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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 development of new and improved materials for ceramic piezoelectric trans-
ducers, and with improving the understanding of the processing and properties
of present PZT ceramics.

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 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 lamellar 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.

Electrostriction transducers in the ferroelectric relaxor family
Pb3Mng209:PbT103 have been studied, and in cooperation with Corning Research
Center extruded multi-element transducer structures incorporating these
materials are being investigated.

The ADAGE computer graphics faciilty 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, calcining, fabrication and densifi-
cation procedures have had to be developed both for conventional single phase,
and for the more unusual diphasic systems presently under study.




1. INTRODUCTION

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 wilh
the development of new and improved materials for ceramic piezoelectric
transducers, and with improving the understanding of the processing and
properties of present PZT ceramics.

Over the past year a major part of the effort has been concerned with
developing techniques for the fabrication of diphasic and polyphasic ceramics
and ceramic:plastic composites, and with investigating both theoretically and
experimentally the manner in which local and macroscopic symmetry and the mode
of phase interconnection (connectivity) controls the coupled elasto-electric
(piezoelectric) and thermo-elasto-electric (pyroelectric) properties of the
composites.

A special ceramic replication has been developed which enables a natural
micro structure with the desirved form of phase connection to be replicated in
PIT, vielding a completely new type of ceramic:elastomer composite in which
the PIT phase can be poled to saturation remanence from simple surface elec-
trodes. This material exhibits a33 constants over an order of magnitude larger
than the present PIT, is highly flexible and robust to handle. This material
appears to have very interesting potential for many passive voltage generation
applications such as in hydrophones and in towed arrays. A patent application
has been submitted to cover the special replication procedure used.

Tape casting (doctor blade) methods are beino used to explore a wide
range of potentially interesting lamellar heterogeneous systems with ferro-
electric, antiferroelectric and interleaved electrode configurations. New

oratreatments 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 systens.

For more specialized applications, where a transducer is used for "slow"
precise position control, as in optical interferometers, phase correction
mirrors and multiposition mirrors, high permittivity compositions in the BaTi03:
CaZr03 and Pb3Mng209:PbTi03 systems are being studied. These materials are
dominantly in the paraelectric phase, and dimension control is obtained
through the high intrinsic quadratic electrostrictive effect. Since stable
ferroelectric domain structures do not occur, the problems of dimensional creep
and non-reproducibility (aging and de-aging effects) of the conventional piezo-
ceramic are largely eliminated. Current studies suggest that for suitably
chosen compositions in the Pb3Mng209:PbT103 family "effective" electrostriction
constants may be more than 10 times those of the conventional BaTiO3 based cer-
amics. We are now working with Corning Research Center to exploit these larger
electrostriction properties in extruded multi-element transducer structures.

A second major part of this program is aimed at achieving a better under-
standing of the very complex interactions between single domain, domain wall and
phase boundary contributions which control the electrical, mechanical and electro-
mechanical properties of the present PZT materials, and particularly with the
manner in which processing and the resultant ceramic microstructure modulate
these interactions. To this end, we have used the ADAGE computer qraphics
system 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 PZTs, we use those facets of the behavior which
are least likely to be grossly perturbed by the ceramic microstructure, namely
the phase transition temperatures and the spontaneous strains as a function

of temperature in the ferroelectric phases. This work is now at the stage where




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 spontanecus strains with temperature indepei. it electrostriction
constants. The ADAGE graphics capability allows a simple visualization of

the three dimensional polarization surfaces at any energy level and a direct
method of viewing the possible switching trajectories between rhombohedral and
tetragonal phases under elastic or electric stress. It is our intention to use
the refined energy function to compute single domain dielectric and piezoelectric
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 single phase, and for the more unusual mixed phase materials.

For the conventional mixed oxide starting materials, problems associated
with the variability of the ZrO2 powders available to the PZT manufacturers
have been studied, and new evidence adduced as to the influence of the state of
aqggregation of the ZrO2 upon calcining behavior and upon sintering and resultant
microstructure.

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 ongoiﬁg work in the areas of electrostrictors, diphasic materials,
phenomenological studies, processing work, and amorphous materials. Studies
vhich 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 ELECTROSTRICTION TRANSDUCERS
2.1 INTRODUCTION

Very early inthe evolution of piezoceramic materials, "soft" low coercivity }
ferroelectric 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 piezoceramics completely replaced these early electrostrictive devices.

A

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 efficient ultrasound generation from simple high K
multilayer chip capacitors by G. Kino and colleagues at Stamford suggested that
a new look at electrostrictive devices based on the multilayer configuration would
be most desirable. Earlier work ( 1976 Report) confirmed the large strain effects
in commercial BaTiO3 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 in the crystal 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 magnesium niobate (PMN)(Pb3Mng209) is perhaps the most thoroughly studied
example in the perovskite family of ferroelectrics, and a very extensive literature
documents structure, dielectric, optical, electrooptical and nonlinear optical
properties of this compound. Surprisingly 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

il

PbTiO3:PbZr03:Pb3Mng209 ceramic transducer formulations.
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Early optical studies show clearly that above -20°C PMN has no stable remanent
polarization, even though large polarization levels can be field induced, with cor-
responding high stable quadratic electrooptic response. Clearly if the quadratic
electrostriction constants in this structure are "normal" high stable quadratic
electrostriction should also occur. This was shown to be the case, and PMN itself
is superior to modified BaTiO3 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) Png]/3Nb2/303:Pb(Mg]/2w]/2)03
This system was selected to investigate the evolution of properties across
a solid solution field between a disordered relaxor (PMN) and a cation ordered
antiferroelectric (PMW).
(2) Pb(Mg]/3Nb2/3)03:Pb(Zn]/3Nb2/3)03
Selected to study the evolution from a relaxor of lower Curie range (PMN)
to a relaxor with a higher Curie range (PZnN).
(3) Pb(Mg]/3Nb2/3)C3:PbT1’O3 ;
A solid solution between the relaxor and a simple tetragonal ferroelectric
(abrupt transition) material. '
(4) Pbr’lg]/3Nb2/303:Pb121'03:8a2n”3Nb2/303
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
stabilizing the higher temperature relaxor, with, we believe, most interesting
results.
In parallel with ihese extensive material studies, a lower Tevel program
has been carried on in cooperation with Corning Research Center to investigate

the possibility of using the extrusion techniques developed at Corning for




exhaust catalyst support structures to fabricate electrostriction transducer

arrays for possible optical applications. |

2.2 STUDIES OF RELAXOR FERROELECTRICS

2.2.1 Lead Magnesium Niobate: Lead Magnesium Tungstate

Initial dielectric studies showed that this system was not promising
for transducer applications, since both the Curie range and the absolute
level of the permittivity are reduced by PMW solid substitution, even though
the antiferroelectric Curie point of PMW (39°C) is above room temperature.
Nonethéless, work on the system has been actively pushed forward because of
the high potential which we believe it holds for answering some of the more
intractable general questions relating to the origin 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 continuing interest may be briefly summarized I
as follows: ,

(i) Complete solid solution between the two endmembers has been clearly j
demonstrated. |

(ii) Relaxor character (a diffuse phase change) is preserved in composi- '
tions up to 80 mole % PMu.

(ii1) 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 20% PMW.

(iv) There is clear evidence of line broadening in the superstructure
Tines at Tow 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 inhomogeneity which gives rise to the Curie ‘

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




dielectric data suggest a heterogeneity in the Nbs':u6+ distribution, but now
N6+ rich regions are clearly labeled by the Ns':ﬂgz* structural ordering. We
believe that both the size and the strain in these Hﬁg"92¢ ordered regions

can be detevmined by intercomparison of the line broadening, and the position

of the superstructure lines with respect to the base lattice reflections, and

this work is now in progress.

2.2.2 Rﬂ?l/J“b21393:sz"‘lle§[§93
A number of compositions in this system were made up by solid state

reaction of the constituent oxides (Pb0, Mq0, Zn0, Nb205) using a wide range
of calcining temperature, with repeated calcining and regrinding, in an attempt
to achieve homogeneous sinale phase perovskite compositions. In every case,
however, even small additions of the PZnN to PMN resulted in the appearance of
a significant pyrochlore structure phase.

we believe that, as in pure PInN, it would be possible to suppress the
pyrochlore structure phase by reacting under high pressure, but since the
primary object of these .cudies was to examine systems which could be of prac-
tical interest, higher pressure studies were not carried out. We chose rather
to try to induce a higher temperature relaxor phase through solid solution

with BaZn 3Nb2/303.which is known to have a stable perovskite structure.

1/
2.2.3 Lead Magnesium Niobate:lead Titanate (PMN:PT)
2.2.3.1 Sample Preparation and Characterization

Ceramic samples of pure PMN, and of PMN:PT solid solutions were pre-
parqy'frnm reagent grade oxides using techniques similar to those given in
Appendix 1. Calcining schedules for the different compositions are aiven in Table
2.1, and the sintering conditions used and final densities achieved are given 'n
Table 2.2, X-ray powder diffraction was used to confirm that all samples had the
simple sinale cell cubic perovskite structure. Slow scan techniques were used for
a precise measurement of the lattice spacing with composition in the short range

of PT solid solution of interest to confirm proper formation.
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TABLE 2.1
Composition Calcining Time 15 Hours
Mole Fraction PMN:PT First Second Third
1.0:0.0 850°C 870°C 900°C
0.95:0.05 900°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

A T S R S i - o T

TABLE 2.2
Composition
Sintering Time Fired
Mole Fraction PMN:PT Temperature Density
1:0:0.0 1280°C 2 hours 7.40 gm/cc
0.95:0.05 1300°C 2 hours 7.45 gm/cc
0.90:0.10 1320°C 2 hours 7.41 gm/cc

e gt e g g &

Sintering conditions and fired densities for PMN:PT solid solutions

!
| |
i
| |

|

|




2.2.3.2 Dielectric Measurements

Pure PMN: Weak field dielectric permittivity as a function of fre-
quency and temperature (Fig. 2.1) confirm the broad diffuse character of the
ferroelectric phase change in this material, giving data in good agreement
with earlier published values. Low frequency (0.1 Hz) hysteresis measurements
taken by the modified Sawyer Tower method (Fig. 2.2) also confirm the absence
of any true remanent polarization in PMN at room temperature. In exploring the
high field dielectric saturation under large DC bias voltages, a new and iﬁter-
esting phenomenon was observed which appears to be characteristic of the ferro-
electric relaxors. For temperatures above 25°C the measured permittivity de-
creases continuously with bias with ascending and descending fields tracing the
same path (Fig. 2.3a). 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 lower
temperature, the expected butterfly curve of conventional ferroelectric behavior
is observed (Fig. 2.3c,d).

This unusual saturation behavior was first observed in pure PMN 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 occurring in all ceramic relaxation dielec-

trics when measured within the dispersion range.

PMN:PT Solid Solutions: For compositions containing up to 10° PT, which
are of most interest technologically, the dielectric relaxation character
associated with diphase transition behavior is preserved, though the dispersion
range decreases continuously with PT addition (Fig. 2.4). Hysteresis measure-
ments confirm that compositions containing up to 10 mole % PT remain essentially
anhysteretic under low frequency cycling fields. Under DC bias, the inverse
hysteresis phenomenon in the dielectric saturation is observed in all composi-
tions, although as the PT content increases the temperature range over which

“inverse" loops are observed contracts (Fig. 2.5).

NSNENGEES !
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2.2.3.3. Electrostriction Measurements

The quadratic electrostriction constant Q]2 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 lower 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
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 several other PMN solid solutions which have been studied are
also included in 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 Png]/3Nb2/303:PbTiO3:BaZn1[3Nb2/303

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 with composition.

Dielectric data, however, suggest the coexistence of two relaxation 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

dependence in the average permittivity over a very wide temperature range.
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Fig. 2.7 Dielectric permittivity in PMN:PT:BaZnN solid solutions.




Since BaZnN shows low dielectric permittivity with no relaxor character,

we believe that in these complex compositions there is partial conversion to
PbZnN, stabilized in a perovskite form by the residual Bae*. The unexpected
finding is that in these solid solutions, the two Curie ranges apparently do
not amalgamate to a single diffuse relaxor peak, but to some extent retain
their individual character more like a mixture of two separate phases.

This unexpected result does, however, suggest that with more study, we
may be able to stabilize high permittivity behavior over a very broad tempera-
ture range and probably also enhance the temperature stability of the electro-
striction behavior by using mixed systems of this type.

Dilatation studies are now proceeding on these more complex relaxor

systems.
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3. DIPHASIC MATERIALS
3.1 INTRODUCTION

The basic thinking which led to the expectation that two-phase systems
might offer significant advantage for certain types of transducer applica-
tions has been summarized 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 ceramic:plastic composites, using
natural template microstructures to control the connectivity between phases
so as to be able to produce PZT:plastic composites which could be poled to
full saturation remanence from simple surface electrodes, then processed to
give a mechanically flexible transducer with very high §33 and §h coefficients
which might find application in hydrophones and in towed array systems.

(2) Development of techniques to produce ceramic:ceramic composites with
Tamellar heterogeneous structures, which might exploit the wide range of phases
available in the PZT and PSnZT family. To integrate noble metal electrodes
interleaving the lamellae for impedance control, and to explore the consequences
upon the high field poling and depolina character of the mutual influence be-
tween the phases upon both the electrical and elastic boundary conditions in
each phase.

Using a modification of the "replamine process" developed by E.W. White
and colleagues at MRL, new transducer materials have been fabricated which
replicate a natural coral microstructure, and exhibit a number of the expected
features, i.e. ease of poling, high f1exibility. large 633 coefficients and
very high §h 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

|
|




required considerable work upon preparation, tape casting, assembly and densification.
This work is reported in section 5 of the report, which contains the preliminary
electrical and piezoelectric data for several of the composites which have been fab-

ricated to date.

3.2 PZT:PLASTIC COMPOSITES

Work of the past year using the replamine process to develop a PZT:elastomer
composite polable from simple surface electrodes, highly flexible and with large 633
coefficients is contained in Appendix III*,

Current work in this area is concerned with: :

(1) Developing a suite of PZT:elastomer samples of size and shape suitable for
more extensive and detailed evaluation of the parameters.

(i1) 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.

(i11) Application of the processing to develop hard PZT:plastic composites
using 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 pyroelectric figure of merit
between single and diphasic systems.

(v) Examination of the piezoelectric 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.

(vi) Determination of the temperature coefficients of resonance for simple exten-
sional resonance modes to explore the influence of material parameters symmetry and

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

ture compensated resonators.
*Complementary work at the Naval Research Laboratory, using a different approach,
has confirmed the piezoelectric parameters for series and parallel connected compo-

sites, and has led to the development of a new type of flexible macrocomposite
which shows considerably enhanced voltage sensitivity.
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3.3 LAMELLAR DIPHASIC CERAMIC:CERAMIC COMPOSITES

Over the past year a very heavy emphasis in our processing studies has
been upon generating the necessary background to be able to assemble and
densify these structures. This work is covered in Section 5 of this report.

Based on these studies we believe that by using pressure densification
of the green ceramic tapes betfore assembly, we shall be able to balance shrink-
age between tapes of different composition and thus avoid the porosity problems
which plagued initial fabrication. Coupled with the ability to hot isostatically
press the presintered monolithic assemblages, present evidence suggests that it
will be possible to achieve adequaté density and phase connectivity without too
much interdiffusion between the constituent phases.

Platinum electrodes have been successfully cofired into several of the
proprietary PZT compositions, and data are now being obtained on the modifica-

tions which can be effected both in the poling characteristics and in the piezo- |

electric performance using these integrated electrode structures.




