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range of topics and for convenience, it is divided into four major sections.

(II.)\> COMPOSITE MATERIALS FOR TRANSDUCER APPLICATIONS;

This covers new work on the 3:1 and 3:2 connected perforated PZT:polymer
composites, forming hydrophone transducer materials of excellent semsitivity and
stabilicy. A refined study of 1:3 and 1:3:0 connected transversely reinforced
PZT-polymer systems which show the highest sensizivity for low hydrostatic scatic
pressures. Finite element theoretical methods have been used to calculate the
atress distribution and sensitivity of the 3:1 coanfiguracion with excellent
agreement to experiment. This year a new family of polar glass ceramics has
been evaluated for hydrophone application, showing good sensitivity with
excellent stability and no aging.

(2) ~ELECTROSTRICTION'

Work has included extension of atomistic calculations of electrostriction
constants to the fluoride perovskites and to the temperature dependence of
electrostriction im SrTi03. Experimentally problems of measuring alkali halide
cyrstals by the direct method have been traced to the charged dislocation
structure and a new equipment has been built to make measurements of the converse
effect, and applied successfully to measure CaF,. Temperature dependeace of the
Q jkl constants has been determined for 3ali04 and for 3aQ.39Srg 4136206 g*vzng
blear avidence of the importance of polarization fluctuations at ctemperaturas
c}ose to Te in the uniaxial ferroelectrics.

(3) " CONVENTIONAL PIEZOELEICTRICS® & ~

Low temperature measuraments are being continued and are comparad to basic
phenomenological calculations to separate intrinsic and extrinsic concributions
to the dielectric and piezoelectric behavior in pure and in doped P?2T7s. I-ray
aethods have been used to examine hetarogeneity in the Zr:Ti distribution for
P2Ts from several different Navy sources.

(4)— PREPARATIVE STUDIES , -~~~

Work has ranged through calcining studies of P?2Ts, fabrication of graia
oriented PbiNb,0g and PbBi)Nb206, preparation of new 2igh c¢/a ratio powders in
the ?bTi03:3iFe03 solid solutions and the zrowth of single crvstals of halide
perovskites for electrostriction studies and of ?bg.gBag, 4 Yb20s bronze
ferrcelactrics for single crystal study of a model morphotropic phase boundary.

Over the contract year, 33 papers relating to work om the contract have
benn published in refereed journals and 39 presentations have been given at
National and International =zeetings. One Ph.D., 3 M.S. and 4 B.S. theses
topics were stimulated from contract studies.
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1. INTRODUCTION

This report covers work which has been accomplished during the first yeoar
of a new ONR Contract No. N00014-82-K-0339 for the study of 'Piezoelecftic and
Blectrostrictive Materials for Transducer Applications’. A number of the
topics covered represent development and extension of studies accomplished on
our earlier contract 'Targeted Basic Studies of Piezoelectric and
Blectrostrictive Materials for Transducer Applications’' snd have capitalized
on the momentum generated in the earlier studies. A number, however, are also
completely new topics,

Since the work to be reported covers a rather wide range of materials and
device applications, it has been divided for convenience into four major
sections.

{1) COMPOSITE MATERIALS FOR TRANSDUCER APPLICATION

(2) ELECTROSTRICTION

(3) CONVENTIONAL PIEZOELECTRICS

(4) PREPARATIVE STUDIES

Following previous practice in earlier piezoelectric report, a brief
narative description is given of current om goinmg work. Completed topics are

included as preprints or reprints of published papers.

2. SUMMARY OF ACCOMPLISHMENTS

2.1 In the piezoelectric composites, important progress has been made in:

(a) 3:1 and 3:2 Perforated PZT:Polymer Composites.

These materials exhibit very high seasitivity with dhzh products of up to
40,000 x 10'15 m2/V and very little change of sensitivity under hydrostatic
pressure., This work has now been largely completed and is discussed in detail

in the Ph.D thesis of Dr. A. Scfuri(l).




(6) 1:1:1:3 Transverse Reinforced Composites.

The highest sensitivities to date, with dyg, products ap to 150,000 x
10-13 nZ/V have been achieved in the foamed transversely reinforced 1:3
camposites. Mg, M. Haon completed this study for his M.S. thesis in Solid
State Scioace(z). His results have recently been confirmed by similar studies
at Plessey Company in the United Kingdom and published in a8 recent paper by
Shorrocks, Brown, Whatmore and Ainger(3).

{(¢) The first finite element calculations of the stress distributiom in
1:3 PZT polymer composites have been carried out. The predicted stress
distributions appear reasonable and the calculated senmsitivities are in good
sgreement with A. Safari’s ueasnfed values.

(d) The fresmoite glass ceramics which were being developed as polar
composites for pyroelectric application have been shown to exhibit both high
0~13

sensitivity (dhgh ~ 1,000 z 1 22/V) and extreme stability in measuremea:s

by Ting(¥

at Orlando. The polar glass ceramic can show 20 aging and appears
very stable to exceedingly high hydrostatic pressures.

(e) Following the work of Banno(S) in NGK, a new water quenching
technique has been used to develop PbTi03 and PbTi03:BiFe05 powders for 0:3
composites.

(f) Ia a joint program with North American Philips Laboratories, a
detailed anmalysis of the resonant modes of 1:3 PZT:epoxy composites has been
carried out. The resalts follow closely the expected performance as a
fanction of scaling for the thickness modes and coafirm the advantage of the
composite (suitably scaled) for electromedical trznsdnction(s).

A cooperative study with Dr. Anld aad his group at Stanford(7) has
revealed a most interesting spectrum of transverse modes, and Dr. Adcld has
developed a two dimensiomal lattice theory which explains the observed

spectra(S).




2.2 Electrostriction

(a) Basic Theory

Calculations of the hydrostatic electrostriction constant Qh and of the
third order elastic constant ¢ ;7 have been made for the non—ferroelectric
fluoride perovskite KZnF3 and the values are in excellent agreement with the
experimental measurements of K. Rittenmyer(g).

A new derivation has been made of the temperature dependence of the Qh in
StTi03 which now takes proper account of the soft mode behavior and gives much
better agreement with experimental values.

(b) Basic Experiments

Problems which have plagued us for more than 5 years in our attempts to
make direct dilatometric measurements of the separated electrostriction
constants Qij in NaCl have been traced to the dislocation structure ia the
crystals. Pinning the dislocations by intemse neutrom irradiation gives much
better values, but does not remove all frequency dependence for Q-

A new equipment has now been completed for measurements of the uniaxial
stress dependence of the dielectric permittivity which is the converse of the
electrostrictive effect. Measurements on Ca.F2 yield high reproducibility and
appear completely consistent with phenomenological correlation.

(¢) Practical Electrostrictors

Measurements in the PLZT family suggest that the slim loop 9.5:65:35
material is a superparaelectric comparable in most properties to
Pbﬂzl/3Nb2/303:PbTiO3. The 8.5:65:35 composition is more semsitive than the

PMN:10% PT, but probably a little slower in electrostrictive respomse.




2.3 GCogventional Piezoelegtrics

(A) A combination of the thermodynamic data of A. Anin(lo), and the low
temperaturs data of Chea, Zhang, Schulze and Cross(ll) has been used to
separate extrinsic (domain and phase boundary motion) from intrinsic single
domain coatributions to e33, dy; and dz; is pure and in commercial doped PZTs.

