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1. 1NTRODUCTION

This report describes work carried out in the Materials Research
Laboratory at The Pennsylvania State University over the period January 1,
1978 to December 31, 1978 under joint DARPA:ONR sponscorship. The period
is the final year of a three year ccntract effort directed towards the
development of new and improved piezoceramic materials for electromechanical
transducers.

Undoubtedly the major success of this program has been the development
of a new approach to the design of two--phase composite materials which
optimize coupled properties such as the electromechanical coupling in
plezoelectric transducers. The idea that new composites with uniquely
advantageous coupled properties could be engineered by combining already
known single phases if proper attention is paid to material and device sym-
metries and the mode of phase interconnection (connectivity) in the com-
posite has been unequivocally confirmed in the PZT:polymer composites
fabricated by the replamineform replication technique. The unusually high
hydrostatic plezoelectric voltage coefficient (gh) achieved in this material
has been ccnfirmed by measurements at NUSC, New London, and the basic prin-
ciples of the composite forms further elucidated by work on macrocomposites
with similar controlled connectivities carried through at NRL.

The principles established theoretically and experimentally on this
program are now being applied to the fabrication of new pyroelectric mate-
rials, and to the construction of systems in which both the scale and
geometry of the microstructure of the composite can be more closely con-
trolled.

A second important advance has been the development of a new family
of electrostrictive materials based on the ferroelectric relaxor Pb3Mng209
(PMN). In the solid solution system between PMN and lead titanate (PT)
materials have been developed which permit very large anhysteretic strain
amplitudes (up to .001) and near zero thermal expansion. The frequency
response can be tailored over a limited range and rather unexpectedly the
materials exhibit stable displacements under DC field. These ceramics
would appear to offer significant advantage over conventional PZT piezo-

electrics for some micropositioner and mirror support type applications,



Of longer range importance has been the development using sophisti-
cated computer graphic techniques of a phenomenological elastic Gibbs
function for the PZT solid solution family. This treatment permits for
the first time a complete interrelation of dielectric, elastic and piezo-
electric properties across the whole temperature range and composition
field of the single cell perovskite structure.

In support of these major thrusts an immense amount of detailed work
has been done to develop the processing capabilities which were required
to assemble and fabricate the many different ceramic material combinations
required in these studies. New work was performed on the zirconia problem,
on the preparation and fabrication of multilayers of different material
combinations, on extruded macrostructures and on the replication techniques
necessary for the replamineform processing.

A small effort was committed to the growth of single crystals and of
oriented polycrystals of antimony sulphur iodide which were required for
hot-forging studies at the Naval Research Laboratory.

Over the present contract year, the following papers have been pre-

sented at national meetings:

Papers Presented

J.V. Biggers, S. Veukataramani, D. Hankey. Reactivity Diagrams for PZT
Ceramics. 80th Annual Meeting, American Ceramic Society, Detroit,
MI, May 6, 1978.

L.J. Bowen, T.A. Shrout, W.A. Schulze, J.V. Biggers. Pilezoelectric Prop-
ertles of PZT Multilayers. 80th Annual Meeting, American Ceramic
Society, Detroit, MI, May 6, 1978,

D.P. Skinner, R.E. Newnham, L.E. Cross. Fiezoelectric PZT Polymer Com-
posites. 80th Annual Meeting American Ceramic Society, Detroit, MI,
May 6, 1978.

S. Jang, S. Nomura, L.E. Cross. Electrostriction Transducers., 80th Annual
Meeting, American Ceramic Society, Detroit, MI, May 6, 1978.

L.J. Bowen, W.A. Schulze, J.V, Biggers. Hot Isostatic PRessing of Lameliar
Heterogeneous Piezoelectric Devices, Electronics Division and IEEE
Ferroelectrics Subcommittee, Fall Meeting, Dallas, Texas, Sept. 17,
1978.

W.A. Schulze, J.V. Biggers. PbsGe301j-Bonded PZT Ceramics. Electronics
Division and IEEE Ferroelectrics Subcommittee, Fall Meeting, Dallas,
TX, Sept. 17, 1978.
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T.A. Shrout, W.A. Schulze, J.V. Biggers. Lamellar Heterogeneous Plezo-~
electric Devices. Electronics Division and IEEE Ferroelectrics
Subcommittee, Fal. Meeting, Dallas, TX, Sept. 17, 1978,

T.W. Cline, L.E. Cross. Domain Contributions to the Dielectric Response
in Single Crystal PbsGe30p; and Srg s5Bay gNb,0g. Electroni:s Divi-
sion and IEEE Ferroelectrics Subcommittee, Fall Meeting, Dallas, TX,
Sept. 17, 1978.

R.E. Newnham, D.P. Skinner, L.E. Cross. Multiphase Piezoelectrics. Elec-
tronics Division and IEEE Ferroelectrics Subcommittee, Fall Meeting,
Dallas, TX, Sept. 17, 1978.

L.E. Cross, D. Skinner. Coupled Properties in Diphasic Systems. Elec-
tronics Division and IEEE Fervoelectrics Subcommittee, Fall Meeting,
Dallas, TX, Sept. 17, 1978,

A. Bhalla, L.E. Cross, R.E. Newnham. Fibrous Ferroics. Electronics
Division and IEEE Ferroelectrics Subcommittee, Fall Meeting, Dallas,
TX, Sept. 17, 1978.

J.W. Laughner, T.W. Cline, R.E. Newnham, L.E. Cross. Electrical and
Acoustic Effects of Ferrobielastic Switching in Quartz. Electronics
Division and ITEEE Ferroelectrics Subcommittee. Fall Meeting. Dallas,
TX, Sept. 17, 1978.

A. Amin, R.E. Newnham, L.E. Cross, H. McKinstry. Thermal Expansion Coef-
ficients for PbZr03:PbTi03 Piezoelectrics. American Crystallographic
Association Winter Meeting, Norman, OK, March 1978.

A.S. Bhalla, L. Tongson, L.E. Cross, L.S.T. Tsong. Characterization of
the Films Deposited by Chemical Reaction on Ferroelectric-
Ferroelastic Gadolinium Molybdate (GMO) Surfaces. International
Conference on Metailurgical Coatings, San Francisco, June 1978.

The following papers have bLeen published in refereed journals:

R.E. Newnham, D.P. Skinner, L.E. Cross. Conne:tivity and Plezoelectric-
Pyroelectric Composites. Mat. Res, Bull. 13, 525 (1978).

D.P. Skinner, R.E. Newnham, L.E. Cross. Flexible Composite Transducers.
Mat. Res. Bull. 13, 599 (1978).

W.A. Schulze, J.V. Biggers, L.E. Cruss. Aging of the Dielectric Disper-
sion in PLZT Relaxor Ceramics. J. Am. Ceram. Soc. 61, 46 (1978).

1.5.T. Tsong, A.S. Bhalla. Hydrogen and Fluorine Profiles in GdF3 Films
Measured by Sputter Induced Optical Emission. Appl. Phys. Letters
31(6) 381 (1978).

