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Initial tests of a pseudo 1:3 PbZnj/3ilb2/303:PbTi03 ceramic:epoxy
composite shows unusual promise with d33 values up to 1,000 pc/il.

4 (2) Electrostriction

Theoretical calculations have been extended to the fluorite structure
halides CaF2, SrF», and BaFp. This workehas been most important in confirming
new data for the converse measurement technique. Using the new uniaxial com-
pressometer described last year, the full electrostriction tensor has been
measured for CaFp, SrF2, and BaF2. The values are all lower than earlier
direct measurement, but in good agreement with theory. The instrument is now
being used to characterize electrostriction in sodium silicate and alumino-
silicate glasses.

For high permittivity relaxors, work has been completed which clearly
gemonstrates the electrostrictive origin of elastic changes in the relaxor

LZTs.

In a cooperative study with the Dielectrics Center Program, electrostric-
tion nas been used to confirm the superparaelectric origin of the permittivity
in strontium barium niobate and to measure the fluctuating component of the
polarization above the mean Curie temperature.

(3) Conventional Piezoelectrics . .

A phenoinenology for the single cell structure phases in the PbTi03:PbzrQ3
solid solution family has been completed. The theory has now been extended to
the multicell structures involving tilts of the oxygen octahedra. A simple
fourth order expansion in tilt angle permits a qualitative description of
observed properties and a full sixth order presentation gives close quantita-
tive fitting of polarization and tilt behavior.

(4) Preparative Studies -y

In single crystal growth, work has been concentrated upon the
Pbg gBag, 4flb20g bronze compositions close to the morphotropic phase boundary.
New Crystals of KMgF3 and KinF3 have been grown for electrostriction and
third order elastic constant measurement. The fresnoite structure analogue
BaTiGep0g is also being grown to permit study of the unusual ferroic phase
change in this crystal near 0°C.

In ceramic preparation, studies of liquid salt techniques for developing
acicular powders of Pb(K)iibpOg have been completed. In cooperation with the
Dielectrics Center programs, tecnniques are being develoepd for very rapid
firing of relaxor type electrostrictors.
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1.0 INTRODUCTION

This report delineates work carried out on the second year of Contract

No. N00014-82-K-0339, Piezoelectric and Electrostrictive Materials for
Transducer Applications, which is Tacsk II of the contract award. Task I, .
which was performed to further development of the Center for Dielectric |
Studies, is submitted as a separate report. !
In keeping with earlier reports in this sequence, there is a brief
narative description of the major advances which have been accomplished on
contract funds, the bulk of the work has, however, been published or is being
submitted for publication and is carried as appendices to the report in the
form of reprints and preprints of these papers. Again for convenience, the
work is divided into four major sections:
(1) COMPOSITE MATERIALS FOR TRANSDUCER APPLICATIOKS
(2) ELECTROSTRICTION
(3) CONVENTIONAL PIEZOELECTRICS

(4) PREPARATIVE STUDIES.

2.0 A S NTS
2.1 Piezoelectric Composites for Transducer Applications

(a) The development of new water quenched piezoelectric powders in the
PbTiOszsiFe03 solid solution system for the active phase in 0:3
ceramic:polymer composites. The best samples give g, ~ 100 mV¥m/N and dy ~ 50
pC/N comparable to the best 0:3 composites produced by NGK in Japan.

(b) Diced capped PZT polymer composites having d,g, values up to 20,000
n?/N have been fabricated and tested in MRL and at NRL Orlando.

(c) Poling studies have been extended to 0:0:3 composites incorporating

1
.
h
b
3
h,
‘N
#ﬁ a conductive filler phase and a cubes type model developed to describe the
r,

behavior.
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(d) Preliminary evaluation of pseudo 1:3 composites using a lead zine
niobate PbZn1/3Nb2/303 active phase have shown values of d33 up to 1,000 pC/N,
(e) Finite element methods applied to analysis of the stress and
polarization distribution in 3:0 ceramic:polymer composites have yielded

values for dy, and g, coefficients within 10% of measured data.

2.2 Electrostriction
2.2.1 Theoretical Studies

(a) Calculations of electrostriction constant Q, and Q,, for BaF,, SrF
h 44 2 2
and CaF, show good agreement with experimental determinations using the

indirect method, and tend to support these data over the larger values

o S SRl A Tr PP U - VY eib P

determined by direct measurement. Reasonable accord is also observed with the

Bl Aamss

numerically larger third order elastic constaants. The theory still has
problems accounting for the electrostrictive shear constant Qg = Q;1-Qq9 ]

probably due to many body effects in the short range overlap forces.

2.2.2 Experimental Studies

(a) The compressometer discussed in last year’s report has been used to é
measure electrostriction in Ban. Can, SrF2 single crystals.

(b) The system is now being used to characterize electrostriction in
sodium trisilicate and sodium aluminosilicate glasses to observe the effect of
sodium ion relaxation on the electrostrictive behavior. The question which is
to be resolved is whether the equality between direct and converse
electrostriction effects which is based on reversible thermodynamics will
breakdown for the highly dissipative glass system.

(c) A detailed study of the PLZT family compositions near the 65:35

norphotropic phase boundary have confirmed the electrostrictive nature of the

RN Ce e - . e s S
o, - - - LY ’ - - K P . P T T U T -
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strain which accompanies polarization and suggested a new type of current
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controlled "dial a displacement transducer.”

v
3

(d) In cooperation with the Dielectric Center programs, electrostriction

(‘ "-‘
s
[

measurements have been combined with thermal expansion and birefringence

studies to sort out the fluctuating component of polarization in the relaxor

ferroelectrics Ba0_398r0.61Nb206 and Pb(Mg1/3Nb2/3)03.

2.3 Conventional Piezoelectrics

2.3.1 Practical Studies

(a) In a series of studies aimed at stabilizing the perovskite structure
phase in PbZn1/3Nb2/303 ceramics, solid solutions incorporating BaTiOj; and
PbTi03 are being explored. With only 5 mole% BaTiO3 excellent sintered
ceramics have been obtained and studies are now exploring composition near the
morphotropic boundary between rhombohedral and tetragonal ferroelectric
phases.

(b) Cooperative studies with North American Philips Laboratories are
exploring the low temperature properties of the highly anisotropic PbTi04:Sm

piezoelectric compositions.

2.3.2 Phenomenological Studies

(a) The studies initiated by A. Amin in our group to delineate a

phenomenological Gibbs function to describe the whecle family of simple proper

ferroelectrics in this so0lid solution system has now been completed and

published.

- S

(b) Following on from this work a simple model was proposed for the

N,

multicell rhcmbohedral phase, describing the contribution to the free energy

.

by oxvgen octahedron rotation as an expansion using the tilt angle as the

order parameter. A simple expansion up to the 4th power terms permitted a

I

3

b

>

e 3
|
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rigorous family of sclutions and clearly delineated possible descriptions from

the model. One such description is in qualitative agreement with the observed
PZT behavior. .
(c) To improve the simple 4th power model, which only permits second
order rotational transitions, a 6th power term has been added. The simplicity
of the solutions is lost and computer solution is necessary but the fitting to
experimental rotation and polarization data is excellent.
(d) The objective of the initial exercise in the multicell system is now
in sight. By adding the cross terms which couple polarization and strain
(electrostriction) and rotation and strain (rotostriction) the shape changes
associated with the polarized rotated states, i.e. the multicell states, can

be properly described.

2.4 Preparative Studies

2.4,1 Single Crystal Growth

(a) Focus of effort is single crystal pulling has remained with
PbI/xBabe206 tungsten bronze crystals at compositions close to but on the
tetragonal side of the Pb,y gBag 4Nby0g composition.

To aid in the study of the unusual phase change near room temperature,
single crystals of the fresnoite structure Ba2TiGe208 are being pulled from
the stoichiometric melt.

(b) In Bridgeman growth, a sealed ampule technique is being used to grow
crystals of the fluoride analogue perovskite KMnF3 and KMgFj. These crystals
are needed for compressometer studies of the electrostriction behavior and for
measurements of third order elastic constants.

(c) Flux growth has been used to produce mm cube crystals of the

perovskite form of PbZn1/3Nb2/3O3 using excess PbO and 8203 as fluxes. The
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program to improve the growth of Png2/3O3 and Png1/3Nb2/303:PbTiO3
compositions i; continuing.
. Small (mm) size single crystals of PbTiO3:Sm have also been grown with

samarium content up to 10 mole%h,

2.4.2 Ceramic Studies

(a) Preparation of acicular powders by liquid salt processing has been
carried through for compositions in the PbNb,0.:KNbOg system.

(b) In cooperation with the Dielectric Center programs, a new computer
controlled furnace system has been developed which permits rapid firing of
small low thermal inertia samples in highly controlled reproducible firing
cycles,

(c) Efforts have continued to improve preparation facilities for the
many types of ceramic compositions required in both Piezoelectric and
Dielectric programs. New Swako vibratory mill, and a new attritor mill have
been installed, a high energy sonicator for dispersing soft agglomerates in

tape casting formulations is also in use, and new particle size

characterization equipment is on order.

3.0 PUBLICATIONS, PRESENTATIONS, HONORS, AND AWARDS

3.1 Publications
Over the contract pericd from January 1 to December 31, 1984.
1. J. Runt, E.C. Galgoci. Piezoelectric Conposites of PZT and Somne

Semi-Crystalline Polymers. Mat, Res, Bull, 19:253 (1984),

2. J. Runt, E.C. Galgoci. Polymer/Piezoelectric Ceramic Composites:

Polystyrene and Poly (Methyl Methacrylate) with PZT. J._ Appl.__Polymer

ci 29:611 (1984),
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Z2,Y. Meng, U, Kumar, L.E. Cross. Electrostriction in Lead Lanthanum

Zirconate Titanate (PLZT) Ceramics. J. Amer, Ceram, Soc, (in press).
T.R. Halemane, M.J. Haun, L.F. Cross, R.E. Newnham. Phenomenoclocgy for
First Order Transitions with Tilted Octahedra. Ferroelectrics (in
press).

L.E. Cross. Dielectric, Piezoelectric, and Ferroelectric Components.
Ceram. Bull, 4:586 (1984).

T.R. Halemane, MuL Haun, L.E. Cross, R.E. Newnham. A Phenomenological
Theory for Phase Transitions in Perovskite Ferroelectrics with Oxygen
Octahedron Tilts. Ferroelectrics 62(3/4):149 (1985).

A. Amin, M.J. Haun, B. Badger, H.A. McKinstry, L.E. Cross. A
Phenomenological Gibbs Function for the Single Cell Region of the
PbZr05:PbTi05 Solid Solution System. Ferroelectrics (in press).

T.R. Gururaja, W.A. Schulze, L.E. Cross, R.E. Newnham. Piezoelectric
Composites for Ultrasonic Transducer Applications. Part I. IEEE_Trans.
on Sonies and Ultrasonics (in press).

T.R. Gururaja, W.A. Schulze, L.E. Cross, R.E. Newnham. Piezoelectric
Composite for Ultrasonic Transducer Applications. Part II. IEEE_Trans.
on Sonics and Ultrasonics (in press).

A, BHalliyal. Study of the Piezoelectric and Pyroelectric Properties of
Polar Glass Ceramiecs. Ph.D. Thesis in Solid State Science, The
Pennsylvania State University (May, 1984).

T.R. Gururaja. Piezoelectric Composite Materials for Ultrasonic

Transducer Applications. Ph.D. Thesis in Solid State Science, The

Pennsylvania State University (May, 1984).




23,

24.

3.2

M. Bliss. An Analysis of the Reaction of Pb0O and szos in Molten Salt
for Use in Grain Oriented Piezoelectric 0:3 Composites. M.S. Thesis in
Ceramic Science and Engineering, The Pennsylvania State University
(August, 1984),

K. Rittenmyer. Electrostriction in Cubic Halide Compounds. Ph.D. Thesis

in Solid State Science, The Pennsylvania State University (May, 1984).

Presentations at National and International Meetings

3.2.1 Invited Papers

J.N. Kim, S.J. Jang, L.E. Cross. Dielectric and Piezoelectric Properties
of PIZT Ceramics from Liquid Helium Temperature to Room Temperature.
86th Annual Meeting American Ceramic Society, Pittsburgh, PA, April 29 to
May 3, 1985,

R.E. Newnham. Composite Piezoelectric Transducers. Acoustical Society
American Meeting, Norfolk, VA, May 7-9.

R.E. Newnham. Structure Property Relations in Multilayer Capacitors.
American Cryst. Assoc. Meeting, Lexington, KY, May 21-2§.

R.E. Newnham. Structure Property Relations in Sensor Materials.
International Union of Crystallography Meeting, Hamburg, Germany, August
9-18.

R.E. Newnham. Composite Electroceramics. Lehigh University Kraner
Symposium, September 17.

R.E. Newnham. Composite Electroceramics. 2nd U.S.:Japan Seminar on

Dielectric and Piezoelectric Ceramics. Williamsburg, VA, November 4-7,
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10.

11,

12.

3.2.2 Contributed Papers

86th Annual Meeting of the American Ceramics Society, Pittsburgh, PA,
April 29 - May 3, 1985

A, Balliyal, A.S. Bhalla. Glass—Ceramics: New Materials for Hydrophone
Applications.

J.R. Giniewicz, A. Safari, R.E. Newnham. PbTi03-BiFeO3 as a
Piezoelectric Composite Material.

G. SaGong, A. Safari, S.J. Jang, R.E, Newnham. Poling Study on
Ceramic-Polymer Composites.

S. DaVanzo, A. Safari, R.E. Newnham. Finite Element Modelling of PZT
Composites.

A. Safari, L.E. Cross, R.E. Newnham. Diced PZT Composites for Hydrophone
Applications.

Z. Meng, U. Kumar, L.E. Cross. High Field Dielectric and
Electrostrictive Behavior in PLZT Ceramics with Zr/Ti Ratio 65/3S5.

K. Rittenmyer, Z. Meng, A.S. Bhalla, L.E. Cross, Determination of the
Electrostriction Coefficients dll' 012, Q44 for Single Crystals of
Calcium Fluoride.

€. Sundius, M, Shishineh, S.J. Jang, L.E. Cross. Electrostriction
Measurements on Single Crystals of BaTiO3 and (Sro.618a0_39)ﬂb206(SBN).
G.0. Dayton, B.H. Fox, J.V. Biggers. Unconventional Profile Sintering
Systems.

M. Bliss, R.E. Newnham, W.A. Schulze. Processing Effects on the
Piezoelectric Properties of Lead Metaniobate Compounds.

D. Christopher, W.R. Xue, J.V. Biggers. Agglomerate Characteristics of

Oxide Powders Used in Production of Electronic Ceramics.

L.C. Veitch, S. Swartz, R.E. Newnham. Processing of Lead Nickel Niobate.
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13, W.R. Xue, R.E. Newnham, L.F. Cross. The Temperature Behavior of
Electromechanical Properties of ﬂodified PbTiO3 Ceramic.
2nd U,S.:Japan Seminar on Dielectric and Piezoelectric Ceramics,
Williamsburg, VA, November 4-7, 1984

14, L.E. Cross, C. Sundius, T. Shrout., Polarization Mechanisms ir Relaxor
Ferroelectrics,

15. L.E. Cross, C. Sundius, T.R. Shrout. Elastic and Optical Effects from
Polarization Fluctuations in Relaxor Ferroelectrics.

16. L.J. Bowen, J. McColl, A. Halliyal, A. Bhalla. Properties and
Applications of Piezoelectric Glass—Ceramics.

17. D.G. Christopher, W.R. Xue, G.0. Dayton, J.V. Biggers. Agglomeration
Characterization of Oxide Powders Used in Production of Electronic
Ceramics.

18. D. Bonnema, J.N. Kim, M, Haun, S.J. Jang, L.E. Cross. Low Temperature
Properties of Lead-Titanate Based Ceramics.

19, A, Balliyal, A.S. Bhalla, L.E. Cross. Phase Transitions, Dielectric,
Piezoelectric and Pyroelectric Properties of Barium Titanium Germanate
Ba,TiGe,0g Single Crystals.

20, T.R. Halemane, M.J. Haun, L.E. Cross, R.E. Newnham, A Phenomenological
Theory for Phase Transitions in Perovskite Ferroelectrics Exhibiting

Oxygen Octahedron Tilts with Application to PZT Materials.

3.3 Honors, Awards and Prizes

Dr. L.E. Cross Elected to the National Academy of Engineers

« Iy v L
I . v S Y ) v
A et . . PR
., ot RS L
- PSR LU » e 0
. e’
e ats e . R

PRl

Elected Fellow of the I.E.E.E.

-, - ey -
%
4

T
R
ta
o

o

Presented with the John Jeppson Medal and Award of the
American Ceramic Society
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Dr. R.E. Newnham Elected President of the American Crystallographic Assn.

Presented with the Faculty Scholars Medal in Science and
. Engineering at Penn State

*Dr. T. Gururaja Xerox Award Winner for Ph.D. in Materials Subject at Penn
State, August, 1984

*Dr., A, Safari Xerox Award Winner for Ph,D. in Materials Subject at Penn
State, August, 1984,

*Dr. M, Haun Xerox Award Winner for M.S. in Materials Subject at Penn
State, August, 1984,

*The Xerox Awards are presented on the judgement of an independent committee
drawn from the Departments of Electrical Engineering, Physics, Materials
Science and Materials Research Laboratory for the best Ph.D., M.S. and B.S.
thesis work in materials at Penn State, judged from the quality of the thesis
and associated published works. Only two Ph.D. and two M.S. prizes are
awarded each year, and it is a signal honor to this ONR sponsored program that

three of the four top awardees were associated with studies on this program.

3.4 Degrees Earned
3.4.1 Graduate Degrees (M.S,, Ph.D.)

1. K. Rittenmyer Ph.D, Thesis in Solid State Science, May 1984.

"Electrostriction in Cubic Halide Compounds”

2. T. Gururaja Ph.D. Thesis in Solid State Science, May 1984.
"Piezoelectric Composite Materials for Ultrasonic
Transducer Applications"

3. A. Halliyal Ph.D., Thesis in Solid State Science, May 1984,

"Study of the Piezoelectric and Pyroelectric Properties

of Polar Glass Ceramics.
f:: 4. M, Bliss M.S. Thesis in Ceramic Science and Engineering, Aug. 1984

"An Analysis of the Reaction of PbO and szos in Molten

11
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Salt for Use in Grain Oriented Piezoelectric 0:3

Composites"

3.4.2 Undergraduate Thesis Projects (B.S,)
Phillip Gilmour B.S. Ceramic Science and Engineering, May 1984,

*Domain Size and Microstrain Determination in Ultrasonic
Transducers Using X-Ray Diffraction”

Thomas Chiesa B.S. Ceramic Science and Engineering, May 1984,
"Study of LiNbO3:NaNbOs Solid Solutions”

Stephen Costantino B.S. Ceramic Science and Engineering, May 1984,
"Characteristics of Japanese Multilayer Ceramic

Capacitors”

Kevin Dietz B.S. Ceramic Science and Engineering, May 1984.

»;7: "Leucite Structure Ferroelastic Silicates"”

h Alan Hain, Jr. B.S. Engineering Science, May 1984,

"New Bimorph Structures with High Flexural Resonance

Frequency"

Eric Rothdeutsch B.S. Engineering Science, December 1984,
"Electrical Characteristics of Ban03 Filled Epoxy

Composite Conductors"®

4.0 APPLIED SCIENCE APPRENTICESHIPS IN THE CENTER FOR DIELECTRIC STUDIES
It is the purpose of this program to provide opportunity for high school

students to become acquainted, during their summer break, with the workings of
a major research laboratory and the fascination of research and discover. The
objective is to have a maximum of three students in this category who could

work closely with the postdoctoral fellows and graduate assistants in the

Materials Research Laboratory on problems associated with our ONR program in

12
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the Center for Dielectric Studies and on the program of research on
Piezoelectric and Electrostrictive Materials for Transducer Applications.
These program which encompasses the preparation, characterization, and
measurement of properties of a wide range of new electroceramic and
ceramic-plastic composites offer many opportunities in which the "extra pair
of hands" and quick perceptions of a well motivated high school student
provides invaluable assistance.

We believe that the relaxed atmosphere and constant interchange between
faculty, postdoctoral fellows, graduate assistants, and technical aides, and
the continuous presence of many eminent foreign visiting scientists provides a
very stimulating environment for the young student who may be at a critical
Juncture in making decisions as to longer range career plans.

It is our belief that if the very bright young students are to be
encouraged to choose careers in science and engineering, it must be through
acquaintance with some of the less obvious, intangible intellectual benefits
of the profession, since legal, medical and business careers can almost always
offer more immediate financial reward and more obvious ladders for
advancement.

A secondary but not insignificant advantage of the program is in the
additional component which it provides irn the education of our graduate
students, Most of these young men and women will go out into responsible
positions in Government and Industry where they will be called upon to
organize and supervise the work of many junior engineers and technicians,
This program, which attaches the technical aid to a graduate assistant, gives
him the chance to organize the work of a second person to speed his own
program, but also the responsibility of the associated human problems of
scheduling and humane management. We believe it has been a most valuable

experience for the graduate assistants who have participated and has given

13

.- . . . . - I BN e
. . Co- -t P T S SR R e Tt - -
. . T . e . N ST e T el e At . . L LT T et a N ate

- - . L - . P N A

AP N S T S WA WO T

o e . & & A e _mmmmha o & 8 8 A e s

PR T el i P

a a6 R_Aa._h. A ANsmmes




R e ol N Bl "t o et Rint e _Satt Jhaty i Y"“"v"\'.'f'.‘.T.t.‘v.vx"-'_‘Tm Chl "B SR A I Al Al Sadt 2 e o e db el oo S itte i at i "'

them very useful insights into both the problems and the rewards of "people

management," -
For the last two years, we have developed a much closer relationship with

the University’s Upward Bound Program, who are able to draw well motivated -

black students from the Philadelphia School System. Over the years it has

become our custom to issue each student participant a certificate on

completion of the term, at a small internal ceremony in MRL. Copies of

certificates given to our last three successful apprentices are appended. |
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PIEZOELECTRIC COMPOSITES OF PZT AND SOME SEMI~CRYSTALLINE POLYMERS
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Polymer Science Program
Department of Materials Science and Engineering
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ABSTRACT

i .t «

h

Piezoelectric composites of PZT ceramices and
semi-crystalline polymers have been produced
PZT rods (4 volume percent) in the polymers.
dielectric constants were considerably lower

r > 83
.

several

by embedding slender
The observed

than that of pure PZT.

The hydrostatic piezoelectric voltage coefficients of the
composites were larger than PZT, even though the composite
hydrostatic piegoelectric strain coefficients were lower,

. Composite figures of merit ranged from one-third to aix timea that
Mg of P2T.

P~
I.'T.
. Introduction and Background
&
. By careful choice of design, multiphase materials may be produced
< vhich possess ultimate properties which are superior to the sum of those of
- the individual components (1), With this idea in mind, novel piezoelectric

transducers have been produced and tested for applications such as

hydrophones and medical ultrasound (2). One of the most successful designs
P - to date coasiste of slender, extruded fibers of lead zirconate titanate
;': (PZT) aligned normal to two electroded surfaces and surrounded by a polymer
[ watrix (3,4,5). These composites are referred to as 1-3 composites in che
..
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)
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nomenc lature adopted by Newnham, et al. (6), where the numbers refer to the
total orthogonal directions (in an orthogonal axis syetem) in which each h
phase is self-connected, Since the PZT rods are continuous from one
electrode surface to the other, saturation poling can be accomplished;
thereby easuring the maximum piezoelectric sensitivity.

The hydrostatic piezoelectric response can be defined by the
piezoelectric strain (d, ) and voltage (g ) coefficients.
is a measure of the polarization produces as a result of applying a
hydrostatic stress and is given by:

dh - d33 + 2d31 (1)
wvhere the subscripts refer to directions in an orthogonal axis eystem
according to the common reduced notation, The 3-direction is defined as
the direction parallel to the PZT fiber axis. Charge which develops on the
electrode surface as a result of stresses parallel and perpendicular to the

il

e

;: poling axis is governed by d4,. and d3 , respectively. The

> voltage coefficient is relatdd to dh éy:
i d

o h

N g, = (2)
e h

b: K3380

v

vhere K., is the dielectric constant in the poling direction and ¢

is the permittivity of free aspace. Since, for PZT, d 3 is opposite in
sign to and about twice the value of d31' and K33 is ?arge, both

dh and 8, are relatively low.

]
.

L

For piezoelaectric 1-3 composites a simple parallel-series model

developed by Skinner, et al.(7) predicts that the d3 (33 ) of a -
composite containing a very complisnt matrix is equng to the d33 of
PZT. The composite d,, (d31) is given by:

< 1.1

d3p = Vg 3

vhere v is the volume fraction and the superscript 1 refers to the PZT
phase. The composite hydrostatic piezoelectric coefficient (dh) can
then be expressed as:

dh - d33 + v d31 (4)
3
. Also, the composite voltage coefficient, which is important for
s hydrophones, is given by:
-
= . a
L4 - h
o & " T - — (5 “
S vK.. €

330
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Therefore, the simple model predicts large increases in d_ and §h
over P2ZT as the amount of PZT in the composite is decreased.

However, recent experimental work (4,5,8) has shown that the
quantitative predictions of the Skinner, et al. scheme are not realized if
flexible electrodes are used for 1~3 composites. Several explanations have
been propoeed to account for these discrepancies. These include: the
effective matrix tegioa of ianfluence (8), internal stresses arising from
differences in the Poisson's sL-ain between the ceramic and polymer (9),
and relic processing stresses (5). In the case of glassy thermoplastic
polymer matrices, annealing the composites at temperatures near the glass
transition temperature (T ) of the matrix was found to improve their
piezoelectric response (58. This is presumably due to relief of some of
the residual processing stresses,

All 1-3 cowmposites studied to date have used amorphous polymers as the
matrix phase, Semi-crystalline polymer matrices have never been employed
in these types of piezoelectric composites. Low T , seui-crystalline
polymers such as polyethylene and the Hytrel poly(8ster/ether) block
copolymers have mechanical properties which are intermediate between glassy
and elastomeric materials. Aleso, it is possible to conveniently alter the
degree of crystallinity of these materials by thermal annealing at
temperstures approaching the melting point or, in the case of the Hytrels,
by varying the crystallizable-gegment content. This allows one to
investigate the effect of matrix compliance on composite performance. This
paper reports some of our initial studies on 1-3 PZT/semi-crystalline
polymer composites.

Experimental

A. Composite Pabrication

The PZT rods used in this study were prepared by a technique described
previouasly (3). All composites contained rods which were 12-mil (305 pm)
in diameter and were prepared from PZT 501A powder (obtained from
Ultresonic Powders, Inc.). The sintered PZT fibers were aligned in racks
which consisted of two parallel plates of aluminum foil separated by -2 cm.
Each plate had an array of perforations through which the rods were
ineerted 8o as to be held in place during polymer processing.This was done
to insure the proper volume fraction (4%) of PZT for all composites.

(a) P2T/Poly(butylene terphthalate) Composites

Poly(butylene terephthalate) (PBT) is a semi-crystalline polymer
vith a melting point (T ) of -220°C and a T, 370°C. Therefore, PBT is &
glassy semi-crystalline material and poosesiea mechanical properties
chgracseristic of rigid polymers (e.g. Young's modulus (E) =»

0°N/m®). PBT is polymerized by condensation methods and has a
relatively low molecular weight (ca. 20,000-30,000 gm/mole). 1Its melt
viscosity is therefore also comparatively low, making small scale melt
composite processing feasible without the use of high pressures.
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PZT/PBT composites were prepared by placing filled racks of PZT rods
and dried PBT pellets (obtained from Scientific Polymer Products, Inc.)
into glass wolds which were then purged with nitrogen and immersed in a
250°C oil bath until the pellets melted and no voids were present in
the melt. The system was allowed to cocl to room temperature over a 5 hour
period.

(b) PZT/Nylon 11 Composites

Léke PBT, Bylog 11 is a glassy, semi-crystalline polymer (T :185°c,
T *45°C, E *10°N/m“) and has a relatively low melt viscosity. owever,
18 order to avoid the problem of polymer degradation at high temperatures,
we decided to prepare these comoposites by insitu polymerization of the
mchHiomer .,

Racks of PZT in glass molds were surrounded by ll-aminoundecanoic acid
(7 -190°C) and the molde (under a continuous nitrogen purge) were placed
1a"s 220°C silicone oil bath. Water vapor which formed during the
po.vmerization was forced through an exit tube by the gas pressure. The
polvmerization was terminated by cooling for one hour after water formation
ceased.

{c) PZT/Hvtrel Composites

The hytrels (E. I. duPont de Nemours and Co., Inc.) are a series of
thermoplastic elastomers composed of polyester "hard" segments which are
crystallizable and non-crystallizable, low T polyether "soft" segments.

By varying the concentration of polyester un%ta, the degree of
crystallinity and, hence, the modulus of the resultant copolymer can be
adjusted. Some characteristics of the three Hytrels used in this study are
shown in Table 1(10). Note that all the Hytrels have wmoduli which are
sigaificantly lower than both PBT and anylon ll.

TABLE 1

Properties of Hytrel Copolymers (10)

o T T Modulus

e we. 2 m g Density 8 2
:34': Hytrel Polyester segments (°C) (°C) (gm/cc) (10° N/m")
k-." e

. 4056 ~30 150 -80 1.17 0.34

1000 49 186 -65 1.19 1.48

§
-
t 995 81 218 -5 1.23 4.00
[
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Composites were prepared in the same manner as the PZT/PBT materials
except that the oil bath was heated to 220°C and cooling to room
temperature was done over a 48 hour period.

Ak e A

After solid composites were fabricated, the molds were broken and the
composites were sectioned perpendicular to the rod axis using an electric
diamond saw or a hacksaw. The as-cut slugs were then sanded with 60 grit
garnet paper followed by polishing using 200 grit garnet paper. All
compodites were 4mm thick in the fiber direction.

EEEEC. Cye Ty TiTsS Tt N S iV et

e S

Air-dry silver electrodes were applied to the two faces perpendicular
to the rods and the composites were poled at 75°C in an oil bath with
a field of 22kV/cm for 5 min. After the composites were removed from the
bath, they were allowed to cool in air under a field of 7.5 kV/cm for 10
minutes to prevent depoling during cooling. The poled composites were aged
for at least 24 hours prior to piezoelectric and dielectric measurements

»
»
»

-y SO

B. Measurement of Dielectric and Piezoelectric Properties

Dielectric measurements were performed with a Hewlett Packard 4270A

Automatic Capacitance Bridge at lkHz and 1 volt. d,. was measured i
using a Berlincourt Piezo 63 -Meter with rounded rams. The ratio of )
the diameter of the rams to ghe center-to-center distance of the PZT rods

vas 0.74, The d 4 was taken as the average of 20 random measurements
(10 on each elecEroded surface of the composite) at a ram pressure of
apprgximately 55 psi. The hydrostatic piezoelectric coefficients (d “
and gh) were measured by a dynamic method (11)., The apparatus consisted b
of an oil-filled chamber in which the samples and a PZT standard of known d
dh and g, vere immersed. The pressure inside the vessel was raised {
to 100 psi and alternating sinusoidal pressure cycles (amplitude t 0.1 psi) a
3
J
d
1
i
i

were imposed using sn AC stress generator driven by a function generator
adjusted to the proper frequency. The sample (or standard) voltage was
recorded on an oscilloscope display.

Results and Discussion

Comparison of composite dielectric and piezoelectric properties with )
conventional single phase materials can be found in Table 2, As expected,
the composite dielectric constants are low_compared to that of PZT but,
except for the PZT/Hytrel 4056 composite, K. . values_are greater cthan
that predicted by the rule of mixtures (theggetical K.. ®» 64). Since .
spplied compressive strees is known to increase the d?glectric constant of
PIT (12), radial compression between the rods and the matrix may be )
responsible for these results (5). Radial stresses may have originated
from thermal expansion mismatches, mechanical processing conditions, or
polymer crystallization shrinkage.
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For a more compliant polymer, stress transfer from the matrix to the
PZT rods should be more efficient than for a stiffer matrix. Thus,
d 3 would be expected to increase as matrix compliance increases and
tgxs is seen to be the general trend for the polymers examined in this
astudy with the PZT/Hytrel 4056 and PZT/Hytrel 1000 composites exhibiting
433'3 which are larger than some of the higher modulus composites.

A somevhat surprising result is that d increases as polymer
wmodulus increases. Since d33 increases as the matrix stiffuess
decreales.ld ﬂ must increase accordingly. In general, as the
compliance og a polymer increases, its Poisson's ratio (v) increases and
the enhancement of 3)l is thought to arise from stresses due to
differences in Poissdn's contraction between the phases (9). Although one
cannot alter the characteristic modulus and v independently in solid
polymera, one can lower both simultaneously through matrix foaming. Such
compliant, foamed composites would be expected to have outstanding
hydrostatic figures of merit, This has, in fact, been shown to be the case
by Klicker, et al. for P2T/foamed polyurethane composites (13).

The hydrostatic piezoelectric coefficients (d ) for the PBT,
aylon 11 and Hytrel 995 composites are smaller than those of PZT but
similar_to those observed previously for 1-3 composites with rigid matrices
(5,11).4_ for the Hytrel 4056 and 1000 composites are comparable to
that of pVDF but considerably smaller than the other composites presumably
due to Poisson's ratio astresses. The voltage coefficients of all
composites are greater than that of PZT because the permittivities of the
composites are much lower than the values for PZT alone. for the
composites with relatively stiff matrices (PBT, nylon 1l and Hytrel 995)
are about an order of magnitude larger than PZT but, because of their low
d, . the Hytrel 4056 and 1000 compoaites exhibit significantly lower
. ‘s. This results in § 3, for the composites with stiff
matrices being about five ines larger than that of PZT and comparable to
that of PVDF while the figures of merit of the more compliant matrix
composites are somevwhat less than PZT. Finally, no frequency dependence of
dh was observed for any composite from 30 to 160 Hz (Figure 1).

Conclusions

The piezoelectric figures of merit for composites with stiff polymer
matrices are about five times larger than PZT and comparable to PVDF. The
primary reason for the enhancement of d Eh over P2T is that the
composites have much_lower K,. values than PZT. An unexpected result
was the decrease in 4  as matrix modulus decreased. Since d
was found to increase as the matrix modulue decreases, |d.,,| “dust be
increasing as the polymer stiffness decreases. The enhanied component of

d,,| presumably results from differences in Poisson's contraction
begveen the phases and ultimately results in relatively low figures of
merit for composites with compliant polymer matrices.
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= FIG. 1
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d 23 - Function of Test Frequency
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(pC/N) b. PZT/Hytrel 995
17 - c. PZT/PBT
d. PZT/Hytrel 1000
e. PZT/Hytrel 4056
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Polymer/Piezoelectric Ceramic Composites:
Polystyrene and Poly(methyl Methacrylate) with PZT

J. RUNT* and E. C. GALGOCI, Polymer Science Program, Department of
Materials Science and Engineering, The Pennsylvania State University,
University Park, Pennsylvania 16802

Synopsis

Lead zirconate-titanate (PZT)/polymer composites have been prepared by in situ polymerization
of styrene and methyl methacrylate around aligned, thin PZT rods. Hydrostatic piezoelectric
coefficients (d, and Z,) measured by a dynamic technique yielded figures of merit (d25) roughly
four times that of homogeneous PZT for as-polymerized composites. When these composites were
annealed at a temperature slightly below the glass transition temperature of the matrix polymer
and repoled, dxZ) increased nearly twofold due primarily to a reduction of the composite dielectric
constant. The piezoelectric response was found to be essentially independent of frequency from
30 to 160 Hz.

INTRODUCTION

Piezoelectric composites have been the center of much recent study! because
of their possible advantages over single phase piezoelectrics [e.g., poly(vinylidene
fluoride) (PVDF) and lead zirconate-titanate (PZT)] for hydrophone applica-
tions. The phase connectivity? is a particularly important parameter, which
ultimately determines the properties of a composite solid. For piezoelectric
composites made from PZT and polymers, designs which allow the ceramic to
be poled to saturation produce relatively large piezoelectric coefficients even
for low PZT concentrations.

One such motif studied by Klicker et al.3 consisted of slender PZT rods aligned
perpendicular to the electrode surface and surrounded by a thermosetting
polymer (epoxy). These diphasic materials are designated 1-3 composites in
the notation adopted by Newnham et al.2 The numbers refer to the total or-
thogonal directions in which each phase is continuous throughout the object.
In this case the active phase (PZT) extends continuously in one direction, while
the polymer matrix spans the composite in all three orthogonal directions.
Klicker et al.’s PZT/epoxy composites have hydrostatic “figures of merit” about
an order of magnitude larger than homogeneous PZT.3 In addition, these ma-
terials have low densities (p < 1.8 g/cm3), which provide for better acoustic
coupling to water than PZT (p = 7.8 g/cm?), and are flexible relative to PZT ce-
ramics.

Even though the major improvements in properties for these composites over
PZT ceramics can be traced to the polymeric phase, few polymer systems have
been studied as possible matrix materials. Furthermore, only thermosetting
polymers (e.g., epoxies and polyurethanes) have been employed previously in

* To whom correspondence should be addressed.

Journal of Applied Polymer Science, Vol. 29, 611-617 (1984)
© 1984 John Wiley & Sons, Inc. CCC 0021-8995/84/020611-07804.00
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1-3 composites. Because the mechanical and physical properties of polymers
can vary widely, and because theory?* suggests that matrix mechanical properties
should strongly affect composite piezoelectric response, we have fabricated
composites with a variety of thermoplastic polymers. This paper describes our
initial studies on polystyrene (PS)/PZT and poly(methyl methacrylate)
(PMMA)/PZT 1-3 composites.

BACKGROUND—THEORY

Piezoelectric materials experience a polarization (P) due to an applied stress
(o). The piezoelectric coefficient (d) is a measure of the polarization produced
per unit stress. Under hydrostatic conditions, the piezoelectric coefficient is
given by

dy = d33 + 2d3, (1)

where the subscripts are the reduced notation for designated directions in an
orthogonal axis system. The d33 and d3, coefficients refer to polarizations which
develop along the poling axis (i.e., the 3-direction) due to applied stresses parallel
and transverse to the poling direction, respectively. For PZT, d3, is opposite
in sign to and approximately one-half of dg;; therefore, dj, is small. The hy-
drostatic voltage coefficient (g,) is related to dy, by

gn = dn/es3 (2)

where €33 is the dielectric permittivity. Since d), is low and the permittivity is
high for PZT, the voltage coefficient, which is important for hydrophone appli-
cations, is very low. For a hydrostatic transducer material the dxg), product is
considered to be an all-encompassing “figure of merit.”

A simple theory to describe the piezoelectric coefficients of composites with
1-3 connectivity has been described by Skinner et al.4 The theoretical piezo-
electric and dielectric coefficients are given by

1y 1daq 233 + 20 2d33 1Ja3

= 3
dz 1y 2J35 + 2p 1J3 @)
dy; = v Uy, + 2 2dy (4)

€33 = lplegy + 2 239 (5)

where v and J are the volume fraction and elastic compliance, respectively. The
superscripts refer to phase 1 (PZT) or phase 2 (polymer), and the bar represents
the average composite coefficient.

Equations (3)-(5) can be reduced by considering that most polymers are
nonpiezoelectric (i.e., 2d33 = 2d3, = 0), and possess relatively low dielectric per-
mittivities (1e33 > 2e¢33). Therefore, eqs. (3)-(5) become

1y 1ds32J

dyy = 1, 2 332 :13 (6)
b U 2J33 + 20 1Jg3 4
,‘!.- dy = v ldg; (7
\ -
}_:‘\_
9
= -
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LOG(d;, G, [MZ/ND

[
—
~N

-13

Fig. 1. Theoretical plot of log (dxZs) as a function of volume fraction of PZT (!v). Curve I cor-
responds to 2J33 = 10~7 m2/N; for curve I, 2J33 = 10~° m2/N; and for curve 11, 2J33 = 10~1° m%/N.
The broken line represents the dxgs for homogeneous PZT.

€3 =10 legg 8)

Since most polymers are much more compliant than PZT (i.e., 2J33 > 1J33), eq.
(6) further reduces to

d33 = ld33 9

In this case, all of the force in the fiber direction is borne by the ceramic rod el-
ements. However, if lv « 2v, this approximation to eq. (6) is invalid.

By combining eqs. (1), (6), and (7), the hydrostatic piezoelectric coefficient
is obtained

3. = ly 1d33 2J33
=33 <38
1y 2J33 + 2y 1J33

Figure 1 shows how d\,g, varies as a function of !v according to eqs. (2), (8) and
(10) for several values of matrix compliance. For low concentrations of PZT,
dnZ» is predicted to vary significantly as the matrix compliance changes.

Several modifications to the model of Skinner et al. have been suggested.>¢
Klicker® has shown that d33 is not necessarily equal to the ds; of PZT, but is a
function of the PZT rod diameter and volume fraction, composite thickness, and
matrix compliance. Additionally, the internal forces arising from a difference
in constriction between the phases through Poisson’s ratio produce an en-
hancement of |d3,| over that predicted by eqgs. (4) or (7).> These considerations
lead to the conclusion that dj, predictions based on the Skinner et al. approach
are overestimates for 1-3 PZT/polymer composites.

Another important internal stress is that which is due to a mismatch in thermal
expansion (or contraction) between the constituent phases.”® Polymers have
coefficients of thermal expansion which are at least an order of magnitude larger
than PZT ceramics. Therefore, large compressive stresses can develop at the
interface of the resin and the PZT rods. These stresses may alter the piezo-
electric and dielectric response of composite piezoelectrics. Furthermore,
stresses related to curing or polymerization may also be of consequence.

+ 2 v ldy, 10

a
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EXPERIMENTAL

The preparation of the PZT rods used in this study has been described else-
where.2 All rods were 12-mil (305-um) in diameter and were prepared from PZT
501A (Ultrasonic Powders, Inc. South Plainfield, N. J.). The sintered rods were
aligned in racks which consisted of two parallel plates of aluminum foil separated
by ~2 cm. Each plate had an array of perforations through which the rods were
inserted to be held in place during polymerization of the matrix in order to insure
the proper volume fraction (4%) of PZT for all composites.

In situ polymerization of liquid monomers was the most convenient method
to prepare composites because of the fragile nature of the PZT rods. The liquid
monomers (styrene and methyl methacrylate) were purified by vacuum distil-
lation prior to use. Polymerization was initiated by 0.5 wt % benzoyl peroxide.
Prepolymer syrups (polymer in monomer) were prepared by heating the ‘
monomer-initiator systems at 80°C for 15 min and then cooling the mixture to ;
room temperature. By using a prepolymer, the resulting composites were found |
o to be essentially void free.
F Composites were then fabricated by placing filled racks of PZT rods into glass |

molds and pouring a given prepolymer into the mold until the rods were sub-
merged in the liquid and covered over by ~1 cm. The molds were then placed
:. . in an oven maintained at 50°C until the polymer solidified. Additional heating
- to 90°C for 1 h completed the polymerizations. After the molds were removed
N from the oven and allowed to cool, the glass mold was broken and the composites
were sectioned perpendicular to the rod axis using an electric diamond saw or
a hacksaw. The as-cut slugs were then sanded with 60-grit garnet paper followed

e by polishing using 200-grit garnet paper. All composites were 4 mm thick in the
-:::-jl fiber direction. The glass transition temperatures (T;) of the matrices were
= determined with a Perkin-Elmer DSC-2 equipped with a Thermal Analysis Data

-".f-: Station. The T of both the PS and PMMA was found to be approximately
. 100°C.

Air-dry silver electrodes were applied to the two faces perpendicular to the
rods, and the composites were poled at 75°C in an oil bath with a field of 22
kV/cm for 5 min. After the composites were removed from the bath, they were
allowed to cool in air under a field of 7.5 kV/cm for 10 min to prevent depoling
during cooling. The poled composites were aged for at least 24 h prior to piez-
eoelectric and dielectric measurements.

Dielectric measurements were performed with a Hewlett-Packard 4270A
Automatic Capacitance Bridge at 1 kHz and 1 V. d33 was measured using a
Berlincourt Piezo d33-Meter with rounded rams. The ratio of the diameter of
the rams to the center-to-center distance of the PZT rods was 0.74. The d33 was
taken as the average of 20 random measurements (10 on each electroded surface
of the composite) at a ram pressure of approximately 55 psi. The hydrostatic
piezoelectric coefficients (dj, and 2,) were measured by a dynamic® method. The
apparatus consisted of an oil-filled chamber in which the samples and a PZT
standard of known d, and g, were immersed. The pressure inside the vessel
was raised to 100 psi and alternating sinusoidal pressure cycles (amplitude +0.1
psi) were imposed using an AC stress generator driven by a function generator .
adjusted to the proper frequency. The sample (or standard) voltage was re-
corded on an oscilloscope display.
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p . TABLE 1
. Piezoelectric Properties of 1-3 Composites and Single Phase Materials
:: Density da® dp® Zn® dngn®
N Material (g/cm3) K3z (107'2C/N) (10-12C/N) (103 V-m/N) (10~!5> m?/N)
PZT/PS 1.32 70 110+ 16 22 36 790
PZT/PS (annealed) 1.32 54 130418 26 54 1400
PZT/PMMA 146 131 110%18 28 25 700 41
PZT/PMMA (annealed)  1.46 100 12521 35 39 1370 -
PZT 79 1600 400 50 4 200 q
PVDF 1.8 12 30 11 104 1140
PZT/epoxy (Ref. 9) 1.4 97 — 32 51 1630
s Errors are + 1 standard deviation. J
b Estimated errors are dy + 12%, 8 £ 16%, and dxgs + 20%. 1
A
After the composites were tested, they were annealed at 95°C for 15 h under -
vacuum followed by slow cooling to room temperature. The annealed composites .
were repoled in order to ensure saturation poling of the PZT rods and then re- 1
tested as described above. ]
1
RESULTS AND DISCUSSION B
The dielectric and piezoelectric properties of the PZT/PS and PZT/PMMA g
composites are summarized in Table I. As expected, the composite dielectric ‘
constants (K33) were considerably less than that of PZT (K33 ~ 1600). The value 4
of K33 predicted by the simple parallel model for a 4% PZT/polymer, 1-3 com- 3
posite is 64. The PZT/PS composites approached the theoretical value; however, X
the PZT/PMMA materials far exceeded the prediction. One possible expla-
nation for this discrepancy may involve cracking or crazing of the PS matrix.
Examination of unannealed PZT/PS composites under a light microscope re- 1
vealed crazes (or cracks) emanating radially away from each rod into the PS b

matrix at the electrode surface. No such cracks were observed in PZT/PMMA
samples. Since applied compressive stress is known to increase the dielectric
constant of PZT,!0 one would expect # 33 of the PZT/PS composites to be less
than K33 of the PZT/PMMA materials if the cracks acted to relieve interfacial
compressive stresses.

The presence of internal stresses in these composites is further supported by
the decrease in the dielectric constant after they were annealed. If the ar.iealing
process acts to relieve some radial compression between the rods and the matrix,
then the dielectric constant would be expected to be lower than the K33 before
annealing. Presumably, the radial stresses resulted from thermal expansion
mismatches, mechanical processing (cutting and polishing), or polymerization
shrinkage.

The simple Skinner et al. model predicts that the dj3 for composites with .
matrices of the same stiffness should be the same. Since PS and PMMA have

r roughly the same elastic modulus (~3 X 10° N/m?), it is not surprising that d33 ﬂ
L is similar for both composite materials. However, the predicted d3; values are :
' three times greater than those observed. Clearly, transfer of applied stress from

L matrix to rods is more complex than allowed for by the simple parallel model.

i If the effective matrix region of influence on the rods is less than the total matrix

%;. i
I
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(a) (b) .
Eh 30 PMMA 3% PMMA
/———-‘
PCNI2 20
22 J_S_ 26 .&——
30 90 150 30 90 150
FREQUENCY (Hz)

Fig. 2. Piezoelectric response of PZT/PS and PZT/PMMA composites as a function of frequency:
(a) unannealed; (b) annealed.

area, then the amount of stress experienced by the rods would be less than pre-
dicted by the Skinner et al. model.6 This would act to decrease ds3 relative to
the predicted value. _

The standard deviations of d33 values obtained from a d33-meter using rounded
probes gives an indication of the relative piezoelectric homogeneity of the com-
posites. For the composites tested here the standard deviations of the dss
measurements were similar. Again, considering that the matrices used in this
work have similar mechanical properties, this result is not unexpected.