(b) Preliminary z-ray studies at temperatures above the Curie
temperature T, have verified that Navy cype PZTs from different manufacturers
do have distinguishably different degrees of x—ray line broadening suggesting

differing degrees of heterogeneity in the Zr:Ti distribution.

2.4 P i nd j

(a) New high strain PbTiO3:BiFeO3 solid solautions have been developed
and powders of these materials generated by water quenching.

(b) A wide range of solid substitutions are being explored in the
PbN31/3Nb2/303:PbTiO3 and ia the Png1/3Nb2/303:PbFel/2Nb1/203 solid solntion
relaxor systems. This work is jointly with the Dielectric Center programs as
these materials are interssting both for electrostrictive and for their high
dislectric constants.

(¢) Ia single crystal growth large crystals of the non-oxide perovskite
KlnFs have been grown for electrostriction and non~linear elastic constant
messursments.

Ia cooperation with Rockwell Science Center solid solutioas in the
?bl_xBabe206 at compositions close to the morphotropic boundary at x = 0.6
have been grown into single crystals. The interest in Rockwell is in the high
electro-optic T41s Fs2 and in the possibility for temperature compensated SAW
application.

For this program, the interest is in generating a single crystal material

gpon which the natare of the field induced amorphotropic change may be explored




by simple optical techniques and the full tensor properties measured upon

oriented crystal samples.

Over the period of the contract from January 1, 1983, to December 31,

1983, the following papers were published.
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(3)

(4)

(5)

(6)

7

(8)
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A, Safari, 'Perforated PZT-Polymer Composites with 3-1 and 3-2
Connectivity for Hydrophome Applicatioms.” Ph.D. Thesis in Solid State
Science, The Pennsylvania State University (December, 1983).

M. Haun, °'Transversely Reinforced 1:3 and 1:3:0 PZT:Polymer
Piezoelectric Composites with Glass Fibers.’ M.S. Thesis in Solid State
Science, The Pennsylvania State University (December, 1983).

E. Galgochi, '‘Polymer:PZT Fiber Composites.” M.S. Thesis in Polymer
Science, The Pennsylvania State University (August, 1983).

M.J. Haum, P. Moses, T.R. Gururaja, W.A. Schulze and R.E. Newnham,
'Transversely Reoinforced 1-3 and 1-3-0 Piezoelectric Composites.’
Ferroelectrics 49:259 (1983).

BR.E. Newnham and J. Runt, 'Polymer:Piezoelectric Ceramics.’ Polymer
News (in press).

J. Runt and E.C. Galgochi, '‘Piezoelectric Composites of PZT and Some
Semi-Crystalline Polymers.’ Materials Research Bulletin 19:253 (1984),
J. Runt and E.C. Galgochi, 'Polymer/Piezoelectric Ceramic Composites:
Polystyrene and Poly (methyl methacrylate) with PZT.’ Journal of
Applied Polymer Sciences 29:611 (1984).

T.R. Gurorsja, W.A. Schnlze, L.E. Cross, B.A. Apld, Y.A. Shuoi and Y.
Wang, 'Resonant Modes of Vibration in Piezoelectric PZT:Polymer
Composites with Two Dimensional Periodicity.’ Ferroelectrics 54:183-186
(1984).

¥W. Schulze, 'The Incorporation of Rigid Composites into a Conformal

Hydrophones.’' Ferroelectrics 50:359 (1983).
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(14)

(15)

(16)

(17

(18)

M. Shishineh, 'A New Technique for Measuring Electrostriction
Coefficients at Elevated Temperature.” M.S. Thesis in Electrical
Engineering, The Pennsylvania State University (December, 1983).

C.L. Suadius, '‘Determination of Temperature Dependence of
Electrostriction Coefficients in Strontium Barium Niobate.” M.S. Thesis
in Solid State Science, The Pennsylvania State University (December,
1983).

K. Rittenmyer, A.S. Bhalla, Z.P. Chang and L.E. Cross, ‘Electrostriction
and Its Relation to Other Properties in Perovskite Type Crystals.’
Ferroelectrics 50:535-543 (1983).

M. Shishineh, C.L. Sundius, T. Shrout anmd L.E. Cross, 'Dire
Measurement of Electrostriction in Perovskite Type Ferroelactri
Ferroelectrics 50:219-224 (1983),

Yao Xi, Chea Zhili aand L.E. Cross, 'Polarization and Depolarization
Behavior of Hot Pressed Lead Lanthanum Zirconate Titanate Cersmics.'
Ferroelectrics 54:163-166 (1984),

Chen Zhili, Yao Xi and L.E. Cross, 'Depolarization Behavior and
Reversible Pyroelectricity inm Lead Scandium tantalate Ceramics undex
D.C, Bias.’' Ferroelectrics 49:213-217 (1983).

K. Uchino, S. Nomura and L.E. Czoss, 'Anomalous Temperature Dependence
of Electrostrictive Coefficient in K(Tag s5Nby 45)03." J. Phys. Soc.
Jpu. §1:3242 (1982).

Chen Zhili, Yao Xi and L.E. Cross, 'Reversible Pyroelectric Effect ia
Pb(Sc1/2T31/2)03 Ceramics Under D.C. Biss.’ Ferroelectrics Letters
44:271 (1983),

Yao Xi, Chen Zhili and L.E. Cross, 'Polarization and Depolarization
Behavior of Hot Pressed Lead Lanthanaom Zircomats Titanate Ceramics.’ J.

Appl. Puys. 54(6):3399 (1983).
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T.R. Shrout, H. Chen and L.E. Cross, 'Dielectric and Piezoelectric

Properties of Pb;_,_Ba Nb,0, Ferroelectric Tungsten Bronze Crystals.’
Ferroelectrics Letters 44:325 (1983),

T. Kimura, M. Machida, T. Yamaguchi and R.E. Newnham, ‘Products of
Reaction Between Pb0 and Nb,0g in Molten KC1 and NaCl. J. Amer. Ceram.
Soc. 66:C195 (1983).

S. Lin, S.L. Swartz, W.A. Scholze and J.V. Biggers, ‘Fabrication of
Grain Oriented PbBiszzog.' J. Amer. Ceram. Soc. 66(12):881-884 (1983).
A. Halliyal, A. Safari, A.S. Bhalla and R.E. Newnham, 'Grain Oriented
Glass Ceramics: New Materials for Hydrophone Applications.’
Ferroelectrics 50:45-50 (1983).

R.Y. Ting, A.G. Halliyal and A. Bhalla, 'Polar Glass Ceramics for Sonar
Transducers.’' Appl. Phys. Letters 44:852-854 (1984),

A. Halliyal, A. Safari, A.S. Bhalla, R.E. Newnham and L.E. Cross, 'Graia
Oriented Glass Ceramics for Piezoelectric Devices.’ J. Amer. Ceranm.
Soc. 67(5):305 (1984).

K. Ochino and L.E. Cross, 'Longitudinal Piezoelectric Strain
Measurements of Poly (vinylidene fluoride) Films.' J. Polymer Sci.
21:765 (1983).

