 
Cl ass %

0.40 [ 0.00
0.63 [ 0.21

~ 1.00 [** 3.10
~ . 1.60 ~~~~~ 12.27
.,., 2.50 ************** 27.36
•
~ 4.00 ****************** 35.05
~ 6.30 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 19.53
~,, 10.00 [* 2.33
~ 16.00 [ 0.07
~ 25.00 1 0.07

Mm /Max Diameter Distribution

1 • 0 Cl ass %
0.050 0.14
0.100 0.35
0.150 0.28
0.200 [ 0.49
0.250 [* 1.48
0.300 [* 2.96
0.350 f** 339

.~.., 0.400 [** 3.88
0.450 

~~~~~~ 6.14
~ 0.500 [*** 6.56
~, 

0.550 
~~~~~~~~~~~ 11.92

~ 0.600 
~~~~~~~~~~~ 11 .21

~ 0.650 [******* 14.17
0.700 [****** 11.42
0.750 [****** 11.99
0.800 [**** 8.25
0.850 [

~~~ 4.23
0.900 [ 0.99
0.950 [ 0.14

Fi g. 1. Particle Size Analysi s for PZT-401 .
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Avera ge Diameter Distribution (# Percent)

O 1 2 ~ ~ Cla ss % 
-

~~~~~~

‘ 
0---- 0--- -0----0-•. --0

~ 0.40 0.00
‘.3 0.63 0.46
~ -‘ 1.00 ~~~ 7.82
E 1.60 ~~~~~~~~ 24. 92
~ 2 .50 ~~~~~~~~~~~~~~~~~~~~ 49.66
~‘ 4.00 ********* 16.95

- - ~ 6 .30 0. 11
~ 10.00 0.00

16.00 0.06

Mm /Max Diameter Distribution

0 1 2 3 ~ Class % 
0---- O----O----O-,---O

0.050 0.00
0.100 0.11
0.150 0.57
0.200 * 1.14
0.250 0.80
0.300 * 1.31
0.350 * 1.60

.
~~ 0.400 * 2.23
E 0.450 ** 3.31
. 0.500 ** 3.20
..n 0.550 **** 7.59
~ 0.600 **** 7.99
3 0.650 ~~~~ 13.13

0.700 ~~~~ fl.70
0.750 **~~*~~~** 16.38
0.800 ******* 14.10
0.850 ****** 11.30
0.900 ** 3.31
0.950 0.23

Fig. 2. PartIcle Size Analysis for Jet-Milled PZT-401 .
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Table I. Viscosity for Di fferent Powder/Organic Binder
Slip Systems

Powder/Organic Viscosity (cps)*

74/26 wt% 2250

65/35 wt% 330

50/50 wt% 170

34/66 wt% 110

wt% 1000

*Viscosities measured using a Brookfield viscometer at
22°C ± 1°C, with spindle #6 at 100 rpm.

~Jet milled powder used.

~-==~~—— ~~~~~~~~~~ 
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3. RESULTS AND DISCUSSION

Figure 3 shows the results of the pressing experiments . Each point on the

curve is an avera ge of at least 6 separa te press i ngs.

For all powder/organic ratios studied the pressing behav ior was essent ially

the same--the initial densification rate was hig h and then leveled off. The

pressure at which the densities reached a maximum was inversely related to the

amount of organic in the tape.

Table II shows the initial and maximum green densities of the tapes as a

function of the powder/organic ratios. For the as received powders the maximum

increase in density decreased with increasing organic content. The jet milled

powder with the smaller particle size and more nearly spherical shapes showed
— 

the largest increase in density .

DTA studies of the Clad -an binder system showed that about 10 w/o of the

binder--a high molecular wei ght polymer--would be retained after normal drying

of the tapes . This means that increasingly large amounts of organic are retained

in the tape as the powder/organic ratios decreased .

The compaction behavior suggests that the polymer influences the compaction

mechanism(s). At hi gh polymer contents the samples quickly reached their maximum

density and further pressure caused only elastic deformation . With decreasing

amounts of polymer, powder particle breakdown and rearrangement was probable and

compaction continued to higher pressures resulting in higher green densities.

The i mportance of the powder particle size and shape distribution on corn-

paction behavior is seen by comparing the data for tapes made with the as received

and jet milled powders . The jet milled powders had a smaller average particle

size , a narrower size distribution , and were more nearly spherical. Tapes made

with these powders had a larger percentage increase in density , and the compaction

process continued to hig her pressu res. RI

- -
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STRESS (N/m2 x ~O5 )
0.0 0.5 10  1.5 2.0 2.5 3.0

4.8 1 r 1 i 1 1 ‘ L ’ i’
4.6

- -

-

4.2
- -

4.0
- -

3.8-  -