The hydrostatic piezoelectric coefficients (dj,) reported in Table I are smaller
than those of PZT but similar to that observed by Lynn?® for the PZT/epoxy
system. The voltage coefficients are roughly an order of magnitude larger than
PZT because the permittivities of the composites are much lower than the values
for PZT alone. This results in dxZ; being significantly larger than that of PZT
and comparable to that of PVDF. Also, no frequency dependence of d,, was
observed from 30 to 160 Hz (Fig. 2). Annealing was found to improve the pi-
ezoelectric coefficients (especially ;) due to a significant decrease in K33.

Composite densities are roughly 1.4 g/cm3 (calculated), which is considerably
lower than the 7.8 g/cm3 of PZT. Low density materials provide better acoustic
coupling to an aqueous environment than ones of high density. Therefore, these
types of composites may be useful as shallow-water hydrophones or for medical
ultrasound applications.

CONCLUSIONS

Composites of uniaxiaily oriented, continuous PZT rods embedded in poly-
styrene or poly(methyl methacrylate) matrices possess hydrostatic piezoelectric
coefficients somewhat lower than that of homogeneous PZT. However, hy-
drostatic voltage coefficients for these materials are approximately an order of
magnitude larger than the ceramic element. Enhancement of g, is primarily
due to the reduction of K33 over PZT. Further enhancement of the piezoelectric
response can be accomplished by annealing which further reduces K33. The da3
values and the standard deviation of the d33 measurements are similar for both
types of composites. Predictions of the composite piezoelectric coefficients based
i on the Skinner et al. model are qualitatively correct but quantitatively overes-
. timated.
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COMPOSITE PIEZOELECTRIC SENSORS

R. E. NEWNHAM, A. SAFAR]I, J. GINIEWICZ and B. H. FOX

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

Various types of composite piczoelectric transducers are reviewed with emphasis on the hydrophone
figure of merit d4,g,. Composites containing piezoceramic fibers, or skeletons in a polymer matrix. are
superior to single-phase polymer or ceramic transducers.

INTRODUCTION

Lead zrconate titanate (PZT) is used extensively as a piezoelectric transducer
material, but suffers from several disadvantages when used as a sensor of hydrostatic
pressure waves. The hydrostatic piezoelectric coefficient d, (= d;; + 2d,,) of PZT is
small because dy; and dy, differ in sign. The voltage coefficients g;;( = d;,/¢) and
8,(= d,/¢) are also small because of its high permittivity ¢.

To improve the magpitudes of 4, and g,, we have fabricated a number of
different diphasic composites made from polymers and PZT, utilizing the concept of
phase connectivity (Figure 1). Based on these studies it is clear that in a composite,
the clectric flux pattern and the mechanical stress distribution together with the
resulting physical and piezoelectric properties depend strongly on the manner in
which the individual phases are interconnected. Composites of PZT and polymer
with different connectivity patterns have been prepared in which the 4, and g,
coefficients are an order of magnitude larger than those of solid PZT. In addition,
some of the composites have high mechanical compliances and low density, making
it easier to obtain good impedance matching with water. The properties of some of
these composites are summarized in Table 1.

Connectivity’ is the key feature in designing the microstructure of PZT-polymer
composites. Each phase in a composite may be self-connected in zero, one. two, or
three dimensions. Using an orthogonal axis system, for diphasic composites, there
are ten connectivities designated as 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, and 3-3.
A 2-1 connectivity pattern, for exampie, has one phase self-connected in two
dimensional layers, the other self-connected in one dimensional chains or fibers. The
connectivity patterns are not geometrically unique. In the case of 2-1 patterns, the
fibers of the second phase might be perpendicular to the layers of the first phase or
might be parallel to the layers. In the notation used here, the piezoelectric phase
appears first. Thus a 1-3 composite consists of PZT fibers embedded in a polymer
matrix. and a 3-1 composite is a solid piece of PZT with parallel holes filled with

polymer.
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FIGURE 1 A selection of the various composite types produced in the recent past: (A) Lead titanate
composite (0-3), (B) PZT rods-spurrs epoxy composite (1-3), () PZT spheres-polymer composite (1-3),
(D) PZT tape laminate composite (2-2), (E) Honeycomb configuration PZT-polymer composite (3-1), (F)
Array of perforated PZT composites (3-1), (G), (H), (I), and (J) Perforated PZT-polymer with 3-1

coanectivity, (K) Perforated PZT-poiymer with 3-2 connectivity, (L) Perforated PZT composite with 2
perforated layers, (M) Replamine composite with 3-3 connectivity and (N) Burps composite with 3-3
connectivity.

PIEZOELECTRIC 3-3 COMPOSITES

In a 3-3 composite each of the constituent phases is continuously seif-connected in
three dimersions to give two interlocking skeletons in intimate contact with one
another. This type of structure is exhibited by certain polymer foams, by some
phase-separated metals and glasses, by three-dimensional waves, and by natural
substances such as wood and coral. The piezoelectric and pyroelectric properties of
3-3 composites have been investigated with some rather remarkable results. For
certain coefficients, dramatic improvements can be made over the best single-phase
piezoelectrics.

Piezoelectric ceramic-polymer composites with 3-3 connectivity were first made by
Skinner? using a lost-wax method with coral as a starting material. Among the
advantages of these composites are high hydrostatic sensitivity, low dielectric con-
stant, low density for improved acoustic impedance matching with water, high
compliance to provide damping, and the mechanical flexibility needed to develop
conformable transducers. Shrout® developed a simpler method for fabricating a
three-dimensionally interconnected lead zirconate-titanate (PZT) and polymer com-
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posite with properties similar to the coral-based composites. The simplified prepara-
tion method involves mixing plastic spheres and PZT powder in an organic binder.
When carefully sintered, a porous PZT skeleton is formed, and later back-filled with
polymer to form a 3-3 composite. This technique is commonly referred to as the
BURPS process, an acronym for burned-out plastic spheres. Since the process
invoives the generation and emission of gaseous hydrocarbons, the name BURPS is
highly appropriate.

Recently* we measured the electromechanical properties of 3-3 composites having
a wide range of PZT/polymer ratios, and compared the results with other piezoelec-
tric materials, including some earlier Japanese work*-® on similar composites. Dielec-
tric and piezoelectric properties were measured on samples ranging from 30 to 70
volume % PZT, and compared with a rectangular skeleton model for 3-3 composites.
Composites containing 50% PZT-50% silicone rubber appear especiaily useful for
hydrophone applications with 4, g, products a hundred times larger than PZT.

Further studies of porous PZT were reported last year at the International
Symposium on Applications of Ferroelectrics.” Scientists at Mitsubishi Mining and
Cement have developed several techniques for introducing connected porosity in
PZT ceramics: reactive sintering, foaming agents, organic additives, and careful
control of particle size and firing conditions. Measurements on unfilled ceramic
skeletons with 60% interconnected porosity gave dj; coefficients near 150 pC/N
and g,y coefficients of 0.15 Vm/N.

PERFORATED PZT-POLYMER COMPOSITES

Composites of PZT and polymer with 3-1 and 3-2 connectivity patterns have been
fabricated® by drilling holes in sintered PZT blocks and filling the holes with epoxy.

TABLE!

Representative dielectric and piezoelectric coefficients of important hydrophone
component materials and composites. K = dielectric constant, dy; =
linear piezoelectric charge coefficient (pC/N). g, = hydrostatic
voitage coefficient (mV-m/N), 4, = hydrostatic charge
coefficient (pC/N), g,d,, = hydrostatic figure of
merit ( X 10-13 m?/N), all measurements

50 Hz, 25°C
Material X dy & dy Sudn
P(Zr. TNYOy = PZT 1800 450 25 40 100
(CH,CF;), = PVF, 12 20 100 11 1100
PbNb.O, 225 8$ 35 65 2300
3-3 PZT-Epoxy 620 150 18 100 1800
3-3 PZT-Rubber 450 200 45 180 8100
3-2 PZT-Epoxy 410 320 55 200 11000
3-2-0 Hollow 3-2 400 380 65 230 15000
3-1 PZT-Epoxy 750 350 4 160 3800
3-1-0 Houow 31 730 370 28 185 5300
1.3 PZT 150 50 30 1500
1-3-0 PZ T'EP\'-"J-’rth 5 180 60 40 2400
3-8 Feaned (-3 75 200 135 85 10000
0-3 P2r- R hbber 40 60 40 15 600
0-3 PbTiO,-Rubber 40 30 100 s 3500

---------
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4 R. E NEWNHAM, A. SAFARL J. GINIEWICZ AND B. H: FOX

The influence of hole size and volume fraction PZT on the hydrostatic properties of
the composite was evaluated. By decoupling the piezoelectric d,; and d4, coeffi-
cients in the composite, the hydrostatic coefficients are greatly enhanced. On
samples optimized for hydrophone performance, the dielectric constaats of 3-1 and
3-2 composites are 600 and 300 respectively. For two typical composites, the

_ piezoelectric coefficients d,, g,, and g,d, for 3-1 composites are 160 (pC/N), 24

(%1073 Vm/N), and 3800 (10~'* o /N) respectively, and the corresponding values
for 3-2 composites are 200 (pC/N), 55 (10~? Ym/N), and 11000 (10~!* m?/N).

These composites are extremely rugged and show no pressure dependence. Similar
composites can be made® by extruding the ceramic rather than drilling. Composites
with 3-1 connectivity were fabricated by impregnating an extruded, sintered honey-
comb configuration of PZT with epoxy. The composites had lower density (= 3000
Kg/nr) and lower dielectric constant (= 400) than that of solid PZT. The maxi-
mum piezoelectric d;; coefficient of the composites was 350 pC/N, and the
maximum hydrostatic 4, 220 pC/N. g, and d, g, of the composites were an order
of magnitude higher than that of solid PZT.

PIEZOELECTRIC COMPOSITES BASED ON 1-3 CONNECTIVITY

Composites in which the polymer phase is self-connected three-dimensionally and
the piezoelectric ceramic is seif-connected one-dimensionally were developed by
Klicker.'® In a 1-3 composite, PZT rods are embedded in a continuous polymer
matrix. Under the idealized situation in which the polymer phase is far more
compliant than PZT, the stress on the polymer will be transferred to the PZT rods.
The stress ampiification on the PZT phase along with the reduced permittivity
greatly enhances the piezoelectric voltage coefficient. To provide a better under-
standing of the composites, the piezoelectric properties were studied as a function of
volume fraction PZT, rod diameter, and sample thickness.

The magnitude of the d, g, product of 1-3 composites with PZT rods in polymer
matrix is large, but far less than the theoretical value. Part of the reason is that the
Poisson ratio of the polymer used is fairly high thus an internal stress exists which
opposes the applied stress, and the stress amplification of a 1-3 connectivity model is
greatly reduced. One way to reduce the Poisson ratio of a polymer is to introduce
porosity into it. The fabrication of 1-3 composites with porous polyurethanes was
developed by Klicker'! who showed that porosity in the polyurethane matrix has a
dramatic effect on d,. Composites made with 4 volume % PZT rods 240 um in
diameter in a foamed polyurethane with 45% porosity had a d, g, product close to
50,000 x 10~'% m?/N, which is more than an order of magnitude greater than the
d,g, product of composites with a non-porous epoxy matrix. But this porous
polyurethane composite is very pressure dependent above 200 psi. Other types of
1-3-0 composites were studied by Lynn.'? Porosity was introduced into different
types of polymer matrix either by adding a foaming agent or by mixing commercial
hollow glass spheres with the polymer. Using a foamed REN epoxy, composites with
4 volume % of 280 pm diameter rods showed a three-fold increase in 4, above the
unfoamed REN Epoxy. When hollow glass spheres of an ....: .3c diameter of 80 um
and 2 um wall thickness were mixed in REN and Spurrs epoxy, d,, increased about
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twice that of the piain epoxy composites. For all the composites with glass spheres,
no pressure dependences were found, while in foamed REN epoxy composites, the
pressure dependence remains a problem.

Transverse reinforcement is another technique used to enhance the hydrostatic
piezoelectric coefficient.'>!* These composites were made by mounting two types of
fibers in the polymer matrix: PZT rods parallel to the poling direction and stiff glass
fibers in the two transverse directions. The glass fibers carry most of the transverse
stress thereby decreasing d,, without appreciable reduction in d,;. Transversely
reinforced cgmpositn have 1-2-3 connectivity, or 1-2-3-0 connectivity if the polymer
matrix is formed In many of these polymer ceramic composites a coupling agent is
required to achieve good stress transfer. .

Savakus'* developed a simplified preparation technique for making composites
with 1-3 connectivity pattern. Composite piezoelectric transducers have been con-
structed by partially dicing PZT ceramics and back-filling with epoxy. Composites
containing 10 to 70 volume percent PZT were prepared with several different rod
diameters. Measured dielectric constants ranged from 200 to 1000, longitudinal
piezoelectric coefficients 4,, from 200 to 350 pC/N, and hydrostatic piezoelectric
coefficients d, from 40 to 80 pC/N.

Another interesting variation on the 1-3 composite is the use of solid-porous-solid
sandwiches of PZT.'* The g, and d,g, of these composites were about 0.3 Vm/N
and 50 x 10~'? m?/N respectively.

COMPOSITES WITH 0-3 CONNECTIVITY

The simplest type of piezoelectric composite consists of a polymer matrix loaded
with ceramic powder. Early attempts to fabricate flexible composites of piezoelectric
ceramic particles and polymers were made by Kitayama,'” Pauer,'® and Harrison.!®

This type of composite does not have the desirable stress concentration factor
found in other connectivity patterns, so the hydrostatic figure of merit is not large.
In many ways the 0-3 composite is similar to polyvinylidene fluoride (PVF,). Both
consist of a crystalline phase embedded in an amorphous matrix, and both are
reasonabiy flexible.

An improved version of the 0-3 composite was synthesized by Safari.® Flexible
piezoelectric composites made from PZT spheres and polymers with 0-3 connectivity
were fabricated using several types of polymers. Two techniques were developed for
making spheres 0.4 t0 4 mm in diameter. The dielectric constant of the composites
were 300-400 and the piezoelectric voltage coefficients g;; were 45-55 x 10~?
Vm/N. The high frequency properties of the composites were measured in both the
thickness and radial mode of resonance. The frequency constants and the coupling
coefficients of the composites for the thickness mode of resonance are comparable
with the corresponding values for PZT. Possibie applications of the composites as
band-pass filters have been developed.
~ But an even better suggestion has been put forward by Banno.?! Rather than
using PZT as the ceramic filler, pure PbTiO, was employed because of its greater
piezoelectric anisotropy. This type of 0-3 composite is capable of greater hydrostatic
sensitivity than PVF,, and although it is inferior to some of the other composites in
d, 8, it is far easier to make.
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CONTINUOUS POLING AND MUPPET DEVICES

Conventional poling methods are limited by the size of the power supply to dielectric
thickness of 1 cm or less. For the continuous poling method® there is no limit on
length in the poling direction. The method utilizes the idea of gradually advancing
thin PZT rods or ribbons past two electrical contacts maintained at the required
potential difference. Electrical contact is achieved through conductive carbon foam
attached to copper electrodes and it is not necessary to attach electrodes to the
sample. It is important to note that thin PZT fibers pole easily relative to the solid
ceramic because of the relaxed mechanical constraints on the PZT grains. In the
devices to be described, an electric field 16-18 kV/cm was used to pole the rods to
saturation at temperatures of only 80°C.

We are experimenting with composites in which pre-poled PZT fibers are arranged
in other than a conventional 1-3 pattern. A triple-pillar composite with fibers
oriented in three perpendicular directions is one such example.” This modified 3-3
- sensor can be used as a polarization analyzer for acoustic waves in which the voltage
e signals from three orthogonal electrodes resolve the wave into its longitudinal

N component and two shear components.

Another example is an acoustic phase plate made by arranging pre-poled pieces in
a selected target array. A simple type of annular phase plate was demonstrated by
Famow and Auld.?* The pattern might conform, for instance, to the Fourier
transform of the shape of an object, or perhaps the elements are phased to detect a
target moving with a pre-selected speed and direction. We refer to these composites
as MUPPETS, Multiply-Poled Piczoelectric Transducers. They come in as many odd
shapes and sizes as the Muppet characters seen on television.

The DOFUSS (named for a comic strip dinosaur) is a composite device made
o from pre-poled PZT ribbon. By poling the ribbon parallel to its length, and later
e electroding the major faces of the ribbon, one obtains a shear sensor or generator

based on piezoelectric coefficient d,;. For many perovskite crystals and ceramics,
coefficient d,, is very large. DOFUSS is an acronym for D-One-Five (d,s) Ultrasonic
Shear Sensor. A number of interesting MUPPET and DOFUSS devices are under

study.

REFERENCES

1. R. E Newnham, D. P. Skinner and L. E Cross. Mat. Res. 8Budl.. 13, 525 (1978).

2. D. P. Skinner, R. E Newnham and L. E. Cross. Mar. Res. Buil., 13, 599-607 (1978).
o 3. T. R Shrout, W. A, Schuize and J. V. Biggers, Mat. Res. Bull., 14, 1553 (1979).
- 4. K Rittenmyer, T. R. Shrout and R. E. Newnham, Ferroefecirics. 41, 189-195 (1982),
. 5. K. Nagata, H. Igarashi, K. Okazaki and R. C. Bradt. Japan J. App(. Phys., 19, L37-L40 (1980)
A 6. M. Miyashita, K. Takano and T. Toda, Ferroelectrics, 28, 397-401 (1980).
) 7. H. Hikita, K. Yamada, M. Nishioka and M. Ono, Ferroelectrics, 49, 265-272 (1983).

8. A Safari, R. E Newnham, L. E. Cross and W. A. Schulze, Ferroelecirics, 41, 197-205 (1982).

9. A Safari, A. Halliyal. R. E. Newnham and . M. Lachman, Mar. Res. Buil.. 17, 301 (1982).
9. 10. K A. Klicker, Ph.D. Thesis, The Pennsylvania State University (1980).
S 11. K A Klicker, J. V. Biggers and R. E Newnham, J. Amer. Ceram. Soc., 64, 5-9 (1982).
& 12. S. Y. Lynn, M.S. Thesis, The Pennsyivania State University (1982).
13. M. Haun. P. Moses, T. R. Gururaja and W. A. Schuize, Ferroelectnics, 49, 259~264 (1983).
:.j 14. N. M. Shorrocks, M. E. Brown and R. W. Whitmore, £.M.F. 5 Paper, P1D3$ (1983).
o 15. H. P. Savakus, K. A. Klicker and R. E. Newnham. Mar. Res. Bull., 16, 677-680 (1981).
b -
|
ok
N
N
b,
P
o

- .-\‘- ~ ‘,.. K * R I S S SR
R T I e T




E:.‘T--w‘ TV LA S AU St 21 S At SN Sl S S S AP St S P SR A AR AR A A il Aryl B R AR SRS Rt S b N A R A T e L A S "-T‘
Vi
|
k_al . -
e
':"j: COMPOSITE PIEZOELECTRIC SENSORS 7
16. Y-Q Zhuang, Y-G He. Q-C Xu. Ferroelectrics, 49, 241-249 (1983).
» 17. T. Kitayama and S. Sugawara, Rep. Prof. Gr. Inst. Elec. Comm. Eng. Japan, CPM27-17 (1972).
. 18. L.A.Pauer [EEE Im. Comv. Rec.. pp. 1-5 (1973).
- 19. W. B. Hamson. Proc.. Workshop on Sonar Transducer Materiais, Naval Res. Labs.. p. 257 (1975).
20. A. Safari, A. Halliyal, L. J. Bowen and R. E Newnham, J. Amer. Ceram. Soc., 65, 207-209 (1982).
. 21. H Banno, Ferroelectrics, 50, 329-338 (1983).
2. T. R Gururaja. L. E Cross and R. E Newnham, /. Amer. Ceram. Soc., 64. C8-C9 (1982).
23. T. R. Gururaja, D. Christopher, R. E. Newnham, Ferroelectrics, 47, 193-200 (1983).
24. S. A. Famow and B. A Auld, 4ppl. Physics Lent., 28, 681 (1974),
&
- -
[




t.....
.. .

w e
‘AN
. .

DA IT . .

POLAR GLASS CERAMICS FOR SONAR TRANSDUCERS

R.Y. Ting, A. Halliyal and A.S. Bhalla

e




[ e San ad o ha el o d o n he e gl B A ab et o N S At it A R
-

-
- e
« vy
U )

RS
~

x s

e

182
]
1,v 0.0,

f A
. f f
"..‘ 2 e e
. B .
. - L P ‘ 0

3

e oy
Dl i)

v - e
— T T

. ) o le o .

- N L .

: P e

. PRI

‘e k. ‘l ‘e ‘e

&’

’

FHN VY YV,
AP .

A it - add A S ol R

Polar glass ceramics for sonar transducers

R.Y. Ting
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Glass ceramics are shown in this study to be a new class of transduction materials for application
in sonar transducers. It is found that glass ceramics of Ba,TiSi,O, have high hydrostatic voltage
sensitivity, low dielectric loss, and low dielectric constant. These properties are also shown to be
practically independent of pressure up to 35 MPa. The free-field voltage sensitivity of a glass-
ceramic prototype hydrophone is higher than that based on a commonly used lead zirconate

titanate ceramic element.

PACS numbers: 43.30.Yj, 43.88.Fx, 77.60. + v, 77.20. +y

Since the discovery of ferroelectric barium titanate (Ba-
TiO,) and lead zirconate titanate (PZT),"? ceramics have
been rapidly replacing conventional piezoelectric crystals
for hydrophone applications, and now PZT ceramics are
used almost exclusively in the U.S. Navy’s sonar trans-
ducers. However, PZT ceramics suffer several disadvan-
tages: the values of their hydrostatic piezoelectric constants
are relatively low, and dielectric constants very high. The
density of these ceramics is also very high. Furthermore,
PZT exhibits depoling or aging problems, commonly en-
countered in most ferromagnetic materials.® Therefore,
there has been a great deal of interest in recent years in deve-
loping new transduction materials that offer improved sensi-
tivity and aging characteristics. Several different approaches
such as PZT polymer composites* and piezoelectric poly-
mer> have been investigated. Recently a new family of mate-
rials {polar glass ceramics) has been studied for pyroelectric
and piezoelectric applications.®'! Glass ceramics contain-
ing the crystalline phases of Li,SiO,, Li,8i,0, Ba,TiSi,0y,
Ba,TiGe,0y, and Li,B,0, were shown to exhibit large pyro-
electric responses comparable to those of respective single
crystals. These materials also have low dielectric constant in
the range of 10-20 and attractive piezoelectric properties. In
this letter, grain-oriented Ba,TiSi,O, glass ceramics (BST)
are proposed as new materials for potential applications in
sonar transducers.
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Glass ceramic samples with oriented Ba,TiSi,0, crys-
tallites were prepared by recrystallizing the glasses of com-
positions in the BaO-TiO,-SiO, system in a temperature gra-
dient. Detailed procedure for the preparation of glass
ceramic samples was described in earlier references.®"'
After the recrystallization of the glasses, oriented plates
were cut normal to the temperature gradient and then pol-
ished to thickness =~0.04 cm. Silver-paint electrodes were
applied on both surfaces of each sample for testing. The pie-
zoelectric and dielectric properties of the samples were char-
acterized by using an acoustic reciprocity technique.'? The
theory of this calibration method has been well document-
ed'® and will not be repeated here. The experiments were
carried out in a castor-oil-filled acoustic coupler with tem-
perature and pressure controlled to within + 0.1°C and

+ 0.02 MPa, respectively, and a sinusoidal acoustic pres-
sure applied at 1 kHz. The glass ceramic specimen was a
circular disk approximately 1.2 cm in diameter and 0.04 cm
thick. A PZT-5 sample, 1.3 cmin diameter and 0.6 cm thick,
was tested as a reference. The properties of two commercial-
ly available piezoelectric polymer PVF, samples, obtained
from two different sources, were also measured for compari-
son. Each PVF, sample was a 1.2 1.2 cm square piece.
Their thicknesses were 0.056 and 0.070 cm, respectively.
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FIG. 2. Hydrostatic piezoelectric voltage coefficient g, as a function of
pressure (at 24.5°C).
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TABLE 1. Properties* of glass ceramic in comparison with those of PZT, PVF,, and Li,SO,.

Glass ceramic

Property PZT-$ PVF,; No. | PVF; No.2 {Ba,TiSi,04) Li,SO,*
D(x107Y) 1.73 1.08 1.81 0.003-0.06 e

KT, 1688 10 12 12 10
d,(pC/N) 2l 10 9 9 14
& {1x107* Vm/N) 1.5 112 78 83 148
Thickness (mm) 6 0.56 0.7 0.4 6.4
FFVS

{dBre ! V/uPa) -222 - 202 - 207 - 211 - 187

*Measured at | kHz, 0.5 MPa, and 24.5°C.
*Data from Ref. 16.

The experiments were performed over the temperature
range of 5-45 °C. A pressure cycle was carried out for each
sample by increasing the static pressure in the coupler from
ambient to 35 MPa at 5-MPa intervals, then followed with
decreasing pressure at the same rate. During such a pressure
cycle, the temperature of the system was carefully controlled
at24.5°C.

The hydrophone characteristics of the glass ceramic
sample were also evaluated in a prototype design using a
standard NRL-USRD H23 oil filled hydrophone assembly.
The element was placed in the H23 mount with a rubber
window attached to the face. The device was tested at the
NRL-USRD Lake Facility to obtain its free-field voltage
sensitivity (FFVS) as a function of frequency.

Figure 1 shows the hydrostatic d constant'* of the mate-
rials tested as a function of pressure. The PZT-5 sample ex-
hibited ad,, valueof 21 pC/N at the ambient pressure, which
also increased slowly with increasing pressure. The d,, val-
ues for both PVF, samples and the glass ceramic composite
fall in the range of 9-10 pC/N. PVF, sample No. 1 showed a
1-dB reduction in d, when the pressure was increased from
0.5 to 35 MPa, whereas the reduction for the PVF, sampie
No. 2 slightly exceeded 2 dB. The d, of the glass ceramic
material, however, was constant over the range of hydrostat-
ic pressure of 0-35 MPa. During the decreasing portion of
the pressure cycle, the d, vlaue also remained independent
of pressure. This is in contrast to some ceramic polymer
composites which showed very large pressure hysteresis ef-
fects.'® The piezoelectric voltage constant g, of the glass
ceramic material, shown in Fig. 2, was also found to be inde-
pendent of pressure up to 35 MPa. The g, valueof83x 10~
V. m/N is an improvement over that of PZT-5 by nearly two
orders of magnitvde. PVF, sample No. 1 exhibited an initial
8» value of 112X 107% V m/N which was decreased to
104 10~ V. m/N at 35 MPa, representing a reduction of
0.6 dB. PVF, sample No. 2 gave a g, less than that of the
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FIG 3. Free-field voltage sensitivity (FFVS) of the glass ceramic hydro-
phone as a function of frequency (at 24.5 °C).
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glass ceramic. It was also somewhat pressure sensitive; a 0.5-
dB reduction was found at 35 MPa. Thed, and g, properties
of these materials were also measured at 0.5 MPa over the
temperature range between 5 and 45 °C. The d,, value of the
glass ceramic sample was independent of the test tempera-
ture, but g, increased linearly with temperature by about 0.4
dB from 5 to 45 °C. The results on these samples are sum-
marized in Table I.

The dielectric dissipation of these samples was also
measured at | kHz. It can be seen from Table I that both the
PZT and PVF, material have dissipation in the range of
0.01-0.02. But the glass ceramic samples have extremely low
dissipation, varying from 0.00003 to 0.0006 depending on
the sample composition. This would be very important if one
would consider the material for active transduction applica-
tions.

The FFVS of the glass ceramic prototype hydrophone is
shown in Fig. 3. A-211-dB sensitivity referenced 10 1 V/uPa
was measured, and over the frequency range of 10-100 kHz,
the response was reasonably flat. The PVF, elements gave a
sensitivity of — 202 and — 207 dB, respectively. Although
the FFVS of the glass ceramic is less than those of PVF,, it
should be noted that this sensitivity parameter depends on
both the g, constant of the material and the thickness of the
sample. The thickness of the glass ceramic sample is only
0.04 cm, as compared to 0.056 and 0.070 cm for the PVF,
samples. Because of the high voltage required for poling, the
thickness of poled PVF, that can be fabricated will be severe-
ly limited. On the other hand, thick glass ceramics can be
readily prepared by routine glass fabrication techniques, and
the FFVS then can be easily increased. Asiis, the glass ceram-
ic sample is more sensitive than the 0.6-cm-thick PZT-5,
which givesa FFVS of — 222dBre | V/uPa. Furthermore,
the glass ceramics have low density (3—4 g/cc) and thus lower
mechanical impedance compared to that of PZT ceramics.

Finally, it is noted that the properties of the glass ce-
ramics are approaching those of lithium sulphate crystals
{see Table I). Lithium sulphate has been used in underwater
transducers, and is still a favorite piezoelectric material for
use in many of the Navy’s standard transducers. However,
the availability of lithium sulphate from commercial sources
has declined rapidly in recent years. The glass ceramic
would be a good candidate for its replacement.

Arvind Halliyal and Amar S. Bhalla ackowledge the
support of the National Science Foundation (grant No.
DMR-8303906) for part of this work.
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Grain-Oriented Glass-Ceramics for Piezoelectric Devices

A. HALLIYAL, A. SAFARL A.S. BHALLA.® R.E. NEWNHAM," and L. E. CROSS"

Matenals Research Laboratory. The Pennsylvama State University, University Park. Pennsyivania

Grain-oriented glass-ceramics of Li;Si;0s. fresnoite
(Ba;TiSi;Os). and its lsomorphs Sf;TiSizol and B‘xTiGCIOh
were prepared by recrystallizing glasses in a2 temperature
gradient. Electromechanical and hydrostatic piezoelectric
properties of these glass-ceramics were measured. Piezo-
electric voitage coefficients gy; and hydrostatic voltage coeffi-
cient g, of these glass-ceramics are comparable to those of
polyvinylidene fluoride and an order of magnitude higher than
the corresponding val es of lead zirconate-titanate. These
glass-ceramics seem to be attractive candidate materials for
hvdrophones and several piezoelectric devices. Hydrostatic
piezoelectric properties of Ba,TiSi,Oy and Ba,TiGe,0, single
crystals were aiso measured. The unusually high values of g, in
fresnoite single crystais and glass-ceramics are supposed to be
due to positive dy, in these materials. A composite model is
proposed to explain the positive sign of d,, in fresnoite based on
its crystal structure and internal Poisson’s ratio stress.

I. Introduction

WIDE range of ferroelectric materials is available at present in

ingle-crystal or ceramic form for use in piezoelectric and
pyroelectric devices. In the polycrystalline ceramic form, the polar
axes in individual crystallites are randomly oriented. An essential
feature of the ferroelectric ceramics which makes them usable for
prezoelectric and pyroelectric applications is the ability to reorient
the polar axis in individual crystallites under a high electric field
$0 as (o impart a long-range remnant polar order. In polar but non-
ferroelectric ceramics this orientability is not present. so that
randomnly axed ceramics of these materials have no piezoelectric
or pyroelectric properties and thus they are of no use in this
area. Since many of the noaferroelectric materials have interesting
properties in singlecrystal form, ¢.g., quarz which is the basic
resonant ume standard, an exploration of processing techniques
which might be used to impart a polar texture during the formation
of an ensemble of crystallites could be most interesting.

Glass-ceramics as a class of matenals have several proper-
ties quite different from both single crystals and conventionaily
sintered ceramics. Because of their special characteristics.
glass-ceramics may offer some advantages in the fabrication of
piezoelectric and pyroelectric devices. Even though glass-ceramucs
are used extensively in electronic indusay. not much attention
seemns (0 have been paid to developing glass-ceramics for piezo-
electric and pyroelectnic devices. Recently a new technique
for preparing glass-ceramxcs with oriented crystallites was studied
extensively. ™ In this technique. glasses are recrystallized in a
temperature gradient. It was shown in earlier studies that the
technique is suitable for preparing inexpensive, large-area pyro-
electric detectors and piezoelectric resonators. Using this method.
we have prepared glass-ceramics with both crystallographic and
polar onentation.

The glass-forming systems studied include Li,0-Si0,,
Li;0-5i0:-B;0,. Ba0-Si0:-TiO;, $r0-Si0:-TiO;, and BaO-
GeO,-TiO,. Among the crystalline phases recrystallized from the
glasses within these systems are L1,5i,Oy, Li;B.O+, Ba,TiSi,Os.
Sr:TiSi;04. and Ba;TiGe;Os. One or more of these crystalline
phases are obtained. depending on the composition of the glasses.
All of these crystalline phases are nonferroeiectric and belong to
one of the ten polar point groups. The compositions of the glasses
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were optimized by compositional variations and by the addition of
vanious modifying oxides to obtain glass-ceramics with good phys-
ical properties. Extensive studies have been camned out to optimize
the prezoelectric and pyroelectric properties of the glass-ceramics
by adjusting the composition of the glasses and the crystallizanon
conditions. '~

It has aiso been shown that the polar growth behavior of the
crystallites from the glass matrix depends on the onginal com-
position of the glass. A glass-ceramic is essentially a composite of
a glassy phase and one or more crystalline phases. For glass-
ceramics containung two crystalline phases. a connectivity model
has been developed® based on the principles of series and parallel
connectivity models®’ to predict the piezoeiectric and pyroelectric
properties of glass-ceramnic composites.

In the present study, the hydrostatic piezoelectnic properties of
glass-ceramics of fresnoite (Ba,;TiSi;0,) and its isomorphs
Sr,TiSi,Os and Ba,TiGe,O, are reported. These giass-ceramics
offer several advantages for hydrophone applications, as will be
discussed in a later section. The hydrostatic piezoelectric proper-
ties of Ba,TiSi,0s and Ba,TiGe.O, single crystals were also mea-
sured. The hydrostatic piezoelectric coefficient d,, hydrostatic
voltage coefficient g, and acoustic impedances of these materials
are compared with commonly used .piezoelectric materials like
lead zirconate titanate (PZT) and polyvinylidene fluoride
((CH;F;). = PVF;). The advantages of these materials for applica-
tion in piezoelectric devices are discussed. Finally. a simplified
mode! based on the principles of series and parallel mixing of
phases® is proposed to explain the high value of g, in fresnoite
single crystals and glass-ceramics.

I1. Experimental Procedure

Glasses of several different compositions were prepared by mix-
ing reagent-grade chemicals and melting them in a platinum cru-
cible. Glass-ceramic samples (approximately 1 cm in diameter)
with oriented crystailites were prepared by recrystallizing the
glasses in a strong temperature gradient. The details of the sampie
preparation techaique can be found in Refs. | to 5. X-ray diffrac-
tion and microstructure studies indicated that needlelike crystals
grow from the surface into the bulk of the sample along the direc-
tion of temperature gradient.

For piezoelectric and hydrostatic measurements. sections were
cut normal to the temperature gradient. then polished and coated
with sputtered gold electrodes. The finished samples were approxi-
mately 1 cm in diameter and 0.5 mm thick.

The dielectric constant (K') and loss faciors of the samples were
measured at a frequency of | kHz using an automated capacitance
bridge.* The piezoelectric dy; coefficient was measured with a d,;
meter.” The hydrostatic voltage coefficient g, was measured by a
dynamic method® which is basically a comparative technique. In
this method. a PZT 501 A sample of known g. is used as a standard.
After the sample and the standard are placed in the holder. the
chamber is filled with oil and a static pressure is applied. A func-
tion generator set (o the desired frequency drives an ac stress
generator placed inside the test chamber. The voitage produced
by the sample is displayed on an oscilloscope and compared to
the voltage produced by the standard. By knowing the voltage
responses and the dimensions of the sample and the standard. we
can calcuiate the piezoelectric voitage coefficient g, of the
sample. Corrections were made for the stray capacitance of

*Modei 4270A. Hewilent-Packard. Inc.. Pajo Alto. CA
Modei CPDT 3300. Channel Products. Chesteriand. OH
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Table I. Compositions and Crystalline Phases
Cryswallizanon  Crysailine
Composition T'emp. Q) phases
ZBaO-}SiO:-TiO: 930 Ba,_TiSi;»Og
11.9Ba0-0.1Pv0)-3810,-TiO: 920 Ba,TiSi.0s
2Ba0-0.15Ca0-2.9S5i0,-TiO, 920 Ba,TiSi:04
|.6Ba0-0.4Ca0-2.88i0,-TiO, 930 Ba,TiSi;04
1.6Ba0-0.4Sr0-38i0,-Ti0,-0.2Ca0 930 Ba,TiSi;0,
25:0-35101-1'101 950 Sl'leSth
(1.88r0-0.2B20)-2.88i0,-Ti0.-0.1Ca0 940 Sr2TiSi:0s
Ba0-Ge0--TiO- 300 Ba,TiGe.04
L1,0-1.88i0,-0.2B,0, 605 680 Li,Si,04 +
Li;BO- +
Li»Si0,

Table [1. Electromechanical Properties

Temp. coetf. of
resonance (radiai)

Composition k, (%) &, (%) Q (ppm/°Q)
L120-1.8Si0,-
0.2B,0, 15 20-25 1000-2000  70-100
2Ba0-38i0,-TiO: 14 20-25 1000-2000 100-120
BaO-Ti0+-GeO, 6 8-10 2000-4000 60
25¢0-38i0,-TiO: 11 25-30 1000-1500 50

the sample hoider. From the measured vaiues of dy;. ga. and K.
the pezoelectric voltage coefficient g5 = dyy/ €K and hydro-
static piezoelectnc coefficient dv = gu0K were calculated. The
electromechanical properties were measured by a resonance-
antiresonance technique using a spectrurn analyzer.’

Single crystais (1 cm in diameter) of Ba;TiSi;Os and
Ba;TiGe:0, were grown from the stoichiometric melts by the
Czochralski method. Details concerning the growth procedure can
be found in Refs. 9 to0 I1. ’

I11. Resuits and Discussion

(1) Compeositions and Crystalline Phases

The compositions and crystalline phases of the glass-ceramics
are listed in Table I along with their crystallization temperatures
determined from exothermic peaks in DTA cuns.

It was not possible to obtain giass-cerarmics with reasonable
mechanical strength from a stoichiometnc fresnotte giass com-
position (2Ba0-2S10--TiQ,). The glass composition giving glass-
ceramics with good physical properties and optimized piezoelectne
and pyroelectnc properties was 2BaQ-3Si0.-TiO.. Additions of
a small percentage of PbO. CaO. and SrO helped in obtaining
glass-ceramics with uniform crystallization and good mechan-

‘Modet 1585A. Hewlett-Packard. [nc.. Loveland. CO
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ical strength. Simularly, the optiruzed glass compositions for
Sr2TiSi:0a and Ba,TiGe:O4 phases were 2SrO-3Si0,-TiO: and
BaO-Ge0,-TiO., respectively. The optimuzed composition in the
svstem Li,0-Si0,-B.0; was Li,0-1.85i0;-0.2B,0,. Crys-
tallization temperatures of the glasses ranged from 600° to 950°C.
The crystalline phases of all the glass compositions are also listed
in Table [.

(2) Electromechanical Properties

A summary of electromechanical properues ot optimized glass-
ceramics 1s given in Table [I. Values of the temperature coetficient
of resonance. measured by studving the vanauon of resonance
frequency with temperature for the radial mode. are also listed in
the table. The possibility of tailoring the electromechamcal proper-
ties by varying the composiuon and heat teatment make these
glass-ceramics attractive candidate matenals for piezoelectric
devices. The temperature vanation of resonance frequencies can
be further reduced by suitably modifying the composition of
the glasses.’

(3) Hydrostatic Measurements

The measured values of the dielectric constant. dy;. and g. are
listed in Table {II. along with the calculated values of gs3. du, and
dnga. The properties of Ba:TiSi;Os and Ba, TiGe,0s single crystals
are aiso presented in the table. A comparison of the dielectric and
hydrostatic properties of glass-ceramics with the corresponding
properties of PVF. and PZT 501A 1s given in Tabie [V. The values
of gx and d.gx of glass-ceramucs are comparable to PVF; and much
higher than PZT. Although the values of dy; and 4. of glass-
ceramics are comparauvely low. the magnitudes of 2,; and g, are
high because of their low dielectric constant. " A discussion of
the advantages of these glass-ceramucs in hydrophone applications
is given n Sectior: [1I(S).

(4) Acoustic Impedance

Acoustic tmpedance Z can be calculated from the relation
Z = pc. where p is the density of the material and ¢ is the velocity
of sound un the medium. By measunng the thickness mode f{re-
quency constant V, of the matenal. the velocity ¢ can be calculated
by the relation ¢ = 2V¥,. The values of density. velocity. and
acoustic impedance are listed in Table V. The corresponding prop-
erties of PZT, PVF,, and a number of commonly used materials are
aiso listed in the table for comparison. A discussion of these
properties s presented in the next section.

(5) Application in Hydrophones

A hydrophone is a passive device used as a hydrostauc pressure
sensor. For hydrophone applications. the commonly used tigures
of ment are the hydrostatic piezoelectric coetficient g, and the
product d.g,. For hydrophone applications. the desirable proper-
ues of a transducer material are (1) high 4. and gu: (2) a densaty
suited for acoustic matching with the pressure-transmitting me-
dium. usuaily water: (3) high compliance and tlexibility such that
the transducer can withstand mechanical shock. and can conform
1o any surface: and (4) no variation of g, with pressure.

PZT ceramics are used extensively as prezoelectric transducers
despite having several disadvantages. The values of g, and d,gs of

Table III. Hydrostatic Veasurements

dyy 1431 < EN g
Composition K oC. \» 07 VemND 0" v M\ oC \» 107 m* N

2Ba0-3510,-TiO. 9 7 38 110 338 970
' 1.98a0-0. I PbO)-3810.-TiO, 10 7 30 110 9 - 1070
2Ba0-).15Ca0-2.9Si0--TiO, 10 6 68 78 6.6 300
+1.6Ba0-0 3Ca0)-2.38i0--TiO: 05 6 65 35 79 67
11.68a0-) 45r01-3510,-Ti0.-0. 2Ca0 93 6 *0 100 3.7 37
28r0-3810:-TiO- 13 14 138 35 3.7 "30
1 1.35r0-0.2Ba0)-2 3S5i0,:-0.[CaO-TiO- 106 10 107 100 94 A0
BaQ-GeO--TiO- 15 ) 45 0 33 b30
BaTiSi,0« rsingle crvstaly 1 3 32 120 (2.7 1630
Ba.TiGe-O. (singie crystah 1.4 3 30 120 121 1430
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PZT are low because of its high dielectric constant (=1800). In
addinon. the high density of PZT (=7900 kg/m®) makes it diffi-
cult to obtain good impedance matching with water. PZT is also a
bnute ceramic and. for hvdrophone applications. a more compiiant
matenal with better shock resistance would be desirable.

PVF. offers several advantages over PZT ceramic for hydro-
phone applications. [t has a low density (1760 kg/m’). is a flexible
matenial. and. although it has low ds; and d.. its dielectric constant
ts low enough that large values of piezoelectric voltage coefficients
¢y and g, are possible. Overall. this combination of properues
seems to be very auractive and PVF, transducers are under in-
tensive development.’* However. a major probiem in the use of
PVF, is the difficuity in poling PVF. sheets. A very high voltage
1s necessarv to pole PVF. (about 10 to 100 MV/m) and this puts
a limitauon on the thickness of PVF: that can be poled.

To overcome these problems. a number of composites of PZT
and polymer have been studied in recent years. A detailed descrip-
tion of different kinds of coruposites and the principles involved
can be found in Ref. 13. In a composite. the polymer phase lowers
density and dielectric constant and increases elastic compliance.
Verv high values of g, and d.g» have been achieved with the
composite approach.

From Table [V. it is clear that the piezoelectric coefficients s,
and d, of glass-ceramics are comparable to PVF:, but much lower
than that of PZT. However. because of the low dielectric constant
of glass-ceramucs. the values of g;; and g, of giass-ceramics are
much higher than for PZT. Hence. these glass-ceramics will be
useful in passive devices like hydrostatic pressure sensors where g,
is more important. The vanation of g, with pressure was measured
for giass-ceramics up to 8 MPa. There was no significant vanation
of g, with pressure. In practical use. glass-ceramics may offer
several advantages over PVF; and other ferroelectric matenials for
application in piezoelectric devices.

Since all these glass-ceramics are nonferroelectric. there 1s no
poling step invoived. which is a major problem with PVF;. There
will be no problem of depoling or aging which are encountered
in many ferroelectric matenials. Hence. the glass-ceramics can
be used in devices operaung at high temperatures. Large-area
devices can be prepared by routine glass-preparation techniques.
and hence the cost of the device can be significantly lowered. Since
acoustic impedances of the glass-ceramucs are in the range 18 to
20 x 10° rayls. good acoustic matching can be obtained with
metals like aluminum. Nondestructive testing of aircraft metals
over a wide temperature range is a possibility. These glass-
ceramucs aiso look attractive for use in devices in which glass fibers
are used because of the good impedance matching.

IV. Explanation for the High Value of g, in Ba,TiSi,0,

The g, values of Ba,TiS1.0, and Ba,TiGe;O, single crystals and
glass-ceramics are unusually large compared to other piezoelectne
matenals. An explanation 1s offered here for the high vaiue of g,
based on the crystal structure of fresnoite and an internal Poisson
raco stress.

The hvdrostatic piezoelectnic coefficient d, 1s given by the
equation

d:.:d})‘:d)x 1

For PZT. the piezoelectnic ds. coefficient 1s large (=450 pC/N),
but d, 15 low because the sign of ds; 1s positive and that of dy, 1s
negauve (=—2105 pC/N). Moreover. its hugh dielectnic constant
t=1800) further reduces the voltage coefficients g;y and g,
tTable [II). On the other hand. for fresnoite. even though dy; 1s
low. d, 1s slightly larger than d,, because of posiive ds,. In addi-
uon. because the dielectric constant of fresnoite 1s verv low (=10).
the value of g becomes exceptionally high. An explanation of the
positive sign of dy, 1s given 1n Section [V(2) by considenng the
crystal structure of Ba,TiSi:0,.

11) Composite Model
For a composite consisting of two phases. one-dimensional solu-
uons for dielectric and piezoelectnc properties have been presented

Table IV. Comparison of Hydrostatic Properties

Glass-

Property ceramics PVF. PZT
K ] 10 13 1800
ds: (1072 C/ND §-10 30 150
dy, (10_:' C/N) 1.5 -18 -205
d. (107" C/N) 8-10 10 40
gn (107 Vem/N) 100 250 28
2 (107> Vom/N) 100 10¢ 25
daga (107" m/N) 1000 00 100

Table V. Comparison of Acoustic Impedances

Densiry Veiocity Z x 10"

Medium (kg/m?) tm/s) (kg/m*-s)*
Air 1.2 330 0.0004
Water 1000 1480 1.5
Lead zirconate-titanate 7600 4000 30
Polyvinylidene fluoride 1760 1450 2-3
Aluminum 2700 6300 17
Quartz 2640 5800 15.2
BaO-Si0.-Ti0, 4000 4700 18-20
Ba0-GeO,-TiO: 4780 5020 24
SrO-Si0,-TiO, 3600 5000 18

*kg/m*-s = rayl.
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Fig. 1. Internal stress in composite of PZT fibers and polymer.

for both senes and parallel connectivity.®’ In a number of com-
posites 1t has been shown. both theoretically and experimentally.
that the hydrostatic piezoelectric coefficients d, and g, can be
increased by an order of magnitude over that of single-phase PZT.
Even though PZT-polymer composites are superior to singie-phase
piezoelectnc matenals. some of the composites were not as sensi-
tive as expected theoretically. The reason for this is an internal
stress ansing from Poisson’s ratio. As an example, consider the
internal stress in composites prepared from PZT fibers and a
stiff polymer.