X.L. Zhang, Z.X. Chen, L.E. Cross and W.A. Schulze, 'Dielectric and
Piezoelectric Properties of Modified Lead Titanate Zircomate Ceramics
from 4.2 to 300°K.’' J. Mat. Sci. 18:968 (1983).

T.R. Gurursja, D. Christopher, R.E. Newnham and W.A. Schulze,
‘Continvous Poling of PZT Fibers and Ribbons and Its Application to New
Devices,' Ferroelectrics 47:193 (1983).

A. Amin and L.E. Cross, 'The Ferroic Phase Transition Behavior of

Pb(Zry ¢Tig 4)03.' Ferroelectrics 50:237-241 (1983).




(29) T.R. Shroutr, A. Safari and W.A, Schulze, 'Low Field Poling of Soft

PZTs.' Ferroelectrics Letters 44:227 (1983).

(30) B.V. Biremath, A. Kingon and J.V. Biggers, ‘Reaction Sequeaces in the

Formation of Lead Zirconate:Lead Titanate Solid Solutions: Role of Raw

Materials.’' J. Amer. Coram. Soc. §6(11):790 (1983).

(31) A.S. Bhalla, C.S. Fang, L.E. Cross sad Yao Xi, 'Pyroelectric Properties
of Modified Triglycine Sulphate (TGS) Single Crystals.,’ Ferroelectrics
54:151-154 (1984).

(32) €.S. Fang, Yao Xi, A.S. Bhallzs and L.E. Cross, 'The Growth and
Properties of a New Alanine and Phosphate Substituted Triglycine
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Ferroelectrics $§1:707-711 (1983).

Over the year, the following papers relevant to work on this contrace,

were presented at National and I[ntermational Meetings.

AT h NATIONAL S S ON_APPLICATIONS OF J
E CTRICS ISAF 83 N.B.S., WASHINGTON, DC, JUNE, 1983
(1) 1B-2 Ferroelectric Composites (iavited) - R.E. Newnham.
(2) 7B-1 Electrostriction (invited) - L.E. Cross.
(3) 4B-$6 Transversely Reinforced 1-3 Piezoelectric Composites - M.J. Hacon,
T.R. Gururaja, W.A. Schulze and R.E. Newnham.
(4) 4B-5 Perforated PZT Composites for Hydrophone Applications - A. Safari,
S. DaVanzo and R.E. Newnhan. !
(5) 5B-7 Glass-Ceramics: New Materials for Hydrophonme Applications - A

Halliyal, A. Safari and A.S. Bhalla.
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Some Interesting Properties of Dislocation Free Single Crystals of

Pure and Modified sl'O.sle.sszos - S.T. Liu aand A.S. Bhalla.
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A.S. Bhalla and R.E. Newnham

Dielectric and Piezoelectric Properties of Tungsten Bronze Lead
Bariam Niobate (Pbeal_bezos) Single Crystals - T.R Shrouot, H.C,

Chen and L.E. Cross

A E ING OF T ECTRONIC

N _OF : RAMIC SOCIETY, GROSSING NEW YORK, 1983

2B83F

3TES83F

39E33F

40E83F

44E83F

18E83

20E83

Relaxor Ferroelectrics - L.E. Cross

Piezoelectric Compositss - R.E. Newnham

Pyroelectric and Piezoelectric Properties of SbSI:Composites -
A.S. Bhalla and R.E. Newnham

Effects of Sm203 on Electromechanical Properties of PbTi0;
Ceramics -~ ¥.R. Joe, W. Schulze and R.E. Newnhanm

Perforated PZT Composites for Hydrophome Applicatioas - A.
Safari, S. DaVanzo and R.E. Newnham

Processing Effects in PbNb206 Ceramics - M. Bliss, R.E. Newnham
and L.E. Cross

Dielectric Properties in the PbFeq qNbsy ;304:PbNi,, NDA 304 Solid

Solation System - X.J. Haon, S.L. Swertz and T.R. Shrout
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(29) 58ES83 The Ferroelectric Properties of Pbl_Zxxxui*szos M = La or Bi -
J.R. Oliver, R.R. Neurgaonkar and L.E. Cross

(30) 59E83 Growth and Properties of Li Doped TGS Crystals — C.S. Fang, Z.X.
Chen, L.E. Cross and A. Bhalla

(31) 63E83 Strength of Agglomerated Zirconia Powder - W.R. Xue, B.V.
Hiremath and J.V. Biggers

(32) 35ES83 Piezoelectric Transducers - L.E. Cross

PAP AT IEEE AL _MEETING ON
ICS AND UL ONICS TA, 1983
(33) Piezoelectric Composites - L.E. Cross and R.E. Newnham
P AT _THE ANNUAL ' ING OF
S CH_SOCI OSTON, NOVEMBER, 1983
(34) B6.1 Design of Composite Materials for Electro—Mechanical and Electro-

Thermal Applications - L.E. Cross

(35) X.3.2 Structure-Property Relations in Electromic Ceramics - R.E.
Newnham
PAP AT US:CHINA SEMINAR ON CERAMIC, SHANGHAI, 1983
(36) Ferroelectric and Piezoelectric Effects in Crystalline

Dielectrics - L.E. Cross

CAN C IC ASSOCIATION MEETIN NO COLORADO, 1983
(37) Influence of Hydrostatic Pressure on Morphic PZT Compositioms -
A. Amin, R.E. Newnham and L.E. Cross
(38) Primary and Secondary Pyroelectricity in Crystals, Ceramics and

Composites - A.S. Bhalla and R.E. Newnham
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(39) Piezoelectric Composites - R.E. Newnham
During the contract yesr, the following University degrees have been

esrned by graduate and undergraduste studemts working upon the program.

GRADUATE DEGREES - M.S., Ph.D.

Ahmad Safari Px.D., Solid States Science - December, 1983
‘Perforated PZT-Polymer Composites with 3-1 and 3-2
Connectivity for Hydrophone Application’

Michael Haun ¥.8., Cerumic Science ~ December, 1983
"Transverse Reinforced 1-3 and 1-3-0 PZT-Polymer
Piezoelectric Composites with Glass Fibers’

Mojtaba Shishineh M.S., Blectrical Engineering — December, 1983
‘A New Technique for Yeasuring Electrostriction
Coefficients at Elevated Temperatures’

Carole L. Sandins ¥.S.. Solid State Scieace ~ December, 1983
'‘Determination of the Temperature Depeadence of
Electrostriction Coefficients in Strontium Barium
Niobate'

UNDERGRADUATE THESIS PROJECT - B.S.

Daniel Armbrust B.S., Ceramic Science and Engineering - May, 1983
‘Bismuth Tungstate Ferroelectrics'

BR. Michelle Gedrjiewski B.S., Ceramic Science and Engineering - May, 1983
'Composites for Vibration Absorbers’

Deborah Murphy B.S., Ceramic Science and Engineering - May, 1983
'Morphotropic Phase Boundary in the PbTiO3:BiFeO3:
LaFe03; System’

Lisa Veitch B.S., Cermmic Science and Engimeering - May, 1983
'Pb(NiNb)03 Ceramics for Low Temperasture
Electrostrictive Applications’

James Walch B.S., Ceramic Science and Engineering - May, 1983
'X-Ray Line Broadening Studies of PZTs’

During the Summer of 1983, the Office of Naval Research again provided

support for a Summer Apprentice Program in Applied Sciences to permit minority
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students who were considering Science ss s vocation to have ’'haads on’
experience in a basic ressarch laboratory. The students, Cheryl Y. Price and
Lacios Smart, were poteatial eatrants to the University Science College
through the ‘Upward Bound’ Program in their high school in Philadelphia and
the coordinator in Pean State. Bridget Chadwick is a State College girl now
enrolled in our College of Bngineering in the Electrical Engineering Program.