T. Cline, M. Liu, L.E. Cross. Dielectric Behavior of Strontium Barium
Niobate (Sr0.5Bao.5Nb206) Crystals. J. Appl. Phys. 49(7) 4298 (1978).
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J.V. Biggers, S. Venkataramani. Preparation and Roactivity of Lead
Zirconate Titanate Solid Solutions Produced by Precipitation from
Ac:cous Solutions. Mat. Res. Bull. 12, 717 (1978).

A.S. Bhalla, L.E. Cross, D.A. Payne. Thermal Optical and Elastic Proper-
ties of Isopropyl Ammonium Chloroplatinate and Chlorostannate. Phys.
Stat. Sol. (a) 50, 661 (1978).

A.S. Bhalla, L.E. Cross, R.E. Newn.am. Polar Domains in Lithium Meta-
silicate and Metagermanate. J. Cryst. Growth 46, 262 (1979).

A.S. Bhalla, L. Tongson, L.E. Cross, 1.5.T. Tsong. Characterization of the
Films Deposited by Chemical Reaction on tiie Ferroelectric:Ferroelastic
Gadolinium Melybdate (GMO) Surfaces. J. Thin Solid Films 53, 55 (1978).

A.S3. Bhalla, K.E. Spear, L.E. Cross. Single Crystal Growth of Antimony
Sulphur lIodide. Mat. Res. Bull. 14, 423 (1979).

A.S. Bhalla, L.E. Cross, K. Vedam. Unusual White Light Conoscopic Figure
in Single Crysta®l Lithium Metagermanate. Appl. Optics 17, 3339 (1978).

L.E. Cross, A.S. Bhalla. Domain 'Decoration' in Gd2(Mo0O4)3. Phys. Stat.
Sol. (a) 48, 431 (1978).

The following papers have been accepted for publication:

J.V. Biggers, T.R. Shrout, W.A. Schulze. Densification of PZT Cast Tape
by Pressing. Bull., Am. Ceram. Soc.

J.M. Bind, J.V. Biggers. C(lassification and Particle Size Measurement of
Metal Powders. Proc. Powder Conf., Rosemont, IL (1978).

J.V. Biggers, D.L. Hankey, L. Tarhay. The Role of ZrO Powder in Micro-
structural Development of PZT Ceramics. Proc. Conf. Ceramic Process-
ing, Raleigh, NC (1977).

J.V. Biggers, S. Venkataramani. Reactivity of Zirconia in Calcining of
Lead Zirconate:Lead Titanate Compositions Prepared from Mixed Oxides.
Bull. Am, Ceram. Soc.

L.B. Schein, P.J. Cressman, L.E. Cross. Electrostatic Measurements of
Primary and Secondary Pyroelectricity in Partially Clamped LiNbOj.
Ferroelectrics.

L.B. Schein, P.J. Cressman, L.E. Cross. Electrostatic Measurement of
Tertiary Pyroelectricity in Partially Clamped LiNbO3. Ferroelectrics.

8. Nomura, S.J. Jang, L.E. Cross, R.E. Newnham. Structure and Df_iectric
Properties of Materials in the Solid Solution System Pb(Mgl/3Nb2/3)03:
Pb(w1/2M31/2)03' J. Am. Ceram. Soc.




5=

Degrees Granted:

=
b
=
E =
=

D. Skinner. PhD Solid State Science. Nov. 1978. '"Piezoelectric Compo-
sites.”

A. SaNeto. PhD Solid State Science. Sept. 1978. '"High Curie Temperature
Ferroelectrics for Piezoelectric Applications.'

J. Hauris, M,S. Solid State Science. Dec., 1978. "A Sensitive Capacitance
Dilatometer for Electromechanical Strain Measurements."

K. Klicker. M.S. Soiid State Science. March 1979. "Contr.i of the PbO
Partial Pressure During the Siantering of PZT Ceramics."

The report is organized into seven sections: Introduction, Electro-
étriction Materials, Piezoelectric Composites, Phenomenological Studies,
Ceramic Processing, lelated Areas, and Crystal Growth. Since most of the
studies have been completed and written up for publication only a brief
connecting narrative is given in each section. More detailed results are

presented in the set of technical appendices.
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2. ELECTROSTRICTION MATERIALS

2.1 Introduction

The rationale for reconsidering possible appli-~ation of the phenomenon
of electrostriction for certain types of transducer applications was given
in our previous annual report (Annual Summary Report 1977-78). Monolithic
multilayer technology, which makes it possible to achieve high electric
fields over large volumes at low applied voltages by integrating electrodes
into the body of the ceramic, has been demonstrated for larger multi-
electrode eieccrostrictors under separate contract (Final Report on Con-
tract NOOOl4-77-C-0445). This work showed quite clearly that ian BaTiO3,
PZT, and Pb(Mgl/3Nb2/3)O3 based systems internal electrodces do not have any
major deleterious effect on the electroelastic response, and can be used
witu any of these materials to bring the voltage and current requirements
to convenient levels,

It has been the major Lask on this contract to explore in detail the
electrostrictive response of bulk samples fabricated in a number of relaxor
ferroelectric compositions based on Pb3(Mgl/3Nb2/3)€)3 (PMN) . Initial work
on the PMN:Pb(Mgl/2w1/2)03 (PMN:PMW) solid solution was described inm the
last summary report (Appendix 1) and this paper has row been accepted for
publication in the September/Octcber issue of the Journal of the American
Ceramic Society. Studies of the electrostriction behavior in pure PMN in
the earlier summary report indicated clearly that for higher sensitivity
slow-speed applications there would be a real advantage in raising the
Curie rauge of the PMN.

Attempis to form solid solutions with the higher temperature relaxor
Pb(an/3Nb2/3)03, however, proved ahortive due to the formation of a stable
pyrochlore structure modificaticn which ould not be eradicated by our
processing methods. However, joint work ..ith Dr. S. Nomura clearly demon-
strates that the pure PZnN has relavor character above the higher tem-
perature Curie range (Appendix 1).

A more successful approach to mimic the relaxor:relaxor solid solution
in the complex solid solution family Pb(Mg1/3Nb2/3)03:PbTi03:Ba(Zn1/3Nb2/3)O3
(PMN) (PT) (BaZnN) demonstrated that dual relaxor character could be preserved
in ceramics of this form, lerding to new high permittivity bodies with flat

'
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temperature response over a wide temperature range.

The major part of our efforts cver the last year have, however, been
concerned with compositions in the solid solution system Pb(Mg1/3Nb2/3)03:
PbTiO3 (PMN:PT) and with the evaluaticn of the electrostriction behavior
as 1 function of composition and temperature in solid solutions in the

family.

2.2 Electrostriction Behavior in the PMN:PT Solid Solution Ceramics

An outline of the initial studies on this system, indicating the
prop>rty combinations which are considered of importance and some of the
areas of practical appiicability for materials in the 0 to 10 mole% PT
composition range has been written up and submitted for publication in
the journal Ferroel:ctrics. A copy of this manuscript is included as
Appendix 2.

A more det "led paper delineating the dielectric, electrostrictive,
and thermoelastic behavior has been prepared for submission to Journal
of Applied Physics and is included as Appendix 3.