In a 1-3 PZT-polymer composite (Fig. 1), the PZT fibers are
aligned along the polar axis x;. and the polymer matnx phase is
self-connected in all three directions. Further. the PZT and polv-
mer phases are connected in senes along x; and x: and in parallel
along x.. Since the two phases are in series along x, and x.. they
expenence the same stress ;. This assumes that the two phases do
not exert forces on one another and hence intemal stresses are zero.
This assumption is not justified for composites with a small volume
fracuon of PZT. where interphase stress must be considered. Thus
there are two contributions to d,, of composite: those ansing from
external stress o and those ansing from internal stress. In the
equations which follow. the piezoelectnc coefficient dy,. voiume
fraction V', elasuc compliances s,, and si;. and Poisson’s rauo v
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Fig. 2. Composite model for Ba,TiSi;Oy.

of PZT and polymer are designated with a superscript | and 2,
respectively.

Considering only the external swress o, the polarization P, ap-
pearing in the polar direction is given by the following equation

Py =dya, = 'V'idy'a, )

However. if intemal stress is considered. a correction factor should
be applied. This correction arises from Poisson's ratio and will be
referred to as the Poisson’s ratio stress.

When the composite is stretched along x,, it contracts along x,
because of Poisson's ratio. This contraction is controlled by the
compliance and Poisson’s ratio. If the two constituent phases do
not contract equally, an internal stress is generated. The magnitude
of the internal stress can be estimated by assuming that the two
phases remain mated together, or that the strains are equai along
x('ey = *ey). For simplicity it is assumed that both the phases are
elastically isotropic (s = s54;). Under these assumptions. it can be
shown that the internal stress on PZT phase ('o3) is given by

L |”|:” - ZVI:"
7 =@ s+ ('V/2V)iy,
Since the polymer phase is generally far more compliant than PZT,
*si, ® 'sy, whereas the Poisson's ratios are comparable. Equa-
tion (3) then reduces to

3)

_zllzl'uc‘
sy + ('V/V)y,

The minus sign indicates that the internal Poisson s ratio stress acts
oppositely to the applied stress. That is, when a tensile stress o is
applied the internal stress 'o; acting on PZT is compressive. and
vice versa. The internal stress ‘o produces a piezoelectric effect
by coupling through coefficient 'ds,. If both the external stress o,
and the intemal stress 'o} are acting, the polarization along x is
given by

P, = Ivld)|10| + ‘V'd;gIU; (5

The first term on the right is the normal stress contribution and
the second term is due to Poisson’s ratio stress. Coetficient dy, of
the composite is given by

P, (V'd“'(r, - lvld”lc;
dy =—=

4 =g}

1

Ty = 4)

(6)

1t 15 clear from Eq. (6) that d;, 1s greatly increased due to the
internal Poisson ratio stress. Therefore. there will be a reduction in
the magnitude ~f d, (Eq. 1)), lessening hydrostatic piezoelectric
sensitivity of the composite.

(2) Positive dy; in Fresnoite

The arguments concerning internal Poisson’s ratio stress can be
used to explain the positive sign of dy. in Ba,TiSi;O, single crys-
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tals. based on a knowledge of its crystal structure.

The Ba,TiSi,0 structure consists of (Si;0+)*" tetrahedral pairs
and (TiOs)*" square pyramids which are linked to give flat sheets
parallel to {001} planes.' These sheets are bonded together by
Ba®* ions. The structure can be visualized as made up of chains of
deformed TiO, octahedra linked together by a stiff silicate mamix.
In the following discussion, the structure will be considered as a .
composite of two phases: a piezoelectric phase consisting of TiOs
chains (phase !) and a stff silicate matrix which is nonpiezo-
electric (phase 2), as shown in Fig. 2. All the properties with a
superscript | and 2 refer to phases | and 2, respectively. Again for
simplicity, elastic isotropy (sy; = s5,;) is assumed and Poisson’s
ratios of phases | and 2 are assumed to be comparabie. Further, it
is assumed that the piezoelectric phase | is much mare compliant
than phase 2, so that

535 = 15y, B isyy = Iy N
and
'y =ty (8)

Under these assumptions. the internal stress due to Poisson s ratio,
given by Eq. (3), reduces to

'os = 'va 9

The polarization along x;. due to both external and internal
stresses, is given by

Py= 'Vidy'oy + 'Vidy'os
= 'V('dy, + "Vdyp)e (10)
Hence d;, of the composite is given by
dy = ('dy + "Vd)'V (an

It is clear that dy, of the composite can be positive if ' v'dy; > 'dy:.

If the preceding argument is true. the sign of dy, in fresnoite shouid .
be positive, but its magnitude should be very small. The positive
sign of ds, in fresnoite was confirmed by measurements with a dy,
meter and the magnitude of d,, was determiaed as 1.5 pC/N by
standard resonance techniques. For most of the commonly used
ferroelectric materials the value of ds;/ds is approximately -3,
whereas for fresnoite it is approximately +$. From this discussion
it is clear that the posir ve sign of dy, can be artributed to an internal
Poisson's ratio stress acting in the same direction as external stress.
This is the origin of the sizable hydrostatic sensitivity of
BazTiSizog and Ba{l'iGc;Og as well.

V. Conclusions

(1) It has been shown that grain-oriented glass-ceramics in the
systems BaO-5i0,-TiO., Ba0Q-Ge0,-TiO.. and Sr0-S5i0,-TiO.
can be prepared by crystallizing glasses of optimized compositions
in a temperature gradient.

(2) Magnitudes of hydrostatic piezoelectric coefficient di.
piezoelectric voltage coetficient g,. and the dielectric constant
of glass-ceramics are comparable to the corresponding values
of PVF;

(3) Acoustic imgedancqs of these glass-ceramucs are in the
range (8 to 20 x 10° kg/m" s and hence good acoustic matching
can be obtained with metals such as aluminum and commonly
used glasses.

(4)  An explanauon is given for the high value of g, in fresnoute
and its isomorphs. based on the principles of series and parallel
mixing of phases and crystal structure of fresnoite. The reason for
the high value of g. in fresnoite is the positive sign of dy, caused -
by an internal Poisson ratio stress.
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RESONANT MODES OF VIBRATION IN PIEZOELECTRIC PZT-POLYMER
COMPOSITES WITH TWO DIMENSIONAL PERIODICITY

T.R. GURURAJA, W.A. SCHULZE AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

B.A. AULD, Y.A., SHUI AND Y. WANG
Department of Applied Physics, Stanford Uiversity, Stanford,
CA 94305

piezoelectric PZT rod-polymer composites with 1-3
connectivity have been investigated. Electrical admittance
plots and laser probe dilatometry of the dynamic displacement
on the composite as a function of frequency are used to
interpret the vibration pattern of resonant modes.

INTRODUCTION

Piezoelectric PZT-polymer composites of different
connectivity pattern have been investigated to evaluate their
adaptability as ultrasonic transducers for medical applications in
the low megahertz frequency range . Among all the different
composites, those with PZT-5031A fibers embedded in Spurrs epoxy
(Polysciences, Warrington, PA) matrix with regular periodicity (1-
3 connectivity) appeared to be very promising for this
application., The present paper is a brief report on the high
frequency dynamic behavior of these composites in resonant
configuration aimed at understanding their physics and possibly
extending their usefulness in devices other than hydrophones.

Samples for the present study consisted of fired PZT-501A
fibers (diameter = 0.45 mm) arranged in square lattice and
impregnated in Spurrs epoxy matrix. Disc shaped composites
(diameter = 1.9 cms) with 5, 10, 20, and 30 volume percent PZT
were cut and ground to proper thickness and poled at 20 kV/cm.

THEORY

Resonance modes which can be expected in a cylindrically
shaped composite are: fundamental radial and thickness modes and
their overtones, and possible resonant lateral modes due to the
regular periodicity of the PZT fibers in the composite.

Radial mode resonance is mainly determined by the sffective
modulus normal to the fiber axis and the average denisty of the
composite. The effectjive modulus CT was calculated by the Reuss
constant stress model®, Similarly the thickness mode resonance
is defined by the effective modulus CL along the fiber azis and

15231183
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the average denisty of the composite. The effective godulus C
was estimated by the Voigt constant strain model For the
effective modulus calculations, elastic sttffnéss of the fxbiB
petgendxcnlar to the length was chosen to be C =12.1 x 10
N/m® and along the fiber axis Young's modulus E 2 1/833 = 10.5x

N/m“ was chosen. For the epoxy, the modulus was determined to
be 4.7 x 1010 N/ ?,

At wavelengths comparable to the unit cell dimensions of the
array, the analysis is more complicated., A Brillouin theory of
elastic wave propagation in a two dimensionally periodic lattice
cortespondgng to composites with 1-3 commectivity has been
developed For laterally propagating shear waves with
polarization along the fibers, the lowest stop band frequencies
have been calculated.

EXPERIMENTAL EVALUATION OF RESONANCE MODES

Absolute value of electrical admittance was measured on
samples as a function of frequency in the ambients of air and
water using a spectrum analyzer (HP-3585A). Here samples of

p different thickness and volume fraction were examined to identify

1 the differeat resonances observed in the 0-2 MHz frequency range.
- The three major resonances of interest are designated as £1, fe10
and f,y as categorized in Table 1. To analyze the nature of
vibration at these frequencies, detailed laser probe measurement
of actual mechanical displac‘rent on the composite was performed
by laser heterodyne technique”. Frequency scans of the ultrasonic
displacement at several points on the composite were combined with
automated position scans across the diameter of the composite at

ts' frequencies f4. £ t1 and ft2 to study the vibration pattern. .
p;~ The resonance frequency f, was inversely proportional to
S thickness of the sample. The vibrntion on PZT fiber was in phase

with that of the epoxy. For samples resonating at low frequencies
(~300 KHz), the amplitude on the rod was only a little bit smaller
than that on the epoxy. The resonance was heavily damped when the

Table 1. Resonant Modes in PZT Rod-Polymer Composites.
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Figure 1. Phase velocities for Figure 2. Unit cells in
PZT-fiber-polyer the composite.

composites.,

resonator was immersed in water. Such a behavior suggests that
this is the longitudinal thickness mode. Longitudinal velocities
of sound along the fiber axis calculated using the resonance
frequency agree very woll with the theoretically estimated values
for the composites of different volume fraction (Figure 1).

Resonances st ftl and f:z are quite similar in nature. For a
cortain volume fraction the resonances always occur at specified
frequencies immaterial of the thickness. This observation
indicates that the two resonances are due to transverse
periodicity in the lattice.

The vibration pattern at ftl can be explained by referring
to Figure 2 which has four umit cells. At this frequency all the
rods vibrate in phase. The vibration amplitude A at points a, b,
and ¢ in Figure 2 follows the relation A < Ay »> A, The phase
difference between points a and b was found to be 180°., The
observed behavior can be explained by the superposition of two
standing shear wave patterns of wavelength equal to the lattice
periodicity (d) existing along both x and y axes. This resonance
corresponds to one of the stop bands predicted by the theory.
Velocity of transverse shear waves, V. = dftl' is tabulated in
Table 1.

At frequency ftZ’ the amplitude A at points a, b, and ¢
follows the relation A, > A > A, Points a snd b vibrate in
phase and there is 180° ;knse‘différenco between the vibrations at
points b and c¢. Superposition »f standing shear waves along the
two disgonals explain the obierved vibrstion pattern. This
lateral shear resonance along thy diagonal fits a predicted stop
band., Again the transverse shear velocity is calculated by the
equation V_ = df‘2/f2. The calculsied shear velocity is sbout 25%
lower than the measured velocity ia epoxy by the transmission
technique (1050-1100 m/sec). This is auite possidly due to the
mass loading by PZT fibers.

The thickness coupling coefficient k, and Q of the composites
are given in Table 2. The dats is mainly divided into two groups.
Thin samples with thickness around 0.6 om resonsting around 2.25
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MHz and thick samples with Table 2. Thickness Mode -

thickness above 2 mm with Resonance.
resonance frequency around 500 .y, ;... Thickoess t N a
KHz. In thin samples, the T - *
resonance frequency is much This $1.1 $.2
higher than that of the strong s ek 2rs e
lateral modes. Therefore, the ) ;
PZT fibers can be pictured as 10 Tais 68.2 1.0
vibrating independently resulting Thick 40.0 1.1
in k, close to that of PZT. The

low & indicates that the PZT rods 20 The e '
sre partially damped by the Thick 331 181
surrounding polymer. For thick Thin - --
composites, the resonance is %0 Tick PR 28

close to the lateral modes and
the vibration of PZT fibers is laterally coupled through the epoxy
ss evidenced by the uniform mechanical displacement across the
sample and is indicated by low k,. The high Q for thick
composites is a result of very low attenuation losses in the epoxy
at around 0.5 MHz.

The radial mode coupling coefficient k_ was 22% for 5% PZT
composites and increased to 27% for 30% PfT composites. The
transverse longitudinal velocity Vo calculated using the resonance
frequency and the diameter of the composite is compared with the
theory in Figure 1. The large discrepancy between the calculated
and measured velocities of transverse longitudinal wave is
probably due to the finite diameter of the PZT fibers. Elastic
stiffening by the PZT fibers is provided only at discrete points
in the composite, and the approximations in the Reuss model are
therefore not completely valid.

SUMMARY

PZT rod-polymer composites with 1-3 connectivity have, in
sddition to thickness and radial modes, complex lateral
vibrational modes due to the periodicity of the lattice. The
correspondence between the theory and experiment for the lateral
modes is remarkably close. The thickness mode resonance in
relatively thick composites follows the Voigt constant strain
model.
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PYRORLECTRIC AND PIEZOELECTRIC PROPERTIES OF SbSI COMPOSITES *

A.S. BHALLA AND R.E. NEWNHAN
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University Park, PA 16802

(Received for Publication August 20, 1984)

Abstrgct-Antimony sulphur iodide (SbSI), in the ferroelectric
phase below 20°C belongs to the orthorhombic point group symmetry
mm2 and has very large pyroelectric coefficient,.piezoelectrio
strain coefficients (d33) and dielectric constant along the polar
o-axis.

Composites of SbSI:polywer in (1:3) and (3:3) and SbSI:glass
fibers in 3:1 connectivity modes have been prepared and electrical
properties are measured. Pyroslectrio and piezoslectric voltage
sensitivities have substantially increased compared to those of
pure SLSI single orystals.

Effects of doping on SbSI and the pyroelectric properties of

the off c—axis cst composites will also be discussed.

tC icated by Profe J. Gonzalo
*This paper was presented at the Fifth European Meeting on Ferroclectricity (EMF5) Benaimadena, Spain, September, 1983
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FLEXIBLE COMPOSITE PIEZORLFCTRIC SENSORS
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Abstract

The plezoelectric properties of several different
composites with 0-3 comnectivity are reviewed. In
these composites a plezoelectric ceramic powder
such as PbZr,__Ti_O, (PZT), PbTiO4 or Pb,__Bi_-
1-x*%x“3 3 1-x"%x
Til_xFe‘Os is used as a filler in a polymer
oatrix. The valuoes of hydrostatic voltage
coefficiout ih of these composites are higher than

the corresponding properties of single phase
materials, Composites with PbTi05 or
(Pb,Bi) (Ti,Fe)0y as flllers  have higher
piczoelectric voltage coefficients than PZT-
polymer composites because of the groater

anisotropy and lower dielectric constants of these
systems. By adding s small smount of carbon to
the piezoelectric composite, poling can be carried
out at much lower voltages and shorter poling
times, making it possible to mass produce the
composites. Fsbrication of 0-3 composites is o
relatively simple process which can be adapted to
the production of piezoelectric fabrics, piezo-
electric cables, and plezoelectric psint.

I. Introduction

A  hydropbone is an ounderwster microphonme or
transducer used to detect underwater sound. The
sensitivity of a bydrophone is determined by the
voltage that is produced by a hydrostatic pressure
wave. The bhydrostatic voltage coefficient, g,
relates the electric field appearing across s
transducer to the applied hydrostatic stress, and

is thorefore & useful parameter for evaluvating
piezoelectric materials for use in bydrophones.
Another plezoelectric coefficient frequently used

is the hydrostatic strsin coefficient, dy, which
doscribes the polarization resulting from a change
ip hydrostatic stress. The g, coefficient is
related to the dp coefficient by the relative
permittivity (K): gy = dy/e K, where s, is the
permittivity of free space,

A useful ‘figure of merit’ for hydrophone
materials 1is the product of hydrostatic strasin
coefficient d; and hydrostatic voltage cooffiiig?t
8- The product dpsy has the units of o“N ",

Other desirable properties for a hydropbone
transducer include (1) low density for better
scoustical matching with water, (11) high

compliance and flexibility so that the transducer
can coaform to any surface and withstand
mechanical shock. Compliance also leads to large
damping coefficients which prevent 'ringing’ in a

16802
passive transducer, snd  (1i1) little or no
variation of the Bh and d coefficionts with

pressure, temperature snd frequency.

Lead zirconate titanate (PZT) is widely used as »
transducer material because of its high
plezoelectric coefficients, However for
hydrophones, TIZT 4is & poor choice for several
reasons, PZI has s large plezoelectric djg
coefficient, but its hydrostatic strain
coefficient dy (= d33 + 2d3;) is small because d3q
and 2d31 are opposite in sign, snd slaost cancel
one apother. Moreover, the bigh permittivity of
PZT (K = 1800) lowers the voltage coefficient gh
to miniscule values. In sddition, the density of

PZT (1.9 |/c13) makes it difficult to obtain good
impedance wmatching with water. PZT is also a
brittle ceramic and for some spplications a more

compliant material with better shock resistance is
desirable.

Other materisls used for hydrop?T?e -ppllcat{g?s
are lead metaniobste PbNb206 and  Pbli0; .
Their dh values are slightly bigher than that of

PZT (Teble 1) and the 8, values are sa order of
magaitude better because of their modest
dielectric constents. Unfortunately, I'tNb,0, and

PbTi03 are also dense, brittle cersmics, which
undergo s large volume change st the Curie
temperature, often  causing fracture during

preparation.

Polyvinylidene fluoride (PVFy = (CNy-CF;) ) offers
several advantages oyer PZT and other
piezoelectric ceu-lcs(2 . Jt has low density,
bigh flexibility, and although PVF; has fow &
and dh' the piezoelectric voltage coefficient g
is large because of its low relative permittivity,

There are,

use of PVFZ.
in poling PVF,.
pole PVFZ

however, problems associated with the
The major problem is the difficulty
A very high field is nececsary to
1.2 MV/cm), and this 1limits Lhe
thickness that casn be poled. Pyroelectric
phenomens in PVFz also produces undcsirably large
polarization fluctuations with temperature,

It is clear that none of the single-phase
matcrials are ideal for hydrophones and there s
necd for better piezoelectric materinlse,
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II. Composite Piezoolectrics

One approsch to the problem {s to develop
composite materials in which the desired
properties can be incorporsted through use of
combinstion of materials with different
praoperties. In designing composite materials for
hydrophone spplications, a logical choice would be
a piezoelectric ceramic and s complient polymer.
In such a composite, the ceramic produces a large
piczoelectric effect, while the polymer phase
lowers the density and permittivity and increases
the elastic compliance.

In 8 cowmposite the electric flux pattern and the
mechanical stress distribution, and hence the
resulting physical and electromechanical
properties, depend strongly on the manper in which
the individual phases are interconnected. JIn this
regard the connectivity of s composite, defined as
the number of Jdimensjons in which cach component
phase is contianuous is of crucial importance.
When referred to in an orthogonmal axis system,
each phase in & composite may be sclf-connected in
zero, one, two, or three directions. For diphasic
composites, there are ten conmectivity patterns
designatcd as 0-0, 0-1, o0-2, 0-3, 1-1, 1-2, 1-3,
2-2, 2-3, and 3-3.

During the past few years, 3 number of
investigators have examined piczoelectric ceramic—
polymer composites with different connectivity
patterns, The method of preparation of these
composites covers s wide spectrum of cersmic
fabrication processes, and the piezoclectric
properties of the composites depend to a large
extent, on the conmmectivity pattern. In this
paper, » brief summary of the piezoelectric
propescties of flexible composites with 0-3

connectivity 1is presented. A more cxtensive
description of the work on other PZT-polymer
composjtes can be found in recent review
papers 5'6).

II1. Dielectric Piezoelectric Properties
of 0-3 Composites

The simplest type of piezoclectric composite
consists of a polymer matrix loaded with ceramic
powder. In a composite with 0-3 connectivity, the
ceramic particles =are not in contact with each
other while the polymer phase is self-connccted in
sll thecee dimensions (Fig. 1). This type of
composite does not have the desirable stress
concentrstion factor gound in soue other
conncctivity patterns(7 , so the hydrostatic
figure of merit ahih is not large. In many weys
the 0-3 composite is similar to polyvinylidene
fluoride (PVE,). Both consist of a crystalline
phase embcdded in an amorphous matrix, and both
are reasonably flexible,

The first flexible piezoelectric composites were
made by embedding PZIvylrtlcles 5-10 pm in size in
& polyurethane film . The 333 cocfficient of
these composites were comparable with PVFZ, but
the dp value was lower than thosc of solid PZT and
PVF, polymer (Table 1).

SEH mivroesraph o oPh Ry et n\‘ AR

composite with -0 conmeat b i

A simils compusite (T-flex) was dcveloped at
loneywelld . using 120 pm particles in ]
siliconc-rubber matrix, The d33 valucs obtained
with thesc compositcs were agair comparable to
PVFZ. The measurcd picrocluectric voltape
cocflicicnt §h was low (Table 1) and further
improvement of piezoelectlric coefficients was
necessary. One dif(ficulty with this type of
composite is thut the piczoclectric particles are
smaller in diemcter than the thickness of polymer
shcet, and poling of the PZT was very poor becauce
the clectrodes were not in direct contact with the
particles, To imfﬁyve the properties of these
composites Harrison fabricated n composite with
much Jarger PZLT pacrticles up to 2.4 mm, ficre the
purticle size opproaches the thickness of the
composite, and since the I'ZT particles ertend from
clectrode to clectrode, ncar satyration poling can
be achieved. The large rigid P/T particles cun
olso transmit applied stress extremely well,
leading to high dy3 veluces when measurements nre

taken across the particles. Permittivity in this
composite is lower than that of heomogcncous P7T,
resulting in an improved voltage concfficient. (e
problem with this type of composite i< that
complete poling cnnuot be achieved and the

piezoelectric propertics of the crmposite vary
from point to point. An improved vercion of lte
0-3 composite was synthesized by Safnfi(q .
I'lexible piezoclectric composites made f(rom P'7]
spheres  and  polymers with 0 3 conncctivity were

fabricated using several types of polymers, Two
technigques were developed for making spheres 0.4
to 4 mm in dismeter., The diclectric constant of

the composites were 3J00-400 aud the picreelectric
voltage cocfficicnts g33 were 45 55 ¢ 10 Vovern,
The high frequency properties of the composites
weee measured in both the thicknese and  radinl
mode  of resonnnce. The frequency conctente and
the coupling cocfficients of the composites for
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the thickness mode of reconance arc comparable
with the corresponding values for PZT, Possible
applications of the com os}tes as band-pass
filters have bcen developed 1o .

But an evin beiser suggestion has been put forward
by Banno 11,12} Rather than using PZT as the
ceramic filler, pure or modified lead titanate was
employed because of its grester piczoelectric
snisotropy, The piezoelectric ceramic fillers
used in these composites are PbTi03, Bi203—
modified PbTi03 and W03—nodified Py, Fine-
grained (~ 5 um) particles of pure FbTiV3 were
made by water quenching sintercd ceramics, while
those of modified PbTi0y and PZT were mado by
grinding sintcred ccramics. To fabricate the
composite bodies, the piczoelecctric powders and
chloroprene rubber were mixed and rofled down into
0.5 mm thick sheets at 40°C using a hot roller,
and then hested at_190°C for 20 minutes under a
pressure of 13 kg/cm”, The composites were poled
in a 100-150 kV/cm for 30 minutes.

As shown in Table 1, the bhydrostatic voltage
coefficient Eh of pure PbTi0, composites is
comparable to that of PVF,. In Elg. 2 the Eb and
d of these composites are plotted as &8 function
o? hydrostatic pressure up to 35 MPa. (5000 P'SI).
It is found that Eh(lS? d, are icdependent of
pressure op to 35 MPa .

Reccntly we have fabriceted flexible composites
with a more sctive piezoelcctric material, The
piezoelectric ceramic filler wused in these
composites is Pbl_xleTll_xFe,OJ (BF-PI) which ha:
a very large spontaneous strain.

There are two reasons why large spootancous strain
is advantsgeous, First, it makes it easy to
obtain & looso ceramic powder of extremely [(ine~
grain size, On cooling {rom high temperature, the
BF-PT ceramic undergoes brittle f{racture at the
Curie point as it transforms from a cubic state to
a tiizggonll phase with c¢/a ratio as large as
1,18 . Water-quenching accolerates the
fracture process, further reducing the particle
size, and making it possible to fabricate very
thin piezo-films. The sccond reason is that

large spontancous strain promotcs greater
piezoelectric anisotropy. This incresses the
bydrostatic sensitivity by reducing the

caocellation betwecen Yiefoeloct:lc coefficicnts
d33 and  d4y. Banno' 1 found that in 0-3
composite ferroelectrics, pure PbTiUJ has a larger
hydrostatic piezoelcctric effect than Pb{Zr,Ti)0,.

The spontancous strain in PbTi03 is about 6%, In
PZT compositions near the morphotropic boundory,
it is about 2%, And since in BEF-PT, the
spontancous strain is as large as 18%, we were nol
surpriscd to find a substantial ivcrease in the
bydrostatic voltage coefficicnts of the
composites,

To fabricate the compositcs, the filler powder is
syothesized [rom the system Pbl-x"ixTil-xrchJ for
which there is a continuous solid solution across
the entire composition range. The composition of

the powders synthesized in this study lie in the
range x = 0,5-0.7. To prepare the filler powder,
Pbo, Ti02, Ri203 and Fe,0y were mixed and ball-
milled with zirconia medis. The ozxides were
subjected to o low temperature (7009C R1U°C)
primary calcination for 1.5 bours, followed by o
sccond high temperature firing (950°C-1050°(C),
Water quenching produces an average particle sirze
of 5 um (Fig. 1). To fabricate the composites,
picznel?ctgic ceramic powders aud eccogel
polymer 15 were mizcd and calendered st 40°C,
The calendered material is then cured at RO® under
slight pressure., Composites were poled in an ROT(
silicone o0il bath by applying a (ield 100-12Q
kvV/ecm  for 20 minules, The poled composites
cxhibits ouvtstanding hydrostatic sensitivily
ottaining values of gy, nnd dhsh well in ezcens  of
the values reported for pure PhliO compasiles
(Table 1)( The gy, and 4y velues of these
cumposites remain  virtually constant over s
broad pressure range (Fig. 2).
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1v. Poling Method

As mentioned carlier, 0-3 composites prepered {rom
PZY, PbTi0z and (Pp,Bi)(Ti,Fe)0, powders arc. poled
at very lsrge field strength ?IOU 150 kv/cm)  in
order to nchieve sufficient poling. The reason
for the necessity of such targe (ields will be
clene from the following discussion.

For a 0 3 composite consisting of sphericol grains
embedded in a metriz, the electric field Fy,
acting on an isolated sphericnl grain is given by

. 3K,
By = Fy
Ky 43K,

In this ecquation, Rl and KZ are the diclectric
constunts of the spherical piczoelecliric prains
and  polymer matrix, respectively, ond ¥ ooois
cxternally applied elcctric field. For a 03
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composite of PbTi0y powder and polymer, | 300
and £, ~ 5. For such a composite with an external
field of 100 kV/cm, the electric fleld acting on
the plezoelecstric particles in only about § kV/cm
which is insufficient to pole the composite.
According to the sbove equation E1~B° only when
the dieloctric constant of tho piezoelectric phasc
approaches that of the polymer phase. Most of the
ferroelectric materials have very high dielectric
constants and bence the above condition cannot bo
satisfiod,

The importance of conductivity to polipg can be
assessed by applying 'hf Maxwell-Wagner model to
the 0-3 conposites(16 . The model leads to a
relationship betwcen the electric field strongth

and the conductivities of the two phases.

After applying a DC poling ficld to the sample for
s time long compared to the sample relaxstion
time, the fjield distribution in a two-layer
capacitor is given by [E{/E; = 0,/04]. Tho field
acting on the ceramic is controlled by o,/0,, the
ratio of the electrical conductivity of the
polymer to that of the ceramic. Sincg the con-
ductivity of the polymer mstrix (~1071471 o1
is about 100 times sm-lier than that of the PZT
ceramic filler (~10712~ -em™)  at room temper-
sture, only a few percent of the poling field scts
on the PZT particles. Under oormal poling
voltages, this is sn insufficient ficld strength
for poling the ferroelectric particles,

One way to increase poling is to increase the
polymer conductivity close to that of the PZT
filler. To do this, we have added a conducting
third phase such as carbon to the PZT-polymer
composite. In preparing these composites, 68.5
volume percent PZT 501 and 1.5 volume percent
carbon were mizxed and dry ball-milled., After
ball-milling, the fillers wcre hand-mixed with
eccogel polymer, and placed in a mold wunder
pressure. It is found that the PZT-polymer
composite with small amount of carbon additive can
be poled in about five minutes under a field of
35-40 kV/cm at 100°C. Fig. 3 shows the effect of
the poling voltage on the J33 values of the
composites when poling is carried out at 120°C,
It is observed that & durstioo of five minutcs is
sufficient for full poliog of the composites,
Piczoelectric and dielectric propertics of some of
these composites are calculated in Table 1 along
with the properties of composites without
conductive phase additive. Further detai)s of the
poling method will be reported elsewhere .

TFlexible 0-3 composite have nlso(?gsn devcloped at
Bell Laboratories by Zipfel . In this
composile s polyurethane matriz material is mizxed
with 30-40 volume percent of a oon-ferroelectric
filler such as tartaric oacid or lithium sulfate
monohydrate. The liquid mixture is ipojected into
an evacuated 3 inch diamcter stecl mold having two
brosd faces spproximstely 1.27 mm apart. While
the polymer is wundergoing polymerization, the
composite is polsrized by applying bhydrostatic
pressure and an electric field. In this way the
piezoelectric crystals suspended in the liquid co-
polymer rotate wuntil they are electrically

RS .
R TR P N Y P, ¥ V)

50

as}

a 3 Min.
o 5 MIN
(] 10 MIN
30 o ISMIN

{AT 120°C FOR ALL SAMPLES)

PIEZOELECTRIC CCEFF, (d,,xpCN™")
o
(&, ]

25 1 1 1 1 _;__J
15 20 25 30 35 a0 a5

POLING FIELD (KV/CM)

Fiv. 3. Variation of o VA BTN ISR TIRD R
composites with pobing volr e,

aligned. After polymerization, the resuiting
rubbery matrizx holds the oriented particles in
polar alignment for maximum sensitivity. The

dielectric constant of this cable hydrophone s
typically 4.2 and the piezoelcctric sensitivity is
stated to be ‘comparable with most of thke other
piezoclectric materials.’

V. Sumwmwary

The dieclecctric and piczoeleciric propertics of
several different types of flexible composites
having 0-3 conncctivity arc described and their
figure of mcrit for hydropbhone applications (dhgh)
arc discussed. Hydrophoncs are wused at low
frequencies where the acoustic signal has o
wavcelength much larger than the scale of the
macrostructure of the composite. Tt is chown that
the hydrostatic voltape coef{ficient gy and  figure
of merit !hdh of ceramic-polymer cemposites are an
order of wmagnitude higher than those of single
phase moterinls. Compositcs fabricoted wilh
(Pb,Ui)(Ti,Fc)OJ showed higher piezoclectric
voltage cocfficient than the other composites
because of the large spontancous strain in  these
syslems. Difficulty of poling 0-3 composites can
be cased by adding 8 small volume fraction of
conductive phase.
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| FINITE ELEMENT MODELING OF PERFORATED
PZT-POLYMER COMPOSITES

S. DaVanzo, A. Safari and R.E. Newnham
The Materials Research Laboratory
The Pennsylvania State University

University Park, Pennsylvania 16802

ABSTRACT

Perforated PZT-polymer composites with 3-1 connectivity patterns have
been fabricated by drilling square holes perpendicular to the poling direction
in prepoled PZT blocks and filling the holes with epoxy polymer. The influence
of the separation between the holes on the dielectric and piezoelectric
properties of the composite was studied. The finite element method has been

used to calculate the stress distributions in this composite. The hydrostatic

dh and éh coefficients have been calculated by summing the individual element

polarization. The calculated values are compared with experimental results.
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INTRODUCTION

PZT-polymer composites for hydrophone applications have been fabricated
for a number of years using different macrosymmetry and interphase connectivity
patternsl_7. Safari and co-worker58 have investigated composites with 3-1 and
3-2 connectivity patterns. The connectivity pattern refers té the number of
dimensions in which the individual phases within the composite are continuous.
A 3-1 composite is one in which the PZT phase is continuous in three dimensions
and the polymer is continuous in one dimension. The introduction of the polymer

phase lowers the dielectric constant K from that of single phase PZT, and

33

increases the hydrostatic piezoelectric charge coefficient d the hydrostatic

h?
piezoelectric voltage coefficient 8> and the figure of merit ghdh.

The 3-1 composites discussed in this study were fabricated by Safari8 by
drilling holes perpendicular to the poling axis in prepoled PZT blocks. The
holes were backfilled with Spurrs epoxy resin and the dielectric constant and
piezoelectric coefficients measured. The 3-1 composites have a lower density
than solid PZT which allows better acoustic coupling with water than does
solid PZT. Depending on the geometry, the 3-1 composites show an increase in

the hydrostatic figure of merit d of a factor of about 30.

n&h
It has been postulated that the increase in the hydrostatic piezoelectric

coefficients is due to a favorable change in the stress distribution within

the composite. In order to better understand the enhancement of the hydrostatic
piezoelectric coefficients a simple series and parallel model was developeds.

In the series and parallel model the composite was divided into three regions

as shown in Figure 1. The two sections labeled A are solid segments of PZT.

The section labeled B contains PZT regions in parallel with polymer regions.

The three sections are connected in series to form the composite. The piezo-

electric coefficients d33, d31 and d32 were then calculated for the composite.
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In calculating d33 and d32 it was assumed that the sections connected in parallel
along the z direction would have equal strain, and those connected in series
would be subject to a stress, equal to the applied stress. In estimating d3l
only the constant stress conditions were used. The three ccefficients were then
combined to yield a hydrostatic coefficient dh’d31+d32+d33'

With the simple assumptions used to describe the stress distribution within
the composite, the series and parallel model overestimated the hydrostatic
piezoelectric coefficient dh' In order to obtain a more realistic stress

distribution within the composite the Finite Element Method (FEM) was used to

calculate the coefficients.

THE FINITE ELEMENT METHOD

The Finite Element Method was used to calculate the stress distribution
within the composites. FEM is a metggd of solving boundary value problems in
which a continuous region is divided into a finite number of small regions.

The differential equation used to describe the behavior of the continuous

system is expanded on a set of simple basis functions termed 'shape functions'.
The behavior of the continuous region is then described in terms of the behavior
of a finite number of points within each element making up the region of interest.
In the elastic problem the behavior of the region is described bv the displacement
of points within the region termed '"nodes'". The displacements of the nodes .become
the independent variables within a set of algebraic equations. The FEM calculates
the displacements of the nodes to obtain a distribution of strains within the
material. The stress distribution is then "recovered" from the strains.

The accuracy of the FEM is controlled by refining the element mesh. The

FEM will converge uniformly* to the "exact'" solution by using an increasingly

* Assuming isoparametric elements are used with other element tvpes the FEM will
converge but not always uniformly.
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larger number of elements to describe the region. The method employed in the
expansion of the differential equation places constraints on the displacements .
of the nodes, hence the model converges from a stiffer model. 1In terms of the
present study, these constraints will imply that the calculated dh coefficient
will be underestimated by the FEM. The mesh size can be reduced to a point
which will yield an error of less than 107% without the cost becoming prohibitively
expensive.
The FEM was used to calculate the hydrostatic piezoelectric dh coefficient
for 3-1 perforated composites. The method involves the following five step
procedure:
STEP 1. Divide the composite into a large number of finite elements. A sample
"grid" is shown in Figure 2. The elements used in this study are cubic
blocks 0.25mm on a side. The nodes referred to earlier are the corners
of the cube. .
STEP 2. Generate the elemental data for the grid. The elemental data consists
of the positions of each node, the material making up the element .
(ie. polymer or PZT), and the mechanical load on the element. The way
in which the nodes are arranged is important for minimizing computational
cost and accuracy. The nodal arrangement is chosen to minimize the
maximum difference between node numbers in any element.
STEP 3. Calculate the stress distribution by the FEM. The FEM calculates the
six components of the stress at the centroid of each element.
STEP 4. Calculate the polarization at the centroid of each element using the

relationship Pi=di for PZT.

7k 5k
STEP 5. Sum the element polarizations and calculate the hydrostatic piezo-

electric charge coefficient d The composite polarization was

h’ .

calculated using a series and parallel model which assumes that the

electrode surface is a constant potential surface.

|




T

TTV Y

L Jaacang Jue et men s s Siee Sl et Sest e dlas Begs Jistt et JAatt Mher et el et e gan S llam de Sudiiralia el 4= oS Sl iuigea/irauii e S pNCAVES phi GRS ST AR AFUE IR AP SRS PR R

The dielectric constant K33 was calculated by dividing the composite into
the same Finite Element grid. The dielectric constant was then calculated

using a similar series and parallel model, and summing the polarizations.

RESULTS AND DISCUSSION

The hydrostatic piezoelectric charge coefficient dh was calculated for 3-1
perforated composites with 2 square holes. The hole size was 2.5mm on edge.
Figure 3 shows the dh coefficient plotted as a function of x (The center to
center distance for adjacent holes). The figure compares calculated (solid line)
and measured values (squares). The values calculated by the FEM fall below
the measured values; this is to be expected as the FEM converges from a
stiffer model.

Figure 4 shows the dielectric constant K33 as a function of x. The dielectric
constant was calculated using the same FEM grid and the series and parallel model.
There is good agreement between the calculated dielectric constant and the
measured dielectric value.

The hydrostatic piezoelectric voltage coefficient & is shown plotted as a
function of x, for both calculated and measured values, in Figure 5. The co-

efficient g, was calculated from the relation gh=d /K The properties

h' "33°
calculated using the FEM show good agreement with those measured in the
laboratory.

In the process of calculating the hydrostatic piezoelectric coefficients
the FEM calculates the distribution of the six components of stress tensor
throughout the composite. The stress distribution is helpful in elucidating
which composite designs will maximize the normal stress in the Z-direction

while at the same time minimizing the X and Y components. The stress

distribution will also show areas of stress concentration. Stress concentrations

can be detrimental under high loads; causing depoling and fracture.
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The stress distribution for a 3-1 perforated composite is shown in

Figures 7-10. The applied load was a hydrostatic load of 689.5 x lO3 Pa (100 psi).
Each figure is a contour map of one of the six components of the stress tensor.
The components are projected onto a plane parallel to the Y axis at a point
0.125 mm into the composite. The plane on which the contour plots are projected
is shown in Figure 6. On each figure the contour lines follow paths of constant
stress. By identifying the magnitude of each line it is possible to determine
the stress at each point within the composite. As an example the rectangular
region in the center of Figure 7 (XX-component) is enclosed by the 350 x lO3 Pa
(50 psi) contour. This same region is enclosed by the 950 x 103 Pa (135 psi)
contour in Figure 8 (YY-component), and by the 1850 x lO3 Pa (250 psi) contour
in Figure 9 (ZZ-component).

Areas with a high density of lines represent regions with a large gradient
of the particular component of the sé;ess. For example the hole interface in
Figure 7 shows a change from 750 x 103 Pa (120 psi) outside the hole to
350 x lO3 Pa (50 psi) within the hole. The maximum in the XX and YY components
of the stress occurs at the corners of the holes as is visible in Figures 7 and
8. The value of the maximum is only 2.3 and 1.5 times the applied load for the
XX and YY components respectively. In Figure 9 the maximum stress occurs
along the edge of the composite. This maximum is approximately 3.6 times the
applied load. It is this increase in the ZZ component of the stress which is
responsible for the increase in the hydrostatic piezoelectric coefficients
but would also be responsible for fracture or depoling under high loads. The

.‘ ' areas that would depole first are the regions surrounding the holes. Studying
Figures 7 and 8 show that the normal components of the stress orthogonal to

the poling direction are maximum at the hole interface. Fracture would occur

t.rst in the pillar regions between the holes and at the composite edge.

S Figure 9 shows that the maximum in the z component of the stress tensor is
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approximately 3.6 times the applied load in these pillar regions. Care must be
. used in the design of these type of composites to make sure that the enhancement
of the stress in the pillar regions is not great enough to degrade the mechanical

integrity of the composite while at the same time maximizes the enhancement of

the hydrostatic piezoelectric properties.

Studying Figures 7-9 show how the holes decrease the influence of the loads

b]
-t . .
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in the X and Y directions on the polarization in the Z direction. The goal of

these composites is to reduce the influence of d3l and d32 on the hydrostatic

coefficient dh. Since it is not possible to change the coefficients of single

phase PZT, the composite is designed to reduce the 9 and g, components of the

4

stress in the PZT phase. Figure 10 shows a contour map of the P3 component of ;i
the polarization. It shows that the net effect is to increase the polarization ??
in the pillar regions adjacent to the holes. It is this increase in the ﬁ
polarization which is responsible fo; the increase in the hydrostatic piezo- ;j
electric coefficient dh of the composite from that of single phase PZT. The Eﬁ
pillar regions shown in Figure 10 suggest that in designing composites for :3
hydrophone applications the emphasis should be placed on maximizing pillar i;
structures in the direction parallel to the poling axis. i%
The difference between the properties predicted by the series and parallel :&
model and those predicted by the Finite Element technique can be attributed Eg
to the more realistic stress distribution. The simple assumptions used in the ~
series parallel model do not hold for these composites. The Finite Element ;E
Method provide insights for future design criteria by allowing one to choose a ég
geometry which will yield the desired stress distribution. hj
?j
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Fig. 1. Schematic diagram of perforated 3-1 composites.

(a) with square hole.

(b) with sectioning in two parts A and B.

(c) with sections 1B and 2B of part B of the
composite.
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OF ALKALINE-EARTH FLUORIDE SINGLE CRYSTALS

Z.Y.MENG *, Y M. SUN and L.E. CROSS **

Materials Research Laboratory, The Pennsylvania State University,

University Park, PA 16802, USA

Received 3 August 1984

The separated electrostriction tensor components for alkaline-earth fluoride single crystals have been measured by the
converse method using the uniaxial stress dependence of the dielectric permittivity. Values obtained for the individual com-
ponents of the electrostrictive voltage coefficients were My; = —0.116, M2 = 0.109 and M44 = 0.538 for StF, and My, =
-0.107, My3 = 0.123 and M4q = 0.594 for BaF,, respectively, in units of 1072° m2/v2, The corresponding values for CaF

have been reported elsewhere.

In the space group 0'5(, CaF,, SrF, and BaF, are of
interest as a set of isomorphous cubic crystals with the
fluorite structure which are good electrical insulators.
The separated quadratic electrostriction tensor com-
ponents for calcium fluoride have been reported in ref.
[1]. In this note, measured values of electrostriction
coefficients for alkaline-earth fluoride single crystals
StF, and BaF, are given. Apparently there are no
previous measurements of electrostriction tensor com-
ponents for these crystals.

The measurements were made using the uniaxial
stress dependence of the dielectric permittivity. The
apparatus and procedures in the present experiment
are the same as those described in a previous paper
[1]. Samples of strontium and barium fluoride single
crystals of high-purity optical grade were purchased
from Harshaw Company and prepared in the form of
flat cylindrical plates 23 mm in diameter, 1.5 mm in
thickness. Plates with {100), {110), and (111) direc-
tions normal to the major surface were prepared.

From measurements for a sequence of different
stress levels, the variations of electrical capacitance of

* On leave from the Department of Electronic Engineering,
Xian Jiaotong University, Xian, Peoples Republic of China.
** Also affiliated with the Department of Electrical Engineer-
ing.
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Fig. 1. Uniaxial stress dependence of capacitance change for
SrF,.

the SrF, and BaF, samples shown in figs. 1 and 2
respectively were obtained. In order to facilitate com-
parison of the capacitance variations for CaF,, StF,
and BaF, in each crystal orientation, these results are
plotted in figs. 3, 4 and S for (100), {110} and (111}
orientations respectively. It is clear that there is an in-
crease in the capacitance (and therefore the dielectric
constants) with stress for (100) orientation, but a de-
crease for both (110) and (111) orientations. The plots
for {100) and (110) orientated crystals are very similar

0 167-557x/84/$ 03.00 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. 2. Uniaxial stress dependence of capacitance change for
BaF 2.

to those of alkali halides [3,4]. Under applied uniaxial
stress, however, the capacitance changes for alkaline-
earth fluorides are obviously lower than those of alkali
halides.
en subjected to hydrostatic pressure, these crys-

tals $how a decrease in dielectric permittivity [5,6]. In
orderto calculate the electrostriction tensor compo-
nents, the values for the hydrostatic M-coefficients were
calculated from the data of ref. [6]. The values are M;,
=0.1012 £ 0.005 for SrF%and MQ =0.1362 + 0.005
for BaF, in units of 10~20 m2/V< respectively. Using
these values and the slopes of the curves in figs. 1 and
2, the values of the separated tensor components can
be obtained and are summarized in table 1.

In the measurements, the major potential sources
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Fig. 3. Uniaxial stress dependence of capacitance change ior
¢100) orientated CaF,, SrF; and BaF;.
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Fig. 5. Uniaxial stress dependence of capacitance change for
(111) orientated CaF,, SrF, and BaF,.

of error have been discussed in the previous paper.
The total error of measurement value from all sources
is estimated to be less than +10%.

In view of the correlation expected between elastic
compliance, thermal expansion and electrostrictive

Table 1
The electrostriction tensor coefficients for alkaline-earth
fluoride single crystals in units of 10-20 m2/v2

Crystal My, My, My M1212?
CaF,y -0.132 +0.117 +0.507 (+0.128)
SiF, -0.116 +0.109 +0.538 (+0.138)
BaF, -0.107 +0.123 +0.594 (+0.149)
D Maa = 4My213.

545




A S A 34 D A AT A T A S R |

r—
.-
.
-
g
»
g Volume 2, number 6A&B MATERIALS LETTERS September 198_4
"
behavior, the trends of the data with changing cation References
are as expected. The consistency and regularity of the
data give added confidence to what is an exceedingly [1} Z.Y. Meng and L.E. Cross, J. Appl. Phys., to be published.
difficult experimental procedure, and suggest that the [2] K. Bitte.nmeyer. Ph.D. Thesis, The Pennsylvania State
converse method of measurement may be more reli- University (1984). .
ble tha lier att direc t [3] G. Balakrishnan, K. Srinivasan and R. Srinivasan, J. Appl
able than earlier attempts at direct measurement. Phys. 54 (1983) 2675.
[4] P. Preu and S. Hanssuhl, Solid State Commun. 45 (1983)
619.
(5} C. Andeen, D. Schnele and J. Fontanella, Phys. Rev. B6
(1972) 591.
[6] G.A. Samara, Phys. Rev. B13 (1976) 4529.
546

PESCNCN, B -t

1

TF .4 2
%




— - T W T e T Y e T T T TR YTV .
aadasa 2K A W i G B vk B e S g gegl gl en Al iR il DA AR REr A TN LT e A .- . LA Pl .
<® .

TR
b
| RN
e o
No,ow
O
S
L

POLARIZATION AND DEPOLARIZATION BEHAVIOR OF HOT PRESSED
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POLARIZATION AND DEPOLARIZATION BEHAVIOR OF HOT PRESSED LEAD
LANTHANUM ZIRCONATE TITANATE CERAMICS

YAQO XI, CHEN ZHILI, AND L.E. CROSS
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract-Studies have been made of the polarization and depolar
ization behavior for lead lantbanum zirconate titanate ceramics
with zirconia:titania ratio 0.65/0.35 and La,05 content from
0.07 to 0.095 (7:65:35 to 9.5:65:35). Continuity of the dielec-
tric dispersion on cooling unbiased freshly de-aged samples
suggests that across this whole composition range for tempers-
tures below the dielectric mazxima, there are no macroscopic
phase changes. Large remanent polarizations may be built up at
low temperatures by cooling under suitable DC bias, but the
coramics will ’'stand off’ significant bias levels applied at low
tomperature and remain dispersive. Depoling om heating becomes
progressively less abrupt with increasing La 03 content but is
always accomplished well below the temperature of the dielectric
maximum., A model involving the ordering and disordering of
polar micro-regions under electrical and thermal fields accounts
well for the observed properties.