Each studeant was attached to ome of our more semior gradnate students for
immediats supervision. Some indication of their involvements with computer
aided mesasurements, mechanical designm of test specimens and optical
characterization of composites can be ssen in Figure 1.

Wao are proud and pleased to be able to participate in this most useful
'outreach’ program and are convinced that the benefits both to the students
and the program justifies the small cost,

VYork on this program was sgain recognized for its excellence in the
University wide Ierox Awards for Research Excellence for the 1982-83 academic
year. David Christopher who took the award for Research Accomplishment for anm
Undergraduate was doing his thesis project upon this ONR program. Xeven G.
Ewsuk an M.S. recipient made extensive use of the H.I.P. equipment and was a
regular participant ian group meetings, though his support came from amother
program. James Laughner ome of the Ph.D. awardees was a long standing member

of the ferroelectrics group whose work was supervised by R.E. Newnham (Figure

2).
3. €0 ITE I
3.1 verse Rejnforce -3 d 1-3-0 PZT: Polvymer Composites

Early very simple calculations have suggested that the sensitivity figure
of merit dh‘h ¢ould be as high as 300,000 x 10715 mz/N. for a composite with §

vol% PZT. Model systems have, however, been limitad to semsitivities of at
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most 40,000 x 10'15 nZ/N. snd we have for some time known that the major
limiting factor was the effect of the poisson ratio of the polymer which
converts part of the transverse stress into a reverse longitudinal stress
along the PZT rods (Fig. 3).

Studies completed this year by Y. Haun have demonstrated that using
transversely reinforcing glass fibers foamed polyurethane matrix composites
can be formed with figures of merit up to 150,000 x 10'15 nz/N for a 6 vol%
PZT. More refined theorstical calculations taking better account of the
poisson ratio effects suggest a proper theoretical valoe anear 180,000 x 10715
ule which in view of the many approximations iavolved is in quite good
agreement.

It is probable that materials with such high coefficients may be too mach.
influoenced by hydrostatic pressure for all baut very small submergence
hydrophones. However, the trends of the datas with increasing reiaforcement
(fiber volume) are quite clear (Table 1). Certainly, it is possible to
fabricate materials with 2 range of semsitivity and stability properties to
saite a wide variety of potemtial applicatioms. The materials which are the
component phases are exceedingly inexpensive, the challenge aow is to find
antomatsd techniques for fabrication and assembly so as to make large size
sheets available for general testing and development.

A detailed account of the 1:3:0 transversely reinforced PZT:polymer
composites is given in the M.S. thesis by M. Haon. The abstract for this

thesis is included 2s Appeandix 1.

3.2 :Po er Composijtes with 3:1 3:2 Connection
An slternative approach for a large ares segmeanted hydrophone nay be
afforded by the perforated PZT 3:1 and 3:2 connection composites. This

structure which uses drilled or in other ways perforated PZT offers the

16




HYDROSTATI
PZT PRE SSURE

RODS
A
| %,ﬁ -
4
A \
7 \
\
" INTERNAL
POLYMER POISSCN'S
RATIO
Figure 3. STRESS

J~1 Connectivity with Internal Stress.

17




‘poyiaw duwy AYLyy
*3uyasal dyIvisoapdy Buyanp ysd gQr IP PAUTWIIIAP SIURISHOD ITIIII[AITP aYd
WOl paiend{ed 919M SIUPTOTIJS00 U3 3y) -Burisa) dyiIvISOApAY DI0Jaq IpEw IIBM SIUAWAINSEIW ASIYLy

- oot‘eL 08¢ [A%4 €1e A A | 0z ST
97 001" 6¢ 61 %0C GSe SEl €1 Y o |
€t 00S‘ZY €L 947 Z1ig 8sT et Y VA |
09 000°9¢ 621 702 rAAY €L £l 0 €1
SE 000°92 102 621 661 99 8 Yy A
8 00¢ *0g 007 €S S1e 6L 8 Y 11
44 00002 191 LTAl 92 19 8 0 0t
8¢ 006°%Z 1 142 0S¢ (8 8 0 6
84~ 000°0ST 899 LTA 8zl 1s 9 114 g
iz- 009°06 s 191 [AA 0s 9 L2 t
og- 008°Z8 %y 881 8Z1 8¢ 9 8 9
[4 % 00%°S6 596 691 S01 9% 9 8 S
9- 000°L6 08y r{ 114 161 9 9 Yy Yy
91 00t 'Sy V119 r4% | 91 6Y 9 Yy €
08 009 °0Y 052 291 r4% 88 9 0 A
rds 005 ° (1 691 901 607 T899 9 0 1
(N/Dd) lm 3-35 ___ln -0 (8/0d) (N/0d) «nmw_ 1Z4 % sse[) g ayduweg
oo 4glip ug lp €ty

*saydueg aueyiaandjod paueoj pareinsdeouy 103 eleq [ejuawraiadxy
‘T 2198

18



ldvanﬁtge of being much more robust than the 1:3:0 composite, and 2gain by
varying the size and spacing of the holes (Fig. 4) and the mode in which the
holes are filled or capped a very wide ramge of trade—offs can be achieved in
density, semsitivity, robustness, pressure range, etc. (Table 2).

Perhaps the only significant disadvantage is that the 3:1 and 3:2 modes
of connectivity give the structure the mechanical rigidity of the PZT,
however, it should be possible to articulate large sheets of 3:1 or 3:2 umits

in a flexible elastomer.

A second festure of this structure is the protected space inside each
active eslement which om current scaling would be ample for the emcapsulation
of « migiataore semiconductor integrated circuit. For these materials, we
believe it should be possible to convert the locsl pressare information into a
modulation on an electromagnetic carrisr, to then put many element signals
down common wires and still recover individual pressure and phase information
in a centrsl processor.

A detailed analysis of the behavior of a range of 3:1 and 3:2 PZT:poiymer
composites has been given by A. Safari in his Ph.D. thesis. The asbstract from

that thesis is included as Appendix 2 to this report.

In the finite element method, a solid of complex shape is divided up ianto
an interconnected network of small 'finite elemeats.’ Using the hookian
elastic properties and the continnity relatioms required, the elastic stress
distribution at the nodes of the network can be calculated, For composite
materials involving elastic or even visco—elastic properties, the method is
particularly powerful and permits detailed evaluation of the stress

distributions in each phase provided the elasti¢ boundary conditions can be

19




Figure 4.

Approximated model for perforated (a) 3-1 and (b) 3-2
composites with circular holes.




Table 2.