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 tc be able to delineate minimum
energy trajectories for cubic-tetragonal, tetragonal-orthorhombic, and ortho-
rhombic-rhombohedral switching.

(11) The evolution of a more complete energy function which would mimic
the tetragonal-rhombohedral morphotropic phase boundary so important in the
PZT 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 com-
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 switching trajectories,but the detailed examination is
being postponed until the enerqy function for PZT is available.

The major part of our effort is now focused onto the task 11, and progress

on this topic will be discussed in the following section.

4.2 DEVELOPMENT OF AN ELASTIC GIBBS FUNCTION 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 P]. P2. P3 may be written:
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where the A,B,C,D,E,F are dielectric stiffness, and higher order stiffness
coefficients, sr], sfé,sz4 the elastic compliances (measured at constant
polarization), Q]], 012, 044 the cubic electrostriction constant.

The A,B... 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
passing through zero at the Curie Weiss temperature © 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,B,C,D are given
continuous temperature dependence a simple tetragonal:rhombohedral morphotropy
could not be developed from the simple Devonshire function (E=F=0). However,
by adding a positive E parameter to destabilize the orthorhombic and rhombo-
hedral phase, then restabilizing the rhombohedral 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 visualization of the influence of the A » F parameters

on the resulting phase stabilities, the ADAGE has now been programmed to




operate in a split screen mode. The right hand half of the screen plots

AG] vs T for all possible stable phases. AG] is derived from a computer
solution of the polynomial equations

3G,

e
GPi

which yield the appropriate values of Pi 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
intersections of the different phase stabilities, marking the equilibrium tran-
sition temperatures. This information on phase stabilities is then transferred
to the left portion of the screen, the parameters A » F are incremented to new
values under machine control and the process is repeated. In this manner, a hypo-
thetical phase diagram can be rapidly built up for any given initial choice
of parameters, and any chosen scheme of parameter increments. Since the starting
values and progression increments are under analog control on the ADAGE system,
new combinations can be "dialed" in at the start of each run and a wide range
of parameter combinations can be tested in quite a short period.

Experience using this plotting program has confirmed our earlier expec-
tations in 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 stability of tetragonal to orthorhombic and rhombohedral
phases; however the orthorhombic phase always interleaves or is degenerate
with the rhombohedral.

(3) To generate a near vertical tetragonal-rhombohedral boundary requires

a positive value of E, and a negative value of F.




(4)

(morphotropic boundary) the orthorhombic phase is always very close to (but

For all parameter combinations which generate a near vertical

metastable with respect to) the overlaying tetragonal and rhombohedral stability

curves.

Havina developed a small family of dimensionless parameters which mimic
morphotropy, the necessary task is now to scale and refine the fitting to
describe real 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 Jc to reflect the nonlinear
behavior of Tc vs composition in the known PZT phase diagram.

(2) Measuring the spontaneous strains X]](s)' X22 - X33(x) as a function
of temperature, by x-ray methods on a series of carefully prepared compositions
in the tetragonal phase field.

(3) Measuring X44(S) vs T for compositions in the single cell rhombohedral
field.

(4) Calculating PS vs T for each of the combinations of parameters which
exhibit morphotropy.

(5) Using the relations X]] = Q]1P§ X22 = QIZPE to fit the measured
strain behavior with Ps(Tc)’ 0 and Qq, and Q;, as fitting parameters.

(6) Re-calculating the phase diaaram for the new T. and 6 values to con-
firm that the minor changes in these parameters do not degrade the initial
fitting of the phase diagram.

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

Ao = 1 (no scaling for Xo)
@ = C/B=-1.20 in PbZrO3 chanaing linearly to
+0.80 in PbT103
E =80 X10°®
F = -450.107% in PbZr04 changing linearly to
-200.1076 in PbTi0,
it —

" '- .
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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 - 0 from PbTiO3 to PbZrO.STiO.503 required for fitting
is shown also in Fig. 4.1. The resulting values for Qn vs composition are

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

sition. The fitting of the observed and calculated spontaneous strains for pure
PbTiO3 and for pber.STiO.SO3 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 Q]] and 012 decrease continuously with increasing Zr
content as shown in Fiq. 4.2.

The difficulty of proceeding from the measured sinale crystal data is
admirably shown in Fig. 4.2. The triangular data points for PS are taken from
the compilation by Landolt Bornstein. The scatter for pure PbTiO3 is immedi-
ately evident, the very low value for single crystals of Pb2r0,4TiO.603 is
clearly incorrect, while the corrected ceramic value (assuming perfect poling)
at the rhombohedral 44:56 composition is very close to the predicted curve.

The next step in refinement will be to select a e value so as to scale
the dielectric permittivity. Here aqain: the quality of the available single
crystal data leaves much to be desired. Normally it is a trivial task to
select Xo to fit the Curie Weiss behavior above TC; however in both ceramics
and single crystals values of the Curie constant C have been quoted which
range from less than 1.5 x 105 to greater than 14 x ]05- Since usually the
Towest values of C are most reliable, we propose to select initially C = 1.5 x
105. For our values of Tc - 0 this qgives

K

10,000 at Tc for PbTi04

K = 30,000 at TC for PbZr0.5T10.503

which are not unrealistic as compared to the best measured single crystal

values.
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Calculations of the anisotropic dielectric permittivities and the piezo-

£ S RO R e e e e e s

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 majority of the processingdwork described in previous reports has been
completed. OQur goal of developing "standardized" processes that allow us to
duplicate industrial practice in batching, calcining, forming, and sintering
mixed oxide compositions and processing precalcined commercial 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 lamellar heterogeneous devices (LHD's). The

topics include:

A. Powder Preparation

B. Tape Casting

C. Fabrication of Devices
D. Dielectric Measurements

E. Hot Isostatic Pressing

5.2 POWDER PREPARATION

The fabrication of many of the LHD's will require chemically prepared pre-
cursors for control of reactivity during sintering.

The preparation and reactivity evaluations of chémically prepared oxides
and PIT compositions are described in the appendix.

At present we are continuing our investigations of the reactivity of these
materials. The goal of the work is the development of a one-step process in
which chemically prepared powders can be introduced into tape without prior

calcining. Rate controlled sinterina will be used to fire the tapes to produce

the right phase prior to the high temperature densification period.
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5.3 TAPE CASTING

Work is continuing oh using the technique of post casting pressing (PCP)
to increase the green tape density. In previous work we have demonstrated
that PCP can be used to increase the qreen density by as much as 30%. This
increase in density significantly alters the sintering kinetics of the tape.

A very interesting trend has been noted where the green density and fired
density have a linear relationship over a range of green densities from 3.5 to
4.7 am/cc (See paper by Biggers, Shrout and Schulze in appendix).

In addition the PCP tape fires to acceptable densities at temperatures
100°C lower than a pressed disc of the same composition. The PCP process
appears to have great utility in the fabrication of LHD's. With this process
it was possible to lower the sintering temperatures and control firing shrink-
ages. The control of shrinkage is a critical problem in the fadbrication of
the LHD's described in later sections of the report.

Work in progress includes extension of the green density-fired density
data to lower and possibly higher values of green density. We are also building
a warm rolling apparatus that will enable us to densify larger quantities of
tape with more reproducibility than is currently achieved with batch uniaxial

pressinag.

5.4 FABRICATION OF DEVICES

We aré presently building the following LHD confiqurations:

A. Multiple layers of ceramics with the same composition and external
electrodes.

B. Multiple layers of ceramics with different compositions and external
electrodes.

C. Multiple layers of ceramics with the same composition and internal
electrodes.

D. Multiple layers of ceramics with different composition and internal

electrodes.




SR R T

Many variables are encountered in the fabrication of the devices. The
most important under investigation are:

A. Reactivity of oxides or compounds and the effect on sintering.

B. Effect of tape green density on sintering.

C. Fabrication techniques required to electrode, assemble multilayers.

D. Binder burnout of tape and electrodes.

E. Sintering including electrode compatibility and interaction of

ceramic layers of different compositions.

5.5 DIELECTRIC MEASUREMENTS

Dielectric measurements are being conducted to compare the effect of

various fabrication methods on the electrical properties of commercial material.

Initial studies have been limited to four compositions from Ultra Sonics
(401-888, 401, 501, and USH-32).

A comparison is to be made between conventionally pressed and tape cast
single phase material. These results will be used to study the interactions
in cofired composites of one or more ceramic compositions and internal platinum

electrodes. The primary measurements will be dAQ and complex permittivity as

(%]

a function of temperature and fﬁequency.

The devices were prepared %rom tape produced as described in the paper
by Biggers, Shrout and Schulze <dncluded in the appendix.

The multiple layer deviced were built up from one-inch squares cut from
green tape. After stacking the composites were uniaxially pressed at 53°C
and 5000 psi.

The parts with internal electrodes were fabricated from one-inch squares
of green tape on which the platinum electrode patterns were screen printed.
The platinum ink was allowed to air dry and the requisite number of layers

was stacked and uniaxialiy pressed at 50°C and 5000 psi.
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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 alumina containers. The parts were placed on setters
of their own composition. The setters were stacked together with 2 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 1330°C
with a 2-hour hold followed by cooling with the power off.

Initial measurements indicate that there is essentially no difference
(tolerance +5%) in the electrical characteristics of ceramic prepared by cold
pressing or tape casting. It is, however, necessary to consider the density
and microstructural difference that may occur when sintering from these two
fairly different green states.

Tables 55.1 and 5.5.2 may be used to compare fired single tape layers and
pressed multilayer ceramic bodies with the typical values obtained from conven-
tionally cold pressed ceramic. The reduction in K and to a lesser extent d33
in the single layers can be attributed mainly to a reduced density (see appendix
on pressing effects on tape). The samples produced from pressing and cofiring
10 Tayers had higher densities which resulted in higher K and lower tan & (1).

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

« PZT to explore the possibility of producing a composite with improved high drive
field stability. Results of tests on the first two composites are listed in
Table 5.5.2. The calculated values were derived using the experimental values

in Table 5.5.3 and the following series mixing equations.

(ty+ty) (Kpty+Kyto)
K:: _..,_..,,’..K.‘_,..._F.
1K
G S
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Table 5,51

Electrical Proverties of Tape-Cast Single Layer PZT's.

Poling*

Specimen
Designation (ﬁgyﬂs ggﬁg' Exp.  1kHz - 25°C gg?? Exp.
390 3000 1350 1100 0.0100 290 295
401-888 3000 1000 898 0.0045 215 230
501 3000 2000 1000 0.0237 400 370
U5H-32 3400 3200 2120 0.0340 590 510

‘Spec1mens poled for 2 mlnutes at IOO“C
24 hours after poling.

Table5.5.2

Electrical Properties of Tave-Cast 10 Layer (Multi) PZT's.

pocinen  Poling® K f- (1kHz - 25°C)  tan &' dyy' (10712 ¢/N) - 25°C
Designation (Es?g3 83??‘ Exp.  1kHz - 25°C gng' Exp.
a0 2600 1350 1180 0.0050 200 300
401-888 2600 1000 935 0.0027 215 225
501 2200 2000 1600 0.0180 a00 425
U5H-32 2000 3200 2070 0.0298 500 580

*¢hecimens poled for 2 minutes at 100°C.
24 hours after poling.

Table 5.5.3

Electrical Properties of Tape-Cast Multi (50/50) Layer PIT's.

. A I R ol R . A o 1>

P L i K . ]‘(‘\‘
specinen Pgl;gg k'« (1kHz « 25° C) tan §° dyy (K /l)
Designation (kV/m) l'Hz i 5“C 100Hz = 25°C
Cal Exp Cal. Exp
~838/501 3000 1180 1050 0.0100 299 C7§

f)]- 388/U5H-32 2400 1288 969 0.0123 335 315

*Qpecimens poled for 2 m1nutes at ]00 C
24 hours after poling.

R
- (1kHz - 25°C)  tan &% dyy (x 10 12 6/m) - 25°¢

T ———
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where t = fraction of total thickness, K relative permittivity and d = d33
of component.

A1l experimental values fall below those calculated from dense tape cast
material. The decreases are most likely the result of a decreased density in
the soft phase (U5H-32 or 501) which has now been shown to have a greater
linear shrinkage than the 401-888 material. It appears that the common surface
is well bonded and the first layer to approach maximum shrinkage clamps the
densification in the adjacent lTayer. 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 illustrates the relaxations that occur when combining PZTs with
quite different additions. The hard materials have modifications that cause
oxyaqen vacancies which result in conductivities about three orders of magnitude
greater than the materials with additives causing A-position vacancies. As the
temperature is increased, the RC time constant of the hard layer is decreased
and interfacial polarization contributes to the permittivity at higher fre-
quencies. This is most apparent in the increase in the tan § when the RC time
constant becomes equal to the inverse of the frequency. At 1KHz the relaxation
occurs at approximately the same temperature as the transition in the 401-888
material,resulting in a large tan § peak at 265°C. When the resistivity de-
creases by an order of magnitude with increasing temperature, the relaxation
occurs at 10 KHz (365°C). At higher temperature this again occurs for 100 KHz
at 420°C.

The very nonuniform voltage distribution that may occur as a function of
frequency suqggests that very different poling conditions may be achieved depend-
ing on the application of field. A DC poling condition would apply most of the

field across the insulating, soft layers and build up a space charge at the inter-

face due to the conduction through the hard layer. Pulse poling would be tempera-

ture dependent and apply the voltage inversely proportional to the permittivities.
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Fig. 5.5.1 Interfacial Polarization Relaxation in LHD 401-888/U5H-32
(Equal Thickness Layers).
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5.6 HOT ISOSTATIC PRESSING

One of the most serious problems encountered in fabrication of the LHD's
is difficulty in obtaining matched shrinkages and similar fired densities with
layers of different composition.

The post casting pressing technique already described is one method of
solving 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 (v92% theo-
retical density) by conventional sintering. The parts can then be hipped to
nearly theoretical density at lower temperatures and times 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 Tow temperatures and
short times. The parts would then be hipped to acceptable densities for elec-
trical nroperty evaluat.on. This combined process may be the only way of
fabricating devices with ceramic layers 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 incorporating a
hearth heater into the furnace structure. However, the Tow thermal 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 conventional furnace
designs based on conduction and radiation controlled heat transfer must be
abandoned in favor of a system desiagned to eliminate convection.

Accordingly, in the present HIP design (Fig. 5.6.1) the heating element,

a molybdenum-wound alumina crucible 4" high x 2" internal diameter, is enclosed

|
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Fiaure 5.6.1 The Hot Isostatic Press
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within four sealed concentric ceramic and metal cans which act as convection

barriers. The innermost alumina barrier provides both thermal 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 1700°C and 4,400 psi.

A

Hot zone temperature profiles at various pressures are shown in Figs. 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 convection

path within the hot zone and reduce its ability to even out temperature gradients.
Although a large temperature drop is observed in the lower part of the furnace,
it should be noted that the temperature within the top inch of the hot zone is
constant to within 10°C for small specimen size. The Tength of the constant
temperature region can be increased if necessary by incorporating 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 PbTiO.452r0.5503 composition indicates that theoretical density
can be obtained in this material after one hour at 1300°C under 3000 psi with

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

this weight loss have included:

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

oo

significantly reduce vaporization of PbO.

B. Incorporation of Pb0 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.

C. Minimizing the HIP time. This has proved to be the most successful method 'ﬂ

of avoiding weight Tloss.




Figure §.6.2 Temperature Profiles at Various HIP Pressures
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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 HIP furnace will be rewound
with platinum and operated in a slightly 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
jsostatically 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 piezoelectric materials, e.g. tape-cast

composites and Corning's "honeycomb“ structured BaTiO3 ceramic is now in progress.