In very brief summary: The PMN:PT solid solution family encompasses
relaxor dielectrics in which the temperature and widtl of the Curie range
can be adjusted by composition change to give

(a) Pure quadrz electrostrictive response at room temperature,

with anhyster. ‘c behavior up to 100 kHz.

(b) Higher sensitivity slower response with maximum straius up to

1000 x 107 without hysteresis at frequencies of 1 Hz.

(c) Zero remanence and no aging.

(d) DC stability of the induced strain for periods up to at least

eight hours.

(e) Very low thermal expansion coefficients over a wide temperature

range In the relaxation region.

We velieve that these practicel aspects of the performance of the
relaxor based materials make them of considerable interest for applica-
tions ir micropositioners for optical nd for other types of systems.

Ba ically an interesting new finding is that the polarization related
electrc s:riction constants for the pure relaxor compositions appear to be

almost an order of magnitude smaller than the corresponding aij constants




in the ferroelectric perovskites. Further studies on other relaxors
would be desirable to confirm whether this is a general rule, but it does
appear that this low level of elasto-clectric coupling may be critical in
destabilizing the macro-domain structures in the relaxor families.

In pure Pb3Mng209, though the polarizability (dielectric permittivity)
is considerably larger than in the corresponding paraelectric perovskites
based on BaTiO3, the strain sens” 'vity is quite comparable reflecting
this lower intrinsic electrostri.. ve coupling. For the PMN:PT solid solu-

tions, as the PT content increases, the Q11 and le values alsc increase

and the relaxation range narrows. It is in these materials at compositions

close to 10 moleX PT that the largest anhysteretic strains are possible
(about 1,000 x 107%),




3. PIEZOELECTRIC COMPOSITES
3.1 Introduction

The simple theoretical considerations which lead to the expectation
that two-phase composites could be designed in such a manner as to strongly
optimize coupled parameters such as piezoelectricity was discussed in Ap-
pendix II of our previous anuual report, and the work has now been published
in the Materials Research Bulletin [MRB (3.1)]. This paper delineates the
important roles which are played by the symmetry and by the mode of phase
interconnection (connectivity) in optimizing the coupling in two-phase
composites. From this work it became apparent that even for the simple
linear systems rew two-phase composites could be conceived which would have
very high effective piezoelectric g coefficients, and that in particular
the symmetry constraint which rigorously limits the possible hydrostatic
sensitivity of the conventional PZT ceramic piezoelectric could be broken
by using the appropriate composite structure.

Realization of the advantages possible for a hydrophone type material
was demonstrated using an adaptation of the replamineform ceramic technol-
ogy which had been evolved earlier in MRL for prosthetic bone implant
materials., This replamine work was described in the earlier report (Ap-
pendix III) and has now also been published in MRB (3.2). A much more
detailed account of the processing hzs also now been given in the FhD dis-
sertaty  on "Piezoelectric Composites'" by Dr. D. Skinner (3.3).

In very brief summary, Skinner's work has shown that by using a modi-
fication of the lost wax casting technique the three-dimensionally porous
macrostructure of a natural coral template can be replicated in a PZT
composition. Because of the full three-dimensional interconnection of
the resulting PZT, it can be poled to saturation remanence from simple
surface electrodes. If the PZT is backfilled with a soft elastomer second
phase it can be processed to achieve a very flexible composite with exceed-
ingly high 834 and 8L coefficients.

Over the last year of the current contract, the replamine studies were
phased out from the present contract and were taken up under new longer

term ONR funding. Here the emphasis has shifted to a new approach to the

task of replication which seeks to develop artificial template structures
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of dominantly 3:1 connection which can be repeatedly used for many
replication steps.

A number of limited studies of alternative composite structures have
been completed on the present contract. Following the work of Lester et
ai. (3.4) a number of attempts were made to fabricate fiber-reinforced
composites in 3:1 comnection using A1203 fibers or whiskers suitably dis-
persed in a PZT matrix. A second short study was also carried through to
explore the influencc of additions of a low melting PbsGe3011 phase on
the densification and polirg behavior of a soft PZT ceramic.

Two studies were also completed on lamellar heterogeneous materials
fabricated by tape casting techniques. 1In the first experiments monolithic
structures with implanted noble metal electrodes were fabricated to test
the possibilities for modifying the strain sensitivity and impedance level
of both static and resonant structures. In a second set of studies, tech-
niques were developed which permitted the fabrication of lamellar struc-
tures incorporating both ferroelectric PZT and antiferroelectric PSniT
components. Samples of this type were used to explore the iInfluence of
a field forced phase change on the poling and depoling characteristics of
the resulting multilayer.

The salient features from each of these studies are briefly summar-
ized in the next section. More detailed accounts of the work are given

in appropriate appendices.

3.2 Composite Piezoelectrics: Summary of Current Status

3.2.1 Replicated Macrostructures

We believe that the primary importance of our original replication
work has been to demonstrate for piezoelectric voltage generation require-
ments the very clear advantages of composite structures of appropriate
composition and phase connectivity. The established replamine technology
provided a good vehicle with which to test the simple original theories
and to confirm the expected advantage in the composite.

Representative data for a composite made up from a soft PZT (Ultra-
sonics501A) on the tempiate of a porites:porites ccral and impregnated with
an elastomer is shown in Table 3.1. Present studies which are concerned

with modifications toward the development of re-usah’~ artificial templates




TAELE 3.1

Comparison of several transducer materials

Homogeneous Flexible
EESRaY PVFZ (Ref. 3) PZT-501A% 3~3 composite
Density
x 103 Kg/m3 1.8 7.9 3.3
Compliance High Low High
d
e 14 400 100
x 10 C/N
€ 10 2000 40
833
x 10-3 Vem/N 140 20 300

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

in 3:1 connection, and with the direct fabrication of the composites from
extruded PZT fibers are discussed in detail elsewhere (Annual Report 1978,
Contract NO0O0l4-78-C-0291).

3.2.2 Fiber and Whisker Reinforced PZTs

Efforts to fabricate a high density PZT reinforced by high strength
alumira fiber or whiskers have not been successful. Even under the most
gentle firing conditions there is a significant interaction between the
A1203 and the mixed oxides of the PZT so that densification by conventional
sintering proved impossible. A most bothersome feature of the study was
the clear evidence that local reactions with the components of the PZT pro~
duce strong local "sticking" around the fibers so that voids are always
present.

It appears that a local liquid phase which would promote densifica-

| tion at lower temperatures and help lubricate the fibers will be necessary
| to exploit this approach.

£ Detalls of these studies are given in Appendix 4.
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3.2.3 Lead Germanate Composites

0 Evidence from earlier studies on lead zirconate titanate based capa-
citor dielectrics had suggested that the low melting PbSGe3011 ferroelec-
tric germanate might be used to lower the temperatures required for
densification and to produce a thin lamellar interface phase which could
markedly modify the poling and depoling characteristlics of the ceramic
piezoelectric. This study demonstrated that it was possible to form dense
piezoelectric composites with PZT at temperatures below 1000°C, The com-
posites demonstrated that the ferroelectric component could be poled at
elevated temperature and was stabilized against depoling. In this initial

study composites were prepared with d.,, = 65 x 10_12 m/V, permittivity

k = 470 which showed stabilization of3:he polarization at reverse fields
up to 40 kv/cm.