Optimized Dielactric and Plezceleczric Properties of Perforated Composites

3-1 3-1-0 1-2 3-2-0

x (mm) 3.5 3.5 4.2 3.2

¢ (am) 4.0 4.0 5.0 5.0

D (azm) 3.0 1.0 3.0 3.0
> (kg/m°) 2600 2600 2500 2300
Yol.Z 22T 35 35 43 43
233 650 650 375 360

can 3 0.03 0.013 0.03 2.02
45, pah 410 430 350 370
,, (07 h 70 75 100 113
3, (107 v ™h) 30 35 50 -0
& (v h 170 200 200 2
3L, (1077ah 5000 7000 12000 13000

21




adequately specified. Clearly for such methods, the precision with which the
continuous stress distributions can be calculated will increase as the mesh
size for the finite elements is reduced but, of course, at the cost of rapidly
increasing computation time and expense.

For the case of the piezoelectric composites, the FEM is used to
calculate the stress distribution in the PZT phase, then from the known
macroscopic piezoelectric coefficients the distributionm of electric
polarization can be determined. The polarization for the composite is then
determined using simple series and parallel connection models., From the
composite polarization it is then simple to calculate the composite dh
coefficient.

The method is currently being applied to a calculation of the hydrostatic
piezoelectric coefficient dh for a 3:1 perforsted PZT:polymer composite with a
square hole configuration as shown in Figure 5. At s hydrostatic pressure
level of 100 psi, using bulk constants for a PZT § and a SPURS epoxy polymer,
the phases used by A. Safari in similar 3:1 composites, preliminary
calculations are in excellent agreement with the experimental data of Safari.
For a 3-1 composite with a hole size of 2.5 mm, for example, the calculated dh
was 120 z 10712 C/N as compared to a measured value of 130 x 10712 ¢/n.

Other published papers relevant to the PZT:polymer composite studies are
included in Appendices 3-10,.

For a limited FEM set, the technique is expected to underestimate the
stress values converging to an exact solution as the number of elements is
increased, so that in our calculation, it is expected that the FEM value

slightly underestimate the stress, and thus the dy as is in fact observed.
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3.4 Frespoite: Orionted Polaxr Glass Ceramics for Avdrophone Applicatiogs

Over the last four yesars, s very extensive study has been made of the
dielectric, piezoelectric and elastic properties of s new family of polar
glass ceramics. Starting from appropriate glass compositions, we have
demonstrated that by re~crystallization from a planar surface in a strong
normal temperature gradient, highly polar oriented crystallites can be
generated in the Ba,TiSi,04, BayTiGe,0g, Sr,TiSi,0g, LiySi504 and L128407
families, These are all in polar crystal structures, buot are non
ferroelectric, so that the original orientation initiated when the
crystallites grow camnnot be destroyed except by physical destruction of the
sample.

During the four year period, techniques have been evolved for combining
more than one crystalline phase in the composite and for engimeering
combinations which can be strongly pyroelectric but non pieszoelectric, or
conversely strongly piezoelectric and non pyroelectric. Combinations of
properties which are clearly impossible snd forbidden by symmetry in single
phase systems.

A practical application which looks most promising for the glass ceramic
is as a piezoelectric hydrophone material. In the 3.211Si208 and analog
anTiGezos glass ceramics, a combination of bhigh 8y sand high dpsy comparable
to the polymer PVDF, but in a material with zero aging and extremely stable
properties holds real promise to generate a new standard for calibration
purposes.

Work on the composites is continuing with effort currently focused upon
generating larger samples for study and improving the integrity and uaniformity
of the re~crystallized films. Recent publications on transducer applications

of glass ceramics are given in Appendices 11-13,
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4.1.1 Static Lactice Celculations for KZgF; and KMaF,

Harmonic and first-order anharmonic properties at the zone center have
been calculated for two perovskite fluorides on the basis of the shell model.
The harmonic part of the amaodel used is equivalent to Cowley’s nodel(lz). The
14 harmonic model parameters are determined from the room temperature values
of the elastic and dielectric comstants and from the zome—center optic mode
frequencies. Asnharmonic contributions from coulomb interactions and from
short range two—body central forces between cation—fluorine nearest neighbors
and fluorine—~fluorine second neighbors are included. The corresponding model
parameters are either determined empirically or by assuming the Born-Nayer
potential form. Good agreement between calculated and available roonm
temperature values is found for the electrostriction constants and for the
taird~order elastic constants. The good agreement iandicates only weak
coupling betweea the soft Rys mode and these zome ceater first order
anharmonic properties, and is s clear indication of the adequacy of the shell
model employed. For these non-ferroelesctric perovskite crystals with only
weak R15 mode softening, thermal effects at the zone center can be described
by weakly temperature dependent model parameters and do aot enter explicitly

into the calculation.

4.1.2 Temperatuge Depeandence of Elsctrostriction in S;T;03

Expressions for the electrostriction <Qij) coefficieats at finite
temperature T have been derived from anharmonic perturbation theory by usisg
the thermodynmamics ome-phonon Green’s functions. A ome-to-one correspondence

of all individual terms with the long wavelength method pertaining to the

static crystals has been established. The Q coefficients are given by linear
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combinations of third order coupling parameters (C.P.'s) in the static
reference state, and on the temperature dependent renormalized zone center
frequencies which in turn depend on the third and higher order C.P.'s. The
separate mode softening problem and the uncertainties in determining
consistent higher than third order C.P.’s may therefore be by passed by using
experimental values of the temperature dependence of zone center fregquencies
as input. Numerical application of this procedure to SrTiO3 based on a shell

model with coulomb and short range anharmonicity included gives good agreement

with the measured temperature dependence of the hydrostatic (Qh)
electrostriction coefficient.

For these calculations, it must be remembered that for iomic crystals, at
the zone center, there are two ways of defining the dynamical matrix and the
Green's function, namely with the macroscopic electric field included (D, and
G,) sand with the field deleted (G_ and D_). Experimental optic mode phonon
frequencies are given by the Eigenvalues of D, (or poles of G.), but
dielectric constant and electrostriction depend on the Eigenvectors and
Eigenfrequencies of D_. For transverse optic (TO) modes in perovskite
compounds Eigenvalues of D, and D_ are identical, but Eigeavectors of D, and
D_ are different. In anharmonic many-body perturbation theory all
contributions to electrostriction depend on constant Eigeanvectors of D_
corresponding to the static crystal, and upon the temperature dependent
renormalized frequencies (poles of G_). Hence, the possibility to use

experimental (temperature dependent) frequencies and theoretical Eigeavectors

of the static crystal (corresponding to D_).
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4.2 BExperimentsl Blectrostriction

Using & modified and improved version of the capacitamce altra-

(13)

dilatometer originated by Uchino and Cross Kart Rittenmyer has just
completed a very extensive sequence of measurements upomr single crystals of
the alkali balides (KC1l and NaCl) and upon the fluorite structure crystal
(CaF,). A full account of this work is given in the Ph.D. thesis of
Rittenmyer. The abstract of the thesis is included as Appendix 14 to this
report.

Major conclusions from the work may be summarized as follows.

In both KC1 and NaCl, the measured values of Qy; show a marked dispersion
over the frequency range 5 Hz to 500 Hz. Ve believe that this dispersion is
related to the charged dislocation structure in the alkali halides since: (1)
crystals which have been plastically deformed to a polycrystal form and are
mechanically much stronger show grossly ENHANCED elsctrostriction with
constants more than an order of magnitnde larger than the single crystal. (2)
Crystals which have been neuatron irradiated at very high doses, 30 as to pin
the dislocations show much reduced constants with reduced dispersion. Iz view
of the sbove observations, it is the contention of this work that curreatly
accepted values of the constants which have been measured by the direct method
are distinctly suspect. It is perhaps not surprising that theoretical
calculations do not sgree with current measured values.