Reference
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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 (6.2) and Glass (6.3) suggest the possibility of
achieving ferroelectric properties in a glass. The theory suggests that for
the possibility of ferroelectric ordering the network should incorporate
highly polarizable ionic groupings such as the BO6 octahedron and that for such com-
pounds the network arrancement would always have a Curie point T. significantly below
that of the corresponding reqularly ordered crystalline structures. Thus
potential materials of interest should have very high proper ferroelectric
Curie temperatures in the crystalline phase, with the possibility of multi-
axial polar arrangements within the polarizable "sub units" of the reqular
ordered crystalline unit cell. :

Lithium niobate satisfies these requirements and shows unusual properties

fin the splat quenched glass which could be attributed to a ferroelectric

ordering.

Roller splat quenching is a difficult task with lower thermal conductivity
inorganic liquids. The objective of our studies was to produce stoichiometric
amorphous films of a very high Tc ferroelectric compound by the RF sputtering
process, and to test the dielectric and related properties of these films for
potential ferroelectric activity. For these studies, strontium pyroniobate,
Sr2Nb207, was selected as it has one of the highest known Curie temperatures of
all oxide ferroelectrics. It was hoped that if the amorphous films themselves
showed normal dielectric response, it might be possible, by suitable thermal
annealing, to induce controlled recrystallization and thus explore the evolu-

tion of the properties of the crystalline phase for micro crystalline sizes.




6.2 SAMPLE PREPARATION

RF sputtering of insulators is itself a highly complex and difficult §
subject. Much progress has been made, particularly within the lTast 10 years in
characterizing and correlating the release and deposition mechanisms, but it is
still not possible to predict "ad initio" the required boundary conditions and
much initial exps . inentation 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.

During the past year over 500 sputtering runs have been carried out to
test out and optimize the parameters for Serb207 so as to be able to repro-
ducibly sputter stoichiometric films onto a range of different substrate
materials.

Using a standard MRC model 8502 sputtering unit operating at 13.5 MHz with
2" diameter ceramic target and a target substrate spacing of the following
optimum conditions were found.

(1) Carrier gas pure 0, at pressure 30.107° torr.

(2) Power level 50 watts.

(3) Substrate recrystallized A1203.

(4) Target composition Z\SrO\]_OS.(NbZOS).

The off stoichiometry inthe target required to produce stoichiometric
films on the substrate was traced to a high re-sputterina rate from the sub-
strate, which also gives rise to an unusually low effective sputtering rate
in this sytem. By redesianing the dark space shield on the target, it was
found possible to improve the sputterinag rate for oblique angles, and in this

manner to achieve deposition rates of more than 50 A/minute.

6.3 DIELECTRIC STUDIES

After considerable experimentation, pinhole free samples up to 10 um in




T PP —————

30

thickness with stoichiometry corresponding to SrZNb207 suitable 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 Serb207
material prepared by conventional ceramic 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 dielectric results do not provide any unequivocal
evidence either for or against ferroelectricity. The frequency dependence of the
higher temperature rise in €' and the corresponding rapid rise in tan & suggest
that this 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, and 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 birefringence, or substructure which could
be associated with ferroelectric ordering. Thus we are tempted to believe that
amorphous Sr2Nb207, as fabricated by R.F. sputter%ng onto a cool (less than

400°C) substrate does not exhibit ferroelectricity.

6.4 PRELIMINARY ANNEALING STUDIES

Amorphous Serb207 films deposited on recrystallized alumina proved
remarkably sable under thermal annealing.

Initial runs were for 18 hours at 300, 500, 700 and 1000°C produced no
observable change in the film under microscopic examination. Increasing the

time at 1000°C from 36 hours even up to 148 hours, again showed unchanged

amorphous films.
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| Raising the temperature to 1200°C collapsed the film into isolated

istands, which showed the characteristic x-ray pattern for Serb207.
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Structure and Dielectric Properties of Matrerials in the

Solid Solution Svstem l‘b(Mgl/,;Nh‘,/.‘)O‘:l’b(Nl/,Mgl/,,)ﬂj

S. Nomura, S.J. Jang, L.E. Cross and R.E. Newnham

Materials Research Laboratory
The Pennsylvania State University
University Park, Pennsylvania 16802

1. Introduction
Lead magnesium niobate (PMN) is a terroelectric materfal with diffuse
(1,2)

phase transition The structure is cubic (Pm3m) at room temperature, with

no evidence of long-range ordering of the dissimilar B site cations in the ABO3
perovskite structure. The weak tield dielectric properties are strongly dis-

' in the range 0 to -15°C,

persive with a broad frequency dependent maximum in ¢
and a corresponding broad maximum in " at lower temperatures. A very extensive
literature covering many of the properties of this compound is effectively sum-
marized in Landolt Bornstein(j‘é).

At room temperature pb(Mgl/BNI/J)OS (PMW) has an orthorhombically distorted
perovskite structure, with a unit cell which is approximately 4a x 4a x 4a,
where a is the dimension of the normal perovskite single cell (64
'

formula units/unit cell). The origin of this enlarged "supercell” has been

5
traced to two phenumenn( ):
2+ o+

(1) A three dimensional ordering of the Mg~ and W cations in the B sites
of the ABOJ structure, producing a doubling of the unit cell edges.

(i1) Antipolar displacements of the ions, leading to an additional doubling.

PMW undergoes a transition from quadrupled to doubled cell parameters at
39°C, with a weak dielectric maximum at this phase change and a loss of the
orthorhombic dlatnrtlnu(ﬁ). Since the lower temperature phase does not exhibit

dielectric hvsteresis it has been classified as antifervoelectric,

The present work shows that PMN and PMW form a complete range of solid solu-




tions between the two endmember compositions. Of special interest for these
studies was the manner in which the dielectric dispersion changes with composi-
tion in the solid solution range, the evolution of the ordered superstructures,
and the modifications which occur in the higher field dielectric properties

as the ordered cation arrangement becomes established. This paper is concerned
primarily with the dielectric properties. A more detailed description of the

structural work will be given in a subsequent paper.

2. Sample Preparation and Characterization

The required series of compounds were prepared from reagent grade PbO, MgO,
szus and WOS. The constituent oxides were mixed in appropriate proportions,
ball-milled in alcohol, then dried and calcined in air in a closed alumina crucible.
Calcining temperatures ranged from 800 to 1,000°C depending on composition for a
calcine time of 15 hours. The resulting calcine was ground and refired for two
additional 15=hour periods to ensure complete reaction.

Ceramic samples were prepared by cold pressing into disks 2.54 cm diameter
and firing on zirconia setters in air. Sintering temperatures ranged from 990°C
to 1280°C depending on composition. A 2-hour sintering time was used. In the
pure PMW ceramics, there was alwavs a small amount of a second phase, probably
stalzite (I‘hWO_,.) as previously reported by Zaslavskii et al., (3) .

X=ray powder diffraction patterns were taken at room temperature using
Cu=-Ka radiation. The samples were all of perovskite structure, and except pure
PMW were all cubic. The lattice constants were determined from (200), (211),

220), (310) and (321) reflections, the indices being referred to the primitive
perovskite cell. Superstructure reflections characteristic of a doubling of
the perovskite subcell began to appear for compositions containing more than
20 mole% PMW, with intensities increasing continuously with increasing PMW con-

tent. The lattice constants and the x-ray diffraction intensity ratio

l)/l(lOO) as a function of composition are shown in Fig. 1. To avoid

P —

r(,}

|
|
\
|




the complexities associated with the quadruple cell in PMW, the intensity
ratios were taken at 50°C, which is in the cubic phase region for all compo-

sitions.

Dielectric Measurements

The general trends in the temperature dependence of the weak field dielec-
tric permittivity u& across the solid solution range can be seen in Fig. 2,
which summarizes measurements taken at 100 kHz in a field of 100 volts/cm.
It is evident that the maximum value of f& decreases rapidly with increasing
PMW content, but the broad maximum characteristic of a diffuse change is evident
even up to 80 moleX PMW. This was confirmed by dielectric dispersion measure-
ments on compositions taken at 10 moleX PMW increments. Typical data for the
60 moleX PMW composition is given in Fig. 3, where the shifting of t; max imum
to higher temperatures with increasing measuring frequency is clearly evident.
To summarize the dispersion data, Fig. 4 is a plot of the values of T the

max’

temperature of E&ax' Taken at frequencies of 1, 10, 100 and 1,000 kHz for
compositions across the solid solution range Fig. 4b plots the "dispersion range"
¢ at IMHz - T 1kHz) as a function of composition. It is interesting to

max max
note that up to 60 moleX PMW, the dispersion range increases, then tor higher PMW
content decreases rapidly to abrupt transition behavior at the 80 mole’ PMW
content.

An indication of the decreasing ferrvoelectric characteristics in the lower
temperature region (below the Tm1x range) was obtained from measurements of
dielectric hysteresis under very low frequency drive (0.1 Hz). Maximum remanent
polarization levels as a function of temperature and composition are shown in
Fig. 5, from which the peak value of the P, vs composition (Fig. 5b) can be
derived. The fact that the hvsteretic dielectric behavior is move complex in

these relaxor compositions than in conventional ferroelectric ceramics is

clearly demonstrated by an examination of the weak field permittivity as a




function of cyclic bias fields. For pure PMN these data are shown in Fig. 6.

At higher temperatures (above the relaxation range. Fig. ba) therg is conven-
tional dielectric saturation. For temperature in the relaxation range there is
a peculiar inverse hysteresis, giving maxima both in the positive and negative
field regions when the applied field is decaying (Fig. 6b). On further cooling
the sample again displays almost anhysteretic behavior (Fig. 6¢), before finally
reverting at even lower temperature to the more conventional "butterfly'" loop

expected for normal ferroelectrics (Fig. 6d).

Discussion

The continuous change of lattice parameter with composition, and the
absence of any detectable second phase except in the PMW composition clearly
indicates complete solid solution between PMN and PMW as would be expected for
these lead-containing perovskites. The early appearance of superlattice reflec-
tions, when just over 20% of the PMN is substituted bv PMW gives a clear indica-
tion of the very strong tendency for the Mg2+ and w°+ ions to dictate an ordered
cation arrangement; however the dielectric data clearly show that relaxor char-
acter and diffuse transition behavior is preserved up to more than 70 mole®
PMW substitution.

Phenomenologically, the rapid reduction of the general levels of € in the
paraclectric phase may be due either to a rapid reduction of the Curie Weiss
temperature 8, or a lowering of the Curie constant C with PMW substitution.
Plots of the reciprocal susceptibilities (dielectric stiffness) as a function
of temperature (Fig. 7) suggest that both play some role, but that the dominant
influence is a rapid reduction of the Curie constant € with PMW content (Fig.7b).

Evidence from the high field polarization behavior at low temperatures
indicates that some weak ferroelectric behavior, and a finite level of remanent
polarization persists even up to 80 moleX PMW in the solid solution. It is

clear, however, from the bias behavior that even in pure PMN, the ferroelectric




response is quite abnormal with a true remanent polarization very much smaller
than the total polarization level which can be included under field, and a most

unusual "inverse'" hysteresis at temperatures in the relaxation range.
On the model which has been proposed by Smolenskii et ul.(l) and others(z‘j)
diffusion of the phase transition is attributed to spatial fluctuations in the
distribution of the disordered B site cations in the PMN giving rise to a spatial
distribution of "local' transition temperatures, and a complex admixing of both
intrinsic and extrinsic polarization mechanisms. The slow components of the
polarizability are suggested to arise primarily through extrinsic phenomena such
as domain wall motion in the ferroelectric regions or phase boundary motion at
the edges of the polar ferroelectric regions, and to give rise to the observed
low frequency dispersion in €'.

Recent studies on the "aging'" phenomena in relaxor ferroelectrics in the

PLZT family(7) (8)

and in PMN give further support to this model by demonstrating
an aging of the dispersive component similar to that observed in conventional
ferroelectric ceramics in the ferroelectric phase.

We believe that the present study gives further rather conclusive evidence
for local spatial heterogeneity in the cation distribution for this solid solu-

5+ 2+ ’ .
tion svstem. Obviously, Nb and Mg cannot order in a simple alternate tashion
without massive change or chemical imbalance developing, vet even at a 40 mole®
PMW addition there is clear evidence of an ordered arrangement giving quite
strong superlattice reflections. It is natural to suggest that these must arise
primarily from local regions which are richer in tungsten, and that the order
would break down in the local regions which are richer in niobium. 1In this
» : o % 2+ g

manner, locally disordered regions with fluctuations in the Nb~ Mg~ ratios
and associated distributed Curie temperatures should persist across most of the

phase diagram and it would not be surprising to find dispersive behavior up to

compositions with more than 70 moleX PMW.




Similarly, however, it would be expected that ordered regions rich in

tungsten, which have a tendency to favor antipolar cation displacements would
not provide paths of easy flux linkage for the dielectric displacement at high
fields and would strongly reinforce the role of the "low Curie temperature'
regions in the pure PMN, and thus rapidly reduce any true ferroelectric reman-

ence in the lower temperature phase as is observed.

Summary

These studies have shown that PMN:PMW form a complete range of solid solu-
tions with, at higher temperatures, a cubic perovskite structure. Relaxor char-
acter in the weak field dielectric response is presented in compositions up
to 60 moleX PMW, but decreases rapidly at higher concentrations, whereas super-
lattice reflections corrvesponding to an ordered cation arrangement begin to
appear in compositions with more than 20 moleX PMW. High field response at low
temperatures indicu(% a rapid diminution in remanent polarization with PMW con-
centration, but weak ferroelectricity has been traced up to 80 mole® PMW compo-
sitions. All samples with relaxor character exhibit an unusual “inverse"
hysteresis in €y under bias when measured at temperatures
close to the Curie range. The behavior is qualitatively explained on the basis

of the Smolenskii model for the ferrvoelectric with a diffuse phase transition.

=
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Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
rig. 6
Fig. 7

Figure Captions

Lattice constant and superstructure line intensity as a function of

composition in PMN:PMW solid solutions.

Dielectric permittivity as a function of temperature in PMN:PMW solid

solid solutions at a fixed frequency of 100 KHz.

Dielectric dispersion in a 0.6PMN:0.4PMW solid solution.

(a) Dispersion of the temperature of maximum permittivity in
PMN:PMW solid solutions.

(b) Dispersion range as a function of composition in PMN:PMW
solid solutions.

(a) Maximum remanent polarization Pr vs temperature.

(b) Maximum remanence as a function of composition.

Dielectric saturation as a function of DC biasing field in PMN.

(a) 39°C (b) -17°C (c) -94°C (d) -136°C

(a) Inverse dielectric susceptibility (dielectric stiffness) as a
function of temperature in PMN:PMW solid solutions.

(b) Curie constant C as a function of composition in PMN:PMW solid

solutions.
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3 o CONNECTIVITY AND PIEZOELECTRIC~PYROELECTRIC COMPOSITES

R.E. Newnham, D.P. Skinner and L.E. Cross
Materials Research Laboratory
The Pennsylvania State University
University Park, Penasylvania 16802

ARGERAGS Connectivity is a critical parameter in composites designed for use

as piezoelectric transducers or as pyroelectric detectors. There are
ten important connectivity patterns in diphasic solids, ranging from
a 0-0 unconnected checkerboard pattern to a 3-3 pattern in which
both phases are three dimensionally self-connected. Processing meth-
ods for manufacturing some of these patterns are described. Series
and parallel models for composite piezoelectrics and pvroelectrics
lead to several interesting results, such as a diphasic pvroelectric
in which neither phase is pyroelectric. The models are also helpful
1n interpreting the structure-property relations in single-phase
materials where the crystal structures mimic certain connectivity
patterns.