Full details are given in appendix 5.

3.2.4 Piezoelectric Properties of Internally Electroded PZT

Multilayers

Internally electroded piezoelectric devices have been prepared by
screen-printing platinum electrodes onto tape cast PZT, stacking the
electroded tapes in appropriate configurations, warm-pressing to form a
monolithic unit and thcn air-sintering in controlled atmosphere to final
density. After firing the internal electrodes are exposed where necessary

by surface grinding and contacted by external electrodes for poling and

o

driving.
Composites have been made from both hard and soft commercial PZT

formulations for both resonant and static strain evaluation.

T

It has been shown that the dielectric permittivity, dissipation fac-
tor, and piezoelectiic coefficients are largely unaffected by the presence
of the internal electrode and thus that elements which show greatly im-
proved strain:ivoltage ratios compared to conventional monoliths can be
prepared. The internal electrodes have also been shown to have little
effect on the frequency constant or the mechanical Q for resonant vibra-
tions.

As an example of one type of device which can be fabricated by this

"MW"J”‘MMWWMM N o

versatile technique, a piezoelectric transformer has been designed and
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tested. The multilayer configuration shr w3 considerable improvement in
voltage step-up characteristics compared to a conventional single layer
design.

A detailed account of these studies has been prepared for publica-
tion and is given in Appendix 6.

3.2.5 Electromechanical Properties of Antiferroelectric:

Ferroelectric Multilayer PZT Based Composites

In a second example of the tape cast multilayer technology, lamellar
devices have been made up which comprise alternating layers of a commer=-
cial soft PZT composition and a PbT103:PbZrO3:PbSnO3 antiferroelectric
composition. The objective of this study was to determine whether the
antiferroelectric-ferroelectric field forced phase transition in the
PbSnZT could be exploited to permit displacement continuity and poling
of the interleaving PZT, while the higher transition field at higher tem-
perature could effectively stabilize against depoling under reverse field.
The concept is somewhat similar to that attempted with the germancte
interleaving phase in 3.2.3 above, but attempts to use an alternative
dielectric mechanism to establish displacement continuity in the poling
process.

The essential features of the processing required to achieve dense

samples and of the resulting properties are given in Appendix 7.

References

3.1 R.E. Newnham, D.P. Skinner, L.E. Cross. Mat. Res. Bull. 13, 525
(1978).

3.2 D.P. Skinner, R.E. Newnham, L.E. Cross. Mat. Res. Bull. 13, 599
(1978).

3.3 D.P. Skinner. 'Piezoelectric Composites,' PhD Solid State Science,
The Pennsylvania State University, November 1978.

3.4 W. Lester. "A New Composite Ceramic Piezoelectric Transducer
Material," Technical Memorandum IW A9-20-TM-IU (1970).




4, PHENOMENOLOGICAL STUDIES
4.1 Iutroduction

Over the contract period work in this area has been focused on the
task of developing the programming techniques so that the ADAGE computer
graphics system and the associated IBM 370 computer at Penn State can be
used for the rapid evaluation of the phenomenological elastic Gibbs func-
tions which can be used to describe the perovskite type simple proper
ferroelectrics.

In earlier studies routines were developed which permit the visuali-
zation of the polarization surfaces of constant free energy in full three-
dimensional form, so that the low energy saddle points which separate the
phases at the first order transitions between cubic and tetragonal, tetra-
gonal and orthorhombic, and between orthorhombic and rhombohedral ferro-
electric phases can be readily visualized. The programmming was developed
using the simple Devonshire function with coefficients chosen to describe
BaTiO3 but is of a suitable form that other energy parameters may be used
so as to describe any combination of phases possible in the perovskites.

Over the past year a considerable effort has been devoted to the
development of a Gibbs function which can be used to describe the full
family of thermal, dielectric, elastic, and piezoelectric properties of
the unmodified PbZrO3:PbT103 cryscalline solid solutions which are the
basis for most present piezoceramic formulations.

In the following section, a brief summary of the results to date is
given. A more complete description of the study is presented in Appendix
8.

4.2 Brief Summary of Results

Parameters in the AG function which give a good fitting with the
observed phase diagram and which generate a near vertical morphotropic

boundary between tetragonal and rhombohedral rhases are

A= Ao (T-8)
¢ = B/C = - 1.20 in PbZr0,
changing linearly to + 0.80 in PbTiO

5
E = 80 x 100

-
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F = 450 x 107% in PbZr0, changing to -200 x 1078 1n PbT10,.

The fitting to the spontaneous polarizations as a function of compo-
sition and temperature which have been derived from the spontaneous strain
assuming pure electrostriction is quite good, and the striction constants
required appear reasonable and as expected do not change significantly
with composition. The rather sharper curvatures of PS calculated at tem-
peratures near Tc in all compositions as compared to the experimental
values suggests that the present level of approximation might be improved
by either including a first eighth power term in the energy expansion or
by imparting a temperature coefficient to the B term. There is evidence
from very recent computer runs that a small positive temperature coeffi-
cient on B also improves morphotropy near Tc'

Free energy values calculated from the function are in reasonable
accord with measured values of the enthalpy, but the present thermal data
are not very precise. Using that fitting to derive the Curie constant C
gives a value 3.0 x 105 which is not unreasonable. However, again the
available experimental data are not of great help, with literature values
going from 1.5.10° to 15.10°.

In making any comparison between the calculated and measured X, d,
and g values, it must be remembered that what has been derived are the
single domain single crystal values, while whatare available experiment-
ally are averaged polycrystal values. For the paraelectric cubic states,
the polycrystal orientations make no difference and the calculated X
values are towards the lower end of the spectrum of measured values as
might be expected. For the g values the calculated values are in general
higher than measured g values, but without proper averaging comparison
is difficult. In the d values the calculated values are lower, reflect-
ing the lower X values of the ferroelectric single domain states.

In the influence of mechanical stress the calculations give probably
the first reliable evidence of how the composition at which morphotropy
occurs will be shifted by internal stresses. The manner in which the
boundary moves under compression and tension agrees with earlier esti-
mates made by Henning (4.1).

It should be realized that the phenomenological analysis which has

i A
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been completed essentially establishes a reasonable framework to inter-
relate all aspects of the bulk elasto-dielectro-thermal behavior of the
PZT system. As additional experimental evidence in any of these areas
becomes available, the refinement of the function can be improved and the
consequences on other apparently only indirectlv related parameters
ascertained.

The present analysis suggests immediately two areas where refined
data could be of great help:

(1) Hign temperature, high frequency dielectric measurements are
required at temneratures above TC to better delin:ate the Curie Weiss
behavior in the cubic phase. Careful specimen preparation and characteri-
zation are required before such measvrements are carried through to be
sure that the data are not perturbed by grain boundary phases or Maxwell
Wagner effects.

{2) With modern calorimetry it should now be possible to refine
the thermal uata and thus provide a check on the dielectric Curie Welss
parameter.