For the fluorite structure crystals Can. the values obtained measuring
100, 110 and 111 oriented crystals give a mutually self-comsisteant set. There
is no significaant dispersion for Qll (measured in 100), and only very slight
dispersion for 111 orienmtation but agaig the values are larger thanm would be
expected from simple theory and abount a factor of five larger than vaiues

obtained by the converse method of measurement.
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It has been suspected for some time that part of the problem in making
direct measurements of electrostriction parameters stems from the mounting of

the crystal. Evidently it is not possible to obtain the thickness change by

monitoring at a single point on the surface, and it is essential to glue the
crystal firmly in place to obtain sny reproducibility in the strain

measurement. Very recent optical dilatometer measurements by Chen(14)

suggest
that even in non piezoelectric crystals and ceramics, flexure modes can be
excited. Possibly surface space charge fields give rise to weakly
piezoelectric surface layers and thus an induced bimorph mode.

In future work we will re—design the dilatometer to eliminate these

possible flexure modes.

4.2.2 Measurements by the Converse Method

Over the first year of the current contract period, a completely new
equipment for measuring the dielectric response of single crystals of low
permittivity solids under pure uniaxial stress, has been constructed. In this
uniaxial compressometer, the stress is applied to sample using a simple lever
arm to provide high load at the center point of a piston of hardened steel. To
avoid poisson ratio perturbation of the stress system, the anvils in contact
with the crystal are made of the same crystalline material cut in the same
orientation as the sample under test.

For dielectric measurement, the sample in the form of a thin disk, is
equipped with sputtered metal electrodes and a full three terminal guard ring
system. Contacts to both guard and electrodes are made by pressure pads in
the perimeter of the metal mounting cylinder which are themselves fully
goarded.

Measurements of the capacitance nnder load were carried out using a

General Radio 1620 measuring system which is capable of resolving changes of
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order 10718 Farads. Temperature control was effected by thke verf large
thermal mass of the holder and stressing jig, and slow temperatunre drift
effects were oliminated by messuring the changes iaduced by stress on botk
loading and unloading.

Data for the stress depeandence of permittivity for 100, 110 aad 111 cuts
of CaF, are showa in Figaore 6. A more detailed account of this work is given

in Appendix 15.

4.2.3 BRlectrostriction in High Permittivity Crystals

4.2.3.1 Introductjonm. Two topics have Deen of major interest in their
importance to the basic understanding of eleétrostriction in bigh permittivity
solids. In single crystals bariam titanats (BaTiO3), there are two earlier
sots of measurements of the teamperature depeandence of electrosttiction(ls‘lé)
which give completely different treads for the coefficient Qll‘ If as is

suggested by the data of Beige and Schnidt(IS)

the constant Q;; is a linearly
decreasing function of temperature passing through zero at a temperature close
to the Curie Weiss point Tc‘ then the whole Devonshire phenomenological
theoretical explapmation of the spontapeons deformations of the ferroelectric
phases is saspect. If om the other hand Qll is only a weakly decreasing

l.(16), the

linear function of T as suggested by the data of Huibregtse et a
Devonshire phenomenology is clearly adequate to describe the elasto-dielectric
properties of the ferxoelectric phases.

In view of the importance of the phemomenoclogical approaches to maany of
the efforts, we have been and are pow making to unntangle iatrimsic and
extrinsic comtributions to ferroelectric properties, it appeared most

desirable to equip ourselves to make direct measurement of electrostriction at

higher temperaturs and resolve the curreant controversy omce and for all.
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Using & value of M, = 1.017 x 10721 22/v2 the data in Figure 6

yields
My; = ~0.132 x 10720 n?/v2
Myp = +0.117 z 10720 n?/y?
12
Mgy = +0.507 £ 10720 n2/¥2

(Myp19 = +0.128 1 10720 a2/v2).
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Having constructed and calibrated a thermal expansion compensated
dilatometer which would perform satisfactorily at high temperature, our
atteation became focused on the interesting problem of electrostriction in a
sniaxial parselectric. In L.G.D. theory, the average polarization P is zero
even for temperatures very close to the Carie Point Tc, however, the theory
cannot speak to the dymamical situation and close to T, one expects large
thermal fluctuations of +P snd thus s non-zero value of P2, Sisce in s

uniaxial crystal (unique axis along 3) the strain is givean by
- 2
X33 = Q33P3

If P% is non—zero, electric polarization induced strain must begin to appear
well above T,.

Clearly, in measuring now the induced strain due to the application of
field above Tc‘ the measured value of Q33 will depend on the make up of the
induced averasge chamge of P3. One =22y in general expect at least two
components.

P:(3) due to regions whose polarization is changed from zero, and Pb(3)
dae to the modulation by the field of the thermal fluctuatioms, which already
exist. P‘(3) will contribute to strain in the aormal manner, however becauase

slectrostriction depends omn Pz. +P and -P produce equal strain and modulating

the pre-existing floctuations will pot modulate the strain, i.e.

P3 =Py3) *Py(3)
the induced straiana will be
2
233 = Q3P7(3)-

If, however, we measure only the total polarization, we shall fiad for the

indoced strain
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- ol p2
133 = Q33P3

where Q§3 is an appareant electrostriction comstant such that

1 2 2
B3 _Pu@) _ [P3Py(3)]
Q 2

3 P} P}

As T -> T, we expeoct Pb(3) => P3 and thus Q%s -> 0.
From the manner in which Q33 decreases as T -> T, we may then expect to
gain information as to the importance of fluctuatioms in the total

polarization process.

4.2.3.2 Iasctrumentsgtion. To permit the direct measurement of
electrostriction over a wide temperature range, our original capacitance
ultradilatometer has been modified to reduce the semsitivity and to compensate
the mechanical measuring circuit for the thermal expansion of the sample
support system.

A schematic drawing of the mesasuring cell is given in Figure 7.
Insulation of the sensing capacitor is now by glass ceramic for the higher
temperature. The outer container is split so that the support is partly of
brass and partly of low thermal expansion inconel a sliding ring permits a
tuning of the expansion of the outer support so as to match sample and
standard (quartz) and the glass ceramic support of the inner structure.

By careful balance of this mechanical bridge structure, it is possible to
reduce the thermal effects so that the capacitance bridge can be worked at
high enough sensitivity to detect and measure the AC capacitance changes
induced by driving the standard and by driving the paraelectric sample under

measurement with reasonable AC field levels.
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For the range from 20°C to 200°C, the dilatometer is capable of resolving
AC displacements at frequencies up to 25 Hz of order of 0.05 )4 (5 x 10712
meters). A complete description of the development, calibration and
measurements using this AC dilatometer is given in the MS thesis of Mojtaba
Shishineh, 'A Simplified Temperature Compensated AC Dilatometer for

Blectrostriction Measurements.’ The asbstract for the thesis is included as

Appendix 16.