Introduction

Led by the semiconductor industry, materials 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 combination of mate-
rials and ways to process them. In a very real sense, the field has matured
from science to engineering just as electrical science changed to electrical
engineering vears ago.

In most electronic devices there are several phases involved and a number
of material parameters to be optimized. An electromechanical transducer, for
example, may require a combination of properties such as large piezoelectric
coefficient (d or g), low density, and mechanical flexibility. A pyroelectric
detector might require large pyroelectric coefficient, low thermal capacity,
and low dielectric constant., In general, the task of materials design may be
| consideradbly simplified if it is possible to devise a figure of merit which
‘ combines the most sensitive parameters in a form allowving simple intercomparison
of the possible "trade offs" in property coefficients. In certain pvroelectric
systems, for example, a useful figure of merit is p/c where p is the pyroelec-
tric coefficient and € the electric permittivity.

u—_*n__




Unfortunately, the figure of merit often involves property coefficients
which are conflicting in nature. To make a flexible electromechanical trans-
ducer it would be desirable to use the large piezoelectric effects in a poled
ceramic piezoelectric, but ceramics are brittle and stiff lacking the required
flexibility, while polymers having the desired mechanical properties are at
best very weak piezoelectrics. Thus, for such an application 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 thereby maximize the
figure of merit.

Combining materials means not only choosing component phases with the
right properties, but alsc coupling them in the best manner. Connectivity of
the individual phases 1s of utmost importance, because this controls the elec-
tric flux pattern as well as the mechanical properties. Symmetry is a second
important consideration, since symmetry and properties are interrelated through
tensor coefficients. 1In this regard there are several levels of symmetry to
be considered: the crystallographic symmetry of each phase, the symmetry after
processing, the combined symmetry of the composite, and the environmental in-
fluence on the total symwetry including electrodes and clamps.

The points of interest are schematically formalized in Fig. 1 for a simple
two-phase system. It is interesting to note that in some composites, not only
are the properties of the separate phases modified (sum properties), but the
composite may exhibit completely 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 = 8Y/9X, or it may be a more complicated effect. As
pointed out by van Suchtelen (1), two classes of X-Y effects can be disting-
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-
fening of a matrix by strong parallel fibers. Young's modulus of the cowposite
(E) depends on the moduli of the matrix phase (1E) and the embedded fiber phase
(2E). 1In the direction of the fibers, E is given by lex + 2E(l—x). wvhere x is
the volume fraction (2). When measured in various directions, such properties
often vary between the geometric and arithmetic mean of the properties associ-
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. 1In other words, applying X to the composite causes Z to change in
phase 1; the change i1 Z in phase 1 causes Z to change in phase 2, which then
results in a change in Y in phase 2. The transfer of the quantity Z from 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 ferroelectric (phase 1) and a ferromagnetic (phase 2). Crystallites
of the two phases are assumed to be in good mechanical contact. The ferro-
electric grains are poled near the ferroelectric Curie temperature in a strong
electric field to make the composite piezoelectric. Magnetic poling of the
ferromagnetic phase is accomplished in a similar way, by annealing the compo=-
site in a magnetic field.




When an electric field 4s
applied to a magnetoelectric com-
posite of this type the ferro-
electric grains elongate parallel
to the electric field. The change

4n shape of the ferroelectric Snghe E e - =
grains causes the ferromagnetic Dinsariias Sywetry :,';;,‘::.“ J
grains to deform, resulting in a

change in magnetizatiom.
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PROCESSING
To illustrate, consider a
composite of barium titanate and
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on BaTi103-CoFe30,; composites
prepared by unidirectional
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composition show magnetoelectric

coefficients two orders of mag-~ FIG. 1

nitude larger than the best single Flow chart illustrating design consideratio=s
phase material (3,4). Another in- for optimizing the performance of solid state
teresting product property is devices. The task of the materials engineer
described in a later section: a is to find the materials, processing methods,
pyroelectric composite made from and connectivity patterns which maximize the
two non~pyroelectric phases. figure of merit.

Connectivity

Connectivity is a key feature in property development in multiphase solids
since physical properties can change by many orders of magnitude aependzng on*
the manner in which connections are made. lmagine, for instance, an electric
wire in which the metallic conductor and its rubber insulation were comwctvd
in series rather than in parallel.

Each phase in a composite mav be self-connected in zero, one, two, Or thres
domensions. It is natural to confine attention to three perpendicular axes be-
cause all property tensors are referred to such svstems (5). 1f we lirit the
discussion te diphasic composites, there are ten connectivities: 0-0, 1-0, 2-D,
3-0, 1-1, 2-1, 3-1, 2-2, 3-2, and 3-3. The ten different connectivities are
illustrated in Fig. 2, using a cube as the basic build ding block.: A 2-) connec~
tivity pattern, for example, has one phase self-connected in two-dimensional
lavere, the other se l!—-co‘moctec‘. in one-~dimensional chains or fibers. The
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connectivity patterns are not geomerrically unique. In the case of a 2-1 partern
the fibers of the second phase might be perpendicular to the layers of the first
phase, as in Fig. 2, or they might be parallel to the layers.

3 In passing we mote that connectivity patterns for more than rwo phases are
" basically similar to the diphasic patterms, but far more pumerous. There.are .20
three—phase -patterns .and 35 four~phase patterns compared to the 10 two-phase
patterns 4n Pig. 2. TFor m phases the number of conmnecrivity Patterns is
(o + 3)1/3In)l. Triphasic comnectivity patterms are important when electrode
patterns are 4ncorporated in the diphasic ceramic structures discussed later.
During the past fev years we have been developing processing techniques for
making diphasic ceramic composites with different connectivities. Extrusion, tape
casting and replamine methods have been especially successful. The 3-1 connecti-
vity pattern 4n Fig. 2 is ideally suited to extrusion processing. A ceramic slip
48 extruded through a2 die giving 2 three-dimensionally connected pattern with one-
dimensional holes, which can later be filled with a second phase.
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FIG. 2

Ten connectivity patterns for a diphasic solid. Each phase has rere-, one-, two-
or three-dimensional connectivity to itself. In the 3-1 composite, for instance,
the shaded phase is three-dimensionally connectec anc the unshaded phase is one-
dimencionally connected. Arrows are used to indicate the connected cirections.
Twe views of the 3-3 and 3-2 patterns are given because the two interpenetrating
networks are ¢ifficult to visualize on paper. The views are related by 90° coun-
terclockwise rotation aboul Z. THIS PAGE IS BEST QUALITY PRACTICABLE
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Another type of connectivity well suited to processing is the 2-2 pattern
made up of alternating layers of the twvo phases. The tape-casting of multilayer
capacitors with alternating layers of metal and ceramic is a way of producing
2-2 connectivity. In this arrangement both phases are self-connected in the
lateral X and Y directions but not connected perpendicular to the layers along 2.

In 3-2 connectivity, one phase is three-dimensionally connected, the other
in two. This pattern can be considered a modified multilayer pattern with 2-2
connectivity. 1If holes are left in the layers of one phase, layers of the
second phase can connect through the holes giving three-dimensional connectivity.

The most complicated and in many ways the most interesting pattern is 3-3
connectivity (Fig. 2) in which the two phases forw interpenetrating three-
dimensional networks. Patterns of this type often occur in living systems
as coral where organic tissue and an inorganic skeleton interpenetrate one
another. These structures can be replicated in other materials using the lost-
wax method (6). The replamine process, as it is called, can also be used to

duplicate the connectivity patterns found in foam, wood, and other porous mate-
rials.

such

Four examples of electroceramics with different connectivity patterns are
shown in Fig. 3. Diphasic ceramic capacitors have been made of BaTiD3 grains
separated by thin layers of NaNbOj in the grain boundary regions. The sodium
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
NaNbO3 but below that of BaTi03. At these temperatures, sodium niobate melts
and coats the BaTiO3 grains but rapid cooling prevents reactjon between the two
phases. HBigh dielectric constant capacitors made with these microstructures
show excellent high-voltage characteristics. Normally, the polarization of
barium titanate capacitors saturates at high voltages, with the dielectric con-
stant decreasing by as much as a factor of two; but separating the grains of
ferroelectric BaTiO, with a thin layer of antiferroelectric NaNbO3j compensates
the saturation effect to give a flat voltage response (7).

Connectivity patterns can be synthesized as macrostructures, as micro-
structures, or even as crystal structures. The BaTi03-NaNbO3 composite just
considered had a 3-0 microstructure. The next three examples involve macro-
structures with 3-1, 2-2, and 3-3 connectivities. Figure 3b shows an extruded
BaTiO3 honeycomb ceramic made by Dr. Irwin Lachman of the Corning Research
Center. The ceramic 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, sizable electric fields can be applied across
the thin ceramic walls. The device is intended for use as an electrostrictive
micropositioner for adaptive optic systems.

3d. The multilayer composite of "hard" and "soft" PZT has 2~2 connectivity

and properties superior to a single~phase piezoelectric. The soft FZT has a
large piezoelectric response and is kept in a poled state by the hard PZT.
Figure 3d shows a silicone rubber-PZT composite made by the replamine process
(6). The 3-3 connectivity provides mechanical strength and flexibility from
the high polymer, and electric continuity and a large piezoelectric effect from
PZT. These materials will be discussed in more detail in later articles.

Two composite pieroelectric transducers are illustrated in Figs. 3c and 1
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FIG. 3
(a) BaTi03-NaNb0O3 ceramic microstructure with 3-0 connectivity.
(b) Extruded BaTi03 ceramic with 3~1 comnectivity.
(c) Bard and sofr FZT wultilayers having 2-2 connectivirty.
(é) Replamine PZT cast on a coral pattern with 3-3 connectivity.

Piezoelectric Composites

To illustrate the major modificarions in ensemble properties which can be
effected even ir simple linear systems, one~dimensional solutions are presentel
for the piezoelectric and pyroelectric properties of heterogeneous two-phase
structures.

Series Connection: Consider first the piezoelectric properties of lamellas
diphasic cowposites. Longitudinal piezoelectric coefficient d33 has been de-
rived for a diphasic piezoelectric with the constituent phases arranged in
alternating layers normal to the x3 direction (Fig. 4a). Designating phase 1
with & superscript 1, and phase 2 with superscript 2, phase 1 has volume frac-
tion lv, piezoelectric coefficient 1633 and permittivicy 1E13, and phase 2 has
2y, 2633, and 2£q3, respectively. Solving for the piczoeleE:rit coefficient
of the co:ﬂosite—gives

£33 -
- i e e e i
d = b ey, i ™ ZANNRaGE aumaEe ";—M' RIS ( -y
o lvzc + ‘vlc
33 33

Using the relation g33 = d33/E33 yields the piezoelectric veltage coeflicien:

13, 2.2
S s 5 I W 2.2 s
Baq = = + = = Tvpg, + Vigq, '+
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FIG. &
The series (2) and parallel (b) models used in estimating the piezoelectric and
pyroelectric effects of diphasic solids.

1t 4s interesting to note that for series connection even a very thin low-
permittivicy layer rapidly lowers the d—coefficient but has little effect on

the corresponding g-coefficient.

Parallel Connection: If the two phases lie in layers perpendicular to the
electrode (Fig. 4b), again for the one—dimensional case and neglecting trans-
verse coupling, the composite piezoelectric coefficient is

(T 22 2
Goa®ag * ¥ Ca3 %4g -
33 12 2.1 :

Volgs T ¥ Bag

ol
]

wvhere ls~3 and 2533 are the elastic compliances for stresses normal to the
eleccrodes. Tor the voltage coefficient,

3.3, 2 g2, 3
¥y Say g ¥ ¥ ‘333 S33 )

s
- g % 7 2
Cylegy + ey COviegy + Sleyy

A cozposite of interest here is that of an elastically cozpliant nonpiezoelec-
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tric 4in garallel with a stiff piezoelectric. 1In this case 1d33 >> 2d33 -0,
1.33 << 033, lV - ZV - 1/2 then 333 = 1633. and if 1533 >> 2533' then §33 =
213 3, and for smaller volume fractions of the piezoelectric phase, the g-
coefficient is correspondingly amplified. 1t is this case which accounts for
the highly successful performance of the replamineform transducer structure
described in a later paper. The structure also has considerable hydrostatic
sensitivity.

Pyroelectric Composites

The corresponding series and parallel connected diphasic systems have also
been studied for pyroelectric response. It is well known that all pyroelectric
crystals are also piezoelectric and that the thermal expansion generated on
heating gives rise to a strain which operates through the piezoelectric coef-
ficients to give an additional secondary pyroelectric effect. If the crystal
is free to expand, what 1s normally measured is the sum of primary and second-
ary effects, and in some materials both components are of the same order of
magnitude. It must be remembered, however, that in many materials (poled PZT
is a good example) the hydrostatic piezoelectric effect is small, due to can-
cellation between coefficients with opposite sign. Clearly, i1f the negative
part of the piezoelectric response could be removed by suitable clamping, the
secondary contribution to the pyroelectric effect could be strongly enhanced.

Simple Series Connection: Consider the response of a multilayer diphasic
pyroelectric (Fig. 4a) made up from a volume fraction lv of phase with permit-
tivity 1833 and pyroelectric coefficient 1p3, interleaved along the x3-
direction with a phase of volume fraction 2v, permittivity 2533. and pyroelec-
tric coefficient “p3. Piezoelectric and thermal expansion coefficients are
represented by dij and aj, respectively. To simplify the calculation we assume
that both phases are poled ceramics with conical symmetry and with the polar
axis (x3) perpendicular to the plane of the interleaving lavers.

With close transverse connection of thin sheets, and assuming no surface
tractions, the total pyroelectric effect is calculated for a uniform tempera-

ture change AT. There are two terms corresponding to the primary and secondary
effects:

D i SO e o e £
IR T B e
3 X 2 2.1
v 533 + v 633
(ot 1 1 2 2 1
2°vov( €34 d31 = €44 d31)( Q - al)
1 2 i | 3 & 2 2 ;i 3
BA TR A TR A TR T S A TR T L
and for the figure of merit:
- 23 1 423 1 1 2
Py 1v1p3 VP, 27viv( a, - al) d31 d31
eiade TRl PRGN W SR AR ST T W
33 €33 €33 [“v( cl11 + su) + “v( sy * Sl:)] €44 €43
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The secondary pyroelectric effect makes a major contribution for sizable
thermal expansion mismatch (201 - lul). This is a good example of a product
property since neither phase is required to exhibit primary pyroelectricity.
Devices based on these principles are under construction, both here and else-
where.

Secondary pyroelectric effects also appear in composite with parallel eon-
nectivity. In this case, the cowposite pyroelectric coefficient is

= ey - lap ey, -
SR 5
e Sagbe i

2
dy3)

We are experimenting with SbSI - plastic composites based on this geometr&.

Structure-Property Relationships |

Many of the ideas developed for composite materials are relevant to single- j
phase materials as well. The concepts of parallel and series connectivity, for i
instance, can be used to explain the anisotropy in properties of single cryst-
als. As an example, it is instructive to examine the structure-property
relationships for the hydrostatic piezoelectric effect, and to compare the
relationships with the composite models derived in the earlier sections.