With the basic relations now established for the pure PIfs, a second
arez which can be very eifectively carried through is the study of the
effects of various doping ions on the intrinsic properties. This would
give a clearer quantitative indicatior of the extrinsic modifications
which such doping schemes engender.

Developments from the present study could also include:

(i) Extension to the single cell compositions in the PLZT and PSnZT
families.

(2) Incorporation of the Kittell:Cross two-sublattice formalism to
encompass the antiferroelectric phase compositions.

(3) Inclusion of the nonferroelectric oxygen octahedron rotation
order parameters and their coupling coefficients to polarization and
strain so as to describe the canted octahedra multicell phases in the

PZT and PLZT families.
Certainly, an immense amount of work has been carried out already to

develop modified PZT-like compositions., Perhaps a major criticism which
could be leveled at much of this work is that in very few cases hasc it
been possible to separate modifications which have been made to the

intrinsic single domain properties of the ferrcvelectric from those which
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have been made simultanecusly to che exirincic domain and phase boundary
contributions to the meiasured pruperties. Yet without such clear separa-
tion a proper scientific attack on ¢.e problem is ~nt strictly possibie.

We believe that tne automat¢: phencmenological analysis provides the
necessary correlation betwoen some simpiy measured properties and the
single uomain characteristics, which will permit such a separation and
thus a much better understanding of this and of many other comparable
perovskite and tungsten bronze solid solution ferroeleciric systems.

It should be stressed that the pher:omenology is rot 2 theury, but
merely a rather sophisticeted way of describing ami inter-relating the
thermo-elasto-electric properties of these compliex polarizable deformable
solids. The functional description involves a level of approximation
which can always be improved by expansion of the fuaction, as aew and
more precise experimental data become available and thus is a continuing
task. Since, however, there is very clear evidence in ferroelectric
solid solutions that the energy function parameters mutate slowly and
continuously with composition change, it does have the very stiong merit
that the time invested in generating a proper and adequate function to
describe the present experimental information on the pure PZTs will be
a firm base from which to develop relations for the practical transducer

ceramics, the PLZTs and other comparable sulution systems.
Reference

4.1 K.H. ngdtl, D. Hennings. Science of Ceramics 6A, 298 (1973).
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5. CERAMIC PROCESSING
5.1 Introduction

Over the earlier period of this contract a substantial effort was
required to equip the group with the background and techniques for pro-
cessing a very broad range of piezoceramic materials by both conventional
and some less conventional methods. New equipment for powder preperation
hoth from mixed oxides and from organic precursors has been installed,
including new jet and attritor milis. A Donaldson classifier was acquired
and brought into operation with the MRL CESEMI system for automatic par-
ticle shape and size analysis, For forming,an automatic rotary pellet
press was installed and new equipment for tape casting of PZTs brought
into operation. During the three year period all processing furnaces
have been placed on automatic program control using Research Inc. con-

rollers and data track programming. Gas isostatic hot pressing equip-
ment was designed, fabricated and placed into operation.

Utilizing this equipment, studies have been completed on preparation
and reactivity of lead zirconate:lead titanate solid solutions prepared
by precipitation from aqueous solutions (5.1); the densification of PZT
cast tape by pressing (5.2); the role of 2r02 powder in microstructure
development in PZT ceramics (5.3), and the reactivity of zirconia (5.4).

During the current year studies on the solid state reactions in the
PbO-T102-2r02 system, on the reactivity of chemically prepared PZT solid
solutions, and on the hot isostatic pressing of PZT materials have been
completed, A very brief description of these works are given in the

next section; full reports are included as appendices.

5.2 Solid State Reactions in the Pb0-Ti09-Zr0)> System

The reaction sequences which can occur in the formation of PZT solid
solutions by thermal processing of mixed oxide powders have been studied.
The method of analysis of the complex reaction sequence was to place the
charge in a closed A1203 crucible which was inserted into a preheated
calcining furnace for a fixed interval of time ranging from 2 to 24 hours.
After heating the crucible was air quenched and the powders analyzed for

phase content by x-ray powder methods. DTA and TGA were also carried out
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on the powders. A wet chemical analysis technique was also used to deter-
mine the amount of uncombined Pb0 in each calcined powder.

To account for the observed sequence of phases, a three-step reaction
sequence involving initial formation of PbTiO3 followed by its reaction
with PbO and ZrO2 to form a Pb0 s.lid solution phase, the final PZT being
formed by the PbO solid solution phase reacting with uncombined ZrO2 and
PbTiO3 (Appendix 9).

5.3 Reactivity of Chemically Prepared Lead Zirconate:Lead Titanate
Sol.d Solutions

The sequence of reactions leading to the formation of the final PZT
phase from precipitated alkoxides of zirconium and titanium and lead
1—x03 with x = 0.5, 0.52,
0.55, and 0.60. The techniques of analysis were similar to those used in

oxide have been studied for compositions PberTi

the mixed oxide compositions above, i.e. x-ray diffraction for phase
identification, wet chemical analysis for unreacted PbO and DTA and TGA
for phase changes.

It appears from these studies that the reaction sequence is much
simpler in the alkoxide prepared system than in the mixed oxides. The
precipitated complex is already a PZT hydroxide which directly decomposes
into the homogeneous PZT. There is no evidence of intermediate lead
titanate or lead oxide solid solution phases. Clearly the chemical prep-
aration method should give a more homogeneous stoichiometric PZT. How-
ever, the densificatiun of this powder will certainly be different from
conventional mixed oxide sintering where the intermediates may play a very
important role (Appendix 10).

5.4 Ho: Isostatic Pressing (HIP)

A study has been made of the parameters for a single step hot iso-
static pressing process for PZT plezoceramics. It is shown that the time
required to reach high densities 1s considerably shorter than in conven-
tionzl sintering. The small porosity reduction which the HIP does effect
does not make any significant change in the relative permittivity plezo-
electric coefficients or elastic compliance of the PZTs tested, but does

make a significant Improvement in the dielectric breakdown strength.
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Densification of the PZT during the HIP processing is believed to take
place largely by a mechanism involving particle deformation, even for the

materials where a liquid second phase appears to be present at the HIP

temperature (Appendix 11).
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6. RELATED AREAS
6.1 Introduction

Over the period of this contract, a number of studies wlich ara
closely related to the primary objectives have received full or partial
support from contract funds. In this section these projects will be
briefly discussed, the aims and objectives of the studies outlined and
in each case the important results reviewed. A more complete account of

each area is given Jn the attached Appendices 12, 13, 14, 15, and 16.

6.2 Complex Perovskites Containing TeOg Groups

Politova and Venevtsev (6.1, 6.2) have reported data on a wide family
of compounds in the perovskite structure on the general formula

A+2 (B;ZSTe;f)S)O3 where the A+2 cations are Sr, Ca, or Cd and the B+

2
cations are Mg, Co, Zn, Cd, Sr, Ca, ¢: Mn. Many were reported to have
high temperature phase transitions into a distorted monoclinic form and
to be of potential interest as high Curie temperature 'strong' ferroelec=-
trics. Since such materials are clearly of interest for potential piezo-
electrics, eilther alone or as components in other perovskite solid
solutions, it was decided tu investigate the family. Unfortunately, from
the simple structural and dielectric studies of the Russian workers, it
was not possible to distinguish whether the distorted phases were ferro-
electric or whether they were antiferroelectric or ferroelastic.