4.2.3.3 Megsuzements on BaTiO3;. The major problem in this work was not

the dilatometer or the difficulty of measurement but the problem of obtaining
adequate crystals of BaTiO3 for this work. Remeika type samples were too thin
and plate like to give reprodncible displacements. It was not possible to
obtain new melt grown crystals from Saunders Associates whose available
crystals were not of adequate quality. Best results were obtained using
crystals from Tyco Co. which had been produced by edge defined growth.

After annealing at 1250°9C to remove internal stress, these crystals
showed good optical extinction, a Curie point Tc at 124°C and a Curie Weiss
constant C = 1.56 x 105 in good agreement with accepted values.

For measurements in the range 124 to 140°C, Q11 values were in close
agreement with the data of Huibregtse et al. showing only a weak negative
temperature coefficient, and falling in close agreement with values calculated
in the ferroelectric phase from Ps and spontaneous strain.

Above 150°C, measured values begin to rise rapidly due to inhomogeneity
in the field disttibution produced by increasing current. Annealing inm oxygea
was tried to extend the measurable range but without success.

Very recently Roleder in Poland(17) has used a compensated capacitance
dilatometer to extend measurements of Q4 to 170°C. Up to 150°C his data is

in excellent agreement with this work. Apparently, however, his crystals were
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- of higher resistivity aad up to 170°C the weak negative temperature
coefficient is found to persist.

It would therefore appear certain now that the data of Beige and Schmidt
is in error and that as expected, Q;, is oaly a weak lipear function of

temperature and is comtinuous through the Czrie Point Tc.

4.2.3.4

329.61889.39¥0904. Strontium Barisom Niobate (SBN) crystallizes im the
tetragonal tungsten bromze stracture with 4/amm point symmetry in the
paraelectric phase. The four—fold axis of the prototype is a unique non—-polar
28xis so that the ferroelectric species 4/mmm (1) D4F 4mm in Shuvalov’s
notation is uniaxial with only 2 available orientation states * along the 4
axis.

In earlier studies in MRL, Shroac(1®) developed the complete L.G.D.

phenomenology for SBN. For the 4/amm symmetry, the non~zero Qij in matrizx

form aze Qyy = Q3. Q12 = Q3. Q3 = Gy, Q3; = Qg3 Q33. Qg = As5 end Qg

Q, Q5 Q3 0 9 0
Q5 Q4 Q4 0 0 a
Q31 Q34 Q33 Q 0 0
0 0 0 Q44 ] 0
0 0 0 0 Q44 0
0 0 0 0 0 Qg

Skrout determined Q33 both by measuring P, and the strain 33, and by
measuring the piezoelectric constaat d33 in the single domain state.

In the former,

133 = Q33p§ gave Q33 = 3.4 1z 10‘2 m"/cz
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snd the latter
dy3 = 28,833Q33P, gave Q33 = 3.0 x 1072 a%/c?

in ressonable accord.
Above Tc' Shrout measured d33 and 431 in DC field biased crystals to

yield

Q3 = 1.65 x 1072 n#/c?
and

Qgy = 0.45 x 1072 a*/c2.

At that time we could give po reasonable explanation for the discrepancy. In
fact, near to T, the measured data did not correspond to the expected form and

a method due to Nomurn(19)

was used to correct for an apparent non-zero
coupling k33 at zero bias.

In the present study C. Sundius measured Qll' 0%3 and Q%l using the
capacitance dilatometer to measure AC displacement due to the application of

AC field at temperatures sbove T Sawyer and Tower method was used to

¢
display the dielectric non-linearity and to determine the polarization value
corresponding to the measured strain.

Resnlts are summarized in Figures 8 and 9. Clearly 033 and Q3; are
markedly temperature dependent approaching zero at the Curie temperature Tc =~
77°C. The coastant Q,;, bowever, appears to be completely temperature
indepesndent.

It is interesting to note that 0%3 is changing quite markedly with
temperature even at 180°C more than 100°C above T,, and has still not attained

the expected value Q33 ~ 3.0 x 1.0-2 m4/c2. 031 appears to saturate much more

quickly and even at 150°C is close to the value measuared by Shrout in his
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resonance experiments. A detailed account of this work has been given in the
MS thesis of Carol Sundius MDirect Measuremeant of the Temperature Dependeace
of Electrostriction Coefficients in strontium barium niobate. The abstract
for this thesis is included in this report as Appendix 17.

We may note that in SBN the transition at 77°C is slightly diffuse even
for the congruent melting 61:39 compositions, and some persistance of the
polar phase above T, is to be expected. For these bronzes, fluctuation
effects in P3 should be particularly strong. It is also comforting to note
that for P1 induced effects, fluctuations should be very small, and in fact we
find Qll temperature independent as expected. Additional work on low level
electrostriction is presented in Appendix 18, and on the direct measurements
in Appendix 19.

Evidently, all phenomena which depend on P% should be anomalous aear T,.
We hope to confirm these fluctunation effects by measurements of the thermal

expansion and of the optical birefringence just above T,.

4.2.3.5 Practjcal Electrostrijctors. Over the past year effort has been

concentrated upon the PLZT family of relaxor materials over the compositionm
range from 7:65:35 to 9.5:65:35 PLZT.

Detailed studies of the polarizing and depolarizing behavior in the hot
pressed transparent ceramics have been carried through to explore the nature
of the 'depoling tramsition’ in the 8:65:35 composition and the manner in
which this is modified by change in the La,s0; content. This work was
presented at the European Meeting on Ferroelectricity and is included as
Appendix 20.

In sommary, it is clear that large remanent electric polarizatioas can be
built up at low {enperatnre sacross the whole composition range by cooling

under DC bias. For all compositions studied, depoling occurs at temperature
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well below the temperature of mazximum dieloct?ic permittivity and becomes
progressively more gradual with increasing L;203 content. A model involving
the ordering of superparaslectric micro-regions under field accounts well for
sll observed behavior.

Elastic strains accompanying polarization imcrease but become more
hysteritic with decreasing lanthanum content. The 9.5:65:35 composition has
snhystoritic transverse strains almost double those in the Pb(l31/3Nb2/3)03:

PbTiO3 solid solutions at the 8 molek PbTiO3 composition aad should be of

interest for micropositioner applications. Additiomal work iz this ares is

reported in Appendices 21-23.

s. (] PIEZ0
5.1 Iatroductjon

Over the current contract year, work has been continued to explore the
property changes in pure and in doped PZT ceramics over the low temperature
range down to 4°K., The emphasis has been to explore the 'freeze out’ of the
extrinsic domain wall and phase boundary contributioms to dielectric,
piezoelectric and elastic properties. The approach makes use of the
thermodynamic phenomenology developed omn earlier contract funds to calculate
the base of single domain intrinsic properties and the manner in which they
should vary with temperature and with 2irconia:titania ratio.

Neutron diffraction and scattering experiments have been used to explore
the single cell:multi cell thombohedral phase change in the PbZro.sTio.403
composition. The data suggest the pussibility of a short range order in the
Zz:Ti distribution or possibly a precursor of the tetragonal phase which

becomes stable at morphotropy.
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In two short studies, a method of continuous poling for long PZT rods or
sheets has been explored, and a new technique for poling soft PZTs by cooling

through Tc under quite weak fields has been explored.