Hydrostatic pressure coefficients for a number of piezoelectric crystals
and ceramics are given in Table 1. Since the symmetry requirements for pyro-
electricity and hydrostatic piezoelectricity are identical, all the materials
are also pyroelectric. For purposes of discussion, they can be divided into
ferroelectric pyroelectrics and ordinary (non-ferroelectric) pyroelectrics. As
shown in Table 1, the ferroelectrics have substantial dj coefficients but the
gh values are not very big because of their large permittivities.

o e

Ordinary pyroelectrics can be further subdivided into water-scoluble pyvro-
electrics and oxide pyroelectrics. Oxides and sulfides with the wurtzite
structure (Fig. 5a) have very small hydrostatic piezoelectric effects. The
wurtzite crystal structure is based on a hexagonal close-packed anion lattice
with cations in tetrahedral interstices. Compared to the other pyroelectrics,
the atomic bonding in the wurtzites is very isotropic. It is not surprising,
therefore, that under hydrostatic pressure they deforr isotropically, leading
to very small piezoelectric effects.

S S—

"Silicate pyroelectrics have somewhat larger hvdrostatic coefficients than
the wurtzite group. Tourmaline is a complex borosilicate mineral containing
tetrahedral Si0; groups. The silica tetrahedra are arranged in Sig0;g rings
oriented perpendicular to the pyroelectric axis. This imparts an anisotropy
to the structure not found in the wurtzitg group. But the silicate and borate
groups are linked together by A13* and Mgt ions which also form fairly strong
cherical bonds and hence tourmaline is not as anisotropic as some other crys-
tals.

More anisotropic structures are found among the water-soluble pyroelec-
trics. Lithium sulfate monohvdrate (L1,50,.8,50) is an important example with |
an extremely large gy coefficient, so large that the crystals have been used “1
as hvdrostatic pressure sensors. The crystal structure of lithium sulfate
contains Lit cations, tetrahedral SOE‘ anions, and water molecules. Ionic
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TABLE 1

Hydrostatic piezoelectric coefficients for a number of materials. For a given
pressure, d), measures the electric polarization. and gy the open—circuit elec~
tric field. dy is expressed in units of 10-12 c/N and 8y in 10-3w2/cC.

Water-Soluble Pyroelectrics d

b Y
Ethylene diamine tartrate (EDT) 3 Gy g 15
CoH, (Nﬂ3)2 C4H0¢
Lithium sulphate monohydrate (LH) _ 16.4 180
L1250, .B,0 P
Others <4 <100
Pyroelectric Silicate Minerals
Tourmaline 2.5 38
(Na,Ca) (Mg, Fe) 3B3A1S1¢ (0,08,F) 33
Others <3 <30
Wurtzite~Familv Pvroelectrics
Be0,Zn0,CdS,CdSe ) <0.2 <3
Ferroelectric Single Cryvstals
Barium ritanate ] 16.6 11
BaT1i03
Triglycine sulfate (TGS) 8.0 30
(NH2CH7COOR) 5. H,S0
Antimony sulfur jodide (10°C) 1100 14
SbSI1
Lithium niobate 14.5 57
LiNbOjy
Poled Ferroelectric Ceramics
Barium titanate 34 2
BaT1i03 4
Lead niobate 67 34
PbNb20¢ e G
Lead zirconate titanate (PZT) 20-50 2-9
Pb(Ti,Zn)0;
Sodium potassium niobate 40 10
(Na,K)NbOj,

bonds between cations and anions extend in all directions in the crystals but
the hydrogen bonding between water molecules extends only along b, the uni uve
polar axis (Fig. 5b). Tension in this direction produces a large electric
polarization. Short hyvdrogen bonds like those in lithjum sulfate make an im-
portant contribution to the piezoelectric effect because the proton position
changes as the oxygen-oxvgen is stretched. In short hydrogen bonds the proton
is midway between the oxvgens, whereas the proton is unsvmmetrically positioned
in long H bonds. Mechanical stress, therefore, directly affects the dipole
moments of the water molecules, producing electric polarization along the b
axis and producing an unusually large d22 coefficient in lithium sulfate. The
large piezoelectric effect together with a small dielectric constant gives it
the largest hydrostatic voltage coefficient (gy) of any materials, including
ferroelectrics.
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i FIG. 5

(a) The wurtzite structure in which Zn0 and several other pyroelectrics crysta’-
1lize. Hydrostatic pilezoelectric effects develop along the ¢ axis, but the coef-
ficients are small; (b) In lirhium sulfate monohvdrate the water molecules fors
a chain of hydrogen bonds along the polar axis, but are not linked laterally;
(¢) Ferroelectric SbSI1 also has a chain structure ond great hvdrostatic sensi-
tivity. Both materials mimic the parallel connectivity required for large diy
coefficients and small d3)] values.

Because of their large polarizabilities, ferroelectrics also have large
pilezoelectric constants but the hydrostatic coefficients are not large for those
with svomwetric crystal structures. BaTi03, (Na,K)NbO3 and Pb(Zr,Ti)03 have the
perovskite structure which has a close~-packed array of oxygens and large cat-
ions. The LiNbO3 structure alse has close-packed oxypens. The hvdrostatic
plezoelectric coefficients for these materials are small compared te antimony
sulfur iodide (SbSI) which has the largest d), coefficient in Tadble 1.

The structure of SbSI (Fig. 5¢) is very anisotropic with covalentlyv-bonded
chains parallel to the polar axis. Neighboring chains are only weakly bonded
by ionic or van der Waals forces. Crystals of SHS81 cleave readily parallel te
the polar ¢ axis. Under tensile force parallel to ¢, the crystals develop a
large piezoelectric polarization similar in origin to thatin lithiuz sulfate.
The antimony cations displace relative to the anions causing the polarization,
Piezoelectric effects in the perpendicular directions are much swaller becaus:
ef the loose packing of chains.
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In summary, we see that the best piezoelectrics for hydrostatic sensors
are those with anisotropic structures and a molecular mechanism for plezoelec-
tricity. The analogy with the composite piezoelectrics discussed earlier is
rather striking. A particularly useful composite for hydrostatic applications
is one with the parallel arrangement composed of a stiff piezoelectric in a
compliant matrix. The structures of LiS0,.H;0 and SbSI resemble this composite
on an atomic scale, leading to the conclusion that one can use the composite
models in interpreting the properties of a single phase materials as well as
composites.
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FLEXIBLE COMPOSITE TRANSDUCERS @
|

D.P. Skinner, R.E. Newnham and L.E. Cross
Materials Research Laboratory

The Pennsylvania State University 4

University Park, Pennsylvania 16802 i

ABSTRACT
Flexible PZT/polymer composite transducers have been fabricated
with a novel micrbstructural configuration. The concept of
connectivity has been applied in the evaluation of the type of

structure needed to optimize the properties of the composite. f
Properties of several kinds of piezoelectric transducers are ¥
compared.

Introduction

Twenty-five years of research have failed to uncover a better piezoelec-
tric than the Pb(Zr,Ti)03 or PZT family of compositions now in use as ceramic
transducers. Similar situations prevail in semiconductors, superconductors,
magnetics, and other fields of solid state science. To effect further improve-
ments, many materials engineers are turning to composites--combinations of
phases selected for the best individual properties and put together in a manner
designed to make maximum use of these properties. Traditionally composites
have been formulated with basic properties such as mechanical strength in mind.
There exists, however, a number of "coupled properties" which have received
considerable attention in single phase materials, but have been relatively
neglected in composites. An example of a coupled propertv is piezoelectricity.
In the direct piezoelectric effect an applied mechanical force is coupled to
an electrical response in an acentric material. It is through these coupled
properties that composite materials are expected to play a vital role in future
device design.

In selecting a material to be used in a device, a useful guideline is the
"figure of nerit'"--a combination of parameters pertaining to a particular appli-
cation which allows one to easily compare the properties of a number of mate-
rials and evaluate their potential usefulness. In the case of piezoelectrics
used as passive detectors (such as hyvdrophones) a figure of merit is the piezo-
electric voltage coefficient, referred to as the g coefficient. This quantity
is arrived at by dividing the piezoelectric strain coefficient, djjk, by the
appropriate permittivity coefficient, €1§-




One of our recent interests has been in developing low- density, compliant,
flexible piezoelectric transducers. A low-density piezoelectric should have
better acoustic coupling to water and more easily adjusted buoyancy than the
high-density PZT ceramics now used for hydrophones. A compliant material would
have better resistance to mechanical shock than a conventional ceramic trans-
ducer and a large compliance would also mean high damping, which is desirable
in a passive device. A flexible material could be used as a conformal detec-—
tor. The development of a piezoelectric material which exhibits this combina-
tion of seemingly conflicting properties may be carried out in basically two
different ways. The traditional approach is to look for a single homogeneous
material possessing all the required properties. A material of current inter-
est in this category is poly(vinylidene fluoride), PVF,.

Piezoelectricity was first reported in this material in 1969 by Kawai (1).
In order to make PVFp piezoelectrically active, a film of the material usually
about 25 to 75 um thick is electroded and polarized under application of very
large electric fields (about 107 to 108 V/m) at elevated temperatures (>100°C)
for times up to several hours. The films are then cooled to room temperature
before the field is turned off (2). PVFy has a dielectric constant of 15 which
is high for normal organic materials but two orders of magnitude lower than a
typical PZT ceramic. The longitudinal piezoelectric strain coefficients (d33)
of "poled" PVF) are quite high for polymers--on the order of 10 x 1012 C/N,
but this is also significantly lower than the d33 values for PZT ceramics which
range from about 100 to 600 x 10-12 ¢/N. Although PVF) has a relatively small
d33, the permittivity of this material is low enough that a large figure of
merit is obtained (140 x 10~3 Vm/N compared to about 20 x 10-3 Vm/N for a
typical PZT ceramic) (3). The compliance and flexibility of PVF is high and
the density is low compared to conventional ceramic piezoelectrics. Overall
this combination of properties appears quite attractive and, in fact, PVF2 has
gained the attention of a number of investigators whose efforts have been
directed toward developing devices based on piezoelectricity in PVF2 (3,4).
There are, however, problems associated with the use of PVF2. The low piezo-
electric strain coefficient indicates that the material would not be of inter-
est as an active device, and although its high voltage sensitivity means it
should be good as a passive device, a problem arises here, too. When used as
a hydrophone, the material must be fixed to a curved surface which can flex in
response to pressure changes. The difficulty lies in designing a sealed flex-
ible mount for the polymer which will function when exposed to the high pres-
sures which exist deep in the ocean and still retain sensitivity near the
surface. So we see, then, that the figure of merit dj k/E is not the sole
criterion, but that other aspects of the problem must ge e\amlne

A second approach involves the design and use of a composite material.
The composite should be designed to take maximal advantage of the useful prop-
erties of each phase. A logical choice is a composite made of a polymer and
a PZT ceramic. The polymer phase would lower the density and permittivity and
increase the elastic compliance. If an elastomer is used, the composite would
be compliant and flexible. If an epoxy is used, the transducer could possibly
be used as a resonator. The properties of piezoelectric ™”T arc well known to
electromechanical transducer designers, and these materials could impart large
piezoelectric strain coefficients to the composite. A few attempts have been
made at creating an elastomer/PZT composite for use as a flexible low-density
transducer (5). The approach used in these attempts was to load a polymer
film with particles of a piezoelectric material. The degree of flexibility
and the magnitude of the d and g coefficients are primarily controlled by the
size of the piezoelectric particles in the heavily loaded elastomer film.




The Gould flexible composite was fabricated using 5 to 10 um particles
bound in a polyurethane matrix. A similar material (T-flex) was developed at
Honeywell using 120 im particles in a silicone rubber matrix. The longitudinal
d values obtained in both cases were comparable to the piezoelectric PVF,
material but the voltage sensitivities were lower because of the higher permit-
tivities in the composites. The difficulty with this type of composite where
the piezoelectric particles are smaller in diameter than the thickness of the
polymer sheet (Fig. la) is that low permittivity polymer layers interleave the
piezoelectric particles preventing saturation poling after the composite is
formed. After some poling has been achieved, the interleaved compliant polymer
attenuates the piezoelectric response of the composite.

Composites were also made at Honeywell which contained much larger parti-
cles (up to 2.4 mm in diameter). A material of this type is shown schematic-
ally in Fig. 1lb. 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 piezoelectric par-
ticles can transmit an applied stress well leading to high d values if d is
measured across the particles. Permittivities in these materials are low com-
pared 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-
ses with the right properties but
also coupling the materials in
the optimal manner. The connec-
tivity of each phase is of major
importance since this controls
the electric flux pattern and
the mechanical stress distri-
bution.

Phase 2
~hase |

Connectivity

The importance of connec-
tivity was illustrated in refer-
ence 6 by considering the
piezoelectric properties of
lamellar diphasic composites
and calculating the one dimen-
sional solutions for d33 (the
average longitudinal piezoelec-
tric voltage coefficient) for
various connectivity tvpes.
Considering simple one-dimen-
sional solutions (neglecting
transverse coupling) for a two
phase composite we have two
possible cases: series connection
and parallel connection.

FiGs L

Two types of piezoelectric/polvmer compo-
sites: (a) represents small piezoelectric
particles suspended in a polvmer film;
(b) represents bound piezoelectric par-
ticles of a size comparable to the thick-
ness of the polvmer sheet.




The series connection case (Fig. 2a) corresponds to that in which small
piezoelectric particles are suspended in a polymer film (Fig. la). The appli-
cable equations for the piezoelectric coefficients are

33 2 22 1
¥i8ag g ¥ Wi e,,

L
1v2€33 + zvlc

ol

33

= 11 2 2
B3y ™ YV &gyt Vg

where the v's represent the volume fractions of phase 1 and phase 2, the d33's
represent the piezoelectric strain coefficients, the €33's represent the
permittivities, and the g33's(=d33/E33) are the piezoelectric voltage coeffi-

cients.
—FElecirogde Substitution of numerical val-
/;/C;ajfiijijc;c;j;/€;/ ues into these equations shows that
a mere 1% volume fraction addition
——Phase 2 of low permittivity nonpiezoelec-

)(3 // tric polymer drastically lowers
//////// 7—PhOSE 1 the d coefficient, while the g value
is essentially unchanged. This re-
sult is in qualitative agreement
with the values obtained in the

Gould material and the Honeywell T-

(a) SERIES CONNECTION flex material (5).

The parallel connection case
: (Fig. 2b) corresponds to the compo-
F?W"‘EIECVOG? site in which the particle size
equals the film thickness (Fig. 1b).
b The resulting equations are:
/// —+—Phase 2
X Z;;:
3 Phase 1 ok S Sy A
TEREs e ukhe e
/{j 33 1l 2 &

O\

(b) PARALLEL CONNECTION

2 2 1
N s 8

2
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FIG. 2 V"Sq3+‘v dBQeV €qqt v‘EzB)
Simple lamellar diphasic ¢.mposites:(a) H : 5 i
series connection, alternating lavers of
piezoelectric ceramic and nonpiezoelec- , e e Elasih
2 where the variables are defined as
tric polvmer; (b) parallel connection, P . o '

% : . ’ in the series case and the s33's
alternating stripes of piezoelectric k &l g
p F a ¢ are the elastic compliances of the
ceramic and nonpiezoelectric polymer R 3

3 two phases. Substitution of appro-

connected continuously between the elec- . 3 \
: priate values and equal volume

trodes. " i ;
fractions for a compliant, nonpiezc-




electric, low permittivity polymer and a rigid, high permittivity, piezoelec-
tric ceramic indicates that d33 is approximately equal to the d33 of the
ceramic and that there is actually an amplification of the g coefficient. For
smaller volume fractions of the piezoelectric phase, the g value is amplified
even further.