To clarify the nature of the distorted phases appearing at room
temperature in these tellurate perovskices, it was decided to apply the
method of second harmonic optical analysis using simple powder samples.
By this method it is possible to separate in the distorted perovskites
acentric (ferroelectric) species from centric (antiferroelectric and
ferroelastic) distorted structures.

For 19 of the compounds studied, only 4 showed any harmonic signal
at all, and in all of these the activity was less than 2% of quartz,
suggesting probably even in these compounds an extrinsic, perhaps an

impurity, effect. Thus it appears that in spite of the very high suggest-

ed polarizability of the TeO6 octahedron, these compounds still appear
2+

t~ follow the general rule that for (B" , B6+) systems cation ordering

-
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usually occurs and gives rise to dominantly antiferroelectric displace-
ment structures.
In view of the focus of our work on potential piezoceramics, the
: optical SHG results saved much time by eliminating these tellurates from
further study.

6.3 Studies of Strontium Pyroniobate SroNb07

Recent studies ir. Japan (6.3) have shown Serb207 to be a strong
ferroelectric with one of the highest Curie temperatures known (1352°C).
Initial studies in our laboratory on ceramic samples confirmed exceed-
ingly strong opticzi harmonic generation and thus a strongly acentric
structure, but it proved impossible to pole the ceramics to a bulk piezo-
electric response.

The study was then transferred to exploring the possibility of
generating very thin stoichiometric films of the pyroniobate by RF sput-
tering. The reasonsfor adopting this approach were (1) to ascertain

whether the amorphous Serbzo films themselves might retain a measure

7
of ferroelectric activity, as had been suggested by Lines (6.4) in
LiNbC3, and (2) if the noncrystalline films were not ferroelectric, to
recrystallize the specimens by thermal annealing and delineate the

evolution of the ferroelectric behavior with increasing crystallite size.

The initial task of generating stoichiometric pinhole-free films of
the correct pyroniobate composition proved more challenging then antici-

pated. The problem was cventually traced to an anomalously high re-

|

sputtering rate from the substrate which we believe may prove to be a
problem common to the fabrication of all high permittivity insulator
films made by the RF sputtering method.

The SrZNb207
iometric target with suitable adjusted SrO:Nb20S ratio. In the noncrys-

composition was formed by sputtering from a nonstoich-

talline form the films proved to be nonferroelectric, and to have linear
dielectrlc propertiec and a relative permittivity ~20.

Attempts to use the sputtered films to study the effects of re-
crystallization on the dielectric properties were completely frustrated

by the unusual thermal annealing kinetics. It appeared that once initiated;

£
f =
£
g
-

crystallization proceeded very rapidly but was accompanied by total dis-

ruption of the film.
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6.4 Plezoelectricity in Bismuth Titanate

With the evolution of new techriques which may permit the economical
production of strongly grain oriented ceramics, the highly anisotropic
ferroelectrics in the bismuth oxide layer structure family are becoming
of considerable interest as candidate materials for piezoceramic appli-
cations.

Unfortunately, at present very little is known about the electro-
mechanical coupling in any of these bismuth oxide layer structure cyrstals.
Since we were very fortunate in having already a rather large suite of
bismuth titanate (BiAT13012) single crystals, several of which had already
been electrically poled into the single domain form, it appeared useful
to measure the plezoelectric response in these single domain crystals.

In bismuth titanate, the ferroelectric phase is in point group m and

the d,, matrix has the components

ij
dip 912 Y3 0 45 O
0 0 0 4y 0  d
d3p d3; d33 0 dy O

For experimental study, the Berlincourt d33 meter was used to measure

dll’ d22, d33 on small rectangular crystals cut from single domain sec-
tions. To compare to these measured data, d values were derived phenom-

enologically on the assumption that Bi,Ti.0,, is a simple proper ferro-
4773712

electric.
Comparing the measured and calculated values, there is excellent

agreement for dll and d22, but for d33 theory and experiment differ by

more than one order of magnitude. The data show clearly that the simple

Devonshire type phenomenology is inadequate for B14T13012 and suggest a

triggered phase change in which the spontaneous polarization triggers an
instability in a second symmetry unrelated order parameter.
6.5 Electrostatic Measurements of Unusuvally Large Secondary Pyroelec-

tricity and of Tertiary Pyrcelectricity in Partially Clamped LiNbOj
Single Crystals

In a cooperative study with L.B., Schein and P.J. Cressman at Xerox

Corporation pyroelectric signals were observed from single domain crystals

= — = R s =

- — it
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of lithium niobate under conditions of partial radial clamping. The
appropriate boundary conditions were produced by the use of local laser
heating to generate a temperature change in the central spot of a larger
diameter circular disk.

The observations using a non-contact electrometer to map the poten-
tial distribution permitted the effective separation of primary and
secondary pyroelectricity, and the observation in a ?-cut crystal (the
2 or y axis normal to the plane of the disk) of a very large secondary
signal where components along the 1 and 3 axes map the radial and tan-
gential components of the thermal stresses.

In a second study, the neutral axis which exists when the 1 or x
axis is normal to the plane of the sheet was used to map what appears to

be the first observations of true tertiary pyroelectricity.
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7. CRYSTAL GROWTH

7.1 Antimony Sulphur Iodide

During the second year of this work, a restricted effort was
initiated to grow single crystals of the ferroelectric antimony sulphur
iodide (SbSI). This crystal has the highest known d33 in any ferro-
electric, but it is mechanically unsuitable for direct application. The
prototypic symmetry is mmm (orthorhombic) and the bonding highly aniso-
tropic with strong covalent bonding along the polar ’'c' axis of the
ferroelectric phase, but only very weak Van der Waals forces perpendicular
to this direction. In practice the crystals tend to grow in fibrous
bundles which open like the pages of a book under shearing forces.

The objective of the present study was to grow single crystals or
tightly intergrown crystal bundles which could then be hot forged to study
the influence of the forging technique on the mechanical strength and
pi~zoelectric response of the resulting polycrystal.

In view of the need for crystalline material in rather large quantity
on a rather short time scale, it was decided to use a flux growth method
with SbI3 as the flux. The studies which were accomplished are summarized
in Appendix 17.

It was observed that the morphology of the crystals grown could be
controlled by choosing suitable combinations of growth parameters primar-
ily the Sb253:5b13 ratio, the temperature gradient, and the rate at which
the criucible was lowered through the gradient. A number of batches with
crystals more than several centimeters in length, and ranging from large
platey crystals to lightly intergrown fiber boules were supplied to NRL
for forging studies,

7.2 Lithium Metasilicate

The Czochralski pulling technique was used to study the growth of
single crystals of lithium metasilicate L125103 which is an interesting
polar crystal having potential for applications in piezoelectric and
electrooptic systems. Crystalline 1.125103 has an orthorhombic structure
in space group Cmc2, with (81206)co chains oriented parallel to the polar

¢ axis. The compound melts congruently at 1201°C, but Czochralski growth

-
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is complicated by the very high viscosity of the melt at the growth tem-
3 perature. Good quality crystals with crack-free areas up to 5mm x Smm
normal to the 'c' axis were eventually grown. In all cases, however, the
crystals exhibited a lamellar structure of closely snaced antipolar twins
which were revealed by etching. Attempts to modify this twin structure
by doping and by growth in an electric field were not successful.