~~~
-

2 
~~~ -4

’ -

2.6 U 74/ 26 wt%(j et miUed)

2.4 - £ 65/35 wt%
V 50/50 wt%

2 2 -  —- 

• 34/66 wt%

STR ESS (psi x lO s )
Fig. 3 Green dens ity as a funct ion of stress for different j

powder/organic tape ratios.
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Table II. Initi al and Maximum Green Densities of Tapes as a Function
of the Powder /Organic Ratios.

- 

Initial Maximum Pressed
Pow der/Organ i c Dens ity Dens ity % Inc rease

(g/cc) (g/ cc)

74/26 wt% 3.63 4.65 28.1%

65/35 wtS 3.54 4.54 28.2

50/50 wt% 2.68 3.24 20.9

34 /66 wt% 1.56 1.80 15.4

74/ 26 wt%* 3.36 4.66 38.7

*Jet milled powders used .

1.1
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Typical SEM micrographs of a tape before and after pressingare shown in

Fig. 4. The closing of porosity during pressing is evident.

Initial firing studies have been limi ted to the tapes with the highest

as cast densities--those with a powder/organic ratio of 74/26 w/o. Four firing

temperatures , 1220, 1240, 1270, and 1325°C with hold times of 1.5 hours were

used. -

For the range of green densities investigated (3.6 and 4.7 gm/cc) the rela-

tion between green and fired densities is essentially linear for each of the

firing temperatures , as shown in Fig. 5. The slope of the lines decreases with

firing temperature and then apparently converge to val ues of green density and

fired density of ~4.8 and 7.7 gm/cc.

Aside from the amount of porosity the microstructures of the tapes pressed

to the different green densities and fired at the same temperature were essen- —

ti -ally the same. Firing of hi gher temperatures led to an increase in grain

size. Typical microstructures for the 1220° and 1335°C firings are shown in

Fig. 6. The average grain size determined using a linear intercept techni que

was 2.2 1.lm for 1220°C, 2.8 ~un for 1240°C , 5.6 ~im for 1270°C , and 7.8 ~,m for the

1325°C firings .

Dielectric and piezoelect ric properties varied little with pressing pressure .

Typical values of weakf ield K and tan ~ measured at 1 KHz and d33 determi~ned

24 hours after poling of 3000 v - cm , 100°C for 2 mm are shown in Table III for

ceramics pressed to the highest green densities .

While there is an apparent grain size dependence of the permittivity and

d33, the values are all within the manufacturer ’s specifications.

-~~~~ 

~

——.-. — 

.1tPiezoelectrlc coefficient.
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Fi g. 4a. Micrograph of PZT-40l , 74 wt%
dried green tape unpressed .

~s~~r

~~ ‘
~~~~~~~~~~~,, ‘~~~~%1

Fig. 4b. Micrograph of PZT-40l , 74 wt~.dried green tape pressed at
‘-16 ,500 psi.
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GR EEN DENSITY (g/ cc)

Fi g. S Fired density vs green density for tapes with a 74/26 w/o
powder/organic ratio fired at 1220, 1240, l.’70. and 1 325°C
with hold tines of 1.5 hours . 
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Iiq . 6a. rllcroqraph of PZT-401 , 74 wt% tape (4.6 q/cc green
density) fired at 1220°C, 1.5 hours .
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Fig. 6b. Micrograph of PZT-401 , 74 wt’~ tape (4.6 g/cc greendensity fired at 1325°C , 1. 5 hours.
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Table III. Typical Values of Dielectric Constant (K) on Tan 6 and
Piezoelectric Coefficient d33 for PZT Samples Fired to
Maximum Densities .