From these simple calculations one can see that a composite piezoelectric
transducer material should have a parallel connection in which the piezoelectric
phase is continuous from one electrode to the other to provide the continuity
of electric flux required for saturation poling. The ceramic phase should also
be oriented normal to the electroded surfaces for the transmission of mechanical
stress and high piezoelectric response. Clearly, the type of structure desired
for effective mixing is one of closely spaced, colinear, one-dimensional piezo-
electric rods held in a three-dimensional polymer matrix (Fig. 3). A composite
of this type is said to have 3-1 connectivity (6).

Hydrostatic Sensitivity

A problem arises when one /Phﬂse i /Phose 2
attempts to use PZT as a single- — y
phase hvdrostatic sensor because

d33 is approximately equal to -2ds3y /l__%_f___ﬁzi___+“ﬁ_
resulting in a low piezoelectric F:)i_4(:)i.‘4 k~'
response to pressure change. Since o S s, S "g__i;:
sizable gq3 coefficients can be 7 (&) = (G|
obtained for composites with par-

allel connection, it is interest-
ing to inquire into the hydrostatic
sensitivity of this type of con-

nectivity. FIG. 3

A 3-1 structure. Ceramic rods one-
dimensionally connected between
electrodes and held in a three-dimen-
sionally connected polymer matrix.

To evaluate the effective
hyvdrostatic sensitivity for par-
allel connection, it is necessary
to evaluate the transverse piezo-
electric coefficient dj; since
Py = -(d33 + 2d3y) 0 where 0 is

- 5 3
the applied hydrostatic pressure. It can be shown that d3; < ]v1d31 & Syidday
so that

it I Z 2.2 1
v'd .. + vad s
= o= AT S B 1 G a3 13 1.1 2 ik
Py Mg * g SRS % TS ERV A Rs % Ty
a3 33

Suppose for the composite we choose equal volumes of piezoelectric PZT
S -
phase 1) and a soft elastomer (phase 2) such that: ly = 2y = 1/2, 1533 <<
>SS

2§44, 1d >> 2d44, and 1q ~-2'd37. For the composite d = 1/2 1ld3;. and
33 1 S0 it 331 I 3| 31
333 = d33, giving dh = 1/2 d33.

This is a considerable improvement over single phase performance. Since
the hvdrophones used under hydrostatic conditions are normally voltage genera-
tors, the further favorable enhancement of the voltage coefficient ;h can also
be exploited.
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We have seen that the simple calculations indicate a composite with 3-1
connectivity is needed to make an effective composite transducer. Since, how~
ever, in firing the ceramic fibers one must maintain their orientation, inter-
connections between the rods are needed and therefore in practice partial 3-3
character is required. 1n a 3-3 template, both phases are continuously con-
nected in all three dimensions. This type of structure is exhibited by certain
polymer foams, some diphasic glasses, three-dimensionally woven materials, and
bv biological substances such as wood and coral.

Composite Fabrication !
!
9

Coral skeletons are characterized by a structure with the following fea-
tures: (i) a narrow pore size distribution; (ii) a pore volume approximately |
equal to the solid phase volume, and (iii) complete pore interconnectivity
making every pore accessible from all other pores. The dimensions of the pores
vary from species to species, but within one species the size range is quite
narrow. Different species of coral have various degrees of anisotropy in their
structure ranging from a 3-1 connectivity of nearly parallel tubes to highly
isotropic 3-3 structures. Figure 4 shows a micrograph cube of the calcium
carbonate skeleton of the coral species goniopora which we have used as a struc-
tural template for making composite transducers. The replicating technique,
known as the replamineform process, was developed at the Materials Research
Laboratory at Penn State for producing prosthetic materials (7). We chose the
replamineform process for reproducing the 3-3 connectivity type because of past
experience with this procedure, but are investigating other templates which are
not subject to the vagaries of coral growth.

Replamineform Process

The first step of the replamine
process is to shape the coral, which
is quite easily machinable, to the
desired geometry. The coral temp-
late is then vacuum-impregnated with
Kerr Inlay casting wax and the wax
allowed to harden, after which the
calcium carbonate coral skeleton is
leached away in hvdrochloric acid
leaving a wax negative of the origi-
nal coral template. The negative is
reinvested with a PZT slip contain-
ing by volume 43% PZT, 53% H0, and
4% poly(vinyl alcohol). The PZT used
in making the coral replicas was
Ultrasonics PZT-501A with an average
grain size of 1.66 um (o0 = 1.0).
Investment is carried out by vacuum
impregnation with vibratory action
to render the thixotropic PZT slip
fluid. The wax negative is burned
off at 300°C leaving a coral-type

structure of P2ZT which is then sin-

)

FIG. 4 tered at 1280°C for one hour. About
Micrograph cube of the calcium carbon- 13% linear shrinkage is observed in
ate skeleton of gon.opora coral. The the replicas and the solid surface
largest pore diameters are about 600 um. area of the sintered body is 3I5% of




the total area (the originai Coral Leuplale 1S J/a dULIUJ.  i0e pid repiica 1is
then backfilled with a suitable polymwer such as Dow Corning MDX-4-42]10 Elastomer
which is & high purity silicone rubber. After the surface has been cleaned, a
silver-loaded silicone rubber electrode is applied. The cowmposite is then

poled at a field strength of 14 Kv/cm for 5 minutes at 100°C. The relative per-
mittivity of the unbroken composite as determined on a HP 42704 automatic capa-
citance bridge is about 100. The longitudinal piezoelectric coefficient was
evaluated on a Channel Products Berlincourt d3j3 meter. The d33 values obtained
for the unbroken composite are relatively area insensitive and agree well with
the simple parallel model prediction of about 160 x 1012 c/N. as poled, the
replamine replica is still a rigid structure because of the three-dimensional
connectivity of the ceramic phase. If, however, the body is now crushed to
break the ceramic connectivity an extremely flexible piezoelectric composite
results (Fig. 5). Crushing is carried out by reducing the sample height to 80X
of its original value and simultaneously shearing the sample 20% of the sample
height about an axis perpendicular to the crushing force direction.

By breaking the poled ceramic, the easy electric flux path through the
poled piezoelectric is interrupted, thus lowering the permittivity. The pieces
of poled piezoelectric are still held in position by the polymer matrix and
will therefore still transmit stress. As a result, the d coefficient remains
high while the permittivity is reduced and thus the longitudinal piezoelectric
voltage coefficient, g33(= d33/€33), is greatly enhanced with respect to the g
value of a homogeneous ceramic piezoelectric.

After disrupting the connec-
tivity of the PZT phase by crushing
the sample, the relative permitti-
vity is reduced to about 40, while
d33 is only reduced to about 100 x
10-12 ¢/N. The g values of these
flexible composites are approxi-
mately 300 x 103 Vm/N which is fif-

G

-
e .

¥ RS
teen times better than a homogeneous R = e S
PZT transducer. Table 1 contains a t‘ . R
comparison of transducer character- 4

istics, from which it is obvious i -
that the replamine composite of ! :
PZT-501A and silicone rubber com- \ TR
pares very favorably with homogen- ';¥ 3
eous transducer materials for pass-

ive device applications. The den- e,
sity of the 3-3 composite is low

compared to homogeneous PZT, so

the acoustic coupling to water

should be better. The compliance

of the composite and PVFp are large

compared to solid PZT, imparting

mechanical shock resistance.

The d33 value of the 3-3
composite is reasonably good, so

that if the connectivity is not FlG. 5

broken and a rigid polymer is used Flexible PZT/silicone rubber piezoelec-
in place of silicone rubber, it tric composite produced by the replam-
may be possible to fabricate a low ineform process. The sample is approxi-
density, high coupling resonator. mately 25 x 25 x 4 mm.
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Comparison of several transducer materials

TABLE 1

Homogeneous Flexible
P PV .
EOReERy FZ (Ref. 3) PZT-501A% 3-3 composite
Density
x 103 Kg/m3 1.8 7.9 3.3
Compliance High Low High
d33 14 400 100
x 10712 ¢/N
ER 10 2000 40
833
x 1073 V.m/N 140 20 300

*Ultrasonic Powder, Inc. '"Piezosonic Powders" data sheet.

The g33 of PVFy is high compared to conventional PZT but, as noted previously,
the use of this material as a hydrophone is limited by mechanical problems.
The hydrostatic voltage sensitivity of the replamine composite is quite large,
about 200 times the sensitivity of an equal-sized homogeneous PZT-501A slug
and about twice that of PVF2.

Hydrophone designers have improved the response of homogeneous PZT by
using a thin-walled hollow cylinder with capped ends poled in a manner which
greatly enhances the hydrostatic response of the device, but these rigid de-
vices are susceptible to failure from low-level mechanical shocks. Also, the
necessity of sealing the ends of the device (as in the case of the PVF2 device)
limits the lifetime and the range of depths for which the hvdrophone can be
used. This is not the case with the solid replamine composite. The 3-3
composite is highly shock resistant. 1Its designed inhomogeneous structure
attenuates the lateral components of the hydrostatic pressure and enhances
the longitudinal response without a complicated sealed device configuration,
so it could be used to any depth.

Further evaluation of this ncwwf}po of transducer material is in progress
and will be the subject of later papers.
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Reactivity of Zirconia in Calcining of Lead Zirconate-Lead Titanate

Compositions Prepared from Mixed Oxides

J.V. Biggers and S. Venkataramani
Materials Research Laboratory

The Pennsylvania State University
University Park, Pennsylvania 16802

Abstract f

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 commercial zirconia and
high 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 mixed oxide j

composition prepared with the two different zirconia sources. l!
i

! J
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1. INTRODUCTION

Zirconia is presumably the least reactive of the constituent oxides used
to produce ceramics in the PbO-ZrOz-TiOZ system. In the formation of PZT
(PbZr03-PbT103) solid solutions from mixed oxides, the solid state reactions
during calcining of the oxide mixtures usually begins with the formation of
a PbTiO3 phase around 700°C. The remaining PbO, Zr02 and Ti0, react at a
higher temperature (“800°C) to form the Pb(ZrATi]_A)03. The more specific
sequence of reaction is reported(]’z) to be the formation of PbTiO3 followed
by an intermediate Pb(ZrTi)O3 and finally both reacting to form the required
PZT. However, exceptions have been noted in which the reaction sequence was
opposite, a PbZrO3 phase formed first with Pb0, and TiO2 reacting later as
PbTiO3 or forming the solid solution PZT(3).

In the present work we have determined the reaction sequence on calcining
of four PZT compositions covering a wide range of ZrO2 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 Preparation of the Zirconia Powder

The zirconia for this study was prepared by the hydrolysis of the zirconium-
tetra-(n)-butoxide (ZBT). Fiqure 1 gives the flow sheet of the process. The
method is similar to the one used by Mazdiyasni et a].(4).

Two hundred m1 of ZBT were added in a slow stream to 500 ml of deionized
water agitated in a high speed blender. The butoxide was hydrolyzed with an

exothermal reaction to form the hydroxide

nH20
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Fig. 1. Flow Sheet - Preparation of Alkoxy Derived Zirconia
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The resulting slurry was pan dried at ~120°C and ball milled for 8
hours in a polyethylene jar using stabilized Zr02 balls and an ethanol
medium. The slurry was then dried and the powder was calcined at 500°C j

for 12 hours.

2.2 PZIT Preparation 3

Four compositions with ZrOZ/TiOZ mole ratios varying as 40/60, 52/48, 60/40,
and 90/10 were prepared using "Analar" Pb0, Tizon TiOz, and Harshaw Lot 6/76
ZrO2 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 weighed and ball milied for 12 hours in polyethylene jars
using stabilized Zr02 cylinders in an ethanol medium. The slurry was then
dried and the powders were used in the calcinina studies. Table I gives the

details of the PZT 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 alumina
lids and calcined at the temperatures and periods mentioned above.
:4 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" Pb0 was volumetrically determined by treatment with

1:3 acetic acid and titrating the solution with a standard EDTA using xylenol

orange as indicator. In some samples unreacted (ZrO2 + Ti02) were also esti-

(2)

mated by a gravimetric method described by Robinson and Joyce
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Table I. P27 Compositions
P— ——— e e g Neight ¥ ettt
No. Composition e — ——
PbO Zroz T'IO2
........ e s — e i ———— s o A, e _41,-'-_....,.__..-..,- B e S
1 szrO.S“O.SOJ 69.66 15.38 14.96
2 Pb2r0‘52T10_4803 68.54 19.68 11.78
3 PbZro.sTio“O3 67.82 22.47 9N
4 PbZr0.9T10.103 65.26 32.42 2.34
- S A S — - —
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3. RESULTS AND DISCUSSION
3.1 Chemical Preparation of Zr0p
Results of surface area measurements as determined by a BET technique on g
typical chemically prepared and commercial powders are shown in Table II.
A computer assisted scanning electron microscope (SEM) and a technique

described by Lebiedzik et al.(s) were used to determine the particle size and

shape distribution of the commercial Zr02. The process uses computer control f
of the SEM raster which generates both particle size and shape data based on
a set of eight orthogonal axes imposed on each particulate in a large sample
population.

The min/max ratio listed is the ratio of the minimum and maximum diameter
of the particles and is indicative of particle shape. A spherical particle
would have a min/max ratio of 1. The results of the analysis are shown in

Fig. 2.

A quantitative particle size and shape measurement of the chemically
prepared powders could not be made because of their fineness. Transmission
electron microscopy showed that the particle size distribution was narrow
and that the average particle was about 300& in diameter with an irreqular
shape. These particle size and surface area data for the chemically prepared
Zr02 are in qood agreement with the values reported by Mazdiyasni et al.(a)
for powders obtained by a vapor phase hydrolysis of the alkoxide.

The powders as precipitated were amorphous to x-rays, and the peaks

gradually sharpened up when heated at 500°C. The TGA and DATA data (Fig. 3

indicate that the precipitate is a complex gel (probably Zr(OH)A.xHZO) which

becomes a well crystallized ZrO2 on heating.




1
i 6
4 :
i Table Il. Surface Area of the Oxides Used in the PZT {
4 Preparation {1
3 Material Surface Area [legm]
e e e e e - T e e S - ———J
Lead oxide
0.42
(National Lead)
¢
Titanium oxide I3
9.28 i
(Tizon)
Zirconium oxide
15.00
(Harshaw lot 6/76)
Zirconium oxide
154.00

(Chemically prepared)
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Average Diameter Distribution (# Percent)
Harshaw Zr0p 6/76
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Fig. 2. Particle size distribution of the ZrO2 powders.
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Fig. 2. Particle size distribution of the Zr0, powders (Cont'd).
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3.2 Reactivity Studies of PZT Compositions

Table IIl gives qualitatively the major phases detected in the various
PZT compositions as a function of temperature and period of calcination.
The sequence of reactions in the compositions P1 to P4 containing the chemic-
ally prepared ZrO2 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 ZrO2 in
the PZT the formation and the relative amount of the PZ phase formed varies

(P to P3 has less PZ formed than P4).

3.3 Chemical Analysis of PZT

Figure 4 shows the amount of unreacted Pb0 as a function of the calcining
time and temperature for the 90/10 PZT composition (PbZrO.gTiO']O3). The
amount of Pb0 decreases as the calcining temperature and/or time increase.
Further the "free" Pb0 content in the P4 sample containing the chemically pre-
pared ZrO2 is consistently lower than that in the samples containing the Harshaw
Zr02. [t is interesting to note that the free PbO in the P4 sample at the
500°C calcine is even lower 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 Pb0O from the H4 samples which lost 2-3 w/0 at
800°C and 0.5-1 w/o0 at 500 and 600°C. The P4 lost consistently 2-3 w/o for

the whole range of the calcining sequences: the higher loss was probably due to
adsorbed species on the ultrafine ZrOZ.