We belleve that a more thorough investigation of the conditions required
for producing larger crack-free crystals will be required before the anti-
polar twinning can be successfully tackled. In very recent studies 2f the
recrystallizatior of lithium metasilicate from lithium silicate glasses,
we have found that excellent crystal alignment can te achieved by recrys-
tallizing in a very high temperature gradient. Thus it may be that by
careful control of the gradient at the crystal-melt interface, the polar
twinning can also be controlled in the single crystal.

Details of this work are given in Appendix 18.

i i i s G R i G

i
i 'hmmmmm i

g e




. APPENDIX 1

Electrostriction in Pb(Zn

I

173273003

(I

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

3
£
F 5
§
]
S
s
i
|
£
T
i
i
:
=
i
E S
E
s
=
=

e

A




-

ELECTROSTRICTION IN Pb(Zn1/3Nb2/3)03

S. Nomura and J. Kuwata
Department of Physical Electronics
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S.J. Jang, L.E. Cross and R.E. Newrham
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University Park, Pennsylvania 16802

ABSTRACT

The electrostriction in Pb(2n1/3Nb/3)03 crystals has been inves-
tigated using a strain gauge method. In the ferroelectric phase
below 140 C, the strain vs the electric field shows a hysteresis,
which is ascribed to the effect of ferroelectric domains. A
quadratic r~lation holds between the strain x and the electric
polarization P as x = QP2 above about 170 C in the paraelectric
phase. Values of the electrostrictive Q coefficients are deter-
mined from the measurements near 190 C, as Q11 = 1.6-10‘2m4/02,
Q, = -0.86-10~2n/c2, and Q,, = 0.85:10" Zm%/CZ.

Introduction

Lead zinc niobate Pb(Zn1/3Nby/3)03 is a ferroelectric of the perovskite
type exhibiting a diffuse phase transition. The structure is rhombohedral at
room temperature and undergoes the phase transition to cubic at about 140 C.
Many studies have been done »on the dielectric properties (1,2,3), on the
optical properties (3,4,5,6), on the domain structure (7), and also on the
thermal dilatation (8).

One of the fundamental properties of a ferroelectric is electrostriction,
which gives rise to a strain proportional to the square of an applied electric
field. Yet no work has beaen reported so far on the electrostriction in
Pb(Zn1/3Nb2/3)03 crystal while applying electric field in the temperature reg-
jon of the diffuse phase transition, where the regions of ferroelectric and
paraelectric phases coexist.

This paper ias concerned with the electrostriction in Pb(2nj/3Nb2/3)03
single crystals using a strain gauge. The induced strain was measured as a
function of applied electric field, or the electric polarization from room
temperature to 200 C.




Experimental

Our investigation was made using flux-grown crystals of Pb(Znj/3Nb2/303)
(2). The specimens used in the measurement of the electrostriction were
rectangular plates oriented parallel to (111) and to (100), and ranging from
2.5~ 3.7 um on edge and from 0.35 to 3.75 mm thick. Silver electrodes were
evaporated onto the faces, and a polymid foil strain gauge (Kyowa, KFH-02-350)
was bonded with a cement (Kyowa, PC-6) on the face of the crystal as shown in
Fig. 1.

In the cubic structure of perovskite type, the electrostrictive coeffi-
clent tensor Qqy is defined by the following equation

"11\ U Yy Y, 00 = \ P
oY) Q2 Y Y, O 0 0 P
X33 l' Q; 9y 9 O & 0 P )
Xys 0 0 0 q, O 0 P,P,
X, 5 0 0 0 o q, O PP,
e 0 0 0 0 0 Q, PP,

where X44 Tepresents the strain components and P; is a component of the included
electric polarization vector (9). In the measurement of the specimen shown in
Fig. la, the strain is given by

2
11" Qif) 2)
For the specimen in Fig. 1b the strain is
- 2
X2 = Q2% )

For the third specimen (Fig. lc), the strain parallel to the (111) plane denoted
by x(111)» is measured as a function of the electric polarization P along the
[111; direction. Here the relation is

2
X1y © Qun? page (4)

where

Qypgy = Q@ *+ 29, = Q)73 (3)
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FIG. 1
Specimens with electrodes and straingauge attached.
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Thus we were able to determine the values of the electrostrictive coefficients
Q11+ Q12» and Q44, by measuring the strain with the specimens (a), (b), and (c)

Strain gauge measurements were carried out by an AC method at 180 Hz, usir
a phase sensitive detector and a double bridge to buck out the residual AC
signal. The dummy gauge was bonded on a copper cube mounted inside a copper
block together with the sample to ensure uniformity of the temperature. The
resolving power was estimated as AZ/% % 3:10~7, The induced strain was measure
step by step with increasing and decreasing applied field at various tempera=-
tures. The data were taken about five minutes after the electric field had bec
applied upon the crystal. The induced electric polarization was measured at 5(
Hz using a Sawyer-Tower circuit.

Results

For the specimen (c), in which the electric field was applied along the
[111] direction parallel to the spuntaneous polarizatiou in the ferroelectric
phase, the strain was measured not only in the paraelectric phase but also in
the ferroelectric phase, in order to observe the effect of ferroelectric domair
In the cases of the specimens (a) and (b), the measurements were made only in
the paraelectric phase, where the quadratic equation (2) or (3) holds.

The curves of strain Xx(y;7) Vs electric field E{131] taken at various tem-
peratures are shown in Fig. 2. %n the ferroelectric phase [(a), (b), and (c)]
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FIG. 2

Strain x¢171y V8. electric field E[ll . (a) T = 28°C, (b) T = 100°c,
ic§ % = 125°C, (d) T = 138°C, 156°C, 174°C, and 193°C. ’
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the curve 1s wccompanied by a hysteresis,
which 1is ascribed to the effect of the ferro~
electric domains. The coercive field de~
creases with increasing the temperature,
vanishing at about 135 C, which is shown in
Fig. 3. The curves of x(311) vs E[111] at
temperatures higher than 138 C are shown
together in Fig. 2(d). It should be noted
that the strain-electric field relation 1is
not quadratic near the average Curie tempera-
ture in the paraelectric phase.

6ﬂ.——
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Coercive field(V/m),_

. ) \ . The strain x;3; and x;5 were measured as
0 50 00 150 200 a function of electric field E; (Z E 100]) in
Temperature (°C) the paraelectric phase, as shown in Figs. 4
and 5 respectively. The strain x;; is posi-
tive, while x97 is negative. In the measure-
ment of the strain xj; [the specimen (a)],
FIG. 3 the strength of electric field was limited
Coercive field vs temperature to 3.6°10° V/m to protect the specimen and
for Pb(Zn1/3Nb2/3)O3 the strain gauge from electric breakdown.