INTRODUCTION

The thermal depolarization bebhavior of electrically poled 1lead
lanthanum zirconate titanate (PLZT) ceramics with compositions in the
range of Pb2r0.6sT10.3503 with L.203 additions of 6-, 7-, and 8§-mole%
L1203 have been of interest for the behavior of the pyroelect{}c
current, dielectric response, and electro-optic characteristics .
It was clear from the early studies of Keve' that depolarization of a
short—-circuited PLZT of composi-tiom 7:65:35 occurs at a temperature
well below that_of the dielectric permittivity mazimum. Dielectric
data of Salanek” suggest that the K' maximum is strongly dispersive
as in ferroelectrics with diffuse phase transitions agelaxors). More
recent measurements by Kimura, Newnham, and Cross” of the elastic
shape memory effect suggost that the shape changing ferroelastic
macrodomains are lost in these corsmics at the lower depoling tem-—
perature.

The present study was carried out to investigate more fully both
poling and depoling characteristics of transparent hot pressed PLZTs
covering the composition range from (7 to 9.5):65:35. Data for the
8% L|203 composition have been presented antlier7. but some are
reproduced again here to compare with the 8.8 and 9.5% Lu203
compositions,

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
Ceramics used in these studies were provided by the Shanghai
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Institute of Coramics in China. Wafers used in the present study
were cut from boules of near theoretical density, high optical trans-
parency and mean grain sizes in the ranmge 2 to 5 um.

Dielectric properties were measured on a computerized automatic
measuring system using the HP LCR meters HP 4274A and 4275A under HP
9825 computer control. Pyroelectric currents were moasured with an
HP 4140B picoamperemeter. A Delta Design 2300 environment chamber
covered the range -150 to 200°C and temperature were measured with a
platinum resistance thermometer on a Fluke 8502A digital multimeter,
Special software was developed for automatic measurement and all daty
were recorded on flexible magnetic disks.

EXPERIMENTAL RESULTS

The tempoerature dependence of dielectric permmittivity in
8:65:35 PZT cooling under zero bias, and under a DC bias of 3 kV/ca
for a cooling rate of 3°C/min is shown in Figure la and 1b. Sup-
pression of the dispersive behavior (relaxor character) under bias is
clearly evident at temperatures below 55°C., Similarly for sn 8:65:35
PLZT sample cooled to -75°C then biased to 3 kV/cm and heated at
3°C/min (Fig. 2), the persistence of the dispersion up to a tempera-
tuore T, followed by a suppressed no dispersive region (2) a re-
emergence of dispersion below Tm (3) and the conventional higher
temperature non-dispersive regions (4) are quite evident. That T
and Tm aze poling and depoling temperatures is evidenced from the
pyroelectric currents (Fig. 3), and the integrated current shows the
corresponding build up and decay of macroscopic polarization.

Data has already been presented to show that Tf decreases with
increasing bias field, and the kinetic na;ure of the change is evi-
dent from the dependence upon heating rate’.

In the 8.8/65/35 PZT, on cooling a freshly de—aged sample again
the dispersive character of a relaxor ferroelectric is clearly evi-
denced (Fig. 4a). Here, however, under evenm high DC bias of 15 kV/ca
the relaxation is not completely suppressed and there is no evidence
of an abrupt change such as that seen in the 8/65/35 compositionsg
(Fig. 4b). That the polarization builds up and decays in s rather
similar manner to that in the ceramics of lower lanthanum content
is,however, evident from the integrated pyroelectric response for a
sample cooled under field (Fig. 5[2)) as compared to that of s sample
> cooled without field to -100°C then biased to 3 kV/cm and heated at a
L - constant rate of 3°C/minute (Fig. 5[1]).

§ It may be noted that the major changes with increased ano3
N content is that the polarization levels are lower, the changes are
b more gradusl and occur at lower temperature.

- In the 9.5:65:35 this trend is continued (Fig. 6) and here a
L ) higher field of 6.6 kV/cm was used to produce comparable polarization
changes. Larger polarization levels can be induced in both 8.8 and
9.5% L1203 compositions, but only by going to much higher field
levels.
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DISCUSSION

The continuity of the dispersion curves in all samples below T
suggests that in the absence of a driving field none of the materials
goes through a normal macroscopic phase change below Tn. This would
appear to be co&f)irned by recent measurements in Shanghai of W, Yin
and colleagues who show that in grein grown PLZTs of the 8:65:35
composition the individual grains have isotropic optical properties
below T_ in the absence of an external field.

For the 8.8:65:35 and 9.5:65:35, the dispersion and poling:
depoling behavior are remarkably similar to those observed in
Pb(MgllsNb2/3)03. P"‘S°1/2T‘1/2)°3 and other relaxor ferroelectrics.
It is thus tempting to apply the model of ordering of polar micro
rogions under field, and disordering under temperature to describe
the observed build up and decay of polarization, That the 8:65:35
composition is optically isotropic grain by grain on cooling again
suggosts the model of disordered polar micro-regions, However, in
this composition the disordering is rather abrupt and has many of the
foatures of a phase change.

We suggest in speculation, that in analogy to magnetism, the
PMN, PST, 8.8:65:35 and 9.5:65:35 compositions may be superparaelec-
tric but that in the 8:65:35 the phenomena may be more analogous to
that of critical saperparamagnetism.
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In single crystal lead scandium tantalate micro-domains with an ordered arrangement of Sc: Ta have been observed directly
in transmission electron microscopy. The scale of the ordered structures in the size range 35 to 120 nm agrees well with

a
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earlier indirect measurements from X-ray superlattice line broadening.

Lead scandium tantalate Pb(Scq 5Tag 5)0; (PST)
is a most interesting example of the mixed B cation
lead containing PbBO4 perovskites, materials which
often show *relaxor-type” diffuse ferroelectric tran-
sition behavior. In PST, X-ray studies have shown that
this material lies very close to the boundary between
order and disorder in the Sc3*: Ta5* arrangement on
the B sites so that the degree of ordering can be con-
trolled by suitable thermal treatment [1].

The key role of local compositional heterogeneity
in the ditfuse transition behavior is evidenced in PST
by the fact that quenched disordered crystals and ce-
ramics show classical relaxor character with a broad
frequency-dependent maximum in dielectric permit-

intensity and profile of the superlattice reflections
from ordered domains. The purpose of the present
note is to present the first direct evidence for the ex-
istence of such ordered micro-domains using trans-
mission electron microscopy (TEM).

278

Single crystals of Pb(Sc( 5Ta )05 for TEM study
were grown by a flux technique which has been de-
scribed elsewhere [4]. X-ray diffraction analysis indi-
cated that the as grown crystals were 70% ordered.
The degree of line broadening suggested that the micro-
domain size was in the range of 10—100 nm. Electron
transparent thin foils for TEM investigation were pre-
pared by argon-ion-beam thinning using 6 kV argon
ions incident 12° to the foil plane. The samples were
examined using a Philips EM400 transmission electron
microscope operating at 120 kV.

The ordered domain structure was visible in the
TEM only when the foil was suitably oriented to in-
clude superlattice reflections in the diffraction pattern.

S tivity over the Curie range whereas the annealed high- A bright-field image of the ordered domains is shown
Lo ly ordered material exhibits a sharp first-order phase in fig. 1. The micro-domains appear as ordered regions
- change [2,3]. separated by antiphase domain boundaries (APBs) [5},
t.—'_‘_ Heretofore, the size and shape of the ordered and they can be seen to range in size from =35 nin

h - micro-regions in crystals and ceramics has been de- to =120 nm consistent with the results of the X-ray
r_!‘ duced indirectly by X-ray diffraction analysis of the diffraction studies. The APBs were visible in dark field

only when a superlattice reflection was used to form
the image.

The diffraction pattern corresponding to the bright.
field image of fig. 1 is shown in fig. 2. The crystal was
oriented with the electron beam parallel to the <21 1)
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Fig. 1. Bright-field transmission electron micrograph showing
antiphase domain boundaries in single crystal PST.

zone axis in order to excite strong superlattice reflec-
tions of the type {111} and {311}. The diffraction
pattern has been indexed so that the indices refer to
the double-cell unit cell of PST (a5 = 0.813 nm).

In a subsequent paper, we shall present a complete
electron microscopy characterization of these materials
including a comparison of single crystals and polycrys-
tals and the effects of varying degrees of disorder in-
duced by thermal annealing. Quantitative analytical
electron microscopy will be used to study the micro-
chemistry of the domains using STEM microanalysis.
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Fig. 2. Selected area diffraction pattern ((211) zone axis) cor-
responding to the bright-field image of fie. 1. Note the presence
of superlattice retlectionsat g =111 and 131.

The authors are grateful to the Office of Naval
Research for financial support of this work.
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DIELECTRIC CONSTANT IN A FLUOROPEROVSKITE, KMgF3
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Pressure dependence of the refractive index and dielectric constant in a fluoroperovskite, KMgF,

Kenji Uchino and Shoichiro Nomura
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K. Vedam, Robert E. Newnham, and Leslie E. Cross
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(Received 30 June 1983)

The hydrostatic-pressure dependence of the refractive index and the low-frequency dielectric con-
stant of a perovskite-type single crystal, KMgF;, have been determined at room temperature. The
refractive index n for A=589.3 nm increases monotonously in proportion to pressure p with a slope
of 3n /3p=2.46X 10~* kbar=—'. On the other hand, the dielectric constant at 10 kHz decreases with
increasing pressure, from which ¢he electric-displacement-related electrostrictive coefficient Q,
(=0, +2Q,) is calculated as 0.24 m*C~2 These data are compared with the dn /3p values and
the Q, coefficients of various alkali fluorides and perovskite oxides.

1. INTRODUCTION \

The electric-displacement-related electrostrictive coeffi-
cients of a cubic perovskite-type or a rocksalt-type crystal
{m 3m) are defined by

and
1 82X2 ’l
Q:z—2 ap,?’ (2)

where x, and x, are the longitudinal and transverse-
induced strains, respectively. By using a Maxwell rela-
tion, Egs. (1) and (2) are transformed as follows:

1 A1 /€x€;)
Qi=- 2 ax, (3)
and
1 9(1/€0€)
Qu=-— 2 ox, . 4)

These equations indicate that the electrostrictive coeffi-
cients can be obtained by measuring the stress X depen-
dence of the reciprocal dielectric permittivity (1/e).
When a hydrostatic pressure p (= —X,=—X,=~X;) is
aprlied to a paraelectric crystal, the pressure dependence
of the dielectric constant is represented by

a”/‘l)
o

where Q) =0, +20Q,, and ¢ is the permittivity of free
space.

Recent investigations of perovskite-type oxides have
clarified the relationship between the electrostrictive effect
and crystal structure.'~* The electrostrictive coefficient
Q, differs by an order of magnitude depending on the de-
gree of order in the cation arrangement of complex

= ZEth » (s)
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perovskites. Because of these variations, it is interesting
to examine perovskite-type halide crystals which are
amenable to a rather simpler theoretical treatment than
the oxides. This paper is concerned mainly with the elec-
trostrictive properties of a perovskite-type fluoride,
KMgF;. If we assume that a certain ionic shift causes the
same elastic strain in fluorides and oxides on the basis of
an intuitive “jon-rattling” model,’ then the electrostrictive
Q coefficients in fluorides are expected to be larger than
in oxides because the lower valences in fluorides result in
smaller induced polarizations.

We have measured both the dielectric constant and the
refractive index at room temperature as a function of hy-
drostatic pressure, so that the dielectric constant is
separated experimentally into two parts, €4 and €on,
which originate from the electronic polarizability and
from the ionic shifts, respectively. It is also interesting to
separate the contribution of the electronic polarizability to
the electrostriction from that of the ionic polarizability,
especially in simple low-permittivity dielectrics.

The fluoride used in thls study, KMgF;, was first syn-
thesized by van Arkel,® and has a simple cubic
perovskite-type structure with a lattice constant of
a=3.973 A at room temperature.” The elastic moduli
have been measured precisely by the pulse superposition
technique as a function of hydrostatic pressure and re-
vealed no anomaly up to 2.5 kbars, showing only a gradu-
al increase in stiffness.?

II. EXPERIMENTAL RESULTS

A. Pressure dependence of refractive index

Since the procedure for this measurement is the same as
that described earlier,” only a brief outline is described
here. In principle, Ramachandran’s interferometric
method'® was adapted to an optical high-pressure cell. A
schematic diagram of the experimental arrangement is
shown in Fig. 1. A single-crystal plate of KMgF; with
orientation (100) and dimensions of about 10X 10x2

6921 ©1984 The American Physical Society
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To 14 kbar To 7kbar
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Vidicon
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3 Filter
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FIG. 1. Schematic drawing of the experimental arrangement for measuring the refractive-index change under high hydrostatic

pressure.

mm?® was cut, ground, and polished to be nearly optically
paraliel, so that localized Newtonian interference fringes
could easily be observed across the major faces of the
crystal. The major surfaces were then coated with a thin
film of aluminum to increase the sharpness of the fringes.
The two-stage optical pressure vessel was of conventional
design, with two single-crystal alumina windows whose
optically flat surfaces were kept pressed against matching
optically flat faces of two steel plugs. The two windows
are positioned in such a way that neither window experi-
ences a pressure difference greater than 10 kbars at any
time. Two Harwood intensifiers with conventional hand
pumps served as the pressure generating system. Pres-
sures up to 7 kbars could be read off directly with the
help of a calibrated Heise gauge accurate to +7 bars. For
higher pressures a manganin resistance gauge was em-
ployed in conjunction with a Carey-Foster bridge. Plexol
262 [di-(2-ethylhexyl) adipate] marketed by Rohm and
Haas Co. was used as the fluid-pressure medium.

The specimen suitably supported in the pressure ceil
was illuminated with collimated light from a sodium
lamp (A=589.3 nm) and the localized fringes on the
specimen could be observed through a telemicroscope or a
vidicon camera coupled to a TV monitor. When the
specimen is subjected to hydrostatic pressure, both the
thickness and the refractive index of the crystal change,
with consequent shift of the fringes across a fiducial mark
on the specimen. The change in the refractive index An is

calculated from the interference formula
An=(mA—=2nAt)/2¢°, {6)

where m is the number of fringes shifted, ¢ is the initial
thickness of the specimen, At is the change in thickness
due to the compression, and A is wavelength of the light.
Elastic stiffnesses of ¢;; =138 GPa and c¢;=44 GPa
(Ref. 8) were used to evaluate At

Figure 2 represents the variation of the refractive index
n (the initial value n°=1.404) of KMgF; at room tem-
perature for hydrostatic pressures up to 14 kbars. The re-
fractive index for A=589.3 nm increases linearly with a
slope of 2.46x 10~* kbars~' up to about 9 kbars, and
thereafter a clear departure from linearity is observed.
This could be interpreted as either (a) nonlinear piezo-
optic behavior brought about by nonlinear elastic behavior
at high pressures or (b) possible onset of a phase transition
at 9 kbars causing a change in the slope An/Ap. Recent
precision measurenhents by Jones® on the elastic constants
of KMgF; and their variation with pressure up to 2.5
kbars indicate that KMgF; behaves quite normally like
most other crystals, whose compressibility decreases with
increasing pressure. On the other hand, all the crystalline
materials studied thus far®'"!? exhibit either linear or
sublinear An /Ap relationships at high pressures, whereas
KMgF; exhibits a superlinear An/Ap relationship as
shown in Fig. 2. Hence it is unlikely that this unusual
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Al A=5893 nm *

ﬂ%= 246 %107 kpar™!

n% = 1.404

Change in Refractive Index ( 107)

0 ) Z 3 g0 1z 14
Hydrostatic Pressure ( kbar)
FIG. 2. Variation of the refractive index in KMgF; with hy-

drostatic pressure, measured with a sodium lamp (A =589.3 nm)
at room temperature.

behavior is associated with the normal nonlinear piezo-
optic behavior. At the same time it is felt that further op-
tical, dielectric, and x-ray studies are necessary before we
can definitely conclude that the unusual piezo-optic
behavior above 9 kbars is due to a phase transition. Final-
ly it may be mentioned that the pressure derivative of the
refractive index dn /dp is almost of the same magnitude
as those of alkali fluorides such as LiF and NaF (see
Table I).

B. Pressure dependence of dielectric constant

The effect of hydrostatic pressure on the dielectric con-
stant has been investigated up to 1 kbar using a square

specimen 10X 10X0.5 mm® in dimensions with gold-
sputtered electrodes. Capacitance was measured by a
three-terminal method with an automatic capacitance
bridge (Yokogawa-Hewlett-Packard, 4192A) over the fre-
quency range 1 to 100 kHz. The stray capacitance of the
high-pressure cell used (manufactured by Riken Seiki Co,
Ltd.) is about 0.2 pF, much less than the sample capaci-
tance of 10 pF. No significant dielectric dispersion was
observed in the above frequency range. The initial dielec-
tric constant €” is 6.97 at 10 kHz, measured at p=1 bar.
The value of hydrostatic pressure generated by a conven-
tional oil-pressure hand pump was monitored by a Riken
gauge with an accuracy of +8 bars.

Figure 3 shows the relative permittivity change Ae/e®
of KMgF; with pressure, measured at room temperature
at 10 kHz. The experimental error results mainly from
the readout precision of the capacitance bridge with four
decimal digits. The capacitance change due to the dimen-
sional change with compression was calculated by using
the elastic moduli of Jones.® The dielectric permittivity
decreases gradually with increasing hydrostatic prwsure,
this is quite similar to the behavior in alkali halides'* and
cubic perovskite-type oxides.” The electric-displacement-
related electrostrictive coefficient Q, is obtained from the
pressure derivative of Ae/e® as Q) =0.24 m*C~2, by us-
ing Eq. (5).

It is well known that the low-frequency dielectric con-
stant € (€°=6.97) can be separated into two parts, €, and
€ion» Which originate from the electronic and the ionic po-
larizabilities, respectively. The high-frequency dielectric
constant €4 can be estimated from the optical refractive
index n as

ca=n? [8=(1.404)%] . )

The pressure dependence of €, can, therefore, be derived
from the experimental data in Sec. II A, and is inserted in

TABLE 1. Refractive index n and its pressure derivative an /dp, low-frequency dielectric constant ¢,
electrostrictive coefficient Qy, and bulk modulus x for several alkali fluorides, pervoskite-type oxxda.

and fluorides at room temperature.

Refractive Electrostrictive Bulk
index Relative coefficient modulus -
n %:— permittivity O ' X

Material (A=589.3 nm)  (10~* kbar~") € (m*C-?y (GPa)
LiF 1.392 1.9* 9.06 0.32¢ 65*
NaF 1.328 2.17° 5.08 0.46° 46°
KTaO; 2.252 -114 173¢ 0.045%¢ 230
S$rTiO, 2.407 -0.85° 330 0.0478 1758
KMnF, 1.450* 9.75 0.22" 6S
KMgF, 1.404 2.46 6.97 0.24 75
*A=632.8 nm.

YE. D. D. Schmidt, Ph.D. thesis, Solid State Science, Pennsylvania State University, 1972,
¢J. L. Kirk, Ph.D. thesis, Solid State Science, Pennsylvania State University, 1972.

At 450 K.

*Reference 13.

Reference 14,

SReference 15.

K. Gesi (private communication) and Ref. 16,
iReference 17.

JReference 18.
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FIG. 3. Relative dielectric constant change Ae/€® in KMgF,
with hydrostatic pressure, where € denotes the initial dielectric
constant at p—0 kbar. The An?/e® value which represents the
dielectric constant A€, /€ originating from the electronic polari-
zability is also plotted with a dashed line.

Fig. 3 as a dashed line. The subtraction Ae/€®— An?/e°
gives A€,/€". Taking account of the initial dielectric
constants €u, =5 and €y =2, it is very interesting that the
pressure derivative (Je;,,/0p) is about 30 times as large as
the (3¢.,/0p) value with the opposite sign. This leads to
the conclusion that ionic shifts are the principal contribu-
tion to electrostriction rather than electronic polarizabili-
ty.

I11. DISCUSSION

The refractive index n and its pressure derivative
on /dp, the low-frequency dielectric constant €, the elec-
trostrictive coefficient Q,, and the bulk modulus « of the
fluoroperovskite crystal KMgF; at room temperature are
summarized in Table I, and compared with corresponding
data for several alkali fluorides (LiF, NaF), perovskite ox-
ides (KTa0,, SrTiO;), and KMnF;,

The refractive indices of perovskite-type fluorides are
similar to those of alkali fluorides, and are much smaller
than those of perovskite oxides. Very similar pressure
derivatives are observed for the fluoroperovskites and al-
kali fluorides, in marked contrast to the negative dn /dp
values in oxide perovskites. In conclusion, the high-
frequency dielectric constant ¢, originating from the elec-
tronic polarizability depends mainly on the anion species
(fluorine or oxygen'') and is largely unaffected by the
crystal structure (rocksalt or perovskite type).

On the other hand, the low-frequency dielectric con-
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stant €;,, is dependent on the crystal structure as well as
the ionic species. It is concluded that the electrostrictive
Q) coefficient of fluoroperovskites lies near 0.23 m*C~?,
intermediate between the Q; values of alkali fluorides and
perovskite oxides. In other words, it appears that the elec-
trostrictive coefficient in fluorides is larger than in oxides,
and that the @, value in perovskites is smaller than in
rocksalt compounds. It is important to mention here that
the buik modulus x in fluoroperovskites also lies between
those in alkali fluorides and in perovskite oxides. This in-
terrelation between the electrostrictive coefficients Q, und
the elastic moduli x of fluorides and oxides can be under-
stood on the basis of the discussion presented in our previ-
ous paper.'?

Consider a rigid ion model of the rocksalt structure
with +q and —gq ion species as the simplest case, for
which the ion-pair potential energy is represented by the
following anharmonic function:

AU=U=Ulrg)=flr —rgl—glr—ry), (8)

where r is a distance between a cation and the neighboring
anion, and r, denotes the equilibrium position. Using a
Boltzmann distribution, the averaged induced strain {(x,)
under an applied electric field E, is calculated to be

(x1)=(3gq*/4fr)E} . 9

Taking account of the polarization P, per unit volume of
the form

Py=(g*/Afr})E, , (1)
the electrostrictive coefficient Q,, is given by

Qu=12gr3/fq*. a1

Note here that the hydrostatic Q, is related to the Oy,
coefficient through the Poisson ratio o:

Qh=(l—20)Q“ . (12)

If we assume that f, g, and ry are of the same order of
magnitude for the same crystal structure, the Q, value
will be nearly inversely proportional to the square of the
valence ¢. Since the ratio of the valence of fluorides to
that of oxides is about 3, the electrostrictive coefficient of
fluorides should be about four times larger than that of
oxides. This rough estimation is comparable with the
averaged ratio 0.23/0.046 obtained experimentaily for the
fluoride and oxide perovskites (see Table 1). In a similar
manner a relation between the elastic modulus « and the
Q, value,

cxQy !, (13)

can be obtained.

Detailed calculations taking intu account the crystal-
structure difference and the electronid polarizability (e.g.,
a shell model), will be required for further quantitative
discussions.
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ELECTROSTRICTION IN LEAD LANTHANUM ZIRCOWATE TITANATE (PLZT) CERAMICS
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ELECTROSTRICTION IN LEAD LANTHANUM ZIRCONATE TITANATE (PLZT) CERAMICS
Z.Y., Meng®, U. Kumar, and L.E. Cross**
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802
ABSTRACT
Simultaneous measurements of electric polarization and elastic strain
around the high electric field polarizatiom loops in PLZTs of (7, 7.5, 8, 8.8,
9.5) 65:35 and in 8:70:30 show that for compositions where the base state is
macroscopically noampolar, the strains are dominantly electrostri-tive. Both
of the polarization related constants Qll and Q5 are almost independent of
temperature and of the same order as in other perovskites, but decrease in

magnitude with increasing Lay05 content.

I. INTRODUCTION

The properties of lanthanum modified lead zirconate:lead titanate
ceramics (PLZTs) have been mapped over a wide range of compositions by severai
authorsl-s. Much of this investigation has centered upop compositioms with
zirconia:titania ratio 65/35 because of the interesting
rhombohedral: tetragonal ferroelectric:ferroelectric phase change near this
composition. BHowever, data still appear to be lacking upon the shape changes
accompanying polarization in these compositionms, and their possible
interpretation in terms of the electrostriction constants of the parent phase.

The present study is concerned with an examination of the elastic strains
accompanying changes of polarization induced by electric fizlds in PLZT
ceranics with compositions (7, 7.5, 8, 8.8, 9.5) 65:35 and &/70/30. The
longitudinal and transverse strains were measured as a function of applied

electric field at various frequencies and temperaturss, Polarization changes
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induced by the field were measured at the same time. It was the objective of
this study to see how well the strain changes could be modelled om the basis
of a simple polarization related electrostriction, and if as in the relaxor
ferroelectric lead magnesium niobate4, the coanstants Q5 and Qq4 for

longitudinal and transverse effects would be largely independent of

temperature,

II. EXPERIMENTAL METEODS
The ceramic samples used in these studies were supplied from several
different sources. Materials with composition (7, 7.5) 65:35 and 8:70:30 were
from Honeywell Company. Fabricated by mixed oxide processing abd umiaxial hot
pressings. The 8:65:35 and 8.8:65:35 compositions were from the Shanghai
Institute of Ceramics and were chemically prepared and hot pressed to optical

transparencys. The 9.5:65:35 is a standard Motorola Companmy slim loop ceramic

fabricated by a part chemical mixing7, again being hot pressed to theoretical
density and optical tramsparency.

All samples were cut to rectangular bar shape ~4x7x1Z mm using a wire
saw, then ground and polished to final dimensions. After processiang and
c¢leaning, the samples were annealed at 600°C for 2 hours to remove residual
stress then slow cooled to room temperature. Electrodes used were of
sputtered gold.

In order to explore electrostriction behavior strain and polarization
were measured simultaneously under slow cyclic field drive., Both longitudinal
and transverse strain were measured using a bonded strain guage technique&
The polyimid foil guage (Kyowa XFH-02-Cl-11) was bonded to the sample surface
using a Kyowa PC-6 cement., Guage resistance was measured using a DC double

bridge method. At room temperature, the trapsverse strain was clhecked DY

Jirect dilatometer methbods using a linear variable differential transfcrmer,
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i.e. LVDT guage (Schaevitz 050 MHR 602), For all measurements, strain gﬁage

and LVDT methods agreed to better than +10%.

Dielectric polarization figures were measured using a modified Sawyer and
Tower method9 reading out into a Nicolet sampling digital oscilloscope and
strip chart recorder.

Before each measurement, at a specific temperature, the sample was
freshly de—aged by heating to a temperature well above the dielectric maximum.
Tais de-aging was found to be essential for obtaiming reproducible :u

measurements.

4
ITI. RESULTS AND DISCUSSION y

Detailed polarization and strain data were recorded for several samples

at each cogposition temperature and frequency. For brevity only
representative data will be shown for samples exhibiting typical response. ;j
Such typical strain respounse curves for transverse strain sy, for PLZT
7.5:65:35 and longitudinal strain sy; for 8.8:65:35 are shown in Fignres 1 and

2 for several fixed temperatures encompassing the permittivity maximum and the

depoling transition temperature, Hysteresis loops for the same temperatures

are shown in Figures 3 and 4.
When the temperature is well below the Curie range, the strain curves are
the typical butterfly shape expected for polarization reversal in a pormal

ferroelectric. As the temperature approaches that of the Curie maximum,

however, the loops become very thin, and the strain minima move together. In
the region of temperature between the eroling transition (a-f change and the
‘ Curie maximum, the ceramics can be poled to a strong 'ferroelectric like’
level, but there is no stable remanence, i.e. a bigh electric field can

enforce a macroscopically ferroelectric state with a corresponding lattice
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strain, but both strain and polarization decay to zero on removal of the
field.

To obtain a measure of the electrostrictive Q comnstants ianduced
longitudinal and transverse strains at room temperature are plotted in Figure
S and 6, respectively, as a function of the square of the electric
polarization read off from the hysteresis loop for 7.5 and 8.5:65:35 and
8:70:30 PLZTs. The straight lines evident, which pass through the origin
clearly confirm the dominantly electrostrictive character of the strain with
s11 = Qllp% and sq9 = QIZP% yielding the values for Qyq and Q5 listed in
Table 1. The values are in reasonable accord with the general order 1-1672
observed in most perovskite ferroelectrics and Qll is 1 to 2 £ Q75 as expected.

To check the temperature dependence of the Qg, plots of polarization
squared vs strain taken at a series of different temperatures are superposed

in Figures 7 and 8 for 8.8:65:35 and 8:70:30 compositions respectively.

Except for the temperature of -50°C and -80°C in the 8.8:65:35 composition,
the curves superpose remarkably well and demonstrate the near temperature
independence of both Qll and Qq5 across the whole relaxation region of the
maximum in dielectric response as evidenced in Figure 9.

It may be noted that even in the low temperature curves for the 8.8:65:35
compositions in Figure 7, the slope is the same, but the zero of strain
appears to have been offset. We believe that the enhanced strain at these
temperatures may be due to a ferroelectric mechanmism of polarization
reorientation in which the Ps vector rotates through intermediate domain
orientations. In this case the zero in measured Pl may correspond to am array
of domain polarizations which are dominantly in the 23 (yz) plane. Such a fan
of polar domains would contribute a spurious elongation to ftke meastred zero
polarization base state in the 2 or 3 directions, and thus to ar offset in the

zero and an arparent increase in the measured comtraction sq+ induced by tke
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field. Indirect evideance that unlike the higher temperatures where

polarization breaks up inmto random micro regioms, the low temperature

switching is by a direct ferroelectric domain reorientation.
Frequency dependence of the induced strain has been measured over the

range from 0.02 to 0.3 Hz. Typical data for the 7.5:65:35 composition is

! given in Figure 10. Evidently there is no strong frequency dependence in tie )
F temperature range of the diffuse phase chanze for these low frequencies.

- From the data in Table 1, there does appear to be a teandency for the Q y
? constants to decrease with increasing L3203 conceatration in these PLZTs and !

this would be expected on the model of other relazxor compositions(lo).

PO VP S

E IV. SUMMARY AND CONCLUSIONS

The most important results from these measurements are that the elastic

PR

strains associated with the development of polarizationm in this whole range of
PLZT ceramics are electrostrictive in origin. It is startling to find that

the electrostriction constants @y, and Qy, are independent of temperature

PIE T W W e |

across the whole range of the diffuse phase transition about the maximum in
dielectric permittivity. Only at low temperatures do these materials give
evidence of departure from simple electrostrictive behavior which can be

explained by ‘normal’ ferroelectric domain switching.
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Table I. Electrostrictive Coefficients for PLZT Ceramics at Room Temperature.

Compositions Q,, (1073 u4/c?) qy, (1073 u4/c?)

7:65:35 22.5 -11.5
7.5:65:35 16.3 -8.7
8:65:358 18.3 -8.1
8.8:65:35 21.2 -9.5

9.5:65:35 21.0 -9.1

8:70:30 9.7 -7.5
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Figure 1. Transverse strain sy, vs electric field for PLZT 7.5:65:35 for
several fixed temperatures.
Figure 2. Longitudinal strain sy vs electric field for PLZT 8.8/65/35 for
several fixed temperatures. .
Figure 3. Hyiteresis loops for PLZT 7.5:65:35 corresponding to the strain
curves shown in Figure 1.
Figure 4. Bysteresis loops for PLZT 8.8:65:35 corresponding to the strain
curves shown in Figure 2.
Figure 5. Transverse strain s;5 vs square of polarization P in 7.5:65:35,
8.8:65:35 and 8:70:30 compositions at room temperature.

Figure 6. Longitudinal strain syq vs square of polarization P ia 7.5:65:38,

8.8:65:35 and 8:70:30 compositioms at room temperature.
Figure 7. Polarization squared P vs longitudinal strain s;; taken at a
h series of different temperatures for 8.5:65:35 composition. )
: Figure 8. Pola_rization~squared P vs transverse strain sy, taken at 2 series

L of different temperatures for 8:70:30 composition.

Figure 9. Temperature dependence of the electrostriction Qq; and Q4 for
7.5:65:35 and 8:70:30 PLZTs.
Figure 10. Frequency dependence of the induced strain for 7.5:65:35

composition.
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Dielectric, Piezoelectric, and
Ferroelectric Components

LESLIE E. CROSS
Pennsyivarua State University, University Park, PA 16802

Thcre ire two major areas of application for ceramic dielectric

matenals in elcciruac ceramic comoponens. n electneal ca-
paciors. the fOCUS 18 ollen uoun storing Maximum clectrica] energy
n 3 mwnnnem volunke ( volumetne efficiency) and thus the interest
is 1 high permiktivity diefectrics with ferroelectric or near ferro-
2lecte properties. Current technology emphasizes the monolithic
multlayer ceramic capacitor (MLC) in which a stacked very thin
plute zcometry is achweved by co-firing electrode and diefectric
lavers 1t 3 compact impervious monolithic chip.

For cicctncal insulation, which 1s the second major rea of use,
the ceranue diclectne 1s used 10 suppoet and (0 separate electrical
conductors. Olten. the objective is (0 minumize the electncal en-

erey stored in the dielectric so that matenais of low permuuvity are:

ol majore interest. Applicanons for insulators are as diverse as the
packaging und support of interconnection siructures for integrated
circunts (ICs) and the mechanical and electrical suppont of high
vailage power transmission lines.

In this paper. the emphasis is upon electronic components so thag
the larger wnsulator structures wiil not be considered. Packaging
and nterconnects are the suoject of 3 separae articie in this issue
and thus will not be covered here. For both capacitors and insu-
lators. the trequency range nf maximum interest is from OC to high
adio (requency (10* Hz). Recendy with the broader use of sateflite
svstems for TV and communications, the: need has opened for
sovcial diclectnc resonator materials with very stable low- loss
pruperues at 10 Hz frequency. There are aiso signs of emerging

needs lor very high loss broad bund diefectnics in radar absorbing:

materials and structures (RAM-RAS) and for filtering and inter-
lerence suppression.

Capacitor Olelectrics

Histoneally. the ceramic capacitor has evoived trom the simople
disk and tupe types of WW ] vintage, through the more compact
Yurner faver siructures with ctfcetive diefectric permidtivities in the
ange 100.000 0 100.000 o the present generation muitilayer
monolithics with dietectnic layers spacing now in the 25~12 u
meter range. Evolunion has been (rom high towards lower voltages.
tuilowing the trends in seiniconductor integrated circuuts. o con-
seyuently the capacitor has moved [rom (fick (Qwards much
thiner stiecuve diclectnie layers.

ft 1s interesting 0 note rhat the changes have odeen aifected
largely not by the phasing out of need for the higher voitage types.
Mut by <ubstantial growth and escalation of demund for the comouct
low voltage (C comounnie capuciurs, and this rapid frowth s
sxpected 0 continue. Over the whole period fruin 1945 10 the
present. lerroetectric Manum utanate (8aTiQy) w1 2 number of
mudified or duged forms has dominaced the ield as the dieiectne
ol Ihoce 1n lugh permictiviy thugn K) pplications.

Current Emonasis and Future lrends

In harrter layer type <20acHors. curtent smonasis ‘would iopear
‘0 7€ N the 2rain-¢rain houndary rather than rhe surface sarmer
taver svsiems.' © Sarlv unus of the ran-4rain soundary rvpe were
e ‘rom modified banum utanate comoositions tired under re-
ducing Tandittons 10 2ive 1 hign conductivity Irain <ore. ‘hen
revxdized to groduce 1 narrow nsulauing Houndary shase. Sitec-
Hve rermiivity ncreases markedly with grain size. ind commer-
<t units Iave very liege Jverage grain size and consequently J0ur
nwehamcal sirength.

*\Memoer. the Amencan Cramic Suciety.

More recendy. a reduced stronuum atasue 18 often used as the
conductive grain. Sintered with 2xcess Ti0,. ‘he bamer n the
S¢TiOn is {ormed by infusing a bismuth oxide-lesd nxide liawid
phase (o form a bismuth Icad ntanate msulating darrier hase.’
Under proper control the weak positive (emperature <oeificient of
the oismuth oxide layer structure pnase ¢an oe comopensaied av the
negative coefficient of the reoxidized SeTiO. layer on the grun
surface (0 give a remarkably Mat cupacuance temperature curve.'

The low base resistvity of the SeTiO.. and 'ne 10rupt
semiconductor-insulator ransiion iforded 2y the liqud onase
infusion combine to |ift the Maxweil Wagner refaxanon frequency
towards 10* Hz 3iving a wide usetul frequency range.’

To maintain high 2ifective permittivity. the rain size must
be large and the bamer ohuse tun. 50 (hat «t 1$ not vet possiole
to exploit the high effective X ind low TC in 2 mululaver form,
but 1 number of researchers are sxplonng pussidiliues in dis
direction.*’

The vast majority of MLC structures are <ull fapneated wuh
BaTiO, based diefectnes. but developmeats are in progress :0-
wards other more versatile anufcrroetectnic and refaxor superpara-
electric compositions. In the BaliO. bused svstems, the high cost
of precious metais has forced the change roward:. mighiv MMuxed
compositions which will densify at temperatures companole with
high silver palladium ulloy slectrudes ™ or to neavily sccsptor
duped matenals which can be co-fired at low oxvgen partial pres-
sure with nickel metal efectrides. In U.S. practice thougn. there
are still doubts that these highly acceptor dooed svatems <an he
stabilized against DC degradation due ro oxygen vaczncy tnation,

In Japan. it is evident that NEC has invested consideranie =ifor
upon the lead based perovskite refaxors ind has materals wnich
will densify at temperatures below HNPC with pure siiver zice.
trodes.'"'* Similarty. in the U.S. there is indicaur from Sorague
Electne Company of 1 PLZT based MLC diclestnie compaubie
with silver slectrodes.”” The PLZT dictectne i1s in 1n inn-
ferrociectne phasc and appears to otler sigmficant dvantage n
low power factor. high dieiectnic tincarity und lower hysieresis ioss
under hign fiefds.™

It would appear rhat both the buse metai and the silver siectroded
units can be produc L it 3 cost. and i <izes (0 de2in 10 comoete
with larger slectrolyucs and ro otler lower senes resistance 1t
high (requency.' ™'

An interesting acwer contender i the field of MLCs in Juoan
offers 2 range of Ba 0. huscd compositons with contrinled sup-
migron grain $ize pricjuced anparcnily 3v orgamic svachests and
agan uulizing nigh silver gatladiam elestrodes.'” '

A techimigue ‘winch very ncatlv sidestens many of the diciestrne.
clectrode compauotiity nrodlems 1s the Cormng ACS process :n
which the unit is fapncated »ith poeous intericaving favers and the
slcetrode injected by 1 icoarute ‘ow icmperature sico siter tinng,

{n the near future, ‘ve may surmise that with the 2dvancing spesy
of VL3I on silicon circuns. scit ind :merconnest :nquciance -wiif
“ecome much More important odrameters in MUC: and new 38 of
irade-orfs may be required. Sventuailv nne mav suggest *nut i ‘e
very soohisiicated sveiems  ‘ne zapacior il jecome 1n ntezni
sart of he puckaygmy and mounnhing strucrure,

Just trom the perspeciive of Sasic shveies . 1< arnngnic hat fe
'end bused oerovekies and tunesicn dronze serpciyres may Accnme
Ol MOFE IMPOTINCS a8 dICILTINCS UNCT IheY 0tIer 3 coenminaten of
antiferroetectric and <uperpaructectric phuses whicn 2an hive
lower dielectric loss levels. miygner sermutivines. reatar 'inearty
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4 MR3 JIIVE (CYCLS 10U (Ower prucessing :empcr:uures. 1§ Come
pased (0 the tradivonai BaliO, based sysiems.

Plezoelectrics

The device aoplications of piezoelectric ceramics fall nacurally
in two genencally different categornies. Piezoelectnc transducers
make direct use of the clectromechanical coupling (0 convert
slectnical 10 mechanical energy ind vice-versa. {n mechamical o
stectneal change. the applicauons run the gamut of extremely low
level signals such as in hydroghones and microphones where the
weak sound ficld generates microvoits ur less in electrnical signal,
t0 the shock 2xcied phase change transducers which can generate
hundreds of Xilovoits or many kiloamps of current for special
muliary tusing applicativns. In electrical (o mechanical change, the
range is cqually large from the very small A level changes in
mezoelectncaily controiled surface deformabie mirrors (0 the very
lurge deturmadions encountered n the power transgucers of sonar
oe yitrasomc cleaning 1nd somiication budhs.

Piczoeluctnic resonuaturs and (iliers make use of the fact that
mechamcal motion of the sampic interacts through the electro-
mechanical coupling (0 modily its slectncal impedance. Thus
the mecnamical resonances of 1 reguiarly shaped solid Jives cse
(o extrema n the impedance wnose irequencies depend dominantly
only upon the dimensions. Jeasity und ¢lasuc properties, constants
»hose (emperdture characiensiics can be mucn more casily con-
trolled than the nductance and capacitance of in equivalent pure
clectneat resonator. These prezoeiestne resonacors can be designed
o have exceedingly stuble clectncal impedance charactenstcs,
ind by muitipie efectroding and ;v catled qapped 2nergy con-
figuranons. very sharp square <euged liltenng characteristics can
be achieved. Normul filters make use of sound waves in the buik
of the ceramic, however. by suitable eiectrode configurations
i1 18 pussible t0 excite waves just on the surtace (like waves on
the ucean). There 1s now a complete science of these Surface
Acoustic Waves, ;0 called SAW devices, witich again put new
ind interesting demands upun the matenals designer and the
ccramic engsncer.

Plezoeiectric Transducers

Pulycrystal csramic piezoeiectnu transducers stemmed from the
immediate post WW 1] interest n ferrociectne banum titanate
caguciiurs and (he ¢ra was formaily imuated by the R. 3. Gray
satent”’ i 1949 for 1 pulanzed BaTi0Oy ceramic transducer. A
major Juanium jumg’ in pertonnance occurred with the discovery
of the very sirong prezoelectric activity 'n oolanzed lead zirconate
nianate. by 8. Jaife ind co-workers who correctly iraced the
very nigh JCtivity (o the importunt Morohuroo¢ phase boundary
near the P Ze 11 Tin «0i0s comousition. * With the detaiicd assess-
ment of he tfest uf donor 1ad Juceptor 1on substitution 2000
cocreivity and grooerties in the cxcellent studies at Clevite
Curpocaniun. ™ the basis was estaplished fue the modern family of
PZT ransducers.

Current Acawity and Future Projects

The iead zirconate ttanate famaly siill form che basis for most
:eramic oiezoelectnc rransducess. An 'mmense amount of arfort
nas seen concenrated. paruicularty 1n lapun. upon modifications
10 the PZT compusinions [0 tnm prugerties und factlite fabnca-
non foe souific device structures, and 3 vide range of options are
avw svailadie, frown very 'ow coercivity {ultra-sofl) hrgh sen-
sitviy comonsiions to heawvily scif-biused mign coercivity nard
zomoosiaons.

£ne simple large area nydrophone soplicatons, ?ZT is however
fur trom weal. The nigh density makes « 3 pour acoustic macch (o
~3ter, if 1 drittle ind the sanccianun Hetween the jositive o1€zo-
siectnc . ind the negative ., muxe Ne hydrostauc zoefficient
ideddyy = 2dh,) ancomiuctably smail © Recently 1t has 2een
snown. using zumposices ot 2 PZT 1nd 3 puiviner ohuse wuh
zontrolled phase rierconnection, thut 3 mure nearly noumum (-
ternal sress <an be zeneracd and the Avdruonone rigure of mert
lhvga) 1mproved by two urders of magnuude. ™" It sppears tha
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0.9 PMN:0.1 PT (a) and i 2 typrcal hard PZT 3 ciezocerarmc unaer
siowly varying siecinc fisids. Sirain 'eveis ire “omoarabie n e
wo matenals but e relaxor is Mmore reorogucidie oecausa of ‘ied
inducad de-aging in the- °ZT (8) Thermal strain n caramic
0.9 PMN:0.1 AT, Linear sxoansion 1s adout 10™* C*' at 400°C and
less than 107* C' at room temperatwre.

these composites offer 3 new opportumty (0 the Jesign 2nginesr
and muy have important aoplicatton 1iso at mgnher feequency n
hiomedical and other N D €. systems.

Sor transducer arrays and acouslic 1Maging, ‘here s consideraoie
(nterest in the new lead ttanate comnasitiuns modiiied with sumar-
wum (Sm) or calcium (Ca) rons. These matertais, irter sunaole
processing and poling, show high transverse dut aimost zero planar
coupling.”™*® With different modilicr ions. fead uranate aiso 20-
pears to offer interesting Jompositions wih very low ‘2mopers-
wure coeffictents of delay {or inexpensive surtace CuuUSlic wvave
{SAW) matenais.”

fn high power ‘ransducers, possibilities for ‘mnedance contrnl
using co-tired internal sfectrode faoncation. aa¢ unitke :he MLC
2apucitor structures ire neing 2xplored. The zossiole <ontrot
hardness 9y quite mansgsuole 2xternal Jnas levels n such struc-
'ures offer new ntnguing :dnsequences.

Aging of 'he soled siate. :nd zonseguent Jnft of nimenasions
have ziways oesn a grobiem when using PZT “vne comousinuas ior
precise oosition control  New ramues o "2ud magaesium aoaie
bused siestrosinctive macerais 1opear NOw 10 tler 1n aterssung
alternative with detter renroucioniity, lower 4rit. ‘aeger 100Ce sny
much lower ‘hermal 2xpansion.’**! Tvmeal Jdaa ‘or 1 'ead mag-
nesium niobate Hased relaxor COMOOKIION 1S ;hown in Fig !t Far
nira-red ‘vavelengih surface 22rurmadle MTors, “hese matenuis
are 3iready finding 1mportunt Jpphicaciun.
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Hiezoeiectne Resonators and Flitery

The prezoeicctric resonator was one of the earliest device struc-
tures cxplowing cicctromechanical coupling in crystals.' and rigie
troe the outset i the carly 19207 10 the present tine singic crysal
QUAntZ 1N 1S (emperature compensaied cuts has taken the ouik ot the
{requency control market. Some idea of the importance of quartz
resonators can be judgey from 'opies at the Annual Frequency
Cuntrol Symposium, now tn its J8th year, In this meeting, aitended

than )% of the papers presented. Sarly devices used natural quartz
from Brazil, but now the nydruthermaily grown synthetic crystals
ire suoenor, ind ouriiied ‘dnited’ quarz can be odained with
guaruniced Q over {07

With the increasing soomsacation ot ejectronics emerging in the
s amd 6U's. the needs {ge ore-tuned filter circuits which couid
wvond the complexiass of mulupie L.C.R. muned tiiters lead 0
much explunatory work on compound resonators driven by piezo-
slevtries. At higher irequencies. needs for |F cireuus (or radio, TV
and FM lead to the evolution of the raoped energy thickness mode
resonucors * which are the basis for much of current filter designs.

Matenas 1or Resonators and Filers

A ugmficant proolem with quanz resonators 1S the freguency
shuit induced by :nmizing radistion. ind there s much cesearch in
response 0 the mulitary nced for radiation-hard tirming for navega-
ton und control. [n precise circuus, the only &xennal conntender to
quartz 18 the isumorphous bertinse (AIPO.). * an equally difficuit
crysial 0 Qrow. Hut Wil sinniar temperature compensaung cuts,
fughter prezoelectne caupling and potenual applications also
SAW sysiems.”

For incapensive resonators. compound systems using magnetron
<puttered 2nQ tilms are Minding increasing applications and there
s wuerest n ZnQ and AIN filins on silicon for SAW devices.
Lithum tesraporate {Li:3.0+) has been shown to have higher cou-
pling and remperature comoensating SAW cuts.”

As a0 ditemative 10 quartz in SAW devices needing broader
bandwidth and higher coupling, ferroelectne LiNBQ, is widely
aoplicd but the 40 ppm (emperature coesficient of delay i3 une

- desiruble (or precise lilter ipplicanon.

Ferroelectnic strontyum basium niooate in the etragonal tungsten
Yronze (crroelectne siruciure has been showa (0 have temoerature
compensating prooerties for SAW but for a ferroeiectnc s cou-
pling coesficient 1s disaopanungly smail. Lead ootassium nobate
n the same structure funily has both high coupiing ind compen-
sanng cuts. Hut icrroelastic iwinming makes it exceedingly difficuit
10 grow and orocess for devices. Clearly other bronze suucture
crvstais should be sxpioreq.