Table IV shows the amount of the unreacted (ZrO2 + TiOZ) for 2 calcines.

It is obvious that the reaction is more complete in the P4 sample and also
that there is a PbZrO3 (PZ) formation occurring as evident from the x-ray data.
Though the values agree with the calculations, a more complex reaction sequence

involving an intermediate PZT, PZ and PT could not be ruled out.

o
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Fig. 4. Uncombined PbO vs Period of
Calcining for Various Temperatures.
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Table 1V,
. s ] , ey
Ir02+Ti0
owsi T -1 'VFree PbO _ _Uﬂf?aF‘eﬁ,(,'g‘” 1‘2)
e hr Ha P4 ha | P
NI S R : . 3 e
500/9 i 58.8 81.7 32,80 | 28,8
600/9 54.9 38.4 30.26 { 18.65
|
Formulation: PbO - 65.25 wt®

|

Pb(Zr gTi 1)04 10y = 32.42 wte
{ Ti0, = 2.34 wts
\ [ 4

0.9 PbO + 0.9 IrOz = 0.9 Pb2r03 - (a)

"

0.1 PBO + 0.1 TiLs Rl PbTiO3 - (b)
(e.q.) P4 in serial number 1
If all the reacted PHO follows reaction (a)

Amount of ’rQ, combined

_ pam e TEIver o
w \(‘.‘...5‘5].7) X ?23'19 - 7.48
30 76-7.48)
Percent unreacted (ZrO2 + Ti0,) = (3&.,?0 L

- NI HQ
= 27.28

]

If (b) is complete and the rest of the reacted PbO takes part in

reaction (a)

Percent unreacted (ZrO2 + TiOP) 28.55
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4. CONCLUSIONS

We have shown that the use of chemically prepared er2 significantly

alters the calcining reaction sequence for mixed oxide PZT compositions.
The first compound formed with the commercial Zr'O2 compositions is lead
titanate and lead zirconate is formed first when using the chemically prepared
zirconia. A PZT phase is formed at 500°C using chemically prepared zirconia,
while the commercial ?r02 composition shows PZT as a phase only for the 800°C
calcines.

The increased reactivity of the chemically prepared ZrO? might be used
to great advantage in the processing of commercial PZ1 compositions. It is
possible that the separate calcining step normally employed to produce ceramics
from mixed oxide powders could be eliminated and a single firing schedule could
be devised with suitable time at low temperatures to promote formation of the
right combination of phases to produce high density ceramics. The introduction
of such a process could lead to lower production costs and more reproducible
properties. However, in order to develop a one step firina sequence, consider-
ably more must be known about sintering mechanisms and kinetics for PZT compo-
sitions. Specifically, we must better understand the role of unreacted and
intermediate phases on the sintering behavior,

At present work is in progress that will generate more detailed reaction
sequence maps for the mixed oxides using chemically prepared zivconia. In

parallel studies the sintering behavior of discs with different combinations

of unreacted and intermediate phase will be determined.
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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
University 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 weight loss,

x-ray diffraction, and DTA-TGA techniques.
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1. INTRODUCTION

Solid solutions of lead zirconate - lead titanate (PZT) ceranmics
are widely used in piezoelectric devices. The most useful PZT composi-
tions are of those in the vicinity of the morphotronic boundary
Pb(erTi]_x)O3 with x between 0.50 and 0.55. Most commercial ceramics
are prepared from calcined mixed oxide powders. Difficulties in mixing
and variations in composition and physical characteristics of the in-
dividual powders lead to inhomogeneities in both composition and micro-
structure which in turn affect the mechanical and piezoelectric prover-
ties.

Alternate methods of orenaring fine, homogeneous powder have been
developed. The ceramic oxide powders thus obtained are generallv termed
"chemically 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  especially
alkoxides, oxalates, citrates, nitrates, sultfates, etc. The usual
physico-chemical reactions are evaporation, pyrolysis, hydrolysis, co-
nrecipitation, sol-ael formation and freeze drying.

Haertling and Land(]) synthesized PZT with lanthanum additions (PLZT)
by the hydrolysis of alkoxides, by adding a lanthanum acetate solution
to a mixture of lead oxide, zirconium and titanium butoxides kent aaita-
ted in a high speed blender. The butoxides were hydrolyzed by the water
of the acetate solution and the resulting slin was a complex oxide, hy-
droxide mixture of the FLZT comnosition. On drvina and calcining the
PLZT oxide was obtained. The oxide was of very hiqgh vurity and submicron
in size and the ceranics made from it had suverior electro-optic proper-

(2)

ties. Brown and "azdivasni also have renorted the preparation of




PLZT from the constituent alkoxide hvdrotysis.
Preparations of PZT and PLZT composition from nitrates has been re-

(4) (5)

ported by WcNamara(3). Murata and Thomnson The oxides were ob-
tained by either spray dryina, evaporation, freeze drying, or more com-
monly, coorecipitation of thenitrate solution of the constituent oxide
in the right proportion. The problem of stabilizing the titanium nitrate
solution was overcome by either adding titanium oxide as the alkoxide or
adding H202 to the nitrate solution. PZT compositions have also been
obtained by the coprecinitation of citrates and formates of the con-
stituent oxides in alcohol.

In this work the PZT were prepared from mixtures of alkoxides and

lead acetate. The sequence of reactions for calcinino at various tem-

peratures and times has been investigated.

2. EXPERIMENTAL

The starting materials for the preparation of PZT were lead acetate
solution (25 wt %). Zirconium tetra-n-butoxide (28 - 66 wt ° ZrOz) and
titanium tetra-n-butoxide (23.71 wt % Tioz). The zirconium and titanium
butoxides were weighed into a hiah soeed blender and mixed for about 3 - 5
minutes. The lead acetate solution was slowlv added to this alkoxide nix-
ture as agitation was continued. The water of the acetate solution hv-
drolyzed the alkoxides exothermically, and the resul*ina nrecinitate was
a complex PZT hydroxide acetate. The total mixing time was about 20 min-
utes. The resultinc viscous slin was dried overnicht in an oven at 120°C.
The dried "cake" was then ball milled for 8 hours in a volvethylene jar
usino stabilized Zroz cylinders and an ethanol medium. The ball milled

powder was dried in the oven at "120°C.
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The compositions had varvina Zr02/T102 mole ratios of 52/48, 60/40,
70/30, 80/20, and 40/60. Some of these compositions were also prenared
by adding deionized water to an agitated mixture of PbN, zirconium, and
titanium butoxides. The ceneral process flow sheet is shown in Fiq. 1.

The compositions were calcined in sintered alumina crucibles at 500°, 5

600°, 800°, and 1000°C for periods ranging from 2 - 16 hours. The weight

losses during calcining were determined and x-ray diffraction data were
obtained in order to detect the major phases present. DTA and TGA

were done on the 52/48 comnosition.

3. RESULTS AND DISCUSSION

The as-precinitated, dried samples were “"amorphous" to x-ray. The
BET surface area of the PZT was “28 Hzlqm. Scanning electorn microscopic
analysis of the nowder revealed an average particle size of ~0.5 um.

The weiaht losses on calcining shown in Table I indicate that the co-
precipitated material from lead acetate and the alkoxides is a mixture of
acetate and oxyhydroxide rather than a single phase PZT oxyhydroxide com-
plex. The weight loss of PbZrO.SzTr0.4303 is around 22% which is in good
agreement with the fiqure obtained from the TAA (Fig. 2). Assuming that
the precipitate is a mixture of lead acetate and the hydroxides of zir-
conium and titanium the weight loss on calcinino would be "29.0%. On the

other hand if all the constituents are hvdrolyzed to the respective hv-

droxides the loss would be ~14%. A complex mixture of acetate and oxy-
hydroxides wontld have weight loss within the range of 14 - 29°. Hence F
the weight loss figures of the samnles (~ 2¢°) show that the nrecipitate

as dried is a comnlex acetate oxyhydroxide. The precinitate obtained by
the hydrolysis of Pb0, and the alkoxides, lost 5.5 ¢+ 1.1 in weight on l’




(52]

calcining. [If the dried precivpitate is a totallv hvdrolysed PZT hy-
droxide, the weight loss would be 10%, and if it is a PZT oxide the loss
would be zero . Moreover, it can be calculated that if the Pb0 is con-
verted to Pb(OH)2 and the zirconium and titanium butoxides to the respec-
tive oxyhydroxides the loss would be "7.0%. Hence the hydrolysis of a
mixture of Pb0O, and the alkoxides apparently result in a complex oxv-
hydroxide of the PZT,

The DTA (Fig. 2) of the Pb(zro.52710,43)03 precinpitate obtained
by the hydrolysis of the lead acetate and the butoxides of zirconium
and titanium shows an endothermic peak at "290°C and broad exotherm around
350°-400°C corresponding to the melting and conversion of lead acetate to
lead oxide. Apart from these there is another exothermic veak around
5807C. There are no exothermic veaks seen at 6007C; no broad regions
around 700 and no endothermmic peaks around 780°C as reported(7) for
the reaction among a mixture of PbO, Zr02 and Tiﬂ2 to form PZT.

The TGA (Fig. 2) as mentioned before indicates that the major weight
losses occur till 509°C and further loss due to the Pb0 evaporation around
900-1000°C.

X-ray diffraction analysis (Table 2) reveals the sequence of the
reactions occurrina at various calcining cyvcles.

(i) In the 500°C calcines the onlv prominent observation is the re-
duction of the amount of unreacted PbO. The samoles were still noorly
crystalline to x-rays. However, the sharphness of the neaks increases as
the veriod of calcine increases. The other major nhase is bdrobabdly an
intermediate PZT ohase. There is no obvious evidence of either PhTiﬁs
or Pb2r03 occurring as a major nhase as detected by x-ravs.

(ii) The only major phase detectable in the 600°C/8 hrs; 800°C/2 hrs

N— .
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and 1000°C/2 hr calcines is a PZT nhase. There is no detectable peak of
the unreacted PbO.

The precipitate obtained by the hydrolysis of PbO and the zircon-
jum and titanium butoxides has qualitatively (from peak intensities)
lower amounts of unreacted Pb0 after the G600°C/2 hrs calcine than the
one obtained by the hydrolysis of a mixture of lead acetate and the
butoxides. The former nrecipitate is chemically more homogeneous in that
it is a complex PZT oxyhydroxide.

On calcining, with a simultaneous loss of the hydroxyl PZT forma-
tion starts.

The lead acetate in the latter precipitate decomposes giving PbO
which then reacts to form the PZT.

Many workers(y‘s‘g) have shown that PIZT forms only at temperatures
greater than 700°C from mixed oxides whereas the alkoxy derived precipi-
tates seem to react at 500°C to form PZTs and the reaction is almost com-
plete on calcining for 8 hrs at 600°C. The PITs thus obtained are stoi-
chiometric, extreme-y fine and very pure. Haertline and Land(]) and

Hazdiyasni(z)showed that the lanthanum added PZTs from alkoxides re-
acted at 500°C to form a single phase PLZT. [lazdiyvasni found that the
PLZT after drying in vacuum at 60°C was a sincle phase material, "amor-

phous" to x-rays and slowly “"crystallized" on heatino,

4. CONCLUSIONS
In this initial study we have shown that it is possible to produce
a single phase, hich purity, ultrafine PIT powder by calcining at low

temperatures a complex lead zirconium titanium hydroxide produced by

precipitation from an aqeous solution.
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Uith the improved reactivity of these powders it is possible that
they could be used to produce ceramics without a separate calcining
step.

At present the reaction kinetics of the conversion of the hydroxide
to PZT and the sintering kinetics of the resultant solid solutions are
under investigation.

Once these processes are better understood, a series of PZT cer-
amics with a wide range of compositions will be produced using the
chemically prepared powders. Electrical and mechanical property com-
narisons will be made with conventionally produced ceramics of the

same compositions.
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FIGURE CAPTIONS

Fig. 1. Flow Sheet for Alkoxy Derived PZT.
Fig. 2. TGA and DTA of PbZr0.52T10.4803.




Composition

et et el et bt i

PbZrO‘ Ti

6 110.48"3

( *
0.52710.48%3

Pbiry 6710403

0.-T0.4%"
0.7710.30%;
Pbiry ¢Tig. 203

TABLE 1

Height Loss Data

Calcination
Temp/Time

500/2 hr
500/4 hr
500/6 hr
500/8 hr
500/10 hr
500712 hr
500716 hr
600/2 hr
600/8 hr
300/2 hr
1000/2 hr
800/2 hr
600/2 he
1000/2 hr
600/2 hr
1000/2 hr

1000/2 hr

20.44
20.61

21,33

13.18

wt loss

*Ry the hydrolysis of PbO, zirconium-tetra-n-butoxide and titanium-

tetra-n-butoxide.
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TABLE 2

X-ray Diffraction DJata

e ——
: Calcining Major
Composition Temp(°C)/Time(hr) Phacas Remarks
ool —%«~~~» e e e e— -
szrO.SZTiO.ASO3 500/2 PbO,PZT? 1 Broad peaks
500/4 PbO,PZT Poorly
500/6 PbO,PZT J crystallized
500/8 PbO/PZT
500/10 PZT;Pb0 Pb0 peaks are of
lower intensity
500/12 PZT:Pb0 than the PZT peaks |
better crystal- i
500/16 PZT/PbO || lized |
600/2 PZT,PHO |
"
600/8 PZT,Pb0? |
|
800/2 PZT /|
1000/2 PZT b well crystallized l‘
PbZr0.52T10.4803* 800/2 PZT
sz”o.eTio.4°3 o00/2 PZT/Pb0O |
1000/2 PZT |
|
PbZrO.GTiO.4O3* 600/2 PZT,PbO # well crystallized
PbZrO.7TiO_3O3 1000/2 P27
. Y \ !
Pb2r0_8T10.203 J 1000/ 2 PZT J !
..... U S OO G T RE S ST SEE SN | | ST S Sl RO W R\ A —— R (S —— - |

*By the hydrolysis of Pb0O + zirconium tetra-n-butoxide + titanium tetra-

n-butoxide.
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Titanium-n-
Butoxide

zBi rtcooxniidu: ‘ [ Lead Acetate
Sg]ution Solution
l
oy |
{ Blender
[— Drying
Ball Mil
Drying
{ﬂ Calcipe .—}
[ Ball Min
|
4
FZT Powder
L ]

120°C
12 hrs

Polyethylene jar,
ethanol
12 hrs

509°C
12 hrs

FIn. 1. Flow Sheet for Alkoxv Derived PZT.
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THE ROLE OF ZrO); POWDERS IN MICROSTRUCTURAL DEVELOPMENT OF PZT

CERAMICS

J.V. Biggers, D.L. Hankey, L. Tarhay

Materials Research Laboratory
The Pennsylvania State University
University Park, Pennsylvania 16802

Processing electrical ceramics to obtain reproducible proper-
ties is not an easy task. Seemingly 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 piezoelectric 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 Wilcox ! 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 reactivities of the powders which in turn depend to a large
extent on particle composition agd morphology. Studies of reac-
tions occurring during calcining*'3 have shown that commercigl
Zr0p is the least reactive of the powders. Matsuo and Sasaki® sug-
gest that the reaction sequence of the mixed oxide powders used to
make PZT ceramics involves first the formation of PbTiO3 and then
reaction of this with Zr0O2 to form PZT. There is usually a mixture
of several phases present after precessing, e.g. PZT, PbTiO3 and
Zr0;. Rosolowski et al.% have determined that commercial calcines
contain several weight percent of unreacted Zr0p. They note also
that the ceramics after final firing can contain 1-2 w/o 2r0;.