To examine the relation between the strain and the polarization, the induced
polarization was measured as a function of the electric field at 50 Hz, using a
Sawyer-Tower circuit. It was noted that the peak value of the polarizationdoes
not vary appreciably with measuring frequency in the paraelectric phase above
170 C. The P[j31] vs E[111] curves are shown in Fig. 6. The log-log plot of
X171 X229 and x(llg) against the polarization at high temperatures are given
in Fig. 7, where the quadratic relation x « P2 is indicated by a straight line.
This confirms the quadratic formulae given by the equations (2), (3), and (4)
in the temperature region above 170 C. The values of the electrostrictive co-
efficients Qj3;, Q)7 and Q(lll were determined by a least square method using
the data near 190 C as Q;; = !.6-102 ub/c2, Qg = -0.86-10-2 m%/C2, and Q(111)"

Electric tield Ecoo (VIim)

' 4 6 8x10°
-m;l Te147.5°C
-051
T=189'C
=2 41.0x107* =10
€ 2
° * € 177°C
= <-15
¥ {05 -
191.5°C ] L
=20
0 1 2 3 410"
Electric field Egoq (V/M) -25 1495°C
0"
FIG. 4 FIG. 5
Strain x;y vs electric field E[100] Strain x22 vs electric field E[100] in

in the paraelectric phase. the parael.ctric field.




-0.32-10"2 m4/c2, the errors of which
remain less than ten percent. Using
the equation (5), the Q44 coefficient
was calculated as Q4 = 0.85 10~2 mé/c2.

o
W

Discussion T=138°C

As an explanation of the diffuse
phase transition which occurs in the
disordered perovskite compounds, it
has been considered that the ferro-
electric phase transition is not sim-
ultaneous throughout a crystal because
of the internal stress and the compo-
sition fluctuation. Previously we
observed (10) that in the paraelectric
phase the quadratic electro-optic g
coefficient of Pb(Zn1/3Nb2/3)03 quad-
retic with respect to the polarization, .
increases with decreasing temperature 0 2 4 & 8 10x10°
on approaching the average Curie tem~ Electric field Eguy{V/im)
perature. This behavior is attributed
to the influence of polar micro-domains,
which exist even in the paraelectric FIG. 6
phase. We analyzed the data for the :
electro-optic effect by introducing a
temperature-dependent volume fraction
of polar regions and found that the
true coefficient is nearly temperature-

156°C

[=]
N

174°C

193°C

o
=4

Polarization Pg,,,(C/m2)

Curves of electric polarization
P[111]) vs electric field E{(1)1)
at variouz temperatures.

independent and that the volume frac- J
tion becomes less than five percent in 0%
the vicinity of 190 C. In other words,
the quadratic formula for the electro- ~Xan
optic effect is approximately correct
near 190 C in Pb(Znj/3Nb2/3)04. It is
quite reasonable to expect that a sim-
ilar situation will hold in the case
of electrostriction. As demonstrated
in Fig. 7, a quadratic relation holds . TG
between the strain and the polarization ™ n;ﬁq
at the higher temperatures. b %%
In a ferroelectric of the displacive gg_
type, derived from centric prototype 165 |
structures, similar relations between 174
i strain and polarization apply regardless }gg
H of whether the polarization is induced
or spontaneous. Therefore one can esti- 1077t
mate the order of magnitude of the Q 10 o .
i coefficients from the values of the spon- Electric Polarization P(C/m?)
E taneous strain and the spontaneous polari-
g zation. The Q(qqqy coefficient calculated FIG. 7
£ from the values of the spontaneous strain Log-log plot of strain x33, X33
g (8) and the spontaneous polarizationa(lo) and x¢977) against polarization
4 at room temperature is -0.322:10~2 m'/C2, in the paraelectric phase. A
which agrees with that determined from the straight line represents x « P

measurement in the paraelectiic phase. equation.




According to a phenomenological theory developed by T. Yamada (11), the
electrostrictive constants of the perovskite type oxide are nearly constant
with the values, Q;; = 0.10 m4/C2, Q2 = 0.034 m4/c2, and Q44 = 0.029 mé/c2,
The values we determined on Pb(Zn1/3Nb2/3)03 are smaller in the nagnitude, com-
pared with those values. It is interesting to mention that the quadratic
electro-optic g coefficients have almost the same value in a number of oxygen-
octahedral ferroelectrics, with the exception of those containing highly polar-
izable Pb2+ ions in the perovskite A position. It has been reported that the
g coefficient of Pb-containing ferroelectrics are about 1/10 (5). It is not
certain at present whether the =imilar situation holds for the electrostrictive
coefficient. Further understanding awaits experimental data for more perovskite
type oxides containing Pb2* ions.
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- LARGE ELECTROSTRICTIVE EFFECTS IN RELAXOR FERROELECTRICS*
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ABSTRACT

Lead magnesium niobate and other relaxor ferroelectrics are pronising
transducer materials for use as active elements in adaptive optic systems and

) similar applications. These -eramics 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 poled piczoelectric ceramic are largely

elimipated. Suitably chosen compositions in the Pb3Mng209-PbTiO3 family give

e

electrostriction strains ten times larger than those of conventional BaTiO;-

based ceramics. Low expansion coefficients are an added advantage for thermal

stability.
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Early in the evolution of piezoelectric ceramics, "soft" low-coercivity
ferroelectric ceramics were often used under DC bias for piezoelectric appli-
cations. However, with the evolution of the Pb(Zr,Ti)03, where the effective
coercivity could be controlled by suitable dopants, the present generation of
poled piczoceramics completely replaced these early electrostrictive devices.
Over the past ten years, however, the rapid development of tape-cast multilayer
technology, and the ensuing development of new high-permittivity low-saturation
anhysteretic capacitor dielectrics has considerably changed the situation.

Foremost among these formulations are a large family of ferroelectrics
wvhich exhibit strong relaxation character in their dielectric response near
the ferroelectric Curie temperaturel-3. Lead-magnesium niobate (Pb3Mng209)
1s perhaps the best example for which a wide spectrum of properties has been
measured in both siangle and polycrystal samples. In this crystal, the unusual
response has been traced to a statistical inhomogeneity in the distribution of
the Mg2+ and Nb5+ ions in the B-sites of the ABO3 perovskite structure. This
c-andom arrangement leads to a distribution of microvolumes within the sample
wiich have widely different Curie temperatures. Thus on cooling from high tem-
peiature, there is a Curie range rather than a distinct Curie point, and
within this Curie range the crystal exhibits an intimate mixtuve of paraelectric
and ferroelectric vegions.

Th2 point which is of major interest for potentiil electrostriction appli-
cations is that for temperatures within this Curie range, the cryscal can be
poled into a strongly ferroelectric form, but on removul of the poling field
reverts back to a random arrangement of microdomain volumes with no net remanert
moment. It is the growth, reorientation and subsequent decay of the microdomains

which gives rise to the time-dependent dispersive dielectric response over the

Curie region.
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High ficld dielectric measurements at 60 Hz for temperatures just below
the Curie range show an apparent normal hysteretic response with large levels
of induced polarizationa. However, low-frequency pyroelectric studies indicate
cleariy that the apparent remanence is spurious5 and is<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>