[n 'r3oped energy filters. PZT compositions ire widely used
sccause of the meh couoling. Much work has been carmed out in
manv comoanies i the US. Europe and Japan to mcorporate modi-
fier :ons (v control and reduce 1ging Ind (emperature coefficients
wiihuut drasiic ‘owening of the piezoelectnic soupiing.

3asic Ungersiancing

Foe the future. ihere ire sncouraging signs that the comotexities
of ihe ceramic mezoelectric zan he décionered with intnasic and
2UNNSIC SOMNOUNONS (0 DrezoelectnCity separated and the ohvsics
3t svsiems more fully undersiood. [ all current prezoceramics. the
busic 2oupling etween electric and elasuc responses 1s the slectro-
stnction of the 2araelecine ourent Jnase ' “he ierroelecinc ce-
ramic. Thene 1$ now real progress :owurds a detter theorctical and
:xnernnental Jusenouon o zlectrosiricuon bat i suimpie solids
ind 'n :o0lt mode ierroetesirics.

Pracucsily there s shil need (o imorove ind diversiiy *he mate-
aials yonons :or ‘he Jcsign :nginesr. The composie structures
provide <ome sossigniifies. oyt now with the rmproving soonistica-
0N i ziectroceranne arncessing. ‘he possinlity esmerges (0 make
cery itrongly 2eain dnented I2ranncs wiicn <an nave uuriguing
'EASVF Jronuries ermediate Detwesn thase O the dertect single
crestal and rhe randomidy 3xed puiyerysial. Such goue mans ¢rvs-
it Could et the SOpNISGCINoNn 9f omoasiaun mamieuiyton
which (s the tinguenon Ot the Ceramic art in systems with more
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soohisticated tensor properties than those of the simple poled lerro-
electne ceramics.

Ferroelectrics

8oth capaciors and transducer components requently use (erro-
electnc matenais in their construction and between them. (hese two
pplications represent the buik of the masket. There are. however,
1 number of more specialized and quite ntnguing component
applicauons which rely directly upon one or inotner of the proger-
ties of ferroelectncs waich are coupied to the onset of electncal
polanzauon.

in positve emperature coeificient resistors {PTCRs), the =x.
tremum of the dielcetric permuctivity 1t the ferroeiectne Curte poing
T. ind the build 4o of potanzauon -oelow T. i« mamnulaicd to
modily 3 potenual barmer structure ar :he gram boundary ind (o
conurol electnical current flow in a3 sermiconducting icrroelecine.

For electro-oouc applicauons. singie crystals of lerroeiectne
CEramic composiions are frequently used. though there 18 now aiso
the altermanve family of hot pressed or hot forged rransoarent
polycrystal forms. In both cases. (he ivnic monons in the crysai (or
crystallites), which can be modulated by =lecinc tieid. modify the
electronic polanzability and thus control the refractive index of
the matenal.

8atn linear and quadnanic ciectro-opuc etfects can oe made large
in different {erroefecine sysiems.

In suiably doped !erroelccine crystals. photon cnergy can be
used 10 exciue carmers wiich move in preferred directions refative
10 the ferroejectric pulanzation und become re-trapped i the nsu-
lator o generate very strong internal space cnarge fieids. Such
ficids in tum mudulate the retractive index. fiving nse 10 a fanmly
of photo~ierroelectnic eifects wich find application n hologram
storage and n the sxciting new field of four wave mixing.

Perhaps one of the stmplest applicauons of ferroelectnics comes
from the direct use of the temnperature dependence of remanent
polanzation (P,). the so cailed pyroeiecine eifect in crystals and
ceramics. The charge-rciease on heaung is such that properly
intertaced with a low noise semiconductor FE.T. 3 thin Nake of
ferroelectne can become an exceedingly sensiuve broad Hand in-
frared detector. Vidicons using pyroelectne ;ensing have desn
deveioped of long wavelength (R imaging. ind ire necoming
widely used in Europe 0 ad lire {ighting by providing “visi-
otlity * through hesvy smoke.

The current thrust imme USA is towards large yrays of Jyro-
clectric elements mated (o cnarge <nupled or other semiconuucior
nterTogation 0 producs a mgn seanuviy focal plane uray for
infrared imaging it ~avelengths where ohoton detectars must de
cooled and thus become cumoersome and logisucally 1wkward.

ATC Resistors

In PTC resistors. the npjeciive of sgramc srocsssing s (0 torm
3 semiconducting 2rain structure intcrieaved ~ith 1 very narrow
barmier laver svstem at the grain boundary ' The oasrier hesghr and
thus :he 'mpedance (0 current Tow (hrougn the ssramic deoenas
uoon (he buse permutiviey of the Humer matenal, ind ' May Se
modified also by comoensaung polinzauon cnarges “Jumned” into
the bartier structure 0y the onset of ferroetestric polanzauon in the
gramns.*! Thus at low (emocratures in (he ferroelectric shase wacre
‘he narmer hetght s low. the resistivuy s aisa low  Approacning 7.,
2. Jezays maowudly ind qouve T rthe termutiviy ¢ yiso Jesreascs.
30 that ¥ich increasing temoeraure resistivity <iunos caowly giving
the PTC shenomenon

in 3aTiO, wnich 's 3 commnaent ni al PTC ~esistor matenais,
ihe resistivity cnange oczurs near ine Cune remocrature it 1P
ind mav 2ncomoass more ‘han 3 orgers shange *' A orcal TS
SNAFACIEAISHC ShOowINY rSISIANCE JS 1 [UNCHINA A ‘cinperature g
snown 1 Fig. 2. To cnuange the nascr tor 'ne PTC ezt “=quires
1 controf of ‘he lermeiczinie Curie ‘emperdture n the ceraimic ing
this s accomplished v formung obid sofluton with ~tner aer.
vekiee ynases  Unlorynaciv. ontv PR 10O, caises 7 oing it o
difficult t0 mamtan resisuvicy step height i ™mgh-lead zom-
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vacancies.

Contrul of 2 semiconductor process in 3 ceramic system is paf-
ticulacly difficult hecause ot the endency (ur impurnes (o aceu-
mulate in the grain boundanes. which in PTC are the regions
requinng most carerul control. However. with modem powders
and refined process conuol, 4 good measure of reproducibility both
n location on step height for the resistivity chunge hus now been
achieved.

Thermat apptications for PTCR components cover 3 very wide
range. from simole auto-stabilizing bed socks and nce warmers (0
more sophisticated temoperature itable honeycomb heaung
slements™ tor hair dryers and in Jutomatic warm up devices for
automobdiies. Elecincal aoplicauons again cover 3 wide range of
circuit (unctions (Tom automane overioud protection (0 surge sia~
bilizanon a3 in the degaussing girdies for color TV sets.

Sing1e Cystals

It is perhaps a litle premature to discuss single cryswai optical
components since much oi the work s stiil at the research and very
2arly ‘Jevelogment level, however, it is clear that with the wide
adoption of opucal fibers for snurter haul high densuty telephone
crcuns, and he nowdly upcoming transocean tiber cables, the
needs for apuical signal prucessing wre expanding with pnenome-
nal rapwdity.

For hybnd systems, lithium niooate is clearly the singie crysai
ferroetectne ot chowke tor current expenmentaston. Sxceilent n-
diffused surtace guiding structures have been demonsirated using
Ti diffusiun inwo LiNBQ,,** and a numoer of modulutor and swwch-
iy circuns have been demonsuated in these yuided structures.

Dumage thresholds have been a proolem limiung power densicy
n guidus. but recently altermnative duping and tabncation strateyses
appear to be sileviaung these constrants,

The newer ficid of phase conjugate optics, image processing and
dynamical holography are driving new needs tor ferroetectne crys-
12l with exceudingly high clextro-optic cuefficients. Old favones
like wingle domain KNbQ,, BaTiO,, B8a,.,S¢, Nb:Oy and
BaaNaND.O,4 are 1n new demand. since ior these applicativas the
igure ul ment cuntuns the square af the lineas €.0. :oetficient
ra)*

At the research level, nieresiing questions begia (0 emerge as ©0
the possility of massive eifectuve £.0. coefficients ior mm wave
aoplications 1n ferroelecines and more work (0 establish loss levels
ind nualineanty foe treguencies close (0 the yoit mode ' resonance
15 urgently neuded.

Potycrystal Matanals

The 'cad lanthanum zirconate tanate (PLZT) family of hot
presscd (ransourent ceramics 1s sull the basis for mos¢ applicatuons
using polycrvstal ceramics. ™

Must oractical »ork has deen done using ‘he 9 $:55: 35 PLZT
comoositiun m the slim loop ohuse which has very hiyn quadrauc
sectro-opiic resoonse. The fase switching sossibie detween hHi-
reinagent (transmunng) and 1ISUFOPIC ( NOA-(ransmuting) phuse us-
g SUTuce or surtace gruvve clectrudes s cxploded n current
USAF flash orgtection zoegles.” New simoie numenc ind bur
raon culur disotays have been bused un the Newtonian suotraction
zotor speetra vanlaole under hgn lietd sn these ceramics.™ ind 1t
il 5e must neresiing 1o abscrve their market ocnetraion in
somnetiaon wih LCD Jisolay macertais.

In mure suomsiicated research luvel effons, ‘here s conunuing
imorovement 1n (he \catening mode displays ~nich use ‘on .m-
plated phut onguctive 'uyers (0 index ‘he jwiLmnyg fegions.
Rusolution Jopruacning 100 line guirs/mm has Yeen resorted 0
the imuge. A g rey scale s Jossible und shoton ensitivity
29moaraoie (0 msimuth silicon uxide SLVE 5 aus been acmeved., but
0 S¥SICMS wihich NOw nave dermanent memory '

Fae 1 rerroeiecine:sieciro-vonic svstems in (he ;olid frather
han liguid <rysial siaes). ‘he hign ficlds reyuired or substantral
untical Chanye are ratier penal in bylk Jevices. One cannot heio
iezhng that thin Lilin structures imiyitt be much more advantageous
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for achieving very high rields at the low voitage drive leveis com-
patble with silicon and Ga:As circustry.

Pyroeiectrics
For most pyroeiectric bolometnc sysiems. the matenals (igure of
merit lies between that for 1 vidicon masenal.

£ 18 e

KC
and that for a poiat detector of radiation

S A

C'(X an6)"*
where p is the pyroelectric coerficient p=idP/dT). C’ is tne ther-
mul capacity (volume specific heat), X e relanve dielectnic per-
mitivity and tan J the loss factor.

For ferroeiectric with second order Cune points. » nses raoidly
18 T, is aporoached from below. sut £ nses even faster — thus Jor
1 iven c3pacuance wnput there 1 in qpumum Jperuting Joine
below T, wmch maximizes F.

In single crystal caramics. 3¢, 82,..Nb,0, is 2 oreferred matenai
bath for igh speed laser detectors. und {or Jyroefectric image
plunes."

Puled polycrystal caramic s 1so videly used. with com-
oasuions ' e OZT fumily zlose :0 the ungle zsil:muit ezl
terruelectnc: ferroetectric phase cnanye n the rhomoohedrat com-
P0sitions deing greterred. In the caramic, :omoiex camousitions
are used (0 “ymear” 'he J0ruot ohuse chunge ~mch s [irst Order.
ind (0 control ‘he resisiivity of :ne cerarmic ;0 'had :n ‘he ‘ullow-
nyg FET circuitry the 2xoensive mign jate drain sssistor 2un e
sitminuced.”

Eur focal olane arrays. ‘he maior srooiem 5 (0 crovide 2lecirical
CONMAC! from eaun oixel ciement (0 1NE \eMICONAUCIOTr 'MterTHgInon
uTay without thermailv short Sircing :he very low rnermul -
pusity suluomester <hio.

A number of new ind iANQvaIvVE intercONNeS! svsiems sre inder
oroonetary develvoment. Ind it sl S¢ aeTIsINE O »¢T TOw
progress nere nfluences 'he ompetiiun Aetwesn aveociecinc
dyiometers and cooled phuwon Jereciory [or dractical unagmny
Jpphcanon.
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A PHENOMENOLOGICAL THEORY FOR PHASE
TRANSITIONS IN PEROVSKITE
FERROELECTRICS WITH OXYGEN
OCTAHEDRON TILTS

T. R. HALEMANE.} M. J. HAUN, L. E. CROSS and R. E. NEWNHAM

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

( Recewed December 15, 1984)

A phenomenological theory. based on the Landau-Ginsburg-Devonshire formalism is developed 1o
explain phase transitions in perovskite ferroelectrics with oxygen octahedron tilts. In this approach, the
Gibbs free energy function is expanded as a power series involving polarization and tilt angle as order
parameters. After giving the general solutions, we apply the theory to the PbZr, ;Ti;, O, system.

INTRODUCTION

Many ferroelectrics, especially those in the perovskite family, exhibit phase transi-
tions involving tilts in the oxygen octahedral chains.! The solid solution PbZr, _ Ti O,
between the antiferroelectric PbZrO, and the ferroelectric PbTiO,, named PZT has
been used extensively in the electronics industry.? The difficulty in growing single
crystals of PZT and the availability of a wide range of compositions to choose from
make it desirable to have a workable theory for predicting dielectric, plezoelectnc
and other properties and phase transitions in PZT.

The PZT phase diagram! is shown in Figure 1. For mole fractions of PbTiO, in

. the range 0.06 to 0.37, a phase transition from a higher temperature rhombohedral

ferroelectric phase Fp, 4y, t0 a lower temperature rhombohedral ferroelectric phase
Fr.o7) is observed. The lower temperature phase has the oxygen octahedral chain
twisted. with neighboring comer-linked octahedra tilted in opposite directions. The
tilts are about the [111] axis and are denoted by a~a~a~ in the notation of Glazer.’
The space group for the Fg, 7, phase is R3m and that for the Fy, r, phase is R3c.
PZT in the cubic paraelectric has the perovskite crystal structure ABO,, as shown in
Figure 2.

In PbZry Tiy,0,.* for example, the transition from the cubic paraelectric state P,
to the rhombohedral ferroelectric state Fg 4y, takes place at 250°C, and a further
transition to the £y, -, phase takes place at 100°C. The spontaneous polarization P,
is. in both the rhombohedral phases. along the [111] direction. The F,,, r, phase has.
in addition. oxygen octahedron tilts around the [111] axis.

We present here a Gibbs free energy function capable of explaining such phase
transitions with octahedral tilts. A similar thermodynamic phenomenological ap-
proach was used by Darlington® for the NaNbO,-KNbO, system. The thermody-

+Present Address: Physics Department. State University College, Fredonia. NY 14063
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FIGURE | PbZrO,-PrTiO, phase diagram (see Reference 14).

namic theory of ferroelectricity based on Landau’s treatment® of phase transitions
was originally developed by Devonshire.” Recently, this treatment has been ex-
tended by Amin, Cross, and others® to explain the existence of the morphotropic
phase boundary (MPB) near x = 0.5 in PbZr,_,Ti O, and also to predict its
properties near the MPB. The region considered there does not lLave tilts of the
oxygen octahedra.

FIGURE 2

Two equivalent representations of the perovskite structure (see Reference 1).
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PHENOMENOLOGICAL THEORY FOR PEROVSKITE PHASE TRANSITIONS 3

In this paper, the focus is on developing a thermodynamic phenomenological
theory which includes the transitions with tilts in the oxygen octahedra. This is
carried out in Section 2 by considering both the polarization and tilt angle as order
parameters. with the free energy function expanded as a power series. In Sections 3.
and 4, we give the possible phase transitions and general solutions that result from
the theory. In Section’5 and 6, we evaluate the constant coefficients and apply this
model to PZT. Finally in Section 7, we discuss possible improvements and other
applications. .

RIVIED | Y B

(I

2. PHENOMENOLOGICAL THEORY

SRR

Consider a single domain single crystal of PbZr,  Ti,,0, or any similar structures, in
which the polarization (P) direction does not change during the phase transitions
and in which the octahedral tilts can be described by an angle (8) of rotation about
a single axis.

From the first law of thermodynamics, for a polarizable, deformable solid subject
10 an electric field E, stress field X and a sublattice torque 7 we can write assuming
reversibility and extending Devonshire,’

dU = TdS + EdP + Xdx + 7df. (8)]

il

Here U is the internal energy, T is the temperature, S is the entropy and x is the
strain. The torque 7 is responsible for the tilt d6. Since this tilt exists only in a
portion of the crystal lattice, it cannot be considered a regular shear strain of the
entire crystal. We can then write. for the elastic Gibbs energy G = U — TS — xX,

dG = —-8dT + EdP — xdX + df (2)

making it a function of T, P, X and 6.

At constant temperature T and zero stress ( X = 0) conditions, we can expand G
as a power series in § and P. Assuming a centrosymmetric paraelectric state, the odd
power terms in the expansion vanish yielding the following energy function:

G=G,=1g,8" + g0+ lg6°+ -- +if,P?

+L4f PO+ PO+ .. +1d0%PP 4+ ..., (3) B
We neglect terms higher than the fourth powers resulting in ~i
1 G =Gy + 1g.0% + 4g8* + 1f,PP + 1f,P* + 1 dO%P2, (4) 2

Further. we assume

8: = Y(T - Ty).
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and
fi=v{T-T,). (5)

where v,. and v,. are positive constants. Ty and T, will be related later to the

transition temperatures between phases. We will assume T, > 7,. but the case
T, < T can be worked out in an analogous manner. We also required that f, > 0.
and g, > 0 in Equation (4) to prevent G from becoming negative infinity. The phase -
transitions obtained will be of second-order.
For the equilibrium state, G should be a stable minimum with respect to P and 6.

Therefore. we need

3G
-5-0—=0—*0(g2+g402+dP2)=0. (6)
3 =0 P(f, + PP+ d8?) = 0, (7)
3G s s
%;>0—>g2+3g40 +dP?> 0, (8)
2
‘9—92>o-»f2+3f,1>2+402>o, (9)
3P

and

_ 9% %G 3G \? .
so.p) = S22~ 305 ) >0

— (38,d)0* +(98.f, — 3d*)82P? +(3f,d) P*
+(3g./> + gzd)02 +(3fsg, + dfy)P? + 8./ > 0. (10)

We now solve Equations (6) thru (10) simultaneously. If (8) and (10) are satisfied. (9)
will be automatically satisfied. There are four possible solutions for the equilibrium
values (8,, P,).

. Phase A: 8 =0. P =10,
G=G,. f,>0. and g,>0. (11)
Phase B: 6,=0. pi=-1L
AR Jfa
ot G=Go+1if,P}.  f<0. and df, <gyfe. (12)
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. 2 8-
Phase C: b= -—, P, =0.
gy
G=Gy+ig.8’. g<0. and dg, <fg,. (13)
2 df» - g, dg, — 2
Phase D: gr=az8ls  pa gz—g—‘%.
gafs—d” 8afs — d

G =Gy + 18,07 + 1f,P}.

dfy > 81 /s dg, > f,84. and d° <g.f,. (14)

The three inequalities in the Phase D solution, Equation (14), are not always
independent. For example. when f,, g,,d, f,, g, are all positive, the first two
inequalities require d2 > f,g,, and so all three of them cannot be satisfied simulta-
neously and phase D will not be available.

3. PHASE TRANSITIONS

We will now examine the consequences of the temperature dependences of g, and f,
as given by Equation (5) as the crystal is cooled from high temperatures toward 0 K.
We also have assumed f, > 0, g, > 0, 7, > T, and d? < g,f,. This last condition
is necessary for phase D to be available.

At high temperatures (T > T, > Ty), we have f, > 0, g, > 0 and phases B and C
are not possible. Phase A is always possible for this region and phase D may exist
under certain conditions but has higher free energy than phase A. All these
conditions can be seen easily from the results given above for the four phases.

To investigate what happens when 7T is lowered, it is necessary to examine the
four temperature-dependent inequalities f, < 0. g, < 0, df, < g,f, and dg, < f,g,.
For this purpose, gfls convenient to define two additional temperature parameters 7,
and 7, such tha!

dfylrar, = g:f4|r-r,~ (15)
and

dgylra7, = f284lrat. (16)
We then have

_ JaveTe — dv,T,

T = 17
faYe — de (a7
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TABLE]L

Phase transition sequences for different values of 7,.7, in
relation to Ty. 7, where* T, > T,

No. d Temperature parameters values Phase transinon sequences
u T
1 E L<T<T,<T, A=B-D
<
a0 T, T, T,
7 * g . NoStable ¢
2 z Lh<T,<T,<T, A-B Phase D
T, T,
3 A TL<Ty<T,<T, A—-B-D
, 1, T
4 TL<T,<T<T, A—-B—-D-C
L T T 7
5 & TL<T,<T<T, A-B-(B.(O~C
Z T, T,
6 £ T,<Ty<T,<T, A—=B—(B.C)
TF
7 i To<T,<T,<T, A—B
i To
8 W T,<7;,<7;<T A—B

2To generate phase transition sequences when T, < Ty replaces T, by Ty, Ty by T,
T, by T.. T, by 7,. B by C and C by B in this table.

and

_ 81, T, — dv, Ty

T,
8aYp — dvyy

5

(18)

Several sequences of phase transitions are possible depending on the sign of d and
the relative values of 7y, T,, T, and T,. These are listed in Table I.

For purposes of illustration, we discuss the case T, < T, < T, < T, which occurs
when d is positive and small. The analysis is made simpler by drawing a diagram as
shown in Figure 3. In this diagram, g, f,. f.g,, df> and dg. are plotted as a function
of temperature 7. The intersection of lines df, and g, f, gives the temperature T,,
and the intersection of the dg, and f,g, lies gives T,. For T > T,, we see from the
diagram that dg, < f,g,. df; < g, /.. f; > 0. and g, > 0, so that phase A is the only
possibility. For 7, < T < T, also only phase A is possible. But when T decreases
below 7, then f, <0, and df, < g,f,. Now only phase B can exist until the
temperature is lowered to 7,. Although g, becomes negative as T crosses T,, we do
not stabilize phase C, because dg, > f,g, for T < T,. and this non-availability of
phase C, continues down to 0 K. But for T < T,, we have f, < 0. g. < 0, df, > g, f,.
and dg, > f,8,. These inequalities are consistent with 42 < f,g, and phase D is the
only equilibrium state in this region down to absolute zero temperature. Thus we
have the phase transition sequence

AT T
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92fe

f294
- dgz =3
| df, B
Tr -+
a T .
1 To Te Ts

FIGURE 3 Diagram to aid understanding of the phase transition sequence for the case 7, < T, < 7,
<T,.

r
for this case. If the numerical values are such that 7, < 0 K, then only the A =B

transition will be observed.

The other transition sequences listed in Table I can be derived in a similar
manner. It is found that in two of the cases, for certain temperatures, the phases B
and C both correspond to energy minima. In such a case, one of the two phases will
correspond to a metastable state.

The case for 7, < T, can be worked out similarly. It can. in fact, be deduced
directly from Table I if we replace 7, by 7y, Ty by T, T,Tby T, T, byT,BbyC

and C by B in Table. We will then have the transitions A 3Cc3p.

1

4, GENERAL SOLUTIONS
In this section we derive general expressions for the physical properties of the

polarization, dielectric constant. tilt angle and torsion constant for octahedral tilts.
These results are applied to PZT in the next section.

A. Polarization

Phase A: P, =0
2 Y
Phase B: P}=-2(T-T)
fa
= a(Tp - T). (19)
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where
a = Y,n/f4'
Phase C: P =0.
Phase D: P = 482 ~ 84)s g4f2 2
8ifs—d
=B(T, - T).
where
84Y, — dY,
B= #_2'
gJs—d

It is easy to show by definitions of «, B, 7,, and T, that

o(T, - T,) = B(T, - T,).

(21)

(22)

(23)

T, -
This implies polarization is continuous during the B — D transition.

B. Dielectric Constant

The dielectric constant e is defined in terms of the inverse susceptibility x by

€oleg— 1) ’
where we have

3G
=—=f, + 3f,P? + d6*>.
X 3P? fo+ 3,

We can then show for the different phases,

Phase A: x=1
= Yp(T - 7.p)'

Phase B: x =f, + 3fP}
=2y,(T,-T).

:t:- L 'A‘;‘.:;\ ‘. o L) :l:;\:::!:"-'.';.).':i:

(24)

(25)

(26)

(27)

. DRI T -
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Phase C: x =f, + dé}

L) — gly‘v - d70

&a

(T-T). (28)

where T, is defined by Equation (18).

Phase D: X =f, + 3f,P? + d? 2]
= 2/,P? X
=2fB(T, - T). (29)

where 8 is given by Equation (22) and f, by Equation (20).

C. Octahedral Tilt Angle

.\
-
o
"3
R
We get the following results: )
Phase A: 4. =0. 2
Phase B: 4. =0. -?

Phase C: 0= —g,/8,

- (T~ T). | (30)

Phase D: PLI Pk 7)1
! 8afs—d?

‘;ﬂ_

=MT,-T), (31)

where :::
-
Yo— d -3
8ufa—d -
-3
<
It can be shown by definitions of A, 7,, and T, that ]
'
Yo(To = T,) = Ago(T, - T,). (33) A
=
T,
This implies continuity of the tilt angle in a D — C transition. o
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D. Torsion Constant for Octahedron Tilts

The torque 7 acting on the oxygen octahedral sublattice is from Equation (2) given
by.

. T = %%- =g,0 + g,0° + doP°. (34)

The torsion constant of the octahedron is then given by

k=%=g2+3g402+dP2. (35)

The frequency w of the rotational phonon soft-mode is given by W . with the
proportionality constant J/ giving a measure of the inertia of the octahedra for
rotational motion. We can, therefore, obtain the following results for k and w in the
different phases.

Phase A; k=g, =v(T-T,).

w=yu(T-T), (36)

where
r="Ye/I. (37)
Phase B: k=g, +dP}

_ YO/A—de _
= (T-T).

w=yw(T-T), (38)

where

_ Yofs — dY,,
fod

Phase C: k=2y,(T,~T).

w=2u(T, = T). (40)

Phase D: k=g, + 3g,6%+ dP?

(39)

= 2g40.\'2
=2g,MT, - T).

w= ‘/’8(_7',:-_5'_). (41)
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where
28
5= -—g; . (42)

We see here that the phonon soft-mode frequency varies as [T — T,|%* in phases A
T,
and C. and as [T — T, in phases B and D. Looking back at Table I. the A — C

T. L .
transition is not possible since 7, > Tj, but the B — D transition is possible, and we
see here that it involves the condensation of a soft-mode.

5. EVALUATION OF THE CONSTANT COEFFICIENTS

In order to compare theory and experiment, it is necessary to evaluate the various
constant coefficients. The Gibbs free energy function of Equation (4) has seven
independent constant parameters v,, T,, f,, Yo, Tp. 8¢ and d. All the other
adjustable parameters such as 7,, T,, a«, B, and A that we have defined for
convenience are functions of these seven independent constants. However, one has
to proceed with caution in using experimental data to evaluate these constants. For
example, one can use experimental values of polarization and tilt-angle at different
temperatures to obtain constants like a, T, and vy, but it will not be proper to get
the Gibbs energy coefficients directly from them. The latter are deduced from the
experimentally determined constants. We show here how this can be done.

The experimental data that are normally available are the polarization, dielectric
constant, tilt-angle, and soft-mode phonon frequencies measured as functions of
temperature. In order to be self-consistent, it is important that the relationships
between the different parameters are established fully and only seven independent
parameters determined by comparison with experiment, with the others being
derived from this independent set. For example, we can consider 7,. Ty, T,. T.. 7,.
a, and A as an independent set, whose values can be conveniently determined from
the experimental data of the polarization. dielectric constant, tilt angle and rota-
tional soft-mode frequency. To derive the other constants from these, we make use
of equations (17), (18), (20), (23) and the relation

Yp - Bfl = Adn (43)
which follows easily by definition of A and B. There is another similar relation
Yo — Ag4 = Bd, (44)

but it is not independent of the others used here.
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We can then show that

f4 = Yp/a' (45)
Ypﬁfd
==X
»IL-T,
TANT-T (“6)
- dy,(T,- T,)
AT -T)
_xe (L-TNT - T,) (47)
AML-TNT,-T,)°
and
- dy,(T, - To)
“ y(T,-T)
T,-T)NT, - T NT, - T,
=‘r,_:x( »)( : ) ) )
A (T,-T)(T. - T)
Now, using the above results we can further show that
T,-T,
E_ Ylfd > - 14 " (49)
v A(84f4 -d ) ,-T,
and
p_ Yo _ (.-T)
5 A AT T 50

Sets other than the one we have used here (for example T, Ty, T,, T, v,, Y. and B)
can also be used.
The results presented in this section are applicable to all the cases listed in Table 1.

6. APPLICATION TO PZT

We now apply the phenomenological theory and the results derived in the previous
sections to the case of PbZr, ;Ti,,0,. The experimental single crystal data of Glazer,
Mabud and Clarke* are used to calculate the values of the frequency parameters to
provide comparison of theory with experiment. The treatment given here is only
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PHENOMENOLOGICAL THEORY FOR PEROVSKITE PHASE TRANSITIONS 13

preliminary, because higher order terms in the Gibbs free energy expansion are
needed for greater accuracy. especially if these phase transitions are of first order, as
some authors assert.°

The transition sequence in PbZr,Ti,,0,is A = B — D. The A — B transition is
at 250°C and the B — D transition takes place at 100°C. By reference to Table I, we
identify T, = 250°C and T, = 100°C. It can be shown easily that our model requires
both transitions to be second-order i.e. P,|; , = P/|r 5. Using data from reference
4, at 100°C,

a(250 - 100) = (0.38)°, (51)
and
B(T, - 100) = (0.38)°. (52)
Also, at 20°C, P, = 0.45 C m~2 from Reference 4, so that
B(T, - 20) = (0.45)%. (53)

Solving Equations (51), (52) and (53) we get

a=962%10"*C*m*/°C, (54)
B=7262x10"*C*m4/°C, (55)
and
T, = 298.8°C. (56)
Thus.
0 for T = 250°C

P = /9626 x 1074250 - T) C m’ for 100°C < T < 250°C (s7)
/7.262 x 10°%(298.8 = T) Cm~2 for T < 100°C.

The polarization P, is plotted versus temperature in Figure 4. The general
behavior is well described by our model, but there is not good quantitative
agreement. As a further comparison, our model predicts in phase B.

P:ZITP+AT
——— =05, (8)
P: IT,+2AT

whereas experimentally this ratio is approximately 0.7. The dielectric constant for
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FIGURE 4 The polarization P, plotted versus temperature. The solid curves were determined from the
theory presented in this paper. The experimental data points are from Reference} 4. The circles indicate
the data points that were used for the evaluation of the constant parameters.

PbZr,  Ti,,0; at different temperatures has the form

1
L+ — for T > 250°C,
eor, (T - 250) o ¢
1
={1+z——=——  for100°C < T < 250°C, and
€r 2‘07’,(250 — T) or <T< C., amn (59)
1
1+ for T < 100°C.
2o/ B(28B8 -T)

Using the data from Reference 4 that ¢, = 5000 at 300°C, we give

4 x 107¢/°C
y = (60)
Also
Y, 4.1554 x 1073
o= = Py : (61)

The ¢, given by Equation (59) is plotted in Figure 5 as a function of temperature,
along with the experimental curve from Reference 4. Again, the overall patiern as
predicted by our model agrees with experiment, but the numerical values differ. As a
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FIGURE 5 The dielectric constant ¢ plotted versus temperature. The solid curves were determined
from the theory presented in this paper. The experimental data points are from Reference 4. The circle
indicates a data point that was used for the evaluation of a constant parameter.

further comparison, our model predicts.

(‘RIT,." - 1)

=2, (62
(‘er,_“ - 1) )

but experimentally this ratio is about 5.
Using 8, = 4.83° at 60°C as given in Reference 4, we calculate

A =1.776 X 10~* rad/°C, (63)

so that the temperature dependence of 6, is given by

0=

5

(64)

0 for T 2 100°C, and
y1.776 X 107%(100 — T) radian for T < 100°C.

)

The tilt angle 6, is plotted versus temperature in Figure 6. Experimentally only
one other value of 8,,5.42° a1 25°C, is known from Reference 4. However, Michel et
al.*! give 7.5° as the room temperature value. More experimental data are needed for
a better comparison.
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FIGURE 6 The tilt angle 6, plotted versus temperature. The solid curve was determined from the
theory presented in this paper. The experimental data points are from References 4 and 11. The circle
indicates a data point that was used for the evaluation of a constant parameter.

For the phonon frequency w associated with the rotational soft-mode, we have

(T=T,) for T > 250°C,

w={/y(T = 100) for 100°C < T < 250°C. and (65)
/8100 = T) for T < 100°C.

The constants u, v, 8, and T,, which are related by Equations (49) and (50) can be
determined by comparison with the observations of Raman or other spectra suitable
to the present case. The temperature dependence predicted by Equation (65) can
then be verified. Experimental data for such comparisons are not yet available.

Looking at Table I, with T, = 100°C, T,, = 250°C, and T, = 299°C (we could not
evaluate T, due to lack of experimental data) we conclude that the present example
corresponds to the T, < Ty < T, < T, case for which d is positive and small. This
leads to the A = B — D transition sequence, as expected.

7. DISCUSSION 0\

Considering the ull angle and polarization as order parameters, we have succeeded
in developing(n LDG type phenomenological theory for phase transitions in
ferroelectrics involving tilts of sublattices like the oxygen octahedral chain in
perovskites. By restricting the power series expansion for the free energy to fourth
order terms, we ended up with second order transitions (f, > 0. and g, > 0). For
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better accuracy higher order terms will be needed. Also to treat first-order transi-
tions. it would be necessary to make f, < 0. and g, < 0. and therefore to include
terms of at least up to sixth powers.

In this paper we have restricted discussion to cases where the polarization
direction and the direction of tilt axis do not change during the transitions. This was
done to keep the treatment simple for a first application. But extensions to relax
these restrictions are straightforward and would include terms involving polarization
components P,. P, P, and rotation components 4.8, ,6.. A further extension can be
made to allow for tilts where successive octahedra along an axis can have either the
same or opposite sense of tilt. [If we choose any particular axis. then in a direction
perpendicular to it, successive octahedra are constrained to have opposite tilts about
that axis—see Glaxer.?] This can be done by using two interpenetrating sublattices a
and b with rotation angles §, and 8, about a given axis for the two sublattices.
When 8, = 8,, the tilts are of the same sense and if 6, = —8,, the tilts are of the
opposite sense. This technique is similar to that used for anti-ferroelectricity by
Kittel'> and Cross.!> Extensions along these lines to PZT and other tilted systems
will be made in the future.
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ABSTRACT-The ADAGE computer graphics system has been used to
develop a modified Devonshire form for the elastic Gibbs ‘g
function to describe the simple proper ferroelectric phases 79

in the PbZr04:PbTiO3 family of crystalline solid solutions.
The unusual morphotropic phase boundary between tetragonal
and rhombohedral forms has been used to help delineate the
coefficients in the function at that composition. For the
Devonshire formulation, spontaneous strain in the
ferroelactric phases is assumed to be electrostrictive in
origin and an x-ray determination of the strains as function
of composition and temperature has beoen used to derive the
composition and temperature dependence of the high order
stiffness coefficients. The Gibbs function which has been
derived permits for the first time the calculation of the
full family of thermal, elastic, dielectric, and
piezoelectric parameters for the ferroelectric single domain
states and an evaluation of the manner in which these
parameters change under different elastic and electric
boundary conditions.

PR

1.0 INTRODUCTION

In many ferroelectric crystals, it has oftem proven useful to 4
correlate the dielectric, piezoelectric, and elastic properties of fﬂ
paraelectric and ferroelectric phases by phenomenological 'j
thermodynamic theory. The change in the thermodynamic potenmtial 4
associated with the onset of the ferroelectric phase is described :
through a Taylor series expansion in powers of the order parameter ij
(e.g.. of the dielectric polarization in the simple proper
ferroelectric) and of the coupling parameters to other interesting
thermodypamic variables.

The permitted terms and coupling parameters are limited by
the crystal symmetry of the prototypic paraelectric structure, aand .
the coefficients of these terms are assumed to be continuous s
through any of the phase transitioms into and between
ferroelectric phases.
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For many crystals this Landau:Ginsburg:Devonshire formalism
gives an excellent semiquantitative description of the dielectric,
elastic, piezoelectric, and electrothermal properties when only
the lowest order terms are linearly temperature dependent, higher
order terms tenpeia:nse independent and often for a very truncated
series expansion 1-3 . For a more accurate description over a
wider temperature range, additional higher order terms, and/or
tempe:atuse dependent higher order coefficients can be
included(%+3)

A valid general criticism of the application of the LDG
formalism to the description of the elasto-dielectric properties
of a general non-linear solid is that in asing the simple
infinitesimal strain formulation and the simple conventional
definition of polarizationm, the electrostriction tensor
coefficients resulting are not strictly invariant under rotation
of axes. The proper variables as discussed by Toupin(6) are the
Legrangian strain and the material measure of polarization (MMP).
Unfortunately, however, in this more rigorous formulation, much of
the simplicity and transparency of the original simple
thermodynamic argument is lost,

For the special case of the simple proper ferroelectric,
matsrials in which the dielectric stiffness is anomalously small
while(f?e elastic compliance is almost normal, it has been
shown that the correction terms to the simply formulated
electrostriction constants are quite small. In application of the
phenomenology to a ceramic system, in which most of the material
parameters are not known to better than +10%, the application of
the simpler thermodyanmic method is probably justified, and is
used in this paper.

In ferroelectric polycrystalline ceramics, a complete Gibbs
function is particularly valuable since often the mechanical aad
electric boundary conditions upon the individual crystallites are
uncertain, and it is frequently not clear whether ‘abnormal’
properties are intrinsic and to be associated with these boundary
conditions, or are extrinsic and associated with such phenomena as
domain and phase boundary motionm. The situation canm become
particularly interesting when the fer.oelectric is at a
composition or temperature close to a ferroelectric:ferroelectric
phase boundary where quite minor changes in the boundzgygfttesses
can give rise to major changes in the property teasor'®’”’.

For materials where good single domain single crystals are
available, the individual components of the property temsors can
be measured over a wide temperature range, and the development of
a suitable energy fuanction is quite straightforward. In systems
where only ceramic samples are available and good single crystals
are unobtainable, the procedure is more complicated and must
necessarily be indirect.

The lead zirconate:lead titanate (PZT) crystalline solution
system is an excellent example where good single domain single
crystal data are unavailable even for the ferroelectric end member
(PbTi03). It is a system where the technological materials of
most interest are grouped about a ferroelectric:ferroelectric
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transition (the so-called morphotropic phase boundary) and for
which a representative Gibbs function could be of considerable
use.

In the approach described in this paper, an ADAGE graphics
computer and an IBM 370 computer have been programmed to solve the
polynomial equations of the LGD treatment. The coefficients of
the energy function and their linear temperature derivatives are
under dial control in the analogue section of the ADAGE, with the
output presented graphically as a AG:T diagram. The high'y
unusual feature of morphotropy (degeneracy between tetragonal and
rhombohedral solutions of the function) has been used to
distinguish the very limited set of coefficients which will
produce this phenomenou.

Experimental data least likely to be stromgly influenced by
the ceramic character of the PZTs have been used to characterize
the composition dependence of the AG function, and to permit a
machine plotting of the full phase diagram for the single cell PZT
compositions and of the dielv.ctric, piezoelectric, and
electrothermal characteristics of compositions ian this phase
region.

2.0 OLOGIC RGY

The elastic Gibbs free energy for a simple proper
ferroelectric derived from a prototypic phase of m3m g&muetry
under isothermal conditions may be expressed in the form( :

Xip2,.p2 X 4.54.p4 X 202 .02p2 . plp2
AG = 01(P1+P2+P§) + Cll(P1+pz+P3) + alz(P1P2+PZP3+P3P1)

+

X 6.p6.pb X 4,52 92 4,02 ,.02 4:02.pn2
0111(P1+Pz+93) + “112(1,1(?2"'?3) + Pz(Pl""ps) + P3(P1+P2))

+

a3,3P3p2P2 - 1/2 sb(x2+x2ad) - s{z(x1x2+x2x3+x3x1)
(1)

P (y2,x2.g2 2 2
1/2 sy x3+33+4xd) - Qi x,p3x,P24x,P2)

Q4 Xy (P3+p2) + x,(P3+pd) + x5(P2+Pd))

where the af a;.. and “%'k are the dielectric stiffness and
higher order sti%fness coegficients at constant stress, the sf.
are the elastic compliance coefficients measured at constani
polarization, and the Qi' are the cubic electrostriction constants
in polarization notation. The expression is complete up to all
sixth power terms in polarization, but contains only fourth order
terms in electrostrictive and elastic behavior.

The first partial derivatives of the energy with respect to
the components of P, X, and T give the conjugate parameters: the
electric field Ei' the negative of the strain -‘ij‘ and the
entropy change - S, respectively.
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dAG 3AG dAG

Appropriate second partial derivatives give the dielectric
stiffnesses, elastic compliances and piezoelectric constants:

2 2 2
d°AG 9°AG 306G

= = ¥, (), = -5 (), ——— =<b;. (¢)  (3)
aPian J axiaxj 1 aPian J

Equation (2a) with E; = 0, and the condition that equations
(3a), (3b), and (3c) must bhave positive values, give the
conditions for stability of the spontaneously polarized states.
The four solutions of equation (1) which are of interest for the
PZT family dielectrics are:

Cubic
P2 = p2 = P2 =0 (a), 4G =0 (b) (4)
1 2 3
Te on
X X  2_1.X X 1/2
2 0111[(011) 3a1a111] 2 2
P3’ X ,P1=P2=°(l)
303111
e oXp2 . X o4, X o6
Orthorhombic
- X X X X \2_ XX X 1/2
2 2 (2011+Q12):[(2¢11+612) 1201(0111"’0112)] 2
P1=P2- X X ’p3-0(.)
6(ay33%0113)
- 2.Xp2 X .. X 0d.0 X . X ypb
Rhombohedgal
(X X X X ,2_X X X X 1/2
b2 - p2 o p2 o _artorp)llay;rary) ey iayyythayptargg)l™ T
177277537 X .. X . X *
3aj331%6a1)3%0]23
- Xp2 X X 4 X X X 6

The a coefficients are continuous functions of composition and/or
temperature,

The spontaneous elastic strains in the ferroelectric single
domain states, under the conditions X = 0, may be deduced from
equation (2b) which leads to the following relations:

2 i A i ML A da R in il o

N X PN . PN R
.t N . . . . \ - e e ST

RS . . . - - - . g .~ oW . - . ~ . . v
DR WAL AL L. WL S L. SO WL S PP P WP WP U, AUE O L A . AP S U WA T WO VW Ul S T Y - S 1. S ST L




Tﬁw T T ———" R

Cubije

Xy =Xy = X3 *Iy X5 =35 =0 (8)
Tetragonal

* xg = Q11P§. Xy =z = Q12P§. 14 = x5 =xg = 0 (9)

Qzthorhogbic .

1, =z = (Qy,+Q,)P?

23 = 20.,P2, x, = 25 = 0, ¢ = Q P? (10)
Rhombohedral

2
xp = 33 = x3 = (@;+2Q;,)P3
x4 = 25 = 15 = QuP% (11)
It may be noted that in equation (10) the strain system
appears monoclinic as it is expressed with respect to the original
cubic axes (1,2,3), and that the strain teansor may be diagonalized
by a 45° rotation in the 1,2 plane corresponding to the proper
choice of orthorhombic axes.

The relative dielectric stiffmesses (Xij) were derived from
equation (3a) resulting im:

Cubie

X11 = Xgz = X33 = 2aTe5s X1z = Xp3 = X3q = O (12)
Tecragonal

Xg3 = (2a3+12a%,P2+30a% PDe,

X11 = Xag = (2a1+2a},P+2a]13P e, Xgg = Xg3 = Xgp = 0 (13)
Octhoghombic
Xy7 = Xgg = (2a¥+(12a%,+2a%,)P3+(30a};;414a],,)P e,
X33 = (2a]+4a];P+(4a])p+2a]53)P e, Xgp = (4a1pPiH16a]1,P e,
X23 = X33 = 0 (14)
Rhombohedral
X117 = Xz2 = X33 = (2a3+(12a%, +4a},)P+(30af 4280}, 4201, 5)P e

- < (aX X X ypé
X12 = X23 X31 (4612P§+(160112*40123)P3) 80 (15)




- DA e e St - T
i . Sl o g At iiina il Sl e ks Maua and - Seanteaties e S e RN SEM anage ar-h it Ahedt “dec dadh Shte Jhal e oA~ ii-asnl stk T Atk i AL AP Bl M A Bl el Sl e . el T et W T T

To yield units of energy for the free energy fuanctions, the a
coefficients were divided by the permittivity of free space (‘o)'
as shown in Section IV. Thus, the multiplication by 8, Was
required in Equations (12) through (15) to give relative
dielectric stiffnesses.

In the rhombohedral state, the polarization can be along any
of the (111> directions of the original cubic axes. By rotating -
these axes so that the new x, axis is along the [111] direction,
the new dielectric stiffness coefficieats (indicated by a prime)
can be related to the old coefficients (defined by equation 15)
with the following equations:

X11 = X33 =-X11 ~ X12- X33 = X11 * 2X12
X{g = X$3 = X§p = O (16)

The dielectric susceptibility coefficients (ni-) can be
determined from the reciprocal of the dielectric itiffness
matrices. For a diagonalized stiffness matrix, such as the
matrices defined by equations (13) snd (16) for the tetragomal and
rhombohedral states, the diagonal susceptibility coefficients
(“11' 22 and n33) are simply the reciprocal of the corresponding
stiffness coefficients, and the off-diagonal susceptibilities
(nyq- “33 and n3,) are zero. The susceptibility coefficients for

i

the nomn agonalized stiffness matrix defined by equation (15) for
the rhombohedral state can be determined from the following
relations:
2 2
; ] ] X117X12 .
11 ¥ M22 " N33 T 73 2 .3
X1173%11X12-2X12
2
X127 X11X12 .
X1173X11X12+2X12
2 Equation (17) gives the dielectric susceptibility coefficients for
T the rhombohedral state based on the original cubic axes.
S The piezoelectric polarization related bij coefficients can
oS be derived from equation (3¢) as shown below:
-"‘.f C .
L bj; =0 (18)
L Tetzagonal
:ji" b33 = 2QyP;
. *
E;' b31 = b3y = 2QyyPy
"' = =
. b1s = b24 = QeP3 (19
%i!
&
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Qzthorhombic

byp = b2z = 2QyyP;

B12 = By3 = b3y = b3 * 2Q5F

®16 = b26 = b34 = B3g = QePy (20)
Rhombohedzal

byy = bg3 = b33 = 2Qy,P3

byz = by3 = by3 = byy = b3y = byy = 2Q;,P;

bys = P16 = bag = Bag ™ B35 = B34 = QuuP3 (21)

The piezoelectric strain coefficients d;. for the tetragomnal

or rhombohedral states can be related to the gij coefficients by:

d33 = n33syb3y = 2n33¢,Q14P;
d3; = n33s,b31 = 2n332,Qp5P;
d1s = 1185015 = M116,%4P3 (22)

The dielectric susceptibilities ny and n33 in equation (22) are
based on the original cubic axis, and thus for the rhombohedral
state should be determined from equation (17).

The piezoelectric voltage coefficients g.. are related to the
bij coefficients by a factor of (k-1)/k, where'k is the dielectric
constant. PZT compositions have a k >> 1, thus the ;.
coofficients are approximately equal to the b.. coefficients,
Hence, for the tetragonal or rhombohedral sfates, the ij
coefficients are:

-

833 ~ b33 = 2Q;,P;
831 ~ b31 = 2Q,,P;
815 ~ b1s = Qu4P; (23)

If the temperature and composition dependence of the
dielectric stiffness, higher order stiffness, and electrostriction
constants are known, then the full family of spontaneous strains
and polarizations, and dielectric and piezoelectric properties can
be determined. In the next section values of these constants will
be found that reproduce the morphotropic boundary between the
tetragonal and rhombohedral phases. Then experimental data will
be used to scale and refine these constants to give quantitative
agreement with the properties of PZT.
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To give the observed Curie Weiss behavior of the dielectric
permittivity in the paraelectric phase, it is evident from
equation (12) that the coefficient aX must be s linearly
increasing function of temperature &nssing through zero at the
Curie Weiss temperature 6, where a3 changes from negative to
positive values. The temperature 6 must be below the
ferroelectric transition temperature (T.). The dielectric
stiffness and higher order stiffness coeffxciants may be functions
of both temperature and composition, but in any crystalline
solution system, it is expected that the variation be smooth and
continuous across the whole phase diagram.