While there is ample evidence to suggest that reactivity of
the Zr02 is an important factor, it is extremely difficult to relate




observed differences in powder composition and morphology to the
reactivity. Recent work in this laboratory has shown that the only
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 reactivity, a series of experiments was under-
taken which compared ceramics produced under identical conditions
but with different ZrOp; starting powders.

The Zr02 lots chosen were judged from a qualitative basis to
have differing agglomerate character. In addition, portions of
each lot were subjected to different high energy milling pre-
treatments in an attempt to change the particle and agglomerate
size distribution.

The different Zr02 powders were used to produce ceramics with
the composition PbZrg s55Tp 4503. This composition was chosen as
being representative of many commercial PZT ceramics and it was far
enough from the morphotropic boundary to preclude anomalies associ-
ated with the phase transition™.

EXPERIMENTAL

Three different lots of commercial Zr0Op powders were selected
for this work--Tizon lot 36/m and Harshaw lots 5-76 and 1-75. The
initial characterization of these lots using optical emission spec-
troscopy for impurities and wet chemical analysis for major elements
has been reported earlier”.

Particle size and shape were measured using a beam controlled
SEM technique7 and surface area was determined by a BET method.

The as-received Zr02 powders were then milled using two tyvpes
of equipment—-a fluid energy mill and an attrition mill. Construc-
tion details and operation of both types of mills are described
by Wangs.

The fluid energy mill (Fluid Energy Products, Hatfield, Pa.)
uses high-pressure air which accelerates the individual particles
and impacts them in a rubber-lined chamber. Operating air pressures
were 600 K Pa and the residence time for particulates in the mill
was about 10 minutes.

The attrition mill, built at this laboratory, used a polyure-
thane lined jar mill, a stainless steel impellor covered with tygon
tubing and a charge of 0.011 m diameter zirconia balls. The milling
was done for 20 minutes at 200 rpm impellor speed with equal volumes




of powder, ethyl alcohol and ball charge.

Figure 1 shows a processing 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 for 24 hours. The dried
cake was broken up in an alumina mortar. This powder was calcined
in closed 99.9 w/o Al203 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 * 1.0X of theoretical for all pellets. The green
thickness of the pellets was about 0.0012Z m. Firing of the pellets
was carried out in closed alumina crucibles using a technique de-
scribed by Klicker and Biggerss.

Samples of the different pellets were distributed randomly on
the setters inside the closed alumina crucibles to minimize effects
of thermal and PbO atmosphere gradients.

RESULTS AND DISCUSSION

Table 1 shows the particle size distribution and surface area
data for the as-received and milled powders. Table 2 shows in more
detail the particle size distribution of the Harshaw lot 1-75 pow-
ders. The particle size changes after milling were not significant.
Jet milling increased slightly the surface area of the three lots
used while attritor milling appeared to slightly decrease the sur-
face areas for the Harshaw lots and increase the area for the Tizon
material.

As can be seen from Table 2, the milling did tend to remove
large particles and shift the distribution slightly toward a lower
mean diameter. The results were the same for the other lots.

The shape of the particles given by the min/max particle dia-
meter ratios in Table 1 remains essentially constant.

Emission spectroscopy was used to check for impurity pick-up
during milling and no contamination was detected. After calcining
the phases present were checked using x-ray diffraction and a wet
chemical method for Pb0%. With all as-received lots the X-r&y
diffraction showed PZT and PbTi03. 1In all milled powders only PZT
was detected. The results of the PbO analyses are shown in Table 3.

There was a significant difference in unreacted Pb0O between the
Tizon and Harshaw as-received lots. Milling of the 2r0; powders did
not, however, alter the amount of PbO in the calcine.




Weigh Oxides ~—>» Add Binder and Plasticizer
PbO + 0.45T102 + 0.552r0 2 wt% PVA

Mix 24 hrs Dry
Ethyl alcohel & Zr02 balls

Mortar and Pestle
Dry {
Screen
Mortar and Pestle 4

Press Sik" discs
Calcine Powder

2 hrs at 900°C Binder Burnout

6 hrs at 600°C
Mortar and Pestle j

Fire discs
1.5 hrs at 1330°C

Screen

Y

Figure 1. Processing F}ow Chart for Zr02 Study.

Table 1. Data on Zr02 Powders from Automated SEM lmage Analysis
and Surface Area Analysis,

Average Min/Max " Surface Area
Zr0, Sample Diameter Diameter N (BET)
3. Mean (m) o Mean (m) 0 m*/kg(le‘3)
Tizon Lot 3b7m
As received 0.69 Qo3 0.47 0.17 18.4
3 jet mills 0.59 0.5 0.50 0.18 18.7
Attritor milled 0.08 Q.5 0.50 0.18 19.4
Harshaw Lot 1-75
As received Q.72 0.5 0.53 0.17 13.5
3 jet mills 0.62 ()R 0.49 Q.17 146.6
Attritor milled - - - -- 133
Harshaw Lot 5-76
As received 0.89 Ued 0.44 0.18 l4.6
3 jet mills 0.69 0.4 0.51 0.17 1535
Attritor milled 0.68 0.4 0.50 0.17 12.8




Table 2. Average Diameter Distribution for Harshaw Lot 1-75 [
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Class Limit (um)

Specimen
(Zr0; Specifications)

Weight % "Free" PbO
After Calcining at 900°C
For 2 Hours (o=x0.1%)

Tizon-Lot 367m

As received
3 jet mills

Harshaw-Lot 1-75

As received
3 jet mills
Attritor milled

Harshaw-Lot 5-76

As received
3 jet mills
Attritor milled




and

Fig.

Fig.

Table 4. CGrain Size Data for Fired PZTs

St R ve. QGrain Size
Fired PZT Spec. A i m‘ niae
W

Tizon 367m

As received 8.9

Jet milled 4.2
Harshaw 1-75

As received 8.20

Jet milled 3.90

Attritor milled 3.10
Harshaw 5-76 :

As received 8.14

Jet milled 4.08

Attritor milled b, i S

Microstructures of the ceramics produced from the as-received
attrition milled powders from Harshaw Lot S-76 are shown in
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« Harshaw 5-76 as-received; Harshaw 5-7¢ attritor milled.




Table 4 lists the average grain sizes determined by a linear
intercept technique for the different ceramics. As can be seen,
there is the same result in all cases--the as-received ceramics had
a significantly larger grain size than those produced from milled
powders. In each lot the attrition milled powders had the finest
grain size. While it is only speculation at this point, it seems
likely that the differences in grain size between the as-received
and milled powders must be due to reactivity differences during
calcining. It is presumed that the absence of the low melting
PbTi0; phase and the presence of a PZ1 phase with higher 2Zr0; con-
tent would lead to a situation where less liquid phase was present
during final sintering. This could result in a finer grained pro-
duct.

Table 5 shows the fired density and dielectric properties of
the different ceramics. The densities are essentially the same for
all specimens. The weak field K and tan § values measured using
unpoled specimens are in general agreement with those for ceramics
of the same composition reported by Berlincourt et al.10,  There
were, however, significant differences in K between as~-received
lots and as a function of milling. Some of the differences can be
attributed to grain size effects, but diiferent phase combinations
present as a result of reactivity ditferences must account for some
of the variations.

Table 5. Density and Electrical Data for Pb:l\ -Tx = )
> 55 Ay 3
R ? Ave. Density¥ ‘—‘—f. 4T R A
Specimen Av‘, ot & Ave. Dielectric Ave. Dielectric
(2x0,; S ) of Fiyed Digcs Constant (K) Loss (Tan &)
opecC.) by S & 08 E < Q)
2 e e R s i R S
Tizon Lot 367m
As received 7463 534 &+ 16 0026
3 jet mills 7.62 501 & 8 L0030
Harshaw Lot 1-75
As received 7.69 641 % 16 L0033
3 jet mills 7.64% 323 ¢ 13 L0040
Attritor mill 7.64 249 2 13 0043
Harshaw Lot 5-76
As received 7.66 00 X 13 L0031
3 jet mills 7.62 496 * 15 0041
Attritor mill 7.60 -1 WSS O 8 L0048

*All density measurements are ;vometxlxal and were xdnuoml\ checked
using a mercury porosimeter.

ane

B
All electrical measurements were made at 22°C and 1 Mz
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CONCLUSIONS

We have shown that high-energy milling of different Zr02 powders
used to produce PZT ceramics can have a significant effect on the
ceramics' microstructure and electrical properties. Characteriza-
tion of the powders showed that there was little difference in com-
position and particle morphology before and after milling. Quali- !
tatively the milled powder appeared to contain fewer agglomerates.

The reactivity of the Zr02 powders with the other oxides during
calcining was increased by milling. In all the calcines produced from
milled powders, only PZT was detected.

The results of this work strongly suggest that the variability
of the piezoelectric properties of commercial PZT ceramics is re-
lated to the reactivity of the Zr0p used in the process. More work
is needed to determine the relation between the reactivity of the
powders, the phases produced during calcining, and the resultant
ceramic properties.
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The Effect of Post Casting Pressing
On the Density of Tape Cast PZT

J.V. Biggers, T.R. Shrout and W.A. Schulze
Materials Research Ldboratory

The Pennsylvania 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 electrical properties of a

commercial PZT formulation are described.
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1. INTRODUCTION

Tape casting is widely used in the manufacture of ceramic capacitors(]) and

(2).

substrates for microelectronic circuits In this process a suspension of
ceramic 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 standpcint, however, assembly of piezo-

electric devices from tape cast ceramics seems to offer some definite advantages.

Lamellar heterogeneous structures consisting of either layers of ceramic of the
same composition with internal electrodes, alternating layers of ceramics of
different composition and external electrodes, or alternating layers of ceramic
of different composition witih internal electrodes could be expected to have
interesting piezoelectric properties; for instance by proper choice of internal
electrode configurations and (or) ceramic layer 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 densities consistent with firing schedules that are suitable for cofiring

of internal metal electrodes or ceramic layers of different composition.




; To effect this control of the sintering kinetics would normally require |
painstaking characterization and communition of the ceramic powders and con-
siderable manipulation of the solvents, binders, plasticizers and deflocculants

of the liquid suspension system plus chaﬁges in milling and casting procedures.

ST

If the green density of the tape 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 lower 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 preperties of tapes produced from a commercial lead zirconate-lead f

titanate (PZT) formulation.

2. EXPERIMENTAL
A commercial organic liquid suspension system* (binder) and PZT powder-'r 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 mi]]**. }
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 a].(3).

The process involves 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

sample.

*CTaydon Binder B-62, Lot 117, Cladar Inc., 11404 Sorrento Valley, San Diego, (a. '
92121.
fultrasonic powder PZT-401, Ultrasonic Powders, Inc., 2383 S. Clinton Ave., South {
HPlainsfie]d. N.J. 07080.
Fluid Energy Mill, Fluid Energy Products, Hatfield, Pa.
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Figure 1 shows the size and shape distribution of the as received powder.
The average diameter is about 4 um and the grain shapes are somewhat elongated.

Figure 2 shows the size and shape distribution of the as received powders
after jet milling. The average particle size has been shifted to about 2.5 um
with a much sharper distribution. 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 1liquid in small polyurethane jars for 48 hours.
The normal mill charge consisted of Borundum cylinders,0.5"dia, amounting to
about 25 v/o 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

(4)

on design by Runk and Andrejco which utilizes two blades and double slip
hoppers to minimize the effects of hydrostatic head variation and surface ten-
sion.

Casting as done at the rate of 0.4"/sec with blade heights 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 108 n/m2) 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 high pu. ity alumina crucibles. The tapes
were placed on fired setters of the same composition and a small amount of
Tead zirconate was added as a source of Pb0. A silicon carbide resistance fur-

nace with a programable controller was used for all firings. The heating rate

was 200°C/hr and the samples were cooled with power off.
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Fig. 1. Particle Size Analysis for PZT-401. .
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Table I. Viscosity for Different 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
74726 wty 1000

*Viscosities measured using a Brookfield viscometer at
22°C * 1°C, with spindle #6 at 100 rpm.

+Jet milled powder used.




3. RESULTS AND DISCUSSION

Figure 3 shows the results of the pressing experiments. Each point on the
curve is an average of at least 6 separate pressings.

For all powder/organic ratios studied the pressing behavior was essentially
the same--the initial densification rate was high 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 Cladan binder system showed that about 10 w/0 of the
binder--a high molecular weight 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 high 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 importance of the powder particle size and shape distribution on com-
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 Q

process continued to higher pressures.




8

STRESS (N/m?x 10°)

00 05 10

9 20 25 30

K8r=r=Trr-T

46
44

42
40

38

o A
N b O

O
@)

GREEN DENSITY (g/cc)
NN
(0)} 00]
|

[V B A
" g 5
T . 24

@
T

o

|

Y]
H
|
¢ <« > B O

e s MRS R W I

74726 wt%
74/26 wt%(jet milled) |
65/35 wt% _J

50/50 wt%

34/66 wt%

e

ot Syl

e
| 1 | |

L
0 1o,

|
20 30 40

STRESS (psi x 10%)
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Table II. Initial and Maximum Green Densities of Tapes as a Function
of the Powder/Organic Ratios.

Initial Maximum Pressed
Powder/Organic Density Density % Increase
(g9/cc) (g9/cc)
74/26 wt% 3.63 4.65 28.1%
65/35 wt¥ 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.
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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 limited 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 values 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-
tially the same. Firing of higher 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 technique
was 2.2 um for 1220°C, 2.8 um for 1240°C, 5.6 um for 1270°C, and 7.8 um for the
1325°C firings.

Dielectric and piezoelectric properties varied little with pressing pressu
Typical values of weakfield K and tan § measured at 1KHz and d33* determined
24 hours after poling of 3000 v/cm, 100°C for 2 min 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.

+Piezoelectric coefficient.

L %
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Fig. 4a. Micrograph of PZT7-401, 74 wt®
dried green tape unpressed.
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Fig. 4b. Micrograph of PZT-401, 74 wt%
dried green tape pressed at
16,500 psi.
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Fig. 6a. Micrograph of PZT-401, 74 wt tape (4.6 g/cc green
density) fired at 1220°C, 1.5 hours. &
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Fig. 6b. Micrograph of P2T-401, 74 wti tape (4.6 g/cc green i
density fired at 1325°C. 1.5 hours. :




Table I111. Typical Values of Dielectric Constant (K) on Tan & and
Piezoelectric Coefficient d33 for PZT Samples Fired to
Maximum Densities.

Firing : ‘ + 12
Tescarutiies Dielectric Constant(K)* Tan §  dsq3 (x10 n/c)
1220°C 1213 . 0045 216
1240°C 1386 .0086 361
1270°C 1406 .0240 273
1325°C 1431 .0234 385
tt 3
1300-1330°C 1350 290

* Dielectric constant determined using Hewlett Packard (Model 4270A)
Automatic Capacitance Bridge at 1KHz.

¥ piezoelectric coefficients determined using Berlincourt (Model 3300
d33 Meter at 100 Hz.

Ultrasonic Inc. commercial data for PZT-401 fired 1300-1330°C
(.5-1.5 hrs).




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 significance
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-401 pressed to green densities of 4.7 gm/cc will not fire
to the 7.7 gm/cc density at temperature below about 1320°C using the same
firing schedule as used for the tape cast parts. Tape cast parts of somewhat
lower green density will attain this density when fired at 1220°C.

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 lower 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.

Se—— |




Additional work is planned on the characterization of the powders in the

slip and an analysis of sintering will be made in attempt to explain the

enhanced sintering that occurs for the tape cast parts.
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