TernperaLre Dielectric Constant(K)* Tan ô d33
t (xlO 12n/c)

1220°C 1213 .0045 216

1240°C 1386 .0086 361

1270°C 1406 .0240 273

1325°C 1431 .0234 385

tt
1300-1330°C 1350 290

* Dielectric constant determi ned using Hewlett Packard (Model 4270A)
Automatic Capacitance Bridge at 1 KHz.

-I.
- Piezoelectric coefficients determined using Berlincourt (Model 3300
d 33 Meter at 100 Hz.

~
1
~lJltrasonic Inc . coninercial data for PZT-401 fired 1 300-1330°C
(.5- 1.5 hrs).

I

_ _ _
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3. SUMMARY AND_CONCLUSIONS

In this work we have shown that post casting pressing can be used to

increase the as—cast density of green tape .

It has further been established that over a wide range of firing condi-

tions a linear relation exists between the green and fired density of the

tapes.

At present the exact reasons for the relationship and the si gnificance

of the convergence to a point are not clear to the authors .

The microstructure of the fired tape , the permittivity and d33 values

are not much affected by the pressing process. Both the microstructure and

electrical properties are comparable to those of parts produced from pressed

discs.

An interesting point, however , is the fact that tape casting has a

pronounced effect on the sintering kinetics of the PZT.

Discs of PZT-40l pressed to green densities of 4.7 gm/cc will not fire

to the 7.7 gm/cc density at temperature below about 1 320°C using the same

firing schedule as used for the tape cast parts . Tape cast parts of somewhat

l ower green density will attain this density when fired at 1220°C. H

Preliminary particle size and surface area measurements show little differ-

ence between the as received PZT powders and the powders in the slip used to

cast the tape . It is difficult to speculate about the causes of the increased powder

reactivity in the tapes without a more thorough characterization of the powders .

At present work is in progress to extend the green density-fired density

data to both higher and l ower values of green density .

An effort will be made to use current sintering models to explain the

linear relationship of the green and fired densities.
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Addi tional work Is planned on the characteriz ation of the powders in the
- 

slip and an analysis of sinterin g will be made in attempt to explain the

enhanced sintering that occurs for the tape cast parts .

I
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~ A major part of the effort has been concerned with the development of new
techniques for the fabrication of diphasic ceramic and ceramic:plastic compo-
sites and with investigation of the manner in which local and macroscopic
symmetry and phase interconnection ~connectivity) controls the coupled elasto-
electric (piezoelectric) and thermo-elasto—electric (pyroelectric) properties
of the composite. Replicating a natura l microstructure of desired connectivity
a new type of flexible ceramic elastomer composite has been developed which

I— - ~
e x h i b i t s  933 constants over an order of magnitud e larger than PZT and has i n t e r
est’ing potential for many passive voltage generation applications such as in
hydrophones and towed arrays, ~

Tape castin~i (doctor blade ) methods are being used to explore a wide
range of potentially interesting l amellar heterogeneous systems with ferro-
electric, antiferroelectric and interleaved electrode configurations. New
pretreatments of the cast tapes are being studied to equalize shrinkage in
the different compositions during firing and poling and property studies are
now in progress for a number of these new composite systems.

El ectros tr icti on transducers in the ferroe lectr i c relaxor fam i ly
Pb3MgNb2O9:PbTiO 3 have been stu di ed , and in cooperation with Corning Research
Center extruded multi-element transducer structures incorporating these
materials are being investigated. .

The ADAGE computer graphics facu lty at Penn State is being used to

develop a family of Elastic Gibbs functions for the P71 solid solution system

and to study the full  three d imens ional polar i zati on surf a ces in the vic i nity
of the morphotropic phase boundary .

Processing studies have been pel’formed on P71 an d on var ious r elaxo r
ferroe lec tr ic formula tions . Pre para ti on , calcining , fabrication and densifi-

cation procedures have had to be developed both for conventional sing le phase ,
and for the more unusual diphasic systems presently under study.

Il
Uncl ass i fled

SECURITY CLASSIFICATION OP THIS PA0I(W ~ SA 5.,. Ei,ISI’ dI 

- -“-- ~~~~~~ -J