Initial stndisf have suggested that even if the parameters
ay,» 917, 012. and a% are given linear temperature dependence, a
proper tetragonal: ombohedral morphotropy cannot be developed
from the simple Devonshire_fumction (a112 = ajy3 = 0). However,
by adding a positive @j 12 Paramgter to destabilize the
orthorhombic phase and 8 negative Q123 parameter to restabilize
the rhombohedral phase, tetragonal and rhombohedral phases cam be
made coincident over a wide temperature range without any inter-
leaving of the orthorhombic region.

To permit ready visualization of the influence of the a
parameters on the resulting phase stabilities, the ADAGE was
programmed to operate in a split screenm mode. The right—hand half
of the screen plots AG; vs T for all possible stable phases.
was derived from a conpnter solution of the equations (5) and (7*

which yield the appropriate values of P, at each temperature. On
the ADAGE, the a coefficients were nnder dial control and linear
t nperatnre coefficients could be added to either the parameters
or a Markers were inserted at each of the intersections
o the 1?ferent phase stabilities, marking the equilibrium
transition temperatures. This information on phase stabilities
was then transferred to the left portion of the screen. The a
parameters were then incremented to new vslues under machine
control, and the process was repeated. In this manner, a
hypothetical phase diagram can be rapidly built uwp for amny 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 expectations in that:

1. Ve cannot reproduce morphotropy with the simple
Devonshire function.

2 In the Devonshire formalism, as expected, the parameter
¢ = aj,/ay, controls the relative stability of tetragonal to
orthorhombic and rhombohedral phases. However, the orthorhombic
phase always interleaves or is degenerate with the rhombohedral.
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3. To generate a near vettica]x tetragonal-rhombohedral
bgnndary requires a positive value of aj;, and a negative value of
a

123 4, For all parameter combinations which generate a near
vertical morphotropic phase boundary (at Zr:Ti ratio ~1:1) the
orthorhombic phase is always very close to (but metastable with
respect to) the overlapping tetragonal and rhombohedral stability
curves.

Having developed a small family of dimensionless parameters
which generate a sharp morphotropic change between rhombohedral
and tetragonal phases, the task is to scale and refinme the fitting
so that it describes quantitatively the properties of real PZT
compositions. For this purpose, it is clearly necessary to draw f
spon additional experimental data., It is desirable that in
choosing the appropriate results care be taken in selecting those -
parameters and measurements which are least likely to be perturbed
by the ceramic boundary conditioas.

In this fitting we chose:

1. The composition dependence of the ferroelectric phase
transition temperature (T.).

2. The temperature dependence of the spontaneous
polarization P, for a series of carefully characterized
compositions across the tetragonal and the single cell
thombohedral compositions in the phase diagram.

There appears to be rather general agreement as to the nature
of (1) with good accord between several sets of measurements by
independent observers. For (2) it is not possible to measure P
directly in these ceramic solid solutions., However, making use of
equations (9) and (11) we may relate the spontaneous strains x4,
X9, and x, to the appropriate calculated values of 3. .

The strains Xy, X9, and x4 were determined by high
temperature x-ray powder diffraction for well charactet%i%g powder
" samples of PbTiO, and several PZT compositions . The

experimental data for compositions with tetragonal room
temperature symmetry are shown in Figure 1 and for rhombohedral
compositions in Figure 2. Using equations (9) aad (11), P3 was
derived from the experimental data, and calculated and measured P
values were fitted using Qy7, Qp49, Q44, &, and Ps(1c (the
spontaneous polarization P, of the tetragonal state at ) as -
fitting parameters. Values of these parameters were determined at Rk
each of the compositions where the spontaneous strains were -
measured, and are plotted versus composition in Figure 3 for Qll‘ -4
Qy3, and Q4 4, and in Figure 4 for 8 and ps(Tc)'

| Even given complete lack of constraint, the required Q values
! do not change markedly with composition, and a good fitting of
observed and calculated strains can be obtained with composition
independent Q parameters. Thus composition and temperature =
independent Q values were used for the theoret%cal c¢alculations,
with Q; = 6.6 x 1072 n%/c%, Q;, = -3.2 x 107¢ a%/c2, and qQ =

1.5z 1 m /Cz, as shown by the solid lines in Figure 3.
To obtain the composition dependence of the & aad PS(Tc)
parameters, the values were fit with polynomial equations, as
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shown by the solid curves in Figure 4. The experimental values of
the transition temperature Tc from the PZT phase diagram were also
fitted with a polynomial equation. These equations were then used
to calculate values of ©, PS(Tc)' and T, for the theoretical
calculations, and are:

T, = (211,8+486.0x-280.0x2+74. 4223)oC -
@ = (208.2+489,62-322.822+164.7x3-63.81z%) oC
Pg(re) = (0.1194+0.2001x-0.0485422-0.002914x%) C/m? (24) i

x is the mole fraction of PbTi03 in PZT. .

After adjusting the Qyy, Q4. Q44. 9, and Pg.y,) Parameters,
recalculation of the phase diagram confirmed that minor changes
had not significantly degraded the initial fitting of morphotropy,
and a final trimming of the equations lead to the following
parameter scheme:

a{ = Xo(T-0), X, - ,» where C is the Curie conmstant.

2e°c

X
X _ 2“1('1'0)

a
H Pz(Tc)

a§2 = ¢u§1, where ¢ = 9.8 in PbZrO; changing linearly with
composition to -12.0 in PbTi03

X

X 21(Te)

311 * 24 .
s(Te¢)

af;, = 8000/s,C

¢{23 = [-45,000(1-:)-20.000:]/eOC. where z is the mole
fraction of PbTiO3 in

S

b The temperature independent relation given above for a§1 and a§11
EHF were required to cause the free enmergies (AG) of the cubic and
:ﬁ} tetragonal states to be equal at the transitiomn temperature Tc.
ﬁf& To quantify the Gibbs function, it is necessary to select the
. scaling parameter X,. In materials with lower Tc values, this is
l:~' readily accomplished by a direct measurement of the dielectric .
b permittivity as a function of T above T, in the paraelectric phase
[ and a fitting to the Curie Weiss law.
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For the PZTs, the high Curie temperatures lead to
considerable difficulty, and values of the Curie constant have
been reported ranging from 1.5 to 15 x 10°°C™". An indirect
method has been used to determine the compositional dependence of
the Curie constant (?2 from a combination of calorimetric and

- phenomenoclogical data ,» as shown by the data points in Figure
5. The solid curve is a Gaussian distribution used to fit the
experimental data, and is of the following form:

C= aeb(x-d)2+e. (26)

where 2 = 6.2:105. b = -37,2, d = 0.5, ¢ = 1.5:105. and x is the
mole fraction of PbTiO3 in PZT. Using this equation to determine
the Curie constant as a function of composition, the values of Tc‘
0, Ps(Tc)' ¢, and the a stiffness coefficients were determinmed at
various compositions across the PZT phase diagram, as shown in
Table 1.

4.0 COMPARISON OF EXPERIMENTAL AND CALCULATED PARAMETERS FOR PZT
4.1 Phase Diagram

The experimental phasz diagram for the PZT solid solution
system is shown in Figure 6 The region of interest which is
sccessible to the simple phenomenology involves the single cell
compositions in the regioms marked P_,, Fy, and F T)*
Antiferroelectric orthorhombic and multicell rhombohedral R(LT)
phases have not been accounted for.

A first trial at the phenomenological fitting using a linear

vs composition to explore the possibilities of morphotropy is
sgown in Figure 7. The final fitting using the parameters listed
in the previous section is shown in Figure 8, plotted over the
experimental data for comparison.

For the region between 0.25 and 1.0 mole fraction PbTiO3, the
free energy as a function of composition is shown in Figure 9 for
temperatures of 25°C, 125°C, and 300°C., The dashed curve labeled
MPB is the crossover corresponding to the morphotropic phase
boundary between the tetragonal and rhombohedral phases.

4.2 Soontapeous Polarzizationm

Data are not available in the literature for Pg in any of the
PZT compositions of interest. There are some single crystal
valu ssfor pure lead titanate, and ome set of messurements of Ps
vs T is summarized in Figure 10. The agreement betweea the
experiments] measurements and phenomenological calculation is
fairly good considering that the higher order dielectric stiffness
constants were independent of tempersture. The theoretical
temperature dependen f of P originated from the dielectric
stiffress coefficient aj, whxch wss given s temperature dependence
based on the Cnria—'oiss law.
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The calculated temperature dependence of the spontaneous
polarization for several PZT compositions in the tetragonal phase
field are shown in Figure 11, From these curves the trend of P
at 25°C as a function of composition across the phase diagram is
depicted in Figure 12,

4.3 Dielectric and Piezoelectric Sipgle Domain Propertjes
The calculated single domain dielectric susceptibility -

coefficients for PbTiO3; (Fig. 13), PZT 50:50 (Fig. 14), and PZT
60:40 (Fig. 15) have been derived. It should be noted that in
these figures the susceptibility n is almost identical to the
normal dielectric permittivity, and that the scales for values
above and below Tc are different. The change inr the room
temperature components of n calculated as a function of
composition are shown in Figure 16. The susceptibility
coefficients for the cubic (n,) and tetragonal (ny; and ni33) state
were calculated from the regiprocal of the stiffness matrices
defined by equationms (12) and (13), respectively. The
susceptibility coefficients (n11 and n3 ) for the rhombohedral
state were based on the principal axes o? the rhombohedral unit
cell with the spontaneous polarization along the x3-axis. Thus
the reciprocal of the stiffness matrix defined by equation (16)
was used for the calculation of the susceptibilities for the
rhombohedral state.

The piezoelectric constants 633, d31. and dl were calculated
as a function of temperature for PbTiO; and PZT 50:50 as shown in
Figures 17 and 18, respectively. The corresponding temperature
dependent g values g33, 8§37, and gy are given in Figures 19 and
20, Modifications of the room temperature 4 values as a function
of composition at room temperature are depicted in Figure 21, with
the related g values in Figure 22, s

5.0 DISCUSSION

The agreement between experimental and phenomenological
descriptions of morphotropy exhibited in Figure 8 is obviously
very good and has been achieved without any abrupt changes in the
energy parameters. The Gibbs free energy difference between
stable and metastable phases at the PbTiOa somposition agrees well
with that proposed by Henning and Ha:dtl( 4) on empirical grounds,
though from our calculations the free energies themselves are not
linear functions of the composition,

For the parameters chosen, the calculated polarizations agree
quite well with those derived from spontaneous strain measurements
though there is some evidence from the more rapid rise near Tc in
the calculated data that the series expansion is too rapidly
truncated, or correspondingly that temperature coefficients on the -
highest order terms are needed. The electrostriction constants
derived in tbhis analysis are comparable with the measured
constants for PbTiO; and as expected do not change significantly
with composition across the whole phase diagram.
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With the constant Xo chosen to provide a good fitting with
the available thermal data, the calculated permittivity
temperature curves are not unreasonable, with values of the Curie
Weiss slope being as expected towards the lowest values measured
in PZTs. At the lead titanate end of the composition system, the
high stability of the tetragonal phase is exhibited in the lower
values of transverse susceptibility (ny4). However, on
approaching the morphotropic phase bouandary aqq begins to increase
markedly. Calculated values for n are, however, still omnly about
half the room temperature values usually measured even in hard
PZTs.

A probable explanation for the observed discrepancy between
theory and experiments at room temperature is that a major part of
the dielectric polarizability in the ceramic is extrinsic arising
from the motion of polar domain or phase boundaries., Some support
for this hypothesis can be derived from recent measurements of
petni&g*vity and piezoelectric response of PZT ceramics down to
4.2°K . At this very low temperature, extrinsic effects shounld
be frozen out, and indeed both donor and acceptor doped PZTs of a
common Zr:Ti ratio do come to the same value of permittivity e33
and to very similar values of ¢ and d3;. These lower
temperature data are in excellent accord with low temperature
projections from the preseat thermodynamic theory, suggesting that
it does in fact model the intrinsic response rather effectively.

A startling feature of the response of the doped PZTs is the
manner in which dielectric and piezoelectric response scale
together.

It would appear that the domain or phase boundary motion
driven by the weak E field must be shape changing, i.e. that 180°
wall processes are not strongly involved, but that the active
domains must be of ferroelastic type.

A more detailed discussion of the fitting to the low
temperature data, and of the influences of elastic and dielectric
bouandary conditions on the phase stability will be presented in a
later paper.

The behavior of the piezoelectric 4 and g coefficients again
sppears to reflect the significantly lower dielectric
polarizability of the single domain state - the calculated g
coefficients being on the whole slightly larger than the measured
values and the calculated d coefficients being small even for very
hard PZTs,
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FIGURE CAPTIONS ﬁ
Fig. 1. Spontaneous strain data plotted versus temperature a
measured by high temperature x-ray powder diffraction B

for PZT samples in the tetragonal phase field. The
sc;ttergng of the data points is :0.2:10'3 for x, and -
. +0.12107> for x,. S
Fig. 2. Spontaneous strain data plotted versus temperature ]
measured by high temperature x-ray powder diffraction )
for PZT samples in the rhombohedral phase field. The .
scattering of the data points is +0.8x107 " for x4. 9
Fig. 3. Valoes of the polarization related electrostriction %
constants Qy3, @5, and Qg required to fit calculated }
and experimental spontaneous strain data.
Fig. 4. Values of the Curie~-Weiss temperature 6 and the ]
spontaneous polarization of the tetragomal state at Tc 1
required to fit the experimental and phenomenological 1
spontaneous strain data. The solid curves are =
polynomial fits of the data (see equation 24). -4
Fig. §. The Curie comstant plotted versus composition. The data f
points are from reference 9, an the solid curve is 1
Gaussian distribution used to fit the data (see equation

26) L]
Fig. 6. The phase diagram for the PbZr03:PbTi03 solid solution >
system (from refereance 12). -1

Fig. 7. The initial fitting tr~ generate a morphotropic boundary
between the tetragona. (Fy) and rhombohedral (FR(HT))
phases using a linear '1'c vs composition.

Fig. 8. Superposition of experimental and phenomenological PZT
phase diagrams. The T, curve is a polynmomial fit of the
experimental data (see equation 24), The curve between
the FR and Fp phase was determined from the cross-over
of the tetragonal and rhombohedral free energies (see
Fig. 9).

Fig. 9. The elastic Gibbs free emergy for the tetragonal,
rhombohedral, and orthorhombic states plotted versus
composition across the single cell region of the PZT
phase diagram of 25, 125, and 300°C,

Fig. 10. The spontaneous polarization P, plotted versus
temperature for PbTiO;. The data points and solid curve
represent experimental single—crystal measurements from
reference 13. The dashed curve is the phenomenological
calculation using equation (5a).

Fig. 11. The spontaneous polarization plotted versus temperature
for several PZT compositions in the tetragonal phase
field. Equation (Sa) was used for these calculations.

Fig. 12. The spontaneous polarization plotted versus composition
at 25°C, Equations (5a) and (7a) were used for the
tetragonal and rhombohedral phase fields, respectively.

Fig. 13. The calculated dielectric susceptibility plotted versus
temperature for PbTi03.

Fig. 14. Tbe calculated dielectric susceptibility plotted versus
temperature for a 50:50 PZT composition.

Fig. 15. The calculated dielectric susceptibility plotted versus
temperature for a 60:40 PZT composition,
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-
o Fig. 16. The dielectric susceptibility plotted versus composition
at 25°C,

oy
P Fig. 17. The calculated piezoelectric strain coefficients dij
N plotted versus temperature for PbTiO4.
- o Fig. 18. The calculated piezoelectric strain coefficients di‘
L plotted versus temperature for a 50:50 PZT composition
(the tetragonal state was assumed). -
. Fig. 19. The calculated piezoelectric voltage coefficient 8ij

plotted versus temperature for PbTiO;.

Fig. 20. The calculated piezoelectric voltage coefficients g, .
plotted versus temperature for a 50:50 PZT composition
(the tetragonal state was assumed).

Fig. 21. The calculated piezoelectric strain coefficients dij
plotted versus composition at 25°C,
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nik Fig. 22. The calculated piezoelectric voltage coefficients 8ij
o plotted versus composition at 25°9C.
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PIEZOELECTRIC COMPOSITE MATERIALS FOR ULTRASONIC TRANSDUCER APPLICATIONS
PART 1. RESONANT MODES OF VIBRATION OF PZT ROD-POLYMER COMPOSITES

T.R. Gururaja, W.A. Schulze, L.E. Cross, and R.E. Newnham
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Piezoelectric Composite Materials for Ultrasonic Transducer Applications

Part I. Resonant Modes of Vibration of PZT Rod-Polymer Composites

T.R. Gururaja, W.A. Schulze®*, L.E, Cross and BE.E. Newnhanm
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16302
B.A. Auld and J. Vang
Ginzton Laboratory
Stanford University
Stanford, CA 94305

Abstract

The objective of the present work was to gain a deeper understanding of

the behavior of PZT-polymer composites for applicatioms such as ultrasonic
medical diagnosis in the MHz frequency range. These composites were originally
developed for low frequency hydrophone applications. PZT rod-polymer
composites have been prepared with 5 to 30 volume percent PZT using 0.28 mm
and 0.45 mm rods. In a disc of PZT rod-polymer composite material, there are
three principal types of resomance: the planar mode, the thickness mode, and
various lateral modes caused by the regular periodicity of the PZT rod in the
composite, These resonmance modes have been studied by the following
techniques: 1. Electrical impedance measuremernt as a function of frequency.
2. Laser probe dilatometry of the dynamic displacement as a function of

frequency and position in the composite lattice. The observed resonance

behavior is found to be a result of lateral interactions in the composite

§~; through the epoxy medium. The effect of temperature on the electromecharical
9
AN properties of the composite has also been investigated. Implications of these
p“'-.
-

results for design optimization of ultrasonic transducer are discussed.

#Present Address: New York State College of Ceramics at Alfred University,
Alfred, NY 14802,




I. Intgzoductjon

The design and fabrication of composite materials optimized for a special
application has been the subject of extemsive research recently. The
applications range from mechanical structures to electromic devices. In
designing composite materials, primary importance is given to the proper
choice of component phases and the way in which they are interconnected to
maximize a predefined figure of merit for the application envisaged. An
important class of these new materials is the family of piezoelectric ceramic-
polymer composite transducers. To date, most of the work on piezoelectric
ceramic-polymer composite materials has been focused on hydrophone
applications in the low frequency (<40 KHz) range, where the dimensions of the
transducer are much smaller than the acoustic wavelength [1-8]. Heretofore,
there have been nv studies to investigate the usefulmess of these composites
at higher frequencies (1-10 MHz) for medical diagnostic and nondestructive
testing applications. At these frequencies, the acoustic wavelength is
comparable to the scale of the composite microstructure. The acoustic
impedance, bandwidth, and radiation patterns of the composite tramsducer can
be controlled in such a2 sophisticated manner which is impossible in single
phase materials. The results of a systematic investigation of the composite
materials made from piezoelectric lead zircomate titanate (PZT) ceramics and
piezoelectrically inactive polymer are reported here. The study was described

paper wat

in the presenthfocuscd on understanding electromechanical properties of the
composite materials in resonant configurations. The knowledge of the high
frequency dynamic bebhavior of the composite was then used to evaluate the
composite materials for ultrasonic transducer applications with an emphasis onm
medical diagnostic applications. The results are discussed in the

accompanying paper (Part II).
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In Section II, the requirements of a piezoelectric transducer for
ultrasonic imaging applications and the limitations of the existing single
pbase transducer materials are described. In Sectiom III, a brief review of
the earlier works on piezoelectric c¢eramic-polymer composites of relevance to
the present work is givean. Advantages of the use of composites for ultrasomnic
applications are pointed out. The criteria used to select an appropriate
composite structure for a detailed investigation for khigh frequency transducer
applications are also described. Bulk mechanical properties of the polymer

phase that strongly influence ultrasonic properties of the composite are

summarized in Section IV. The characterization of all the different resonance
modes in the composite are discussed in Section V. Laser probe measurements
[.‘ are presented in Section VI. The effect of temperature on the resonance modes
in the composite are dealt with in Section VII. Finally, the implication of
the results on the high frequency vibration behavior of the composites in air

ill for the ultrasonic imaging applications are summarized in Sectiom VIII.

| II. Pjezoelectric Transducer Material Parameters

The basic requirements of a piezoelectric transducer for ultrasonic
diagnostic imaging are an ability to generate short acoustic pulses and
receive them with high sensitivity in the frequency range of 1-10 MHz. The

transducer should also exhibit good axial and lateral resolution to visualize

structures with dimensions of the order of a millimeter or less [9]. In terms

of the material parameters, these requirements can be summarized as follows:

‘. 1. The piezoelectric material should have a high electromechanical coupling
t; . coefficient for high seasitivity. 2. The acoustic impedance of the
E transducer should be well matched to that of the load to mirimize reflection
f

¢ losses at the interface. The acoustic impedance matching at the interface

determines the Q (broadband nature) of the transducer.
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It is well known that the piezoelectric ceramic materials sﬁch as PZT
with high electromechanical coupling suffer from a severe disadvantage when
operated with a low impedance load like that of the human body. The acoustic .
impedance of PZT is around 30x106 kg/mz-sec while the tissues have acoustic
impedance near that of water, 1.5 kg/mz-sec. (Henceforth all acoustic
impedances will be given in units of 106 kg/mz—sec called M rayl.) As a
result of the acoustic impedance mismatch, the coupling of the acoustic energy
at the transducer—load interface is very poor. The resonance behavior is thus
high Q (narrow bandwidth)., The consequence of a high Q in a transducer is a
slow pulse-rise time and a prolonged ring down with a detrimental effect on
range resolution.

In practice, two methods are used to increase the transducer bandwidth.
In the first method, the resonance of the piezoelectric element is
mechanically damped with a well matched backing medium [10]. As a results a
large portion of the available energy is transmitted into the backing material
resulting in a lower semnsitivity, In the second method, the frequency
bandwidth of a transducer is increased by the use of an impedance matching
layer of quarter wavelength in thickness and characteristic impedance equal to
the geometric mean of those of the transducer and load [10). More recently,
Goll and Auld [11], Desilets et al, [12], and Souquet et al. [13] have made
complete theoretical and experimental analyses for obtaining optimum acoustic
matching. Depending on the specific requirements of semsitivity, bandwidth,

and impulse respomnse, the optimum acoustic impedance of the matching layer for

a PZT ceramic disc operating into a water equivalent load varies from 4 to 7.
Since no readily available material has its acoustic impedance near this
value, a matching layer must be prepared synthetically, which is not always
easy, However, in practice, such material is prepared by mixing suitab}e

metallic powder such as aluminum with some epoxy resin [10,13,14]. The
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composite matching layer configurations have relatively large attenuation
coefficient and add to further loss of acoustic energy.

Desilets et al, [12] and Goll [15] have further improved the bandwidth
and the sensitivity of their disc transducers using multiple layer impedance
matching schemes. Although two layer matching schemes work very well with
readily available materials, the transducer fabrication is quite involved. As
the frequency of operation is increased, the thickness of the matching layer
decreases which makes the fabrication more difficult,

The recent development of piezoelectric leymer materials such as
polyvinylidene flouride (PVF,) has opened up new possibilities for transducers
operating with low acoustic impedance media [16]. PVFZ has a low acoustic
impedance, reasonable piezoelectric coupling, high 833 coefficient and offers
wide bandwidth frequency response which are excellent properties gor acoustic
imaging in low impedance load. Several intrinsic limitations ﬁf PVF2
transducers, as discussed in detail by Collerame et al. [17] and Hunt et al.
{18), restrain their extensive use in ultrasonic imaging applications, Major
limitations are mentioned below. First of all it is very difficult to produce
samples with resonance near the typical operating frequency in medical
ultrasound; although recently some researchers have been successful in
producing 1-2 mm thick polarized PVF, films [19]. The dj3 coefficient of PVF,
is only 10 pC/N, and hence PVF2 is a poor ultrasonic transmitter. In addition
PVF2 has a dielectric constant of only 11 at 1 KEz which decreases at higher
frequencies, Thus, the electrical impedance of PVFZ transducers is high and
is in general more difficult to match than the piezoelectric ceramics. The
dielectric loss tangent in PVF, is 0.25 at 2.5 MHz and acts as a major source
of absorption of electrical energy applied to the transducer. In the receiver

mode, the dielectric loss is found to diminish the signal to noise ratio.
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As discussed above, single phase piezoelectric materials (ceramic or
polymer) are far from being optimized for ultrasonic imaging applications.
Thus, a composite material combining the desirable properties of two different .
phases might be superior. This concept has proven to be highly successful in
designing composite materials consisting of PZT and piezoelectrically inactive -
polymer. The hydrostatic piezoelectric coefficients of these composites were
2 to 3 orders higher than that of the piezoelectric phase used im the
composite, Although the design and fabrication of different types of
piezoelectric composite materials for hydrophone applications at low

frequencies (<40 KHz) has been reported in several papers [1-8], for

completeness a brief summary is presented here in the next section.

III. Composite Piezoelectric Transducers

PZT ceramics, which is commonly used as a piezoelectric transducer
mat:rial, suffers from several disadvantages when used as a hydrostatic ¢
pressure sensor. The hydrostatic piezoelectric coefficient dy (=d33+2d34) of
PZT is low due to opposite signs of piezoelectric strain coefficients d33 and
d3;, even though the magnitudes of both d33 and djy are large. The

hydrostatic voltage coefficient 8p (dh/cok) is also small because of its high

relative permittivity k.eo is the permiitivity of free space.

To improve the magnitude of dh and 8y, 8 number of different diphasic
composites using PZT and passive polymers have been fabricated. It was shown
that the phase connectivity, defined as the manner in which the individual
phases are interconnected, is the key feature in designing the composite
materials, The electrical flux pattern and mechanic:z:l stress distribution
together with the resulting physical and piezoelectric properties depend
strongly on the phase connectivity, In a disphasic composite, there are ten

possible connectivity patterns designated as 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-
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1, 2-2, 3-2, and 3-3. A 1-3 connectivity pattern, for example, consists of

parallel PZT rods embedded in a three dimensionally continuous polymer matrix
{3]. In the notatio; used here, the piezoelectric phase appears first.
Dielectric and piezoelectric properties of different types of PZT-polymer
composite materials designed for the hydrophone applications are summarized in
Table 1. Hydrostatic d and g coeffiqient; were measured by a substitution
method [7]. As listed in the table, a 3-3 composite comprises of PZT and gy
polymer phases continuously self-connected in three dimensions to give two ;2
interlocking skeletons in intimate contact with ome another [1,6]. A 1-3-0 f4
composite is a 1-3 PZT rod-polymer composite with a third phase such as hollow

glass spheres or pores not in contact with each other [20]. In composite with

R R

0-3 connectivity, piezoelectric ceramic particles (PZT, pure and modified lead
titanate) 1 to 10 p in size are loaded in a2 polymer matrix [8]. Composites of ;:
PZT and polymer with 3f1 and 3-2 connectivity patterns have been fabricated by ig
drilling holes in sintered PZT blocks snd filling the holes with epoxy [7]. ?%
In designing all these composite matertal, the primary goal was to decouple Eié
the transverse d3; coefficient and lower the dielectric permittivity to ;j
augment the hydrostatic d and g coefficients. The product of dy and gy listed f%
-

4
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in Table 1 was used as the figure of merit for the hydrophone applications.
From Table 1, it is evident that the hydrostatic pressure sensitivity of
some of the composites was orders of magnitude larger than the corresponding

values of the piezoelectric phase used in the composites. The density of the

composite could be adjusted between the densities of the component phases.
Composites with porous polyurethane phase were prepared to have positive
buoyancy in water. By choosing soft polymers such as silicone rubber and
polyurethane, composites were made flexible.

PZT polymer composites have several advantages over conventional

piezoceramic materials for ultrasonic applications. In composites most of the
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PZT (70—95%) is replaced by a low density polymer, and hence results in a
better acoustic impedance matching to the human body. The composites also
have a relatively low mechanical Q (3-10) [21]. These properties of the
composites appear well suited for the broad bandwidth applications. Although
PZT has a high d33 coefficient, the voltage coefficieat £33 is low because of
the high dielectric constant., Thus, PZT is a poor receiver of ultrasound.
The concept of composite transducer allows designing a composite structure to
enhance the g33 coefficient and improve the sensitivity in the receiving mode.
If the receiving voltage sensitivity of the transd;cer is enhanced, the human
body can be interrogated at lower ultrasonic enmergy and the biological effects
of ultrasound, if any, can be minimized.

The following criteria were used here to select composite material of an
appropriate connectivity for a systematic investigation intended towards
ultrasonic transducers. Transducers for ultrasonic imaging applications are
operated in a half wavelength thickness mode for maximum sensitivity. Thus,
the major requirement of a composite was to have a well defined thickness
resonance with a reasonably good piezoelectric coupling coefficient and a low
Q. Pulse-echo amplitude and bandwidth of air backed composite transducers
operating with water load in the low megahertz frequency range determined by
the tone-~burst pulse—echo method [22] were used as additional parameters.

Among all the different composites, only those with PZT rods embedded in
Spurrs epoxy* matrix with regular periodicity (1-3 connectivity) appeared to
be very promising for the ultrasonic transducer application [21]. The
thickness coupling coefficient for these composites was determined to be about

60-70%., This value compares favorably with the thickness coupling coefficient

*Polysciences, Warriangton, PA,
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of 49% for PZT-5 disc used in commercial transducers. Mechanical Q of the

composites was low (3-10) compared to that of PZT-5 (80). The pulse-echo
amplitude of these composite transdncers.was large (2-3 V to 10 V iaput
signal) and comparable t;i;?’commetcially available transducers, 1-3
composites had additional advantages. There are many variables including PZT
rod diameter, volume percent of the PZT and polymer phases, which can be
varied relatively easily to optimize the properties for particular
application. The continuous poling technique [23] can be used to polarize
long PZT rods, which can then be arranged in a polymer matrix in such a way to
obtain a desired radiation pattern. Since the composite structure resembles a
treansducer array, the knowledge of the high frequency dynamic behavior of
these composites might be helpful in resolving some of the problems
encountered in array applications, such as minimizing the acoustic cross talk
between the adjacent elements, Because of the above advantages, 1-3
composites were chosen for an extensive investigation aimed at high frequency
transducer applications.

A detailed procedure for fabricating composites with 1-3 connectivity has
been reported by Klicker and co-workers [3]. In brief PZT-501A® rods were
extruded using an organic binder and then fired at 1285°C for one-half hour.
Fired rods were aligned using an array of appropriately spaced holes drilled
in a pair of brass discs bolted parallel to each other. The array of PZT rods
was then cast in Spurrs epoxy matrix., The composite so formed was cut
perpendicular to the length of the rod and lapped to the required thickness.
The composite was then electroded with silver paint on the major surfaces and
poled conventionally by applying am electric field of 20 kV/cm for five

minutes in a heated oil bath at 80°C. Different composites were prepared with

sUltrasonic Powders, Inc., South Plainfield, NJ.

- ‘ -'.'." et e
D P eN U M




]
.
»
)
Py

" ‘i’ I.'

o .
. .
N
.
PRy
. o
Pt 4 P

T

. o
Rt MR A Nk
PR

k)
7]
.

Mad
P |
»
e

'l':'l-'
.
e Tw e Tttty
@
SRS A AU
e« o 2 t 1 & L ] ey

v
R N
e M Y
] T e

s '+ %

c.l'
i

ey

Wttt
A L
PR

e ST

b BN A e da e e £

. . . » . . . )
A 4 [}
B A
JER

CU P o -
APPSO LI SR RPN S PR s S WA

DR YE

approximately §, 10, 20, and 30 volume pexrcent PZT using 0.45 mm rods, and
with 10 and 20 volume percent PZT using 0.28 mm rods. Table 2 gives the
periodicity (distance betw;en the centers of neighboring PZT rods) of PZT rods
in each of the above composites. The composite samples were shaped as
circular discs of diameter 19 mm and varying thickness from 0.5 mm to 5 mm. A
picture of typical composite samples is given in Figure 1,

Results on the average properties including density, piezoelectric d33
coefficient, and dielectric permittivity of PZT rod-polymer composites have
been reported earlier by Klicker et al. [3]. Datax for the composite samples
used in the present work are listed in Table 2 along with the properties of

single phase PZT-501A for comparison.

IV. Bulk Mechanjcal Properties of Spurrs Epoxy

Spurrs epoxy is the piezoelectrically inactive phase in the composite
material considered here. However, its function in the composite transducer
is quite critical. When the composite is used as an ultrasomic transmitter,
the epoxy has to effectively couple the ultrasonic enmergy from a high acoustic
impedan&Q PZT to a low acoustic impedance load. Similarly in the receiving
mode, the ultrasonic energy incident on the composite should be transferred
e;fectively to the piezoelectrically active PZT, The important parameters of
the polymer which influence the performance of the composite as an ultrasomic
transducer are its acoustic impedance, longitudinal and shear wave velocities
and attenuation coefficients and their dependence on frequency. These
properties of the polymer determine the interaction among the neighboring PZT
rods, and hence the high frequency dynamic behavior of the composite.
Measurement techniques used to determine these parameters in Spurrs epoxy are
described elsewhere [24]. Only the results which are useful for analysis of

the vibration behavior of the composites are presented here.
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The longitudinal and transverse wave velocities in Spurrs epoxy were

determined to be 2060 m/sec and 1150 m/sec, respectively. The_acoustic
impedance of the Spurrs epoxy was calculated to be 2.27:106 kg/mz-sec.’ The
attenuation of the transverse wave in Spurrs epoxy was measured to be 6 dB/cm
at 0.5 MHz. The attenuation coefficient was found to increase with the square
of the frequency. The glass transition temperature ‘1‘8 is another
characteristic parameter for polymeric material. The glass transition
temperature is defined as the temperature below which the material behaves
like a glass and above which the material is rubberlike and soft [25]. In the
present work, Tl and its dependence on frequency was determined by measuring
dielectric loss tangent of Spurrs epoxy as a function of temperature and
frequency. At the glass transition temperature, the loss tangent goes through
a8 peak and can be easily identified. For Spurrs epoxy, Tg was found to be a
function of frequency varying from 70°C at 100 Hz to 121°C at 1 MHz with a

shift of 12-15°C per decade of frequency.

V. Resonance Modes

Resonance modes in composite materials, as in single phase materials, are
defined by the geometry and dimension of the specimen. In a circularly shaped
1-3 composite material, the resonance modes observed are the plamar mode, the
thickness mode, and a number of lateral modes related to the regular
periodicity of the PZT rods in the composite, Characterization of the
different resonance modes in 1-3 PZT rod-polymer composite will be described
in the following subsections, EKnowledge of the resonant vib?ution bebavior of
the composites in air is important and helpful in the evaluation of the

composites as an ultrasonic transducer operating into water equivalent load.
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a. Planar Mode Resonance

The planar (also called radial) mode vibratiom in thin disc, as
illustrated in Figure 2a, involves simultaneous mechanical motion in the 1 and .
2 directions driven by the.electtic field in the 3 direction (poling
directjon), Since the diameter was the largest dimension (19 mm) in all the
composite samples, the planar mode was the lowest frequency resonance mode.

The IRE Standard on piezoelectric measurements [26] was used to determine
the electromechanical coefficients and elastic constants. The most important
parameters for calculating these constants are the series and parallel
resonance frequencies f, and fp, the geometric capacitance C,, and tkhe
impedance minimum lZml at resonance. A spectrum analyzer (HP 3585A) which
provides a circuit similar to the transmission network recommended by the IRE
Standard was used in measuring frequencies fn and f, corresponding to minimum

and maximum impedance. In the presence of high mechanical losses, fm and fn

are quite different from fs and fp. The IRE Standard recommends th. following

approximation to calculate Af = fp—fs from the measured value of t‘m and fn

[26]

f -f

AL = (f~f) ~ ———— (1)
4
(1+—)1/2

o2

where the figure of merit M is given by
1 1

(2)

2nf R C,  2nf (C +Cy)1Z ]

where Co‘ C; are the capacitance of the parallel and series branch and Ry the
resistance of the series branch of the equivalent circuit of the piezoelectric ‘

material near resonance. The sum (C°+C1) is the static capacitance which was

12

- s . - . N . - - . - . e et LI
-t T . A T el et e . e e RV L

.l S ) PN i .. I R S T e e T T T I T T I Y
Sotant [ DR O R R S P tatat et ~ . )
L o O . P PR - . . - .- e e
A LRSI U B WA U RS, A SO S LA UL S0 RIS L SO i : PR PR, - Bruivlhbrimimatioin

. X RIS
PR AW L L SO S, T SR, L, S




- WLt e R P R
I i i i . R R
2a®atatle’;mata®aa ata sl lel Po. R

e i M B Mt B Inedi i sanait aidiC St Aar e AL b e At af i A A R e S
| audeicad e AR AR At At aa A bl B v e I i i i I e I M ARMCEME AR A A RS M SR A MR A

measured at a frequency well below fundamental resonance, for instance at 1
KHz. These approximations are valid for resonances with M > 3,

The planar coupling coefficient kp was calculated from the expression

-given by [27]

Af R§-(1-62)
kz B a—

P fs 1+o

] (3)

where o is the Poisson’s ratio of the material. Since the Poisson’s ratio of

both PZT and epoxy are approximately 0.3, the Poisson’s ratio of the composite

was assumed to be 0.3. The value of Rl = 2.05 for o = 0.3. fs was

approximated to fm.

The mechanical quality factor Q can be evaluated from the relation [26]

- £2-52
1 p s
g = nEglzl (Covey)( ) (4)
f
p
For M > 3, the above expression was simplified to
2= 4natlz ] (C 4Cy) (5)
a n m' ‘o' "1

The calculated values of kp and Q@ from Equations (3) and (5) for several
composites are summarized in Table 3, The frequency constant NP for the
planar mode (product of resonance frequency and the diameter) is also listed
in the table. The data are divided into two groups depending on the thickness
of the sample. The first group investigated consisted of thin samples with a
thickness of about 0.6 mm. The second group comprised of all samples thicker
than 3 mm and were classified as thick samples. The properties remained

virtually constant in the two extreme limits. The data listed in the table

are an average of the measurements of at least five samples.
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As it emerges from Table 3, the figure of merit M for the radial mode
resonance of all the composites was between 1 and 2. As mentioned before,
Equations (3) and (5) used for calculating kp and Q are not fully valid for .
values of M ( 3. Subsequently, the values of kp and @ listed in Table 3 are
far from being exact. However, since the value of M is approximately the same
for all the samples, the uncertainty in assessing kp and Q is of the same
order. Hence the results can be used for a relative comparison of samples
having different volume fraction PZT.

Table 3 indicates that the plamar coupling coefficient kp of the

composites increases with increase in the volume fractionm of PZT. Thick

composites have a higher k_ compared to thin composites of the same volume

o

fraction. Lower values of kp in thin samples indicate that the mechanical
energy is not efficiently coupled from the PZT rods to the polymer and from
the polymer back to the PZT rods. The coupling becomes more efficient for

thicker samples indicating a greater homogeneity. A similar explanation can

» be given for the difference in the frequency constant between the thick and
; thin samples.
?! In the last column of Table 3, the longitudinal velocity Ct perpendicular
:1 to the length of the rod is listed. The value of C, was calculated using the
é; relation [27]
& 2.05 2y11/2
:k’ f = Ima [(E./p(1-0%)] (6)
; where f  is the series resonance frequency of the planar resonmance. E, is the
if ‘ elastic modulus of the composite perpendicular to the PZT rod axis, p is the
i_ v density, and a is the radius. In the above expression, (I:'.t/p)ll2 corresponds
fi to the longitudinal velocity Ct perpendicular to the rod axis. In calculating
5

14




was measured and ¢ was assumed to be 0.3 as already

C, from Equation (6), fg
mentioned.

An attempt was made to theoretically estimate the longitudinal velocity
Ct by obtaining an expression for the elastic modulus Et perpendicular to the
rod axis as & function of volume fraction of PZT. Knowing Et and the density
§ of tke composite (Table 2), C, was calculated from the expression C, =
(E,/p) /2.

The effective modulus Et in the transverse direction can be calculated by
the Reuss constant stress model [14] which assumes that the two phases
experience equal stress., This assumption seems appropriate for a combination
of hard filler in a soft matrix, because the matrix should deform more than

the filler ard the stress in such a solid should be fairly constant. The

effective modulus by the Reuss model is given by

1 Vi V2
_— =+ = (7
E. E; Ep

where v; and v, are the volume fractions and E; and E, are the elastic moduli
of the two phases. Elastic modulus for the PZT phase perpendicular to the
length of the rod is given by E = Cfl =12.1 x 1010 N/n? (elastic stiffmess
under constant electric field) [28]. Elastic modulus of epoxy was calculated
from the longitudinal velocity (2060 m/sec) and density (1.1 gm/cc) to be 4.7
x 109 N/mz. The experimental and calculated values of Ct are plotted in
Figure 3.

As it can be seen from Figure 3, there is a large discrepancy between the
experimental and the measured velocities at low volume percent PZT. At high
volume fractions, the measured velocity approaches the calculated value.

However, a good agreement was observed between the theoretical and

experimental value of Ct in composites of steel filament in an epoxy matrix of
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similar structure as the PZT rod-polymer composites [29]. The above explained

discrepancy in the present work is probably because of the velocity

o

'

4

calculations using Equation 6. Equation 6 was derived for a single phase .

e *

ceramic material and is probably not completely valid for the composite
materials considered here.

The figure of merit M for radial mode resonance of the composite samples
was less than two [Table 3]; hence, the approximations suggested by the IRE
. Standard are not applicable. Therefore, the exacf coefficients were
determined by using the vector impedance method [30]. An LCR bridge (HP
4192A) was interfaced with a computef (EP 982:A) to measure the complex
;; impedance as a function of frequency around the resonance frequency of the
i sample. A computer program was designed to measure the impedance at very
small frequency intervals (~10 Hz) of frequency close to the series and
parallel resonance frequencies for the exact determination of these two
frequencies.

The results of the above experiment for selected samples with 20% PZT of
thicknesses varying from 0.6 mm to 5.15 mm are given in Table 4 and are
; compared with the results from the IRE Standard method. A comparison of kp
B and Q determined by the two methods shows clearly the limitations of the IRE
- method for resonances with low M. From the vector impedance method, it is
re. observed that kp is large for thick samples and decreases gradually as the

sample thickness is reduced. Q increases as the thickness decreases,
approaching the Q of single phase PZT-501A (80) [28].
' . The planar mode resonance was studied as a function of temperature up to
100°C, It was observed that the planar coupling coefficient remained
virtually constant with increase in temperature. However, the amplitude of
the resonance spectrum decreased gradually with temperature and was suppressed

»é: below 0.1 dB at 100°C, Measurements could not be made on the radial mode

~ 16
.




- - - ’ " N Sl e i Gl el et A Ay S e A Sl I AL i 8 ral Sl GAd ap

3

1

‘& resonance above 100°C. It is jinteresting to note that this temperature
E corresponds to the glass transition temperature of Spurrs epoxy (Section IV)
at the resonance frequency f, (50 KHz), It is conceivable that the
- suppression of the radial mode above 100°C is dne to the very lossy nature of
. ‘ the Spurrs epoxy around the glass transition temperature.

Figure 4 shows a plot of frequency constant of the radial mode resonance
as a function of temperature up to 100°C, Since the elastic stiffness is
directly proportional to the square of the frequency constant (Equation 6),
the plot is a measure of softening of the epoxy ;t higher temperatures. A
reduction of 40% seen in the frequeancy comstant from 0 to 100° corresponds to
" softening of the epoxy by about 65%.

Thus, in general, the planmar coupling coefficient of the composites

increased with the volume percent PZT. For a given volume percent, thick

samples had higher coupling coefficiegts than thin samples (28% and 13%
respectively for 20 percent PZT composite). The planar mode resonance was

‘i defined mainly by the elastic modulus of the Spurrs epoxy modified to some

extent by the mass loading of PZT rods.

l; b. Thickness Mode Resonance
:j The thickness mode resonance of the composite samples (Figure 2b) is of
I greatest importance in this study as it is wtilized for transmitting and

;: receiving longitudinal ultrasonic waves. In this mode, PZT rods vibrate in

the fundamental lengths longitudinal 33 mode and the unclamped piezoelectric
i coupling coefficient k33 is applicable for this mode [28]. But if the PZT
rods are considered as being an integral part of the composite, this mode

corresponds rather to the laterally clamped thickness mode with coupling

o o
B A
\ L
e Te Te T N

PRV

coefficient k,. The planar mode resomance, discussed in the preceeding

. sections, occurs at a considerably lower frequency and is the fundamental
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resonance mode. Since the composite is treated as a monolithic transducer
material, the resonmance of the composite corresponding to the 33 mode of the
PZT rods will be referred to as thickness mode resonance.

The thickness mode coup}ing coefficient k;, mechanical quality factor Q,
and the frequency comstant NE (at constant D) were evaluated from the

following equations [26]

£
2 n n Af
ki = = — tan (= —) (8)
t
2 fp 2 fp
Q = 4naflZ [ (C +Cq) (9)
and
D
Ne = fpt (10)

where t is the thickness and meaning of the other terms in the above equati&n
are described in Section Va. The IRE Standard method was used to calculate
these properties of the composite corresponding to the thickness mode
resonance.

The experimental results are summarized in Table 5. The data are again
divided into two groups: thin samples with thickness around 0.6 mm and thick
samples with thickness above 3 mm. As it can be seen in the table, with the
exception of the 5% PZT composites, the figure of merit M for the thickness
mode resonmance of all other s;mples was above three. Hence, the
approximations recommended by the IRE Standard to calculate k, and Q are
valid. Indeed the values of the k. and Q determined by the vector impedance
method on a selected number of samples were within 2% of the values calculated
by the IRE Standard method.

Data listed in Table 5 indicate that for the thicknmess mode resonance of

thin samples (t = 0.6mm), k, was 60-7C% and Q was 3 to 10. For thick samples
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(t >3 mm), kt was approximately 50% and Q was 20 to 30. In general, thin

composites had higher coupling coefficient k, and frequency constant NE
compared to thick samples while the mechanical Q showed the reverse trend.
The coupling coefficient and the frequency constant of thin samples wc:; close
to that of single phase PZT-501A (k33 = 70% and Np = 3700 Hzm for PZT 501A)
and were independent of the volume perxcent of PZT. In thick samples, both k.
and N2 were proportional to the volume percent of PZT.

The observed behavior of the composites in the thickness mode resonmance
can be explained as follows. At the resonance f;equency. PZT rods vibrate
with a large amplitude. The vibrating rods act as a source of complex
transverse waves in the epoxy propagating in a direction perpendicular to the
axis of PZT rods. These transverse waves generated in the epoxy interact with
the array of PZT rods. In the first approximation the interaction is assumed
to involve on:y nearest neighbors. Effectiveness of the interaction depends
on the amplitude and phase of the transverse wave relative to that of the PZT
rods. For thin samples resonating around 2.25 MHz, the wavelsngth of the
transverse wave is approximately 0.5 mm (taking the transverse wave velocity
to be 1150 m/sec from Section IV). It is also known that the Spurrs epoxy is
extremely lossy for transverse waves at this frequency. This results in only
a weak interaction between the vibration of of neighboring PZT rods. The
relatively low Q of thin s;mples indicates that the rod vibrations are partly
damped by the surrounding polymer.

The thick sample resonate around 0.5 MHz and the wav;length of transverse
waves in the epoxy is apprdximately 2.3 mm. The wavelength is 1.5 to 3 times
larger than the separation distance between the PZT rods in the composites of
different volume percent PZT, Since the attenuation of the transverse waves

in the epoxy is relatively low at 0.5 MHz (~6 dB/cm), the amplitude of the
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transverse wave must be significant to cause a strong interaction between the
rods through the epoxy medium., The low coupling coefficient in thick samples
is probably a result of the phase cancellation effect between the vibrating
rods (due to the electrical excitation) and the mechanical interaction between
the rods through the epoxy. The low mechanical loss in the epoxy is reflected
in the high Q of the composite.

The longitudinal velocity C& along the length of the rod cam be
theoretically estimated by calculating the elastic modulus EZ of the composite
parallel to the PZT rods. At frequencies where thke transverse wavelength is
much larger than the separation distance between the rods, the Voigt coastant
strain model [14] can be applied. The composite modulus using the Voigt

average is written as
F{,' = V1E1+7282 (11)

where E; and E; are the moduli and v; and v, are the volume fractions of the
two phases (PZT and epoxy). For PZT rods with diameter small compared to
length, the modulus along the length is given by E = 1/533 = 10.5 x 1010 N/m2
(the Young's modulus of the rod at constant electric displacement). The
longitudinal velocity Qe was calculated from the relation Cp = (52/3)1/2.

The experimentally determined longitudinal velocity CZ expressed as twice
the frequency coanstant NE. is given in the last column of Table 5., This
velocity is compared with the calculated values in Figure 5. The excellent
sgreement between the experimental and theoretical values further supports the
equal strain model for calculating the effective modulus of the composite

along the rod axis.




C. M . Resongnces

In addition to the radial mode and thickness mode resonances and their
overtones, other resonances were observed in the frequeacy range 0 to 2 MHz.
The frequencies of these resonances were independent of sample thickmess, but
were related to the lateral periodicity of the PZT rods in the composite.
Absolute value of electrical admittance was measured on samples as a function
of frequency in the ambience of air and water using a spectrum analyzer (HP
3585A). Here samples of different thickness and volume fraction were examined
to identify the different resonances observed ir the 0 to 2 MHz frequency
range. The three major resonances of interest are designated as fL’ ftl’ and
f,o as categorized in Table 6.

The resonance corresponding to fZ was invergely proportional to the
thickness of the sample. This resonance was heavily &amped-when the resomnator
was immersed in water. Such behavior suggests that resonance at Q:is the
longitudinal thickness vibration. The longitudinal velocity of sound,
calculated using the formula CZ = 2tf£ agrees very well with the theoretically
estimated value for the composites of different volume fractions, as discussed
in detail in the previous section,

The resonances at ftl and ft2 were very similar in nature. For a certain
volume fraction, these resonances always occurred at specified frequencies
regardless of the thickness of the sample. As can be seem in Table 6,
increase in the volume fraction results in closer spacimngs of rods (reduction
of the unit cell) and the resonances f,7 and f,, move to higher frequencies.

The behavior of the composites could be explained by simple averaging
schemes such as the constant strain model and the constant stress model for
wavelengths large or small compared to the lattice periodicity (section Va and

Vb). In the vicinity of the resomances of ftl and ft2' the wavelength of the

transverse shear wave is comparable to the unit cell dimensions of the array
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and the analysis is more complicated. A Brillouin theory of elastic wave
propagation in a two dimensionally periodic lattice corresponding to the PZT
rod-polymer composite was developed by Auld et al. [31]. For laterally
propagating shear waves with polarization along the rods, the lowest stopban&
frequencies were calculated. The existence of stopbands was related to Bragg
scattering from planes of rods having various orientations in the square
lattice. The essential phenomena can be explained by reference to Figure 6.
Suppose in Figure 6a that a z-polarized, x-propagating shear wave is incident
on the grating. At a frequency for which the rod‘spacing d is one~-half the
shear wavelength (ks). constructive reflection (Bragg scattering) occurs from
vertical planes of rods, and resonance occurs between a&jncent vertical
planes. The x-propagating wave is also scattered from planes of rods at 45
degrees to the x and y axes; but in this case, Bragg conditions are not
satisfied and resonance does not occur. A stopband exists at d = 15/2 for an
z-propagating wave..but there is no resonant scattering into y-propagating
waves, At the stopband edge, the solution is a standing wave along x. From
the square symmetry of the lattice, a similar standing wave solution along y
also exists, This behavior corresponds to the first stopband of the lattice.
When the rod spacing d is one shear wavelength, a completely different
standing wave pattern results, as illustrated in Figure 6a. Ian this case a z-
polarized, x-propagating wave is again Bragg scattered with a phase shift of
2n from one vertical plane of rods to an adjacent plane. However, it is
easily verified that the wave is also Bragg scattered at the same frequency by
the 459 planes of rods, so that resonant scattering of the x-propagating wave
into a y-propagating wave occurs. These y-propagating waves also experience
resonance scattering of the same type. As a result, the solution is a two

dimensional resonant standing wave pattern as shown in Figure 6a. Here the
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rods all vibrate in phase and correspond to the second stopband of the square

lattice,

For a z-polarized, z-—propagating wave incident on the lattice, no Bragg
scattering can occur because the structure is uniform along z. However, a
spatial modulation of the phase fronts is produced by the difference in the
properties of the rods and matrix. Consequently, space harmonics are
generated but none are resonant. Similar conclusions are obtained for z-
propagating waves of other polarizationms.

In the following section, detailed laser probe-measurements of the actual
displacement on the composite to analyze the nature of vibration at these

frequencies are reported.

VI. Laser Probe Measurements

The measurements of actual displacement on the composite samples were
performed using the laser heterodyne technique [31]. The samples were fine
polished (+ 1 um) and electroded with highly reflecting gold electrodes for
the laser probe measurements. Relative amplitude and phase of the ultrasomic
displacement was measured along two scan paths; along a row of PZT rods and on
the epoxy surface in between two adjacent rows of PZT rods as shown in Figure
6. Figure 3 gives electrical input impedance data taken on one of these
samples (Sample #101 in Table 6) showing the existence of three strong
resonances, Figures 8, 9, and 10 show laser scan plots of vibration amplitude

and phase taken at frequencies ftl' fy2, and f respectively for this sample.

\l
a. Yibgatiop Pattern at Frequemcy f 4
The plot in Figure 8 shows the complex vibration pattern at frequency fe1
corresponding to the second stopband alomg the unit cell, (Figure 6a), where
the rods all vibrate in phase. (Vibrations at the first stopband discussed

earlier have a 180° phase shift from one plane of the rods to the next and
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cannot be excited electrically in a uniformly electroded sample.)
Superposition of the x and y standing waves illustrated shows that the z-
displacement has a positive maximum at a, negative maximum at b, and zero at
¢. Because of symmetry, these statements apply at all equivalent points in
the lattice. In the scans of Figure 8, the maxima of the standing wave
pattern at a and b are 180° out of phase, as predicted. The predicted zeros
at ¢ in Figure 8a and at the equivalent point in Figure 8b are less
satisfactorily reproduced, possibly due to imperfections in the lattice and

inaccuracy in alignment of the scan. The velocity of the transverse waves,

Cs = dftl is tabulated in Table 6.

b. Vibration Pattern at Frequency ft2

The plot in Figure 9 shows the complex vibration pattern at frequency f .,
corresponding to the stopband in Figure 6b, This is another of the higher
stopbands for which the rods vibrate in phase and can be excited by naiform
electrodes. At f,,, standing transverse waves along the unit cell diagonals
are superposed to give maximum displacements 180° out of phase at a and ¢, and
maximum in phase displacements at a and b. These features are clearly
observable in the scans of Figure 9, except that the maximum at a is smaller
than that predicted from the assumed standing wave pattern. This is
attributed to the presence of higher space harmonmics such that the standing
wave patterns are not simple sinusoids. It can also be seen from Figure 6b
that the displacement at point d, midway between a and b, is predicted to be
zero; and this has been verified experimentally. The velocity C, of
transverse waves, as tabulated in the last two columns of Table 6 is lower
than the measured velocity of 1150 m/sec (Sectiom V). This is possibly due to

the mass loading by the PZT rods.
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c. Vi jon P at Frequenc

Figure ;0 shows plots of complex vibration pattern at the frequency fp,
which corresponds to the simple longitudinal thickness resonance of the
homogeneous plate along z. It was noted earlier that no resomant space
harmonic exist inm this case, so that weaker standing wave patterns are to be
expected in the xy plane. This is clearly visible in the figure. The small
phase variations are attributed to the damping in the composite which was not
considered in the theory outlined above [31].

As is clearly seen in Figure 10, the amplitudé of vibration on the epoxy
at fZ is about § to 8 dB larger than on the PZT rods indicating 2o effactive
coupling of the ultrasonic enmergy from PZT to epoxy. The PZT rods vibrating
due to electrical excitation act as the source of transverse waves in the
epoxy travelling in a direction perpendicular to the axis of the PZT rods.
The transverse waves produced interact with neighboring rods to produce the
resultant vibration pattern. The vibratjon pattern depends very much on the
wavelength of the transverse waves in relation to the periodicity of the
lattice. As the wavelength of the transverse waves becomes larger compared to
the lattice periodicity, ultrasonic displacement on the composite is expected
to be more uniform.

Figures 10, 11, and 12 compare the ultrasonic displacements on the
surface of composites 101, 102, and 103 (Cf., Table 6) rescnating in the
longitudinal thickness vibration at frequencies 620, 414 and 270 KHz,
respectively. All the samples have 10 volume percent PZT with a periodicity
of the lattice equal to 1.27 mm. The only variable in the samples are the
wavelengths transverse wave at the thickness resonance frequency, wkich are
respectively 1.9, 2.7 and 4.3 mm for the above three samples (calculated using
the transverse wave velocity in Spurrs epoxy of 1150 m/sec). The difference

in amplitude of vibration between the PZT and epoxy observed in sample 1C1 is
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greatly reduced in sample 102. This is directly attributeﬁ to the loanger
wavelength of transverse waves in sample 102, For sample 103, the tranmnsverse
wavelength is more than three times the periodicity and there is no nmoticeable
difference in amplitude between the PZT and epoxy. The composite vibrates
oniformly across the surface with almost equal strain on the PZT and epoxy.
Small phase variations seem across sample 101 are not measurable for sample
103. This is probably because of the reduced attenuation in the epoxy at
lower frequencies (Section IV)., The vibration pattern observed in sample 103
is in accordance with the assumption in Section~Vb of the constant strain
model used to calculate the effsctive mcdulas along the fiber axis, when
transverse wavelengths are large compared to periodicity. This uniform
ultrasonic displacement observed on the surface of the composite is a clear
indication of efficient coupling of the mechanical energy from PZT to the
epoxy. Since the acoustic impedance of the epoxy is relatively close to that

of the human body, an effective coupling of acoustic energy from the composite

transducer to the human body is ensured.

VII. Effect of Temperature on the Resonance Modes

In this section, the effect of temperatur: on the electromechanical
properties of the composite is discussed. It is clear from the preceding

sections that the bigh frequency dynamic behavior of 1-3 composite is stronmgly

dependent on the mechanical properties such as the velccity and attenuation of
ultrasonic waves in the Spurrs epoxy. These properties of Spurrs epoxy are
® . very sensitive to temperature. The Spurrs epoxy is glassy at room temperature

and goes through the glass transition temperature to a rubber like material in
r a temperature interval of only about 100°C. In the glassy state, it was also
t.. shown (Sectionm Va) that the compliance of the epoxy increased by approximately

65% in the temperature range of 0 to 100°C. Thus, a study of the temperature
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dependence of the resonance modes will help in understanding the
electromechanical properties of composites with different polymer matrices,
baving a wide range of elastic properties.

In the experiment, the resonance behavior of composites freely suspended
in air was studied as a function of temperature from O to 150°C, Thickness
mode coupling coefficient kt‘ mechanical Q and the frequency constant Ng of
the composite were determined at 2°C intervals both in heating and cooling
c¢ycles. The heating and cooling rates were maintained at approximately 2°C
minute,

Figure 13 shows plots of absolute value of admittance as a function of
frequency from 0.1 to 1.1 MHz for sample 103 (10% PZT composite with 0.45 mm
rods, thickness 5.15 mm) at different temperatures up to 170°C. The behavior
is typical of all thick (thickness > 3 mm) composites. According to the
analyses given in the previous section, the three major resonances observed at
room temperature (Figure 13a) were identified as follows.

1. Resonance at 0.262 MHz was identified as a half wave resomance along
the thickness of the composite and is denoted by fp.

2. Resonance at 0.644 MHz was identified as the standing wave pattern in
the epoxy arising from lateral periodicity of the PZT rods. This resonance
is denoted by ftl‘

3. Resonance at 1,030 MHz was identified as the third overtone of the
thickness mode. |

Weak secondary resonmances below the thickness mode resonance frequency
were ascribed to the overtones of the planar mode resonance of the composite
disc.

The effect of temperature on the above resonance modes (Figure 13) is

explained below. As the temperature was increased from 25°C, the epoxy is
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expected to mechanically soften at a faster rate than PZT. Therefore, the
resonance frequency ftl' which is mainly determined by the elastic modulus of
the polymer, decreased at a faster rate than the resonance frequency fp which
is defined by the composite modulus Ep. As seen in Figures 13 b to d, at
higher temperatures ftl gradually approaches f? and finally merges with f; at
approximately 110°C. In the temperature range from 10 to 130°C, the two modes
interfere with each other. At temperatures above 130°C, f,1 passes through f

and eventually disappears at a temperature around 135°C. This disappearance
can be attributed to the fact that above the glass-transition temperature the
epoxy is less viscous and cannot support a standing wave pattern of the
transverse wave (glass transition temperature of Spurrs epoxy is around 110°C
at 200 KHz, from Section IV). It is worthwhile to note that above 130°C, the
amplitude of thickness mode was increased (Figure 13 e to h). 71he secondary
low frequency resonances clearly seen at 25°C disappear at approximately
100°C. This disappearance is again ascribed to the lossy nature of the epoxy
around the glass transition temperature.

The coupling coefficient kt and Q of the thickness mode resonance for
sample 130 are plotted as a function of temperature in Figures 14 and 15,
respectively. The value of k, (0.48) determined at room temperature (25°C)
did not change substantially up to approximately 110°C. In the temperature
range from 100 to 130°C, k, exhibited a miniﬁum. Above 130°C, after the
transverse mode had disappeared, kt increased significantly to about 60%. As
shown in Figure 15, the mechanical Q at 25°C was about 26. The Q remained
constant to approximately 100°C aud decreased to a value of 5 at temperatures
above 130°C.

The observed coupling coefficient kt and Q in a thick sample at room
temperature were attributed to the strong mechanical interaction among PZT

rods through the epoxy matrix. At temperatures above the glass transition
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temperature Tg ~ 110°C), the epoxy is rubber like and soft. As a result, the
mechanical interaction among PZT rods becomes weaker as also indicated by an
increase in the amplitude of the resonance spectrum (Figure 13 e-h), In
effect, k., of the composite approaches k33 of a freely suspended PZT rod (70%)
and Q decreases because of the damping provided by the lossy polymer. It may
be recalled here that for a thin (tkickness =~ 0.6 mm) composite sample, k, was
60-70% and Q was 3-10 (Table 5)., These values are very close to those
measured for thick composites above the temperature Tg. It appears that tke
nature of vibration of a thick composite above Tg resembles that of a thin
composite at room temperature.

In thin samples, since the coupling among the PZT rods is very weak at
room temperature, the increase of temperature above TS is unlikely to affect
the resonance behavior. This seems to be confirmed by the plot of k, versus
temperature for a typical thin composite sample with thickness mode frequency
at 2.25 MHz (Figure 16). No significant variation of k, was seen over the
entire temperature range of 0O to 150°C., Thus, the temperature dependence of

the electromechanical properties of composites further supports the proposed

model describing the nature of vibration for different resonance modes of 1-3

composites.

VIII. Conclusions ;@

The resonance modes in circular shaped 1-3 PZT rod-polymer composites
were fully characterized. In general, the planar coupling coefficient
increased with increase in volume percent PZT. For a given volume percent —
PZT, thick samples had better planmar coupling coefficient than the thin
samp les.

For thickness mode resonance of thin samples, kt = 60~70% and G = 3-10. -

A aa A

For thick samples, k, = 50% and Q = 20-30, The difference in the observed
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behavior was explained by considering the strength of the interaction among
the PZT rods through the epoxy. At the thickness mode resonance, the coupling
of acoustic energy from PZT to epoxy was found to be most efficient, when the
transverse wavelength in epoxy at the resonance frequency was much larger than
the periodicity of the lattice. When this conditiom is satisfied, the
composite vibrates like a homogeneous body and it will be shown in the
following paper [part II) that the composite materials exhibit excellent
sensitivity operating into water load. From the effect of temperature on
resonance behavior, it is clear that the inter;ction among the PZT rods
through the epoxy matrix can either be enhanced or suppressed depending upon
the properties of the polymer phase. Composites with low transverse coupling
could be utilized for linear and phased array systems.

In addition to the above two modes of resonances, additioqal modes were
observed because of the regular lateral periodicity in the structure. The .
results showed that these resonances arose from the superposition of the
standing wave pattern of the transverse waves in the epoxy. The experimental

results were in excellent agreement with the theory of wave propagation in two

dimensionally periodic solids.
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FIGURE CAPTIONS

Typical 3-1 composites with PZT rods embedded in Spurrs epoxy.
Resonance modes in a disc—-shaped piezoelectric material.
Longitudinal velocity perpendicular to the PZT rod sxis as a
function of volume percent PZT in composites.

Effect of temperature on the Frequency constant of radial mode
resonance of 1-3 composites.

Longitudinal velocity along the PZT rod axis as a function of
volume percent PZT in composites. -

Unit cell geometries and laser scan paths. (a) Standing waves at
the second stopband, along the unit cell edge. (b) Standing waves
at the second stopband, alonmg the unit cell diagonals.

Measured electrical input impedance of composite tramsducer #101
(10% PZT in Spurrs epoxy, PZT rod diameters - 0.45 mm, period =
1.27 om, thickness = 1,93 mm. Transducer diameter = 19.0 mm.

Laser scan measurement of relative amplitude and phase of the
acoustic vibration at f .y = 801.9 KHz (sample #101). (a) Scan
along rods. (b) Scan between rods.

Laser scan measurements of relative amplitude and phase of the

acoustic vibration at f 5 = 801.9 EEz (sample #101). (a) Scan
along rods. (b) Scan between rods. |

Laser scan measﬁrements of relative amplitude and phase of the
acoustic vibration at f@ = 620.7 KEHz (sample #101). (a) Scan
along rods. (b) Scan between rods.

Laser scan measurements of relative amplitude and phase of the
acoustic vibration at f@ = 414 KHz of sample #102. (a) Scan along

rods. (b) Scan between rods.
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Figure 12 Laser scan measurements of relative amplitude and phase of the

Ei_ acoustic vibration at fZ = 270 KHz of sample #103. (a) Scan on

= rods. (b) Scan in between rods. .
E;:j Figure 13 Temperature dependence of various resonances in a composite samples

&;:: (sample #103). .
h y—axis - frequency 0.1 to 1.1 MHz

:E;j y-axis - relative admittance (50 dB).

tétg Figure 14 Typical effect of temperature on the thickness coupling coefficient

of a thick composite sample (sample #103).

Figure 15 Typical effect of temperature on the Q of thick composite sample
(sample #103).

Figure 16 Typical effect of temperature on the thickness coupling coefficient

of a thin composite sample (sample #201).
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Table 2. Physical, Dielectric, and Piezoelectric Properties
of PZT Rod-Polymer Composites.

Volume % Rod Periodicity Density Dielectric d Coefficiert

PZT Diameter (mm) d (mm) plgm/cc) Permittivity, X (pC/N)

5 0.45 1.78 1,41 79 155
10 0.45 1,26 1,64 109 194

20 0.45 0.90 2.29 238 320
30 0.45 0.73 5.08 380 375

10 0.28 0.78 1,62 - 94 183

20 0.28 0.55 2.36 217 339
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Piezoelectric Composite Materials for Ultrasonic Transducer Applicationms:

Part II. Evaluation for Ultrasomic Medical Applications

T.R. Gururaja, W.A. Schulze®*, L.E. Cross, and R.E. Newnham
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

Abstract

The electro—acoustic properties of PZT rod-polymer composites relevant
for ultrasonic transducer applications are reported. Acoustic impedance of
the composite materials was measured by three different techniques in the
frequency range from 0.3 to 3.5 MHz., Dependence of the acoustic impedance as
a function of volume fraction of PZT and frequency was also modeled
theoretically. Time delay spectrometry was employed to calibrate the free-
field transmitting and receiving voltage Eesponses of the composite materials.
The acoustic impedance of the composite materials were in the range of 3 to 10
M rayl. The figure of merit in the receiving mode of composite materials was
three times that of PZT. The figure of merit of 20 percent PZT composite (Z =
7.3 M rayl) was further enhanced by fifty percent using a single layer
impedance transformer of: lucite (Z = 3.3 M rayl). These composite materials
were molded into curved shapes by simple thermal process to fabricate focused
transducers. The axial and lateral beam profiles of focused composite

transducers are presented.

I. Introduction
A detailed study on the resonant modes of vibration of PZT rod-polymer

composites was already reported in Part I [1]., The results show-d that

*Present Address: New York State College of Ceramics at Alfred University,
Alfred, NY 14802,
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although the polymer is piezoelectrically inactive, it plays a substantial
role in the composite from the acoustic point of view. Moreover, it was shown
that the mechanical properties of the Spurrs epoxy markedly influnence the
piezoelectric response of the composite. Larger ultrasonic displacement
amplitude of the epoxy, as compared to that of the PZT at the thickness mode
resonance, was evidence of the efficient coupling of the acoustic energy from
PZT to the epoxy. Since the acoustic impedance of the epoxy is relatively
close to that of the human body, an effective coupling of acoustic energy from
the transducer to the human body is ensured. The p;esent paper deals with the
evaluation of PZT rod-polymer composites with 1-3 conmectivity as an
ultrasonic transducer for medical diagnostic applications., Since the acoustic
impedance of the human body is very c¢lose to that of water, the transducer
evaluation was carried out with water as the loading medium.

Initially, the composite transducers were tested in the pulse-echo mode
(Section II). In general, understanding the behavior of a transducer solely
from the pulse—echo measurements is extremely difficult, because those
measurements combine both transmiting and receiving characteristics of the
transducer. The results are also modified by the characteristic impedance of
the transducer as a function of frequency. Therefore, these parameters are
measured individually. Section III describes the experimental results and
theoretical modeling of the acoustic impedance of the composites as a function
of frequency and volume percent PZT. The trahsmitting and receiving voltage
response of the composite transducers are dealt with in Sectionm IV and V,
respectively. These results together with a knowledge of the piezoelectric
response of the composite from the previous paper (Part I) will be used to

account for the performance of the composite as an ultrasoric transducer. The

effect of a single quarter wavelength matching layer on the performance of the
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composite transducer is considered in Section VI. It will be shown that these

composite materials can be molded into curved shapes by simple thermal process

- to fabricate focused transducer. The axial and lateral beam profile of thus

IAA

focused composite transducers are presented in Section VII, and a concluding

discussion is given in Section VIII,

L | Y

II. Pulse-Echo Measurements

The pulse-echo response of the airbacked composite transducers were

determined by the tone-burst pulse-echo method described by Erikson [2]. A

-

schematic diagram of the experimental set up is shown in Figure 1. The
composite transducer was mounted in a water tank at the end of a stainless

AS
steel tube using silicone rubber as en glue. The transducer mounting had

nd e Bt i

independent angular adjustment in two orthogonal phases. The tone-burst

P

signal of an appropriate frequency from a function gemerator (Interstate-F74)

was fed into a power amplifier (ENI-411A). The amplified tone-burst (10 V

L

s B W

peak) of 15 to 20 cycles with a repetition rate of approximately 1 KHz was

used to excite the transducer. A fine polished (+ 1 um) steel block (10 cm x

10 cm x 2.5 ¢cm) was used as a reflector. The steel reflector was placed at

-]
.!
b/

{

the azlx distance from the transducer, where a is the radius of the tramsducer
and A is the wavelength of the center frequency of the transducer. The
distance azll corresponds to the transition from near field to far field. At
this distance, the transducer beam is a collimated plane wave with a smoothly
varying amplitude and phase profile [2].

The amplitude of the echo signal for 2 constant 10 V peak input was

measured as a function of frequency around the peak response . The following

parameters were determined: 1. Frequency of the maximum pulse-echo amplitude

(fo) (also referred to here as center frequency) together with the

b,

corresponding value of peak amplitude. 2. Frequencies (fl and f,) at which

e et e T T e




the pulse-echo amplitude is one-half (-6 dB) of the maximum pulse-echo

response. The product of the maximum pulse-echo amplitude and the 6 dB
bandwidth (f5-f;) was used as the principal figure of merit for assessing the
performance of the composite transducer. The quality factor Q defined as
(f£,/f5-£f;) was used to characterize the broadband nature of the transcucer.

The electric impedance of some composite transducers at resonance was
relatively high (>100 Q) compared to the 50 2 interpal impedance of the
amplifier which is in parallel with the transducer. Therefore, the received
echo signal was loaded by the lower impedance of the amplifier., Since the
electrical impedance of the composite depends on the volume percent PZT and
thickness, the echo signals were loaded to different extents. Thus a
comparison of the pulse-echo response of different composite transducers was
difficult. The electrical loading effects were corrected by using back-to-
back zener diodes, inserted between the amplifier and the transducer. The
diodes allow voltage to be applied to the transducer during excitation while
acting as a high impedance during reception. The excitation and the reflected
signals were detected using a 10X oscilloscope probe. The total capacitance
of the probe, cables, and diodes was about 15 Pf.

The composite transducers described in this paper were fabricated
to operate in thickness mode resonance at a frequency of 2.25 MHz. Tiais
frequency, often used in ultrasomic imaging systems, was originally chosen for
demonstrating the performance of the composite transducers.

The data presented in Table 1 refer to composites of thickness 0.6 mm
with a center frequency around 2.25 MHz. With 50 @ termination, the highest
echo signal amplitude (2.4 V) was received from the composites with 20 and 30
volume percent PZT rods of diameter 0.45 mm. These samples had comparable

voltage-bandwidth product. The highest pulse—echo amplitude (3.25 V) with the




back-to-back zener diode termination came from the composite sample with 20%

PZT rods of diameter 0.45 mm.

Both types of 10% composites had higher electrical impedances and were
severely loaded by the 50 Q termination. The high impedance terminatiom using
the zener diodes increased the pulse—echo voltage amplitude by a2 factor of
two. However, this was significantly below the values recorded for 20 and 309
PZT as shown in Table 1.

The pulse-echo responses of composites were compared with a commercial
transducer (Rohe #5601, transducer diameter = 13 mm). Tkis tracsducer was
supposedly provided with backing and matching layers for the optimum
performance. The composite transducers with 20 and 30% PZT compered favorably
with that of the commercial transducer. However, the bandwidth of the
composite transducer was narrower {(Table 1). It is interesting to note that
the pulse—echo figure of merit of several composite transducers is comparable
to that of an optimized commercial piezoelectric transducer.

As it emerges from the study of the thickness mode resonance of the
composites samples [1], thin composites resonating at approximately 2.25 MHz
do not vibrate as a collective unit. The PZT rods vibrate quite freely with
only a light damping from the epoxy matrix. The composite tramsducer can be
pictured as acting similar to a PZT disc with a light backing material. As
the frequency of the thickness mode resonance is decreased by increasing tke
thickness of the sample, the lateral interaction between the rods tkrough the
epoxy becomes stronger and the composite acts more like a homogeneous
material. The strong lateral interaction in thick samples was found to be a
result of the long wavelength of the transverse wave compered to tke
periodicity of the lattice. This was clearly seen from the observation of

vibration pattern of the composite sanple resonating in thickaness mode at 270

£Hz [1]. Since tke stress transfer between the PZT and polymer is better whexn
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the above requirement is satisfied, an improvement was expected in the pulse-
echo figure of merit inm composites operatiag at lower frequencies.

To experimentally vefify the above proposition, coaposites with a range
of thicknesses from 0.6 to 5.15 mm were fabricated to study their performance
as a function of frequency at peak resgponse. Tke results indicated some
improvement in the pulse-echo response compared to measurements at 2.25 3iHz.
For example, a relatively thick composite (thickpmess = 3.17 mm) with thickness
mode resonance at 450 KHz displayed a loop gain of 1.0 (echo amplitude of 10 V
for 10 V excitation) and Q of 3.5. )

dowever, it should be noted here that the evaluation of thick composites
resonating in the range of a few hundred KHz by the tome-burst pulse-echo
method was complex due to the following reasons: 1. The electrical impedance
at resonance frequency of the composite samples increased linearly with
increase in thickness. A 20% PZT composite with a thickness of 4 mm
resonating at 350 XHz had a minimum impedance of about 400 Q. At this
relatively high impedance level, even the diode isolation canmot provide the
necessary decoupling from the 50 @ termination. The transducer in the
receiving mode appears more like a curreant source than a voltage source. The
problem is even more serious for composites with 5 and 10% PZT because the
value of the impedance minimum at resomance frequency iucreases as the volume
percent PZT is decreased. 2. As the testing frequency decreases, the sound
wavelength increases’, hence, the a2/k axial distance at which the steel
reflector is positioned becomes closer. For a transducer of diameter 1.9 c¢m
resonating at 350 X&z, the azll distance is approzximately 2.1 c¢m (assuming C =
1430 cm/sec in water at 20°C). The travelling time for souand in water from
the transducer to the reflector and back for this distance is approximately 28

usec. To establish a steady state condition, transducer was excited for a

A AL




minimum of 15 cycles. At 350 KHz, this corresponds to 43 usec, which is

larger than the pulse-echo round trip time. This means that the echoes begin
returning before the electrical excitation has stopped. This also poses a
serious problem.

A possible solution was to use the spectrum analyzer method [2]. The
transducer was excited by an electrical impulse (250 V peak) of duration less
than 100 nanoseconds supplied by an ultrasonic transducer anmalyzer (UTA-3, KB-
Aerotech). A time delayed gate is triggered with this excitation pulse and is
adjusted in time delay and gate length to pass only the reflected echo. The
processed signal from the analyzer was displayed on a high frequency
oscilloscope (Gould -~ 053300) to determine ringdown time of the transducer.
The signal from the UTA-3 was displayed on a spectrum analyzer (HP 35854) to
obtain a plot of amplitude versus frequency of the reflected echo. Since the
excitation pulse was very narrow, the problem of interference of the echo
signal with the excitation pulse encountered in the tone-burst method was
partly solved, however, the method was not free of other limitatioms. Since
the transducer is not matched electrically to the pulse, not all the pulse
energy is delivered to the transducer. The receiver hLas terminating impedance
of 50 @, thus, it has the serious loading effect on the received signal.

As explained above, it was very difficult to evaluate composite
transducers and realize their advantages solely by pulse—echo measurements,
Therefore, tke composite naterial;:;;;racterized separately for their acoustic
impedance, transmitting and receiving voltage respomses, which are reported in

subsequent sections.

III. Characteristic Acoustic Impedance

Tae characteristic ascoustic impedance (Z) (referred to as acoustic

impedance from iere on) of the transducer is an important property wiaich
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determines the effectiveness of the coupling of ultrasonic energy from the

transducer to the load. The acoustic impedance is the product of density p

and velocity of sound C in the material. In a single phase material, .
measurement of these properties is relatively easy and well described [3].

However, it is not so for composite materials. Composites usually exhibit J
anisotropic behavior. The properties of the constituent phases must be
averaged properly. In the PZT rod-polymer composites considered here, the
interaction between polymer and PZT, and among neighboring PZT rods is a
function of frequency. Therefore, dependence Df acoustic impedance on
frequency also needs to be comsidered. Three techniques, namely reflection,
transmission, and resonance, were used to determine the acoustic impedance and
its frequency dependence. The results are reported in the following sub-
sections. The acoustic impedance of the composites were also theoretically

modeled and compared with the experimental data.

s. Reflection Technique

In the reflection technique, the acoustic impedance of a composite was
determined by comparing the amplitude of reflection of a plane acoustic wave
from the sample with that from a standard material, e.g. stainless steel, of
known acoustic impedance. The experimental set-up was the same as that used

for the tone-burst pulse—-echo technique (Figure 1). The reflector was placed

DO at the a%/A distance. A commercial ultrasonic transducer was used to measure
}.'. s

;}ﬂ* the pulse-echo signal from both the sample and the standard reflector. The
:;" transmitting voltage response and receiving voltage semsitivity of the
E ) transducer need not be takenm into account as the same tranmsducer is used for
f' measuring reflections from both the standard material and the specimen.

'd . F
F

= The tone-burst pulse-echo experiment was carried out as a fuaction of
J :

- frequency with a staioless steel block (10 cm x 10 cm x 2.54) reflector. The
.-.
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driving voltage of the tramsducer was kept comstant at 10 V., It caa be shown

[4] that the pulse-echo amplitude X is proportionmal to the reflection
coefficient at the water:reflector interface. That is [4]

Zl-Zz

21+Z4

Ia (1)

where Z4 and Z, are the acoustic impedances of the steel reflector and water,
respectively,

The stainless steel block was then replaced by a composite s.mple and the
pulse-echo amplitude Y was noted. If Z{ is the ;coustic impedance of the

composite sample,

21~

Ye (2)

Zi+Z,

From Equations (1) and (2), the acoustic impedance of the composite
sample (Zi) can be expressed in terms of X, Y, Zl, and 22. Since it is known
that Z; = 45.4 x 106 rayl and Z, = 1.5 x 108 rayl [5], the expression for the
acoustic impedance of the composite sample is given by

46.9X+43,9Y 6
Z;: =1.5 (—————=1} 10 1 (3)
1 36,43, 97 * ray
By substituting tke values of X and Y at a specified frequency, the acoustic
impedance can be calculated from Equation (3).

The validity of the technique was tested by determining the acoustic
inmpedance of a few standard materials such as lucite, fused silica aad
aluminum with known acoustic impedarce of 3.1, 13 and 17 M rayl, respectively.
The measured values of Z for these materials were 3.2, 12.6 2nd 17.1 ¥ rayl

which are in excellent agreement. The experiments were also conducted with

transducers of different type (focrsed, norfocused) and with the reflector

'_l.l‘fx‘n“"""l‘ .

esiandendiinte dincdesined cclunname

WU P Yt =g "y “a Jaam AF A d X




placed at different distances (at azll distance, at the focal length of the
transducer, etc.). No substantial difference in the measured impedances was
observed.

Composite samples of thickness 2-3 cm with 5, 10, 20 and 30 volume
percent PZT rods of diameter 0.45 mm were fabricated. The samples were not
poled because such thick samples require excessively large poling voltages
(40-60 kV). Figure 2a shows a plot of the acoustic impedance of several
different composites in the frequency range from 0.3 to 1.3 MBz, and Figure 2b
extends the plot from 1 to 3.5 MHz. Low frequeacy data were obtained using a
lead metaniobate transducer (Ultran Lab, Inc., diameter = 2.5 cms) with a
center frequency of 0.7 MHz and a very broad bandwidth (Q@ = 1), The distance
between the transducer and the reflector was 7.5 cm corresponding to the az/l
distance at 0.7 MHz. Measuremen;s in the frequency range from 1 to 3.5 MHz
were carried out using a focused transducer (Rohe 5616, diameter = 1.9 cm,
focal length = 9 cm) with a center frequency of 2.25 MHz, The separation
between the transducer and reflector in this case was 9 cm, the focal length
of the transducer.

The following observations were made by inspecting the acoustic impedance
plots of Figure 2. As expected, the acoustic impedance increased witkh
'increase in the volume percent PZT. Moreover, the acoustic impedance was
strongly frequency dependent. The composite samples showed a series of minima
in Z at low frequency. Above 2.5 MHz, the variations are minimized and the
value of Z reached a saturation. The position of the first minimum in Z
occurred at a higher frequency for larger volume percent PZT. The acoustic
impedance increased steadily at frequencies below the first minimum. The
acoustic impedance of single phase epoxy, measured by the same procedure, 1is

also shown in Figure 2 for comparison. There was no variation of Z of epoxy
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in the frequency range considered in this work. The results were analyzed
carefully to find an explanation for the observed dispersion in Z.

The minima for §, 10, 20 and 30% PZT composites occur at 0.45, 0.625,

0.825 and 1.125 MHz, respectively. The frequencies have anm inverse 1

relationship with the lateral periodicity of the correspondirg composite, The

product of the frequency at the acoustic impedance minima and the lateral D
. . -4

periodicity of the composite was found to be a constant of value 800 m/sec. n;
It is interesting to note that the frequency corresponding to the minima in Z 2
in each composite matches with the resomance frequency ftl [1]. The resonance ;j
frequency ftl corresponds to the standing wave pattern of the transverse waves .E
with the wavelength equal to the lateral periodicity of the lattice. It .?
should be pointed out here that the value of the acoustic impedance at the ;i
3

minima was approximately the same for all volume percent PZT (1.6 M rayl), j
which is surprisingly lower than that of the epoxy (2.3 M rayl). :T
There is a small discrepancy in the values of acoustic impedance around 1 :j

MEz measured using the two different transducers. This is possibly because :?
the transducers were operating far away from their center frequencies, and 5:
hence were not very sensitive. Thus the measurements performed in the ij

transition region from ope transducer to the other are not very precise.
All the above observed phenomena may be explained as follows. The

acoustic wave incident on the composite sets it into vibration. Due to the

1

difference in compliance between the two component phases, viz PZT and Spurrs

epoxy, a transverse wave originating at the interface and propagating in a

Rt g oa s Sl e

direction perpendicular to the rod axis is lannched in the epoxy matrix. At

.
A
Y

the frequency where the transverse wavelength is equal to the periodicity,
resonant scattering of waves by the vertical planes of the PZT rods results in

a two dimensional standing wave pattern as described ia Part I [1]. -

vt
S P ]

Measurements of the surface displacements of the composite at this frequency

11
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showed that the epoxy at the center of the unit cell of the periodic lattice
vibrates 180° out of phase with PZT and with a much larger amplitude. This

standing wave pattern is most likely established after a few cycles of tkhe ) i

incident wave. The acoustic impedance minima at this frequency are caused by
the cancellation effects between the incident wave and the large amplitude
vibration of the epoxy with a phase difference of 1809,

Support for the above explanation is provided in Figure 3 where tone-

iaidehactncabii, fut

burst pulse—echo signals reflected from a composite sample are shown., Figure /
3a depicts a typical signal measured at frequencies far away from the minima ;

in the acoustic impedance. The signal builds up to a saturation value in 1 or

Py

2 cycles depending on the Q of the transducer and remains constant. The
amplitude is affected only by the reflections from the rear surface of the
composite sample 2s indicated by an increase in amplitude in the last few
cycles. The reflected signal from a composite at the acoustic impedance
minima is shown in Figure 3b. The amplitude approaches a saturatiom value,

but the signal declines after the first two cycles and reaches a minimum -

Saabecdeedee ot R ke i,

value., Interference of the signal with the reflected signal from the rear
surface of the composite sample makes it difficult to analyze the wave pattern

after a few cycles. Figure 3c presents similar data with an expanded

hndesondniiene S

abscissa. Thus, the acoustic impedance minima observed arises from the i
destructive interference between the incident signal and the reflections from

the composite sample. Therefore, the minima in acoustic impedance are only an )

apparent phenomena because of the complex resonance in the composites.
Resonance experiments [1] indicated another strong lateral resonance
mode, referred to as ft2' This resonance was associated with standing waves

along the unit cell diagonal. For a 5% sample, ft2 was approximately 0.7 MH:z

e ettt e o

and a corresponding minimum was seen in the acoustic impedance plot as
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expected (Figure 2a). Acoustic impedance for the 10% sample is also seen to
approach a minimewm around 1.00 MHz (Figure 2a), which corresponds to-ftz for
the 10% composite. In addition to the acoustic impedance minima just

described additional minima were observed up to about 2 MHz possibly due to

more complex lateral modes.

b. Modeling of Acoustic Impedance ) f

The acoustic impedance of the composites was modeled to explain the
observed frequency dependence discussed in the previous section,
. Above 2 MHz, the acoustic impedance was found to be relatively

independent of frequency. At this frequency, experimental evidence showed

e

that the PZT rods were vibrating without an appreﬁdable lateral interaction.

Therefore, this situation can be modeled using Reuss averaging [6] which

M it

T T TR

assumes that the constituent phases experience the same stress. According to
the Reuss averaging scheme, the modulus of elasticity parallel to the length

of the rod Ez'is given by

CChsas e

1 1. V2
—— O e— o — (4)

P SV WL =1 SRS LU G Sy

where vy and vy are volume fractions and El and E2 are the appropriate elastic

PR )

moduli of the constituent phases. For unpoled PZT rods, the elastic modulus

gy
3
.

is E = 1/s§1==6.098 x 1010 N/m2 [7]. For the epoxy, the elastic modulus was

found to be E = 4,7 x 109 N/m2 [1]. From the calculated values of Ep using
Equation 4 and the mean density p listed in Table 2 of Part I [1], the
acoustic impedance of tke composites was evaluated from the expression Z = (p EZ)
E . Both the measured and calculated values are compared in Table 2. The
frequency range above 2 MHz, where the wavelength of the transverse waves is
much smaller than the periodicity of the lattice, is called region 1 for

discussion purposes. There is a good a;reement between the theory and the

v ey
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experiment supporting the explanation of the mode of vibration outlined above
for frequencies above 2 MHz.

At frequencies below the minima in Z corresponding to ftl' the lateral
interaction increases gradually and the two phases vibrate in a cooperative
mode. The displacements of PZT and epoxy were found not only to be ir phase
but also with almost equal amplitude [1]. Thus, the Voigt avefaging scheme
[6], which assumes constant strain on the constituent phases can be used to
estimate the effective longitudinal modulus Eﬂ of the composite. The

composite modulus according to the Voigt model is given by
EZ = V1E1 + V2£2 (5)

Using the values of the elastic moduli for the PZT and epoxy given above,
the effective modulus and acoustic impedance of the composites were
calculated, and are compared with the measured values of Z at 0.3 MHz in Table
2. This frequency range, where wavelength of transverse waves is larger than
the periodicity, is called regiom 3 in this paper. The theoretically
predicted increase in the acoustic impedance at frequencies below the first
acoustic impedance minima was seen in all the composites. However, the
measured values were on the averag; 20% lower than the estimated value. The
discrepancy between the experiment and theory is possibly due to tke
diffraction losses. Because of the relatively small size of the composite
sample (diameter = 1.9 c¢m) compared to the size of the steel reflector (10 cm
x 10 cm), it is comceivable that not all of the acoustic enmergy was reflected
back from the composite sample to the transducer.

A correction to account for the diffraction losses in the acoustic
impedance measurements was applied experimentally by using the standard

reflector of exactly the same dimension as the composite sample., Then the

14




Y.

peppppp———
T e o e e

A
— a2 s s ’

A

i Al I

DUEVLAE S AT LT, ST LAY ST ST YA WAl SR S0 WU A S0 S UGS VR TR WAtk Sl SUNE. W ST VA i, SN . SO TR VOl S JL IR W)

ha i S wn o Sn LA I el And el Badr B ANl S el Al SN A Sl A AR e Padinet At e i SaiAd M ah Y T S AM L A ) S L ARC ANt e -h A I S S

experimental setup for the two reflections to be compared becomes identical,
and hence the uncertainty in the meascrement because of the diffraction losses
is minimized. Figure 4 compares the earlier data with the new data corrected
for diffraction losses for a 10% composite sample. As can be seen, the
corrected value of the acoustic impedance approaches 4.1 M rayl at 0.3 MHz,
which is in excellent agreement with the predicted values based on the
constant strain model (Table 2). Based on the experimental and theoretical
results, the acoustic impedance as a function of frequency cam be classified
into three regions. =

In region 1, corresponding to frequencies above 2 MHz, the transverse
wavelength is much smaller than the rod spacing d and the two phases appear to
be decoupled. There is not much influence of epoxy on the vibration of the
PZT rods. A significant improvement in the pulse—echo response in terms of the
figure of merit cannot be expected in this region, if the composite is used as
8 single element transducer. On the other hand, the situation is desirable
for a linear or phased array transducer construction, where the acoustical
¢ross coupling between elements should be as low as possible.

In region 3, corresponding to the frequency far below the first minimum
in the acoustic impedance, the composite acts as a homogeneous material.
Maximum stress is transferred from PZT to polymer and vice versa. The
composite is expected to perform better as a single element tracsducer with an
improved pulse-echo figure of merit.

In region 2, the periodicity of the lattice and the wavelength of the
transverse waves are comparable. This region is helpful in understanding the
complex vibrational modes in two dimensionally periodic structures. In tkis

region, the composite can possibly be used as a resonant sound absorber.
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The acoustic impedance of the composites was also determined by measuring
the velocity of longitudinal waves along the PZT rod axis. The -method chosen
for measuring the longitudinal velocity was similar to the standing wave
method described by McSkimin (8). An acoustic wave of a particular frequency
is made to impinge on the sample. The wave transmitted to the specimen is
reflected back and forth giving rise to a series of transmitted pulses. At
discrete frequencies, the emerging wave trains will be in phase leading to a
constructive interference. The constructive ;nterference occurs at a
frequency for which the path length (twice the specimen thicknmess) is equal to
an integral number of wavelengths in the specimen at that frequency. The
principle of the method is to determine the value of the integer at one of the
discrete frequencies when the in-phase condition is satisfied. The experiment
is described in detail elsewhere (9). g

The longitudinal velocity was determined for 20 and 30% PZT composites
around 0.5 MHz, which is below the frequency corresponding to the acoustic
impedance minima (Figure 2a), The velocity values were multiplied by the

average density to obtain the acoustic impedance. The resulting data shown in

Table 3 are in excellent agreement with the values estimated theoretically for

region 3.
ii d. Resonance Techmigue
;:s The velocity of longitudinal waves determined by the resonance technique
&‘; described in part I [1] was also used to determine the acoustic impedance of .
Eii composite samples. The velocities for different composites are listed in the
Eéi last column of Table § of Part I [1]. Values of the acoustic impedance
“

evaluated from tke measured velocity and density of composites are listed in

’
'

%

Table 4. Theoretically calculated acoustic impedance are also tabulated for
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comparison. In the piezoelectric resonance experiments, PZT rods in the

composite are electrically poled. Hence, for calculating the elastic modulus
of the composite, the modulus of the PZT rods E = 1/s3; = 10.5 z 1010 n/m? (1)
was used.

As it emerges from Table 4, in region 1 (>2 MHz), a poor agreement
between the estimated and measured acoustic impedance was found. This was
anticipated becaunse the rods are vibrating relatively freely and the rescnance
technique measared the velocity of PZT phase only. Hence the product of this
velocity with the average density of the sample gi;es a much higher estimate
of the acoustic impedance.

In region 3 (<0.5 MHz), the agreement between the theory and tke
experiment is excellent (Table 4). It is interesting to note that the three

completely independent techniques give extremely consistent data on the

acoustic impedance in regiom 3.

IV. Calibration of Composite Transducegr as a Receiver of Ultrasonic Waves

This section deals with the evaluoation of composite transducers as an
ultrasonic receiver, The receiving sensitivity is considered to be of greater
importance than the transmitting response, especially in biomedical-diagnostic
applications, because only a limited acoustic energy level can be applied to
the human body. This limit has to be sufficiently low so bioeffects of
ultrasound, if any, are minimized, Hence if the receiving sensitivity is
augmented, the body can be iterrogated at lower ultrasomic levels. Therefore,
initially attention was focused on the receiving properties of the cooposite
transducers.

The receiving characteristics of a transducer were assessed by its free-
field voltage sensitivity (Mo), The free field sensitivity is the ratio of

the output open circuit voltage to the free-field sound pressure in the
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undisturbed plane progressive wave [11]., For an ultrasonic transducer, in
addition to a highest possible voltage seasitivity, a fast pulse—echo time and
low ringing are required in order to achieve good axial resolution. In an air
backed transducer, these parameters are mainly determined by the piezoelectric
coupling coefficient kt and acoustic impedance Z of the transducer relative to
that of the human body. In composite material since both k, and Z are
dependent on frequency, the reception characteristics are also expected to be
8 function of\Yrequency.

The time delay spectrometry (TDS) technigue [12], which allows the
determination of the free-field voltage sensitivity as a continuous function
of frequency, was used for calibrating the composite transducers. The TDS
concept is based on converting a propagation time from transmitter to receiver
into a certain frequency shift by keeping a constant frequency sweep rate so
the time and frequency are linked together. Consequently, selectivity in time
is proportional to selectivity in frequency with the sweep rate as conversion
factor (e.g., 0-20 MHz sweep in one second corresponds to 20 Hz per
microsecond). Only one direct signal will be detected, if a band pass filter
receiving the electrical signal from the ultrasonic hydrophone is swept with a
suitable delay in relation to the transmitter driving signal and has an
appropriate (narrow) bandwidth., Bence, the TDS technique virtually eliminates
the effects of multiple transmission paths, standing waves, and otker
interference caused by reflected signals.

The experimental arrangement employed for calibration (Figure 5) utilized
a spectrum analyzer (HP 3585A) with a built-in frequency offset unit. The
sine swept signal from the tracking generator drives a specially designed
transducer (transmitter) via a power amplifier (ENI 411A). The ultrasonic

signal in the far field was detected witk a needle-~like 1 mm diameter
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calibrated PVF, polymer probe [13] and fed into the spectrum analyzer input (1

MQ termination). The detected signal was compared with the calibration curve
of the probe (Figure 6) to determine the absolute pressure at the probe as a
function of frequency. The unknown receiver (composite) was them positioned
exactly in the probe location and its voltage response was recorded on the
spectrum analyzer. Ratio of the voltage response of the composite transducer
to the sound pressure as determined by the polymer probe gives the free—field
voltage sensitivity Mo of the receiver. The result is expressed in volts per
micropascal or in decibels [dB = 20 log(Mo volt/uPa)].

In the above experiment, the spectrum analyzer was interfaced with a
computer (HP 9825A) to record the data at each step and calculate the free-
field voltage sensitivity as a function of frequency. The result was
transferred back and displayed on the spectrum analyzer in dB relative to 1
V/uPa.

The calibration uncertainty of the polymer probe (Figure 6) in frequency
range from 1 to 10 MHz is reportedly +1.5 dB and +2 dB from 0.1 to 1 MHz [14].
The probe exhibited good frequency characteristics up to 10 MHz with
relatively high sensitivity and gave highly reproducible calibration of the
composite transducers.

A number of commercial and custom made transducers were used as
traasmitters for calibrating the composites as receivers. The center
frequency of the transducers varied from 0.3 to 3.5 MHz, The diameter of the
transducers ranged from 0.5 to 2.5 cm. Such a wide variety of transmitters
were used to make sure that the receiver was always in the far-field of the
transmitter. The distance between the transmitter and receiver was maintained
at 22 cms) the transmitter Ehosen in a particular case was such that this
distance was greater than n(a%+a%)/k. where a; and a5 are the radii of tke

transmitter and receiver, respectively and )\ is the wavelength. Under such a
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condition, it was estimated from Sabin’s calculatioas [15] that the error
introduced due to marginal test distance is less than 1 dB.'

Using Mason’s model [16], Shaulov and Smith [17] have derived an
expression for the maximum open—circuit voltage response (|V|max) and the 3 dB
bandwidth (Afg,p) of a bhomogeneous transducer without breakipg or matching

layers.

The expressions are given by

4333Pt 22
Iv'max = _n (-z—') = (6)
1
and
y/
C 1
Af3dB = ;—; (-Z—z) (7

In these expressions, g33 is the piezoelectric voltage coefficient, P is the

incident pressure, t is the thickness of the transducer, C is the velocity of .

sound in the piezoelectric medium, and 21 and Z, are the acoustic impedance of
the loading medium and the transducer respectively.
The gain bandwidth product G, given by the product of the maximum voltage

sensitivity and the 3 dB bandwidth is

Ivi 4g24C
max 33
G = (——) (Af y =

P 3dB ﬂ2

(8)

For PZT 5014, g33 = 26 x 1073 Vm/N, C = 3800 m/sec, and G = 4C Volt Hz/Pa.

The gain bandwidth product G was used in this work as the figure of merit
in analyzing the receiving response of the composite transducers. The
experimentally determined value of G for the composites was compared with the
calculated value of G for PZT. Any improvement in the gain bandwidth product
was consequently attributed to a more effective coupling of the ultrasonic

energy due to the epoxy phase.
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Composite samples with 10, 20, and 30 volume percent PZT and thickness
ranging from 0.6 to 5.15 mm were calibrated for their receiving voltage
response, and the results are summarized in Table 5. The mazximum voltage
sensitivity and the 3 dB bandwidth were the two main parameters measured in
each case, From these measurements, the gain bandwidth product C was
calculated.

The measurements on each sample were carried out at least twice to check
the reproducibility. Most of the composites were calibrated using more than
one transmitter., The reproducibility in the volt;ge sensitivity was always
within 0.5 dB. From the consistency in the measurements performed, a maximum
error in the figure of merit was estimated to be 10%.

From the velocity of the transverse waves in the Spurrs epoxy (1150
m/sec), the transverse wavelength was calculated at the frequency of the
maximum reception semsitivity. As discussed earlier, the interaction between
the PZT and the epoxy increases when the wavelength of the transverse wave
becomes large compared to the periodicity. Thus the data were analyzed with
respect to the ratio y of the wavelength of the transverse waves to the
periodicity of the lattice. An improvement in the figure of merit was
expected as this ratic increased.

A typical plot of the receiving voltage sensitivity as a function of
frequency for a composite with center frequency f° < 2.25 MHz is shown in
Figure 7. It is very interesting to note that the minima seen in the
receiving voltage sensitivities at frequencies below 2.5 MHz correspond to
frequencies of lateral resonant modes fe1s ft2' etc. At these frequencies,
the acoustic energy is dissipated in setting up complex lateral resonances in

the composite.
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As shown in Table 5, the figure of merit G for both 10 and 20% PZT
composite with f, = 2,25 MHz appears to be independent of the volume fraction
of PZT and is very close to that of the calculated value of 40 (VHz/Pa) for
single phase PZT. The resonance data and the acoustic impedance results both
indicated that the PZT rods in the composite at fo = 2.25 MHz vibrate
relatively freely. The figure of merit G of the composite, being close to
that of free PZT rods, is a further confirmation of the inferred vibration
pattern in the composite when the periodicity is larger than the transverse
wavelength., As the wavelength approaches the periodicity, laterally resonant
modes are set up and the interference between the two modes results in a
reduced figure of merit (sample 101). The figure of merit G gradually
increases for larger ratio ¢ = Xs/d, as expected, fthe figure of merit for y <
4 is increased three folds over that of PZT. Samples 102, 201 and 301 are
made of 10, 20, and 30 volume % PZT and have approximately the same value of
the ratio y (=2). It is interesting to note that the figure of merit of these
samples is close to 80 (VHz/Pa). Similar agreement can be found between
samples 103 and 203 with y =~ 3.

The observed bekhavior indicated that the performance of a composite is
directly related to the ratio between the wavelength of transverse waves and
tke periodicity of the lattice regardless of volume percent of PZT. The above
experimental observation suggests that one of the ways of increasing tke
efficiency of the composite for operation at high frequency (2 to 5 MHz) is to

scale down the composite structure,.

V. Calibration of Composite Transducers as a Transmitter of Ultrasonic Waves

The transmitting characteristics of a transducer for medical imaging can
be characterized by its transmitting voltage response (So) and G. The

transmitting voltage response is the ratio of the sound pressure apparent at a
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distance of one meter in a specified direction from the effective acoustic
center of the transducer to the voltage applied across the electrical input
terminals [11]. 1In this study, the transmitting voltage response of the
composite ;ransdncers was determined at the near-field far-field tramsition
region (a%/x distance) along the axis of the circular transducer. The Q of
the transducer is the ratio of frequency at peak respomse to 3 dB bandwidth.

The same experimental set up shown in Figuore 5 was used for tkhe
calibration of the composites as a transmitter. The composite transducer to
be calibrated is excited by the tracking generator of the spectrum analyzer
via the power amplifier. The utlrasonic signal at the azll distance detected
by the calibrated needle-1ike polymer probe [13] was fed into the spectrum
analyzer input (1 M2). The detected signal was adjusted for the calibration
of the probe to caiculate the pressure at a2/x distance. The excitation
voltage as a function of frequency was also ‘meazsured by feeding the output of
the power amplifier to the input (1 MQ) of the spectrum analyzer. Quotient of
the detected pressure to the excitation voltage gives the transmitting voltage
response. In this experiment also, the spectrim analyzer was interfaced with
a computer (HP 9285A) to record the data at each step to calculate S, in dB
re. 1 uPa/V. The test distance between the two transducers being only az/l,
an error is introduced ‘v the measurement [15]. Since the radii of the
composite transmitter and the probe wefe kept constant, and all the
measurements were performed at a’/n distance from the projector the correction
factor is a constant. The correction factor was estimated to be approximately
equal to 3.5 dB, which should be added to the measured S° in all the
experiments.

Composites of differeat thickness and volume fraction were calibrated for
their transmitting voltage response at their thickmness mode resonance

frequency. The results are summarized in Table 6., Figure 8 shows a typical
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plot of transmitting voltage sensitivity of a composite transducer with fo <

2.25 MHz.

It was observed that for transducers operating around 2.25 MHz, the
transmitting voltage response (So) depends on the volume percent PZT. There
was a 6 dB reduction in S, observed going from the 20% PZT composite to the
10% PZT composite. A further reduction of 8-10 dB was observed for the 5% PZT
composite. The observation suggests that the transmitting response of a
composite transducer is proportiomal to the volume fractiom of the
piezoelectrically active material present in—the composite. If this
hypothesis is correct, it plausibly explains why the 20% composites gave about
twice the pulse—echo signal of the 10% composite (Table 1),

- The composite transducers resonating below 1 MHz were calibrated to
examine the effect of the cooperative interaction between PZT and epoxy on the
transmitting voltage response. However, a frequency independent figure
of merit could not be defined to ascertain the frequency dependence of the
transmitting voltage response because of the following reasons: 1. At low
frequencies where the dimensions of the projector are small in compariscon with
the wavelength in water. the transmitting characteristics are well described
[11]. The piezoelectric material being stiffness controlled, a constant
voltage applied to the transducer results in a constarct displacement.
Furthermore, since acoustic pressure generated by the transmitter is
proportional to the acceleration, the transmitting voltage response increases
at a rate of 12 dB/octave [S  a (frequency)zl. At high frequencies, where the
transducer dimensions are comparable to the wavelength, the simple source
concept cannot be applied because of resomance effects., 2. The transmitting
voltage response also depends on the directivity pattern of the transducer

[18]. When the circumference of the circular transducer is less than one-half
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wavelength, that is ka = 2ra/A ¢ 0.5, the piston behaves like a point source,
and when ka exceeds 3 the piston is more directional,

In the present study, the following assumptions were made to evaluate the
frequency dependence of the transmitting voltage response of the composite.
Since all the composites are operated at half wavelength thickness resonance,
the thickness t of the sample bears a constant relation with wavelength at the
operating frequency. Furthermore, since tke amplitude of excitation signal is
kept constant, a constant displacement can still be assumed in comparing the
transmitting voltage response at different -frequencies. Under this
assumption, the transmitting voltage response is expected to increase at a
rate of 12 dB/octave as the frequency is increased [11]. Because tke radius
of the transducer is kept constant, an increase in the operating frequency
makes the ultrasomic beam from the transducer less divergent, resulting in an
increased pressure along the axis [18]. From the above argument, it appears
that the frequency dependence of the transmitting voltage response should be
greater than 12 dB/octave.

Figure 9 shows the plot of maximum transmitting voltage response as a
function of frequency. The transmitting voltage responses for 10 and 20
percent PZT composites were 195.8 and 201.9 dB (re. 1 pPa/V) respectively.
With the previously stated assumptions, a reduction of 24 dB in the
transmitting voltage response was expected for the measurements performed at
0.5 MHz. However, a reduction of only 10 dB was actually measured. Also it
is observed from Figure 9 that at low frequencies (around 0.5 MHz), the rate
of increase of So with frequency fits a straight line of slope 8-10 dB/octave.

These results confirm tkat the transmitting voltage response of composite
transducers is, as anticipated, a function of frequency. At frequencies where
the transverse wavelength is large compared to the periodicity, there appears

to be an increase (~14 dB) in the transmitting voltage response. The
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enhancement can be attributed to tke improved interaction between PZT and
epoxy at lower frequencies (<0.5 MHz). The improved performance should,
however, be extended to higher frequency range (2-5 MHz) typical for
ultrasonic diagnostic applications. This will require having a large ratio of
the transverse wavelength to the periodicity at the operating frequency.

The Q of the composite transducers operating at different frequencies are
compared in the last column of Table 6. For composites resonant around 2.25
MHz, Q is approximately 6 and is comparable to the values of G measured by the
resonance technique in air [1]. Coupling the trans;ucer to water load has not
altered the bandwidth characteristics, which is an indication of poor coupling
of ultrasonic enmergy into water, Composites resonant around 0.5 MHz had
relatively large Q in air (20-30), but by water loading, the Q was reduced to
about 4, This is most likely due to a better matching of ultrasonic energy
between the composite and water.

The acoustic impedance at 2.25 MHz for a given volume percent PZT
composite is much lower than the value at about 0.5 MHz. The acoustic
impedance data suggest that the transfer of acoustic enmergy from water to the
composite or vice versa should be better at higher frequencies. The results
on the transmitting and receiving voltage responses indicate that at higher
frequency, the emergy is not being properly coupled to the piezoelectric phase
altbhough the transfer of emergy between the two media may be more effective.
The observed behavior is again an indication of poor acoustic coupling between
PZT and polymer at frequencies (2.25 MHz) where the transverse wavelength is
much smaller than the periodicity. Thus, if the composites prepared in the
study are operated around 0.5 MHz, there appears to be efficient transfer of

acoustic energy from PZT to water via the epoxy phase. As a result,
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substantial improvement in the receiving and transmitting voltage responses

was observed.

VI. ec the Matching Layer on the Performance of Composite Transducers

The composite transducers showed a substantial improvement in receiving
and transmitting voltage responses, when operated at resonance in the low
frequency range where the transverse wavelength is large compared to the
periodicity., The Q of the composite transducer was reduced from about 25 to
about 4 when coupled with water load. The measured value of Q is relatively
large for medical diagnostic applications where‘a Qof 2 to 2.5 is usually
recommended [19] for a good axial resolution. Larger Q in the composite

transducers was also apparent from the slow pulse~rise time and prolonged

ringing in the pulse—echo response,
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Relatively large Q values observed in the composite tramnsducers was
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Lo e e,

attributed to the acoustic impedance mismatch between the transducer and the
load. The acoustic impedance of a 20% PZT composite in the low frequency
range is 7.3 M rayl (Table 4) which results in a pressure reflectivity of 65%
with water load. To improve the impedance matching, a matching layer between
the transducer and the load was considered. For optimum transmission, the
matching layer has to be a quarter wa;elength in thickness and of

characteristic impedance equal to the geometric mean of those of the
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transducer and of the loading medium {20]., In the present situation, Z of the
;’ matchbing layer was calculated to be 3.3 M rayl. Several polymer systems have
‘e acoustic impedance in this range.
f’ A 20% PZT composite of thickness 3.07 mm was chosen to study the effect
Eg of a quarter wave matching layer. Since lucite (Z = 3.2 M rayls) was readily
%%: available and had anm acoustic impedance very close to the required value, a
.~ quarter wave matching layer of lucite material was pressure bonded to the
b
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transducer using an epoxy (Tracon 2115). The thickness of the bonding layer
was less than 25 pm. The frequency (fo) at maximum pulse—echo response was
0.54 MHz. This composite with the matching layer was characterized for its
receiving and transmitting voltage response.

The gain bandwidth product (G) in the receiving mode of the matched
transducer was 180 (V'Hz/Pa) which is 4.5 times higher than that of a
corresponding PZT rod. The transducer had a very broad band response with Q
of 1.8, The transmitting voltage sensitivity was 186.5 dB re 1 uPa/V and Q in
the transmission mode was also about 1.3, Comparing the results of the
matched transducer with those of unmatched 20% PZT composites such as 201,
202, 251 (Tables 5 and 6) operating around 0.5 MHz, it can be seen that major
contributions for the enhanced response come from,the broadening of the
bandwidth. This is quite evident from the pulse—echo response of the matched
transducer shown in Figure 10. The pulse-rise time is very fast and the
ringing is low (Figure 10a), as exemplified in the broad nature of the
frequency spectrum (Figure 10b)., These experiments demonstrate that composite
transducers with a single matching layer can have excellent performance in
medical diagnostic applications.

As mentioned previously, the improved performance should, however, be
extended to the higher frequency range (2 to 5 MHz) typical for ultrasonic
diagnostic applications. From the experimental results, the substantial
improvement can clearly be attributed to the strong interaction betweeu the
PZT and epoxy where the transverse wavelength was large compared to the
periodicity. This observation suggests that one of the ways of increasing the
efficiency of the composite for operation at high frequency is to scale down
the composite structure. This means that the rod diameter and the periodicity
of the lattice in the composite structure should be scaled down by at least a

factor of five to operate at approximately 2 MHz.
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VII. Focused Composite Transducer

This section deals with shaping a composite transducer to focus sonic
beam to a narrow beam width, Composite materials can be molded into curved
shapes by simple thermal process as explained below.

Thin composites (=0.6 mm) of 10 and 20% PZT were prepared in a flat shape
by the uvsual procedure. A spherical mold with a curvature of 9.5 ¢cm was
heated in a small oven to 80°C which is just above thke glass transition
temperature of the Spurrs epoxy (Tg ~ 70°C at 100-Hz). At this temperature
epoxy was quite soft and flexible. The composite sample was placed on the
mold and allowed to reach thermal equilibrium. A slight deformation under
gravity was noticed. The backing mold was placéd on top to force the
composite to conform to thke spherical curvature of thé mold. The mold set was
kept at 80°C for an hour or so and cooled slowly (= 1/2° per minute) to room
temperature.

To measure the axial beam profile, the focused composite transducer was
driven by continuous wave excitation at the frequency of maximum response,
The calibrated miniature hydrophone probe (Sectiom IV) [13] was used to
measure the transmitting voltage response along the axis of the transducer.
Figure 11 shows the axial beam profile of a 20% PZT composite transducer (fo =
2.25 MRz) before and after focusing. The peak response for norfocused
transducer was 200 dB re 1 uPa/V at 12,1 c¢cm which corresponds to the expected
azll distance. After focusing, the response peaked at an axial distance of
7.6 cm with a gain of 8.5 dB in the transmitting voltage response, Table 7
summarizes the results of the focusing studies on both 10 and 20% PZT
composite transducers, The maximum respomse in all the c;ses occurred at a
distance slightly farther than the expected 6 cm based on the tkheoretical

calculations by O'Neil [21]. This discrepancy is probably due to the fact
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that the theory was developed for a single phase material and may not be fully
valid for the composite transducer.

Lateral beam profile at the distance of maximum response was measured
using the polymer probe. An x-y-z micromanipulator was used to move the
hydrophone probe away from the axis of the transducer in steps of 0.63 mm.
The lateral beam width was calculated from the points where the effective
relative pressure was 1/e = 0.368 of the peak [22]. The lateral beam widths
at the peak response are listed in Table 7. There was nominally a 30 to 40%
reduction in the beam width after focusing. Th;‘beam widths are slightly
larger than the theoretically calculated value of 4.6 mm ([22].

The tone-burst pulse—echo response with the stainless steel reflector at
the distance corresponding to the peak response was measured for both the 1
nonfocused and focused transducers (Table 7). Since the transmitting voltage |
response was increased by a factor of 2 (6 dB) on focusing, a considerable
improvement in the pulse—echo amplitude was also expected. Surprisingly, it
was noticed that in most cases there was actually a small decrease in the
pulse—echo amplitude. It was suggested that the spherical curvature on the ‘
transducer affects the receiving voltage semsitivity and is the cause for the
decreased pulse-echo signal., A further support for this is presented irc the

following paragraph.

The degree of the concavity h of the transducer is comparable to tke
wavelength A in water.at 2.25 MHz (h/X = 0.7), and hence modifies
substantially the phase profile of the reflected beam at the transducer face.
f' Since the receiving voltage sensitivity is dependent on the phase profile of
the pressure at the transducer face [15], focusing was expected to affect the

receiving sensitivity. As anticipated, the average gain bandwidth product of
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a focused transducer operating at 2.25 MHz was 26 Hz V/pa compared to tke

measured value of 36 Hz V/pa for a flat tramsducer (Table 5).

VIII. Conclusions

The composite transducers were initially characterized by the pulse-echo
method. To evaluate the composites thoroughly, the acoustic impedance, and
the transmitting and receiving voltage responses were measured separately as a
function of frequency. Frequency dependence of the acoustic impedance were
modeled by calculating the average elastic modulus at two extreme conditions.
The acoustic impedance modeled using the Voigt co;stant strain model showed
excellent agreement with the measured values at 0.3 MHz. Measured values of
acoustic impedance at 3.5 MHz were in excellent agreement with the values
modeled by the constant stress model.

The figure of merit in the receiving mode for a composite with f =
2.25 MHz was close to the calculated value for a single phase PZT. This
result indicated virtually no contribution from the epoxy phase because of the
weak interaction between PZT and epoxy. As the operating frequency was
reduced below 0.5 MHz, the figure of merit G was increased by a factor of 3.
The substantial improvement in G provided additional evidence for the strong
interaction ;etween PZT and epoxy at low frequencies., A similar improvement
was observed in the transmitting voltage response for composites operated
around 0.5 MHz.

The performance of the composite transducer was further improved by the
use of a quarter wavelength matching layer of lucite materiai between the
transducer and load. The figure of merit G in the receiving mode of the
composite transducer was increased by about 50 percent when the matching layer
was used. The Q of the matched transducer was less than 2, which is

advantageous in achjeving good axial resolution.
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The results show that the 1-3 composite materials are excellent
candidates for medical diagnostic transducer applications. However, it should
be noted that the improved performance of the composite transducer should be
extended to higher frequencies (2 to 5 MHz) typical for the ultrasonic
diagnostic applications. It was demonstrated that the composite transducers
can be focused by a relatively simple technique. As a result of focusing, it

was possible to generate a concentrated sonic beam with narrower beam width.
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FIGURE CAPTIONS

Block diagram of tone-burst pulse-echo method.

Acoustic impedance of composites as a function of frequency (0 to

1.5 MHz).

Acoustic impedance of composites as a fumction of frequency (1 to

3.5 MHZ).

Echo signal from composite samples

{(a) At a frequency far away from the minima in Z.

(b) At a frequency corresponding to minima in Z.

(¢) At a frequency corresponding to minima in Z (expanded time
scale).

Correction on the value of acoustic impedance due to diffraction

losses.

Experimental set up for calibration of ultrasonic transducers.

Calibration chart of PVDF ultrasonic probe.

Receiving voltage sensitivity of a composite transducer (fo ~ 2,25

MHz).

Transmitting voltage response of a composite transducer (fo ~ 2.25

MHzZ) .

Plot of maximum transmitting voltage response (S,) as a functionm of

frequency at maximum S,.

Pulse-echo response of a composite transducer with a single

matching layer (spectrum analyzer method). (a) Wave form of the

echo signal, (b) Frequency content of the echo signal.

Axial beam profile of a non-focused and focused composite

transducer.
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Table 2. Acoustic Impedance (Z) of Composites.

Volume % Region 1 (Frequency > 2 MH2) Region 3 (Frequency ¢ 0.4 MHz)
PZT

Calculated (Z) Measured (Z) Calculated (Z) Measured (2Z)
at3.5 MHz at 0.3 MiH:

10 2.9 2.8 4.1 3.5
20 3.6 3.0 6.0 4.9

30 4.5 3.7 8.2 6.5
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Table 3.

Acoustic Impedance by Transmission Technique.

h;f: Volume %
e PZT

Velocity (m/sec)

Measured Measured Calculated
Longitudinal Y/
108 Rayl

(from Table 2)

z
10% Rayl
(at 0.5 Mlz)

20

30

2682+8 6.1 6.0

2780+14 8.5 8.2
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Table 4. Acoustic Impedance Values as Determined by Resoaance

Technique.

Region 1 (>2 MHz) Region 3 (0.4 Miz)
Volume % Wavelength << Periodicity Wavelength >> Periodicity
PZT

Calculated Z Measured Z Calculated Z Measured 2

5 2.6 s.1 3.7 3.7

10 2.9 5.9 4.9 4.9
20 3.6 8.4 7.5 7.3 R

30 4.5 - - 10.3 10.3

R

e . .
LA AJ_.L_L'

‘. "LJ‘ L“ ".

»

. oo F L
z _.J L,c e e b B bt

..'!

| .
t

]

5

|

-
:!

-
b ~ .
~ .
N Bl et S RN S S S
. R R NN e . PR I TS Ly U VR I PE. TL, & 1, WS, 9 ~o e
LR SPUR AP AP S S IE SR WU S AP Ui SO YA WL SLI S ey S WS PN P




ABSEAR I s b oa ool Coios e A oue o o o cacace T e et A
W [ . )
3 N
w-
.
:
4
’ .
K
o o el B e e el oLl - I e 9
$TuR [ 4 SLS PO T b9l Lo €L 0 1 4 A St o 0t tin . 9
el e ool g RS o A A
000 tet vRY € L3 2] $I9°0 90 ('} 4 L XAl ui [
1°'vzl (28] 8Tt [ X2 4 £t [t} ) 0’0 L Y StT0 (114 G L
L'plt 601 Lrot 9 ¢ yie se°0 6’0 [ S’V 0z N A
A
£ Lol S (213 ' L'e 98¢ 00r°0 6°0 by sF'O 0z I ._m
8°66 £el osL 11 A4 et $8°0 6°0 S0’ ¢ sv o 0t AN X u.m
T
318 Fsi 1ES 0 T (1 $T9°0 60 by L SV’ 0 124 e '
T°9¢ 14X 144 ] 080 Tt (] 99°0 S0 0z vy K M
BT T O _ e o M _1.‘\
97kl 0l $$6 o ¢ €87 € [t 1] LT i sL°S SV°0 01 [N oA
.A (4N} BYI 96 v0°T 0y°'7 4y L ¥9' € SP 0 ol i
b 01z sol 00T [ 6T° I 88°0 L1 £6°1 st'u (12 o
r-
w voLe BRI el 6€°0 0s°0 €T°T Le't 990 S¥'0 o1 uoi
: S T T e Se T e e .
v X
Aﬂ-nv (ww)
3 A . ESTPSRTRIEN A
4 ____m‘caz () ._ﬁn:\ (eg/A") it P ey e . dsuodsay ("] 1
3 1oy qipimpueg LIRS RYEITFT — = A f19uagaaey e 1w (p) (ma) ) EEREILITY] LZd oy
jo asndyy e € e u« assaasues] Ksuanhasy Kyrotporsag SSIuNI VY poy 5 dunfop aduwey
<K e M = e e m e m s e m L - h e e e M i i m e e m m e e e ———— - — o = a o a - - - e e e — e —— e m e e e = .- Ce e —
A
8 *s12onpsuns] ayysodwo) jo Ac..: asuodsay a%eyjop Fuiarasay
“H ‘Y apqey RN
s R
f .




AD-R168 465

UNCLASSIFIED

PIEZOELECTRIC AND ELECTROSTRICTIVE MATERIALS FOR
TRANSDUCER APPLICATIONS(U) PENNSYLVANIR STATE UNIV
UNIVERSITY PARK MATERIALS RESEARCH LAB

L E CROSS ET AL. MAY 85 NBBB14-82-K-8339 F/G 9/1




e W e W LT LW
o S T AT AN W a M Y e LN

Ry o0 Ma Ve T N, i S0 A0 MU Y o 03 S S U I ST o B Bt A S e G A B AP Y ACREAE S8 e S0 0 8 Tt tow |
7 v s A g o

L 28 fl2s . |
TS
ke [fl2.0
oEER

I
I

I ,

e e

N
(&

lllll

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

-

A
LA
t. ’-"
IR
LR
RSN
oo

S
» ‘e




0°s ¥,96t1 €9°7 €6°1 L6S°0 144 (114 1o,

L 4 9°981 60°¥ 89°¢ te’o a9y 114 Yoz
€y L 381 (1281 R 4 3 ¥ oLE" 0 Sh'e 114 cos
s s 161 99°t 6€°2 0s¥°'0 $0°€ 0z e
8y 0°v6l 9e°¢ A / o¥s°0 $s°2 {114 102
L9 6° 107 §$$°0 0s°0 st't 99°0 (114 LU
L 4 ST I8 sI°¢g 00"y Lsz°o sU°¢ ot ol

- 0°$81 [ 9 4 oLt 1 14 ] 142 ot 01
901 g 8°s61 6€°0 050 st 99°0 o1 001

(w %)
8P,y p Aitagpojzad osuodsoy uwy (%) esuodsesy
=0 A/ eI gp  ———————  1* qafuoioany Tem v (um) 174

% w °g v OSI2ASURI] Kouonhoxy ssouyoIyqy § own[op ‘oN odwng

“s30onpsunsj ajssodeo)y jo Aomu osuodsoy o%wjjop Surrriwsuwny]

‘9 o1quey




LEas sak o2 satl anf al Mol Sad —ab e ok ta e ~ah ~au~ah  alt casSal Calots

t S ma el Rosl uah i anl &

LS - B et A el ar 3 08 e B g S B

e

L ads o e o

*yvod 943 jo §9¢‘Q = ©/1 A9 oxussoxd ¥ IV paznssaw Yippa wwog,
T 99°0 9°90Z 9L --= so%
10°2Z 9007 0
9°T 00°1 6°10C 1°Tr rer ON
| 4 8s°0 §°80L 9°L -—= sax
10°¢ ®00¢ [114
6°1 €8°0 002 [ G4 ¢ [ A oN
1 €9°0 (AR (114 I°L - sax
0°7 Q001 [
[ ¢ 001 6°961 911 [ A ON
L3 ¢ 15°0 8°107 9°9 - sag
s0°'t 00T or
[ ¢ 8°0 8°961 Tt £°Tr oN
1 1® 3 “ o1 gp
A "o%u3jop (wo) dat g (zmn)
oyogm LIELITELINT] ey Iveg v (wa) s xey 3w *oN 174
-esng JIPIA weog %5 xmy 1 *eoumysiq YUy = a ipasnooy Kouonboiy o[dwsg § swnjop

‘(W g6 = 2I0IWAINY jJo .wwvnnv

‘sx3oapsuwni] a31s0dwo) posmdog jo

osuodsay oysz-9s[ng pus Aeuv osuodsoy oSujjop Supijfmsues] ‘yipiy weog

‘ PR

] . R ~- r ¥ 4
- ‘ me{\ 7\\- ,
O P b i

o

"L 91qmy],




/ [
[

40}93|j9Yy
13345 SS3|uUID|S

-y

|
\
\
\ a DoC2=dwa} |
20 1o so0m |

/

NuUD| J9|DM

pa—

_\J\‘(.I\ll\l\l

3

J22npsups |

(8GIES dH)
J34un0)
Kouanbaiy

JER
4008C-pINo uol}p|os| V1iiv-IN3 3lo|siatu
OgE-PIN0Y apoiQ Ja))dwy L_..:_.Scww_

9d02s0)41950 jpuonydo Jamod anDM auiS

AL T L R T YT
:




PR e an e v -W-..W::: " e
7 T
30% P2T
. ’_; i
5
(0
(7]
©s5
- 20% PZT R
Q
(&
c
o B -
®
Q 0% PZT q
E
o 3
a—
g 5% PZT
3 Rt
o —
g T
Epox
| pl y: T R AU SR W S AN NN U S
0 05 1.0 1.5
o Frequency (MHz)
o8 :
9. _
= :
'.- Py o




o e e e et e i e USRS e TR e e T

AN

SV AY f’»J"’

¢ TEERF V..

Fal

LR, ¥, T i T S lRE

HOME

TN

Acoustic Impedance (10® Ray!)

B il e

Frequency (MHz)

T

Lo 4

RPN
. e A W MR K B B

AN




Ldiar ey Aes o e ba Aok Raa'A A0 2 4 0 CL R LR SR SRR

r

- -

A

e

Caper of

LANNS a0 ne )

—

-
-

>

1l
«

)

(a)

g

()

apn1ijdur <

TE
3.

)

(-




----------

3.0

Acoustic Impedance (10® Rayl)

Data with
diffraction
losses

T 1 1 I T | R B 1

Data corrected for 10% Composite

diffraction losses

g v

4% B v S

. R R PV
La e e N

N

Y T Ty
LS

-
. N g, -
RN o N

Frequency (MHz)

-------------




LA g 0 ae g d g e SC RS SAMCEDUAC I e A T gL e A e e A 4 & e - W

L MR Wi A S e i S Tl SRS PPPETETT ey
-',-\,' -’_“ AN A IA
-‘.\‘

A

-

[ ¥

S
‘a

v

t“p").‘n;,‘ "
't" OO

)
v, i a
. P

. S0 SO R I AR |
¢ .
. o
PAENEIER e
L P

40

s

b4

. Power
o Amplifier >
ENI-41l LA

v Transmitter

Spectrum
Analyzer Water at
HP 3585 A 4 Temp.=23°C

Hydrophone
(Standard or unknown)

Computer

HP 9825 A




F :
I " d
: A
I f
P. o
8 o
; « ) -3
ﬁ. .JV Iy
-. & .~.;. h
< ITHN o 6 v i ) : Y , Z ' 0 L
N L
N Aduoenboesy | i
- 1 —rT by SO0 b (4 12 Bl T W
e ] [ o = u - : f .. 4
., ;_., £ g HE ; =1 e . e
' SEfEE =F & cy .
o B e = S b = - N
h = =h= = (. .
A = — 0Lt .A
[ = == v
. = = =t E i - o
F = — -
L H=t= 892
a =it =
R e — 99¢-
S9Y = 3
| - = ]
lou jossag ki HE = =
e = m L — v0e-
0°1 . i =5 B
JawmoglsE =
= = = Skl 19z -
T g0 kit
v : TE— = =
oty B[ 3= =] = =
EES=n | go:-
Z8 "uver 67 df—99-  qgpg+
= . -\ 134l Mm .
Ml I E = = i k (edf/AL "01 gp)

BupresuiBuy jeopoworg jo sininsup waeg Sy Ajjapsuoes oBuijoA

LNLILSNI XSINYZLODIGIW esupdeey Aouenbery prejg ee1g 01999 10 pu3 Rt
9qo‘d osjuosen|n 4gAd 10} ey uoneigIe)

...‘...'.-~|.-..~.- \H...wn................ ) .. ..... .

NN ‘e a_a




50

- .

25
Frequency (MHz)

-

- -
- -
-

-190
-200}-
-210

(odn/A | "aa gp) Aupalisuas aboyiop DBuiaiaoay

v d b aih
el e S i on a ¢ ol ® s B e e i Wl D bk i B w i o, Sl Pl e hatal Lt Gadl sad Sois ual il el 2nd anh snd and Seh il i

Lann i atadh sadlh Sl i hl IR S St et

- *
- A "r"d i

2




—w

R S is dadl Sl WaliC]

Lo AR

TR T s W T

S
>
~
A
q
N

V)

0S

....ﬂ.i.finn-.l‘, A

Ouln A on e Mon MAFMBENGOS O Bl
0 -

(ZHW) Kouanbauiy
G2

L ¥ v - LI L L) ! S

(0]]]

08|

(A/Pdmn | "84 gp) asuodsay aboyjoA buyiwsuos)

ote

R VU 4
. R N a T AP PON F W et
IR AP U al S eras




3

b
1Y

Sy

LT
N
1
I

v

)

)

b

1

%

3

d

3

b

.

3

y

:

Ir

-

il

g

),

8

3

3

4

"

[,

y'

|

F,

y

‘-

y

b

4

\~ Cr

A
l- .’ ‘-h -;F

(ZHW) £Aouanbaiqg

>
ol I I'0 x
I [TT T T T T 1 T 0Ll
Q
@
o — 3,
W...
(@]
i _ <<
o
o
5 ®
B —o02 D
w)
O
(o]
I | ?
o
aisodwo) 17d %0| o a
i aj1sodwo) 17d %02 e 4 a
aj1sodwio) 17Zd %OE O =
: S

i [ I | 1 i 1
0£2 W




A—QA- L arC e

SRAAEREREN

~ N
o e
~— ~

>

=

o

~

”n >

B U

o o

~ o
3

[ o

8 v

ord 1 9]

o i '

t t

(ATP/Aw g) opnifpdue « (ap) opnatrdue <




Transmitting Voltage Response (dB re. | uPc/V)

190

LU 0 e S G0 4 20 0 Sha A B "B B Rt~ Aa ol

BRI SR das Radl B di- i B P A A A R And

"'"'-’"vﬂr‘;w—,‘-"'w—-"‘vﬂ
= A
-:\'J‘V’J‘Y"J

T T T T T T 1 T 1T T 71
B 0090 -
- ° %o -
| Focused o i
n o Composite °o
o -
= %40 -
n o
- 000
o -—
= -
: ° o © . -
o © ® ooy
=% o °® 0o, o
‘. @ e - )
S ° e Nonfocused Composite .
4 ° -
Sy . =
- P e °® . -
°
o o -
v’ . .
' U L 1 L | T {
0 5 10 15

Axial Distance (cm)




Ph.D. Thesis

STUDY OF THE PIEZOELECTRIC AND PYROELECTRIC PROPERTIES
OF POLAR GLASS CERAMICS

A. Halliyal




> A sl A e L el s satt Al Al el S, P LS AR R B IR AN R R AL
> . Hall o Pl vall Sl Sl

oo el el i il el AT R Td e "¢

) aiab Bad A Jeall Badt TN TWETY
<

‘..

)

._'i.

"

The Pennsylvania State University
The Graduate School

Study of the Piezoelectric and Pyroelectric
Properties of Polar Glass-Ceramics

A Thesis in
Solid State Science

by

Arvind Halliyal

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy
May 1984

I grant The Pennsylvania State University the nonexclusive right
to use this work for the University's own purposes and to make single
copies of the work available to the public on a not-for-profit basis
if copies are not otherwise available.

-y

Arvind Halliyal

..............




v
..'I
o
[
Y
[
o« .
» .
-
[
[
.,!.'
T
-
-
A
-

-
Al

ln:.“
[ ]

.
- s s

e LS

iii

ABSTRACT

This thesis deals with a new class of polycrystalline ceramic
materials, the oriented polar glass-ceramics. Very recently it has
been realized through work in this laboratory (Gardopee, 1980) that by
suitable thermal processing, a glass which can be recrystallized into
a polar crystalline phase may be treated in such a manner that the
crystallites which develop are in parallel polar array. The macroscopic
polarity thus developed gives rise to both pyroelectric and piezo-
electric activity with characteristics markedly different to those
which can be realized in poled ferroelectric ceramics or glass-ceramics.

The present thesis work explores a number of glass-forming systems,
the preparation methods needed to give controlled oriented polar micro-
structure and an evaluation of the usefulness of these different alass-
ceramics for piezoelectric and pyroelectric device applications.

In this study grain-oriented polar glass-ceramics have been
prepared by recrystallizing glasses of several compositions from the
systems Ba0-510,-Ti0,, Ba0-Ge0,-Ti0,, Sr0-Si0,-Ti0,, Li,0-Si0, and
L120-Si02-8203. The crystallization was carried out in a strong
temperature gradient to promote oriented growth of crystallites. The
crystalline phases identified in the glass-ceramics were BazTiSizoa,
Ba,TiGe,0q, Sr,TiS1,04, Li,S1,0¢ or Li,B,04, all of which are polar
but nonferroelectric. X-ray diffraction and microstructure studies
showed that the needle-like crystals grow from the surface, parallel
to the direction of temperature gradient.

A major part of the effort in this study was devoted to the
evaluation of dielectric, pyroelectric and piezoelectric properties of

polar glass-ceramics. The glass-ceramics showed high pyroelectric
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figures of merit (50 to 60% of that of lithium tantalate single crystals).
The electromechanical coupling coefficients kp and kt were 15 to 25%

with comparatively low temperature coefficients of resonance (50 to 100
ppm). Magnitudes of hydrostatic piezoelectric coefficient dp (~10 pC/N),
hydrostatic voltage coefficient 9 (f\:100x10°3 vm/N) and dielectric
constant (~10) of glass-ceramics were comparable to the corresponding
values of the ferroelectric polymer, polyvinylidene fluoride (CHZCFz)n‘
Glass-ceramics with a wide range of pyroelectric and piezoelectric
properties could be prepared by modifyina the composition of glasses.
Properties of Ba2T151208 and BaZTiGeZO8 single crystals were also

studied for comparison; from which it was concluded that the piezo-

electric and pyroelectric properties of glass-ceramics are in good
agreement with the respectiversingle crystal properties.

During the present study an interesting behavior was evident in
the polar orientation of different crystalline phases in the glass-
ceramics. It was observed that the sign of piezoelectric coefficient
d33 and the polar orientation of crystalline phases were dependent on

the composition of the parent glass matrix. It was shown that the

o growth behavior of individual crystalline phases can be exploited to
EE? tailor the piezoelectric and pyroelectric properties of glass-ceramics.
EES By considering the glass-ceramic as a microscopic composite of one or
n{! more crystalline phases and an amorphous glassy matrix, connectivity
gif models were developed to predict the properties of grain-oriented polar
EEf glass-ceramics.
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ABSTRACT

.}. The aim of the present work was to extend the understanding and

usefulness of the piezoelectric composite materials developed

Ve
)

previously for low frequency hydrophone applications to higher

" frequency (low megahertz) applications such as biomedical diagnosis.
Among all the various composites, those with PZT rods embedded in
Spurrs epoxy with a regular periodicity (1-3 comnectivity) appeared to
be especially favorable. An extemsive investigation of the PZT rod-
j}:- Spurrs epoxy composites was carried out to understand their high
frequency dynamic behavior. This knowledge was then used to evaluate
i{; their performance as an nltrasonic transducer with water load.

5;1. The high frequency electromechanical properties of the composites
:;§ were characterized in terms of the various resonance modes. The three

principal resonances observed in a circularly shaped composite are the

RN

planar mode, the thickness mode, and the lateral modes. The thickness

I', l'. ,f l'.'

LA I

mode resonance was of greatest importance in this study as it is the
one utilized for transmitting and receiving ultrasonic waves. The

observed resonance behavior of the composite as a function of

‘ , .

A Ty U s

AT o
st e v

~ frequency and temperature was found to be a result of lateral
. interaction in the composite through the epoxy medium,

The scoustic impedance of the composite material was measured by
three different techniques in the frequency range from 0.3 to 3.5 MHz.
. The dependence of acoustic impedance as a function of volume fractionm
PZT and frequency were theoretically modeled.

- The composites were initially characterized by the pulse-echo

method. The pulse—echo figure of merit of some of the composites

compared favorably with that of commercial transducers. For a
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complete understanding of the performance, the transmitting and
receiving voltage responses of the composite transducers were
characterized separately. The figure of merit in.the receiving mode
of a 20 percent PZT composite operating at 0.3 MHz was three times
that of the single phase PZT.

The performance of the composite transducer was further improved
by the use of quarter wavelength thickness matching layer of lucite
mounted between the transducer and load. The figure of merit of the
composite transducer in the receiving mode was increased by
spproximately 50 percent when the matching layer was used. The Q of
the matched composite transducer was less than two which is
sdvantageous in achieving a good axial resolution. The ¢ mposite
transducer was focused by a relatively simple technique to narrow the
beam width in order to improve the lateral resolution. These results
demonstrate that the 1-3 co-pos;tc materials are excellent candidates
for medical diagnostic transducer sapplications. However, it should
noted that the improved performance of the composite as a transducer
demonstrated below 0.5 MHz should be extended to higher frequencies
(2-5 MHz) typical for ultrasonic diagnostic applications. Several

suggestions of practical techniques to increase the operating

frequency of the composite transducers are made.
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ABSTRACT

The electrostrictive properties have been reported previously for
very few materials with iow dielectric constants. They can be measured
by using either the direct or coaverse electrostrictive effect. The
converse effect involves measuring the stress dependence of the
dielectric constant of the material. The direct effect is measured by
determining the strain produced {n a ssterial by so applied electric
field.

The hydrostatic slectrostriction coefficients of several fluoride
perovskite single crystals were deterained from measurements of the
converse effect using hydrostatic pressure. Non-linear behavior was
observed in the dlolcc:r;c constant-versus-pressure relationship. This
indicates that higher-order electrostriction coefficients, 4 > are
significaant. The quadragic hydrostatic electrostriction coefficients,
Q,» of the fluoride perovskite materials are similar to those of other
fluoride materials such as LiF and Catz. This coapsrison suggests that
crystal structure i{s less importaant {n determining the electrostrictive
properites of a simple material than the kinds of ions in the structure.

An ultrasensitive dilatometer, which had been previously
constructed, was modified to allow corfecc measurement of the
electrostriction coefficients of single crystal materials with low
dielectric permittivities. In order to obtain reliable results, it was
necessary to rigidly mount the crystal between stiff wmetal electrodes.

The couplete electrostriction tensor of CaF, was calculated from
measurenents of the electrostriction coefficients of single crystals cut

perpendicular to the (100), (110), and (1ll) erystallographic

- A A




directions. These measurements were used in conjunction with the value
of the hydrostatic electrostrictiono coefficient obtained from the
literature to calculate the values of the electrostriciion tensor
coefficients M;,, M;,, and M,, using s least-squares method. The
magnitude of the M, coefficient is similar to those reported for slkall
halide crystals. The values of M12 and M., are relatively different
from those determined by previous suthors. However, the values in these
previous papers are incorrect becsuse of a calculation error.

Attempts at measuring electrostriction in sodium chloride were
unsuccessful. The measured electrostriction coefficient was found to
vary sharply vith the frequency of the appiied electric field.
Subsequent investigations to determine the cause of this behavior were
carried out. Electrostriction messurements Hnrc-pcrtotncd on a NaCl
crystal vhich had been hot-forged and also on a fryotul which had been
irradiated with neutrons. Both of these measurements in addition to the
experiments performed on CaF, suggest that the movement of charged
dislocations substantially increases the measured electrostriction
coefficients of sodium chloride.

Measurements of other phiysical prcperties of several fluoride
perovskite materials were coampleted. The measured properties include
thermal expansion coefficients, temperature coefficients of the
dielectric constaants, and elastic constants. Values of these properties
vere used in conjunction with other published values of properties for a
variety of materials to empirically relate electrostriction to other
physical properties. Power-law relationships between isothermal
compressibility, thermal expansion, and electrostriction were

demonstrated. A linear relstionship was observed between
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electrostriction and the pressure coefficient of isothermal
N coupressibility. Thess empirical results lfc discussed in terms of the

theory of anharmonic solids.
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ABSTRACT

; Unconstrained acicular particles (typically 0.5 x 0.5 x 5-15 um)
suitable for the fabrication of grain-oriented ceramics and composites
were produced by molten salt synthesis. For orthorhombic lead meta- i
niobate (PbNb206) based compositions, the technique involved dry mixing
of lead oxide (PbO) and niobium pentoxide (szos) with a soluble flux.
The oxide-flux mixtures yielded grains with the desired mgrphology when
reacted in air within the temperature range of 800-900°C for a duration
of 3-4 h. After cooling, the insoluble products were separated by
dissolving the flux and filtering. Alkali-halide and alkali-free fluxes
were used. . i

The acicular grains were identified as an alkali-doped
orthorhombic ferroelectric PbNb206 based phase. This orthorhombic phase
could not be obtained from the alkali-free flux (8203). A pure 3203

flux yields only the rhombohedral form of PbNb 06; additions of KC1 to

2

the 3203 flux result in increased production of the orthorhombic alkali-

doped PbNb206 phase., There is a strong correlation between reaction
temperature, alkali content, and Curie temperature of PbO-NbZO5 reacted

in a 0.253203°O.75KC1 flux.

When PbO and szos were reacted in a NaCl°*KCl flux, the

alkali-doped orthorhombic Pbszo6 phase was produced along with

Pb3Nb4013 and possibly (Na.K)NbOs. The contaminant phases were

identified as small (<1 um) equiaxed grains in the scanning electron




microscope images. The amount of the contaminant phases was reduced by
making the initial charge deficient in lead oxide. The relationship of
processing temperature and alkali content with Curie temperature
indicates that there may be a mixed alkali effect on electrical
properties.

All of the molten salt synthesized powders--equimolar Pb0-Nb,0

275
in NaCl-KCl or 3203-K01 fluxes and lead-oxide deficient mixtures in
NaCl+KCl flux——were suitable for further processing as sintered
ceramics. The lead-oxide deficient material was selected for use in an
0-3 polymer/ceramic composite because of its higher phase purity.
Current available forming methods were found to be only moderately

successful in producing grain-oriented piezoelectric 0-3 composites.
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