5.2 Lovw Temperature Measurements

In studies initisated last year, it was observed that for a aumber of
differently doped PZTs ranging from hard acceptor doped compositions to very
soft donor doped formulations, the dielectric permittivity €33, the
piezoelectric dj3 and dj; sll appear to come to common values at 4K. pure
PZTs, on the other hand, which have been chemically prepared with differing
Zr:Ti ratios do not come to common values, and the profile of the intrinsic
behavior is reflected in the low temperatare respoase.

A more extensive series of measurements on doped compositions has
confirmed fully the earlier study. Dielectric data for a wider range of
frequencies shows very marked differences in the loss spectra for the
different doping cations and we are in the process of sorting out the
activation energies and distribution functions for these loss spectra.

The low temperature permittivity level is in excellent agreement with the
value calculated from phenomenological theory using the Curie constant value
of 7.7 x 109 determined from thermal measurements. Extrapolating back to room
temperature, however, it is clear that even in the very hard PZT almost 30% of
the measured permittivity is extrinsic, and that in soft compositions the
extrinsic component is quite dominant, Appendix 24,

For d33 and d31, it is more difficult to decide a proper averaging in the
ceramic from the intrinsic single domain values. Both for d33 and d31. the
calculated single domain values are larger than the observed values at 4K.
This could reflect a syaller contribution from d;45 to 333 and 331 or the

influence of the degree of poling in these doped samples.
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Vork is now in progress to extend measurements to higher field levels to
detormine the temperature dependencse of E. the coezcive field, and to explore
the kinetics of switching at these low temperatures. In parallel studies, we
are extending and refining the phenomenological theory so as to be able to
encompass the single cell:multi cell compositions towards the zircomia rich

end of the phase diagram.

5.3 Diffzactiog Studies

5.3.1 Neutrom Diffraction of PbSZ;o.GIiO.4lg3

Neutron diffraction and diffuse scattering experiments have been carried
out upon chemically prepared powders of Pb(Zro.5T10.4)03. Analysis of the
psoudocubic 311 reflection indicates that the phase change from single to
matli-cell forms is quite diffuse and takes place in the range from 2520 to
300°K. This is in reasonable extrapolation of the existirg phase diagran,
where the room temperature boundary is near the sz‘o.s4rio.36°3 composition.

The diffuse scattsring both at 295K and at 221K shows an interesting
modulation consistent with a small shift of the oxygem ioms in the octahedra
about the Ti", with some evidence of s tendency towards ordering of the Zr
and Ti{ atoms,

Phenomenclogical calculations suggest that at the 60:40 composition, the
Gibbs Free Energies of tetragomal and rhombohedral forms are quite close so
that the possibility exists for local stabilization of naclei of the
tstragonal phase, by local stress fields or chemical inhomogemeities.

This work is discussed in more detail in Appendix 25.

5.3.2 High Tempegrsgture X-ray Studjes
(20)

It has been suggested by Kakegawa that z—-ray line profile studies in
the cubic phase above Ehe Carie point Tc mey be used &s a seasitive indicator

of the degree of homogeneity in the Zz:Ti ratio in a PZT. 1Ia fact, the
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broadening is a sensitive indicator of microstrain in the powder and it is
assumed that in the cubic structure above Tc this microstrain is caused by
unmixing of the zirconium and titanium ions which are markedly differeat in
atomic size.

To see if the technique could be applied as a relatively simple
'screening test’ for PZT powders, powder samples were prepared from six
different PZT transducer formulations sapplied by the Navy Underwater Sound
Reference Division in Orlando, Florida, and compared to a chemically prepared

PZT powder made here in the Laboratory.

Measurements were made on a General Electric XRD6 using a specially
designed hot stage. Profiles were obtaimed for (100), (110), (111), aand (200)
lines at 400 + 0.5°C gsing pure Si powder as an internal standard. A
correction was made for instrument broadening, but no attempt was made to make
the measuremeants absolute as only relative differences inm broadening between
the different samples were of interest.

Initial data suggest that the technique does show up systematic
differences in homogeneity between samples from different sources.
Unexpectedly, the chemically prepared samples which had omly been heat treated
to 600°C showed the largest broadening. Heat treatment of this sample to
1,100°C reduced thes broadening markedly indicating that simple chemical co-
precipitation is not of itself a guarantee of atomic mixing., This latter is
in agreement with Kakegawa's work which indicates quite wide differences
between different chemical preparation methods.

At the present stage, it is too early to recommend the method for gemeral
use, but it certainly merits additional study to attempt to correlate the

heterogeneity with other characteristics of the piezoelectrics.
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5.4 Polipg Studies
5.4.1 Coutiguous Poljsg

A new technique has been developed for poling PZT fibers and ribbons
slong their length, and is the subject of Navy Patent application. The method
graduslly advances the sample past two flexible sarface electrodes which are
kept at a DC potential difference. With electrodes om both sides of a ribbon,
thicknesses up to 1.4 mm have been poled in PZT 501A. Details of the method
are given in Appendix 26 which also discusses the applications for pre—poled

rods and ribbons in composite transducers.

5.4.2 Courje Point Poling of PZT 501A

The inherently high resistivity of donar doped soft PZTs can be exploited
to enable poling at very low field levels by cooling through the Curie point
Tc under DC bias. Fields between §S and 8 kV/cm were found to give saperior
properties to those obtained by conventional poling at 25 kV/cm in a 140°C oil
bath, when the field was applied above Tc and the sample cooled at
~10°C/minante to a temperature well below Tc.

Permittivity g3, 433, and kp the planar coupling were all larger ian the

Carie point poled samples. More details of this study are given in Appendiz.

6. P TUDIES
6.1 i o in the Formati 0 ead Zirconate:Lead Titanate

Studies showing the important influence of the PbO and Zr0y raw materials
upon the resction sequences which lead to the formation of the PbTi04:PbZ 104
solid solution have now been completed and published. The very marked
influence of the natnre of the 2:02 powder upon some of the intermediates in
the calcining reaction sequence have been clearly documented. Details of this

study are given in Appendix 28,

.




6.2 Sslt is

6.2.1 Propazation of lLoad Metanjobate

The reaction of lead oxide and niobium oxide heated in moltem KCl or NaCl

has been shown to lead to partial substitution of the alkali iom to replace Pb

ions in PbNb206. The incorporated alkali ions stabilize the tetragonal

tungsten bronze structure, but reduce the ferroelectric Curie temperature.
' The reactivity of NaCl is greater than KC1l, and can lead to the formation of a
NaNb03 phase with some incorporated lead. This work is discussed in Appendix
29,

Recently studies have been extended to B,0; fluxes. Ia this case, the
tetragonal structure is not obtained, and the equilibrium rhombohedral phase
is obtained as would be expected thermodynamically. Powders with highly
acicular geometry in the ferroelectric tetragonal form obtained from the KCl
flux sre now being tested for incorporation in grain oriented ceramic:plastic

composites.

6.2.2 g:‘in Q!i gg;eg PbBizN_b_zgg

The molten salt method has been used to synthesize platey crystallites of

the bismuth oxide layer structure ferroelectric PbBi,Nb,09 which have a very

large shape anisotropy. Tape casting and simple uniaxial hot pressing have :

been used to fabricate ceramics with orientations of better than 90% and

densities of 96% theoretical. Details of this work are given in Appeandix 30,

6.3 Synthesis of PbTi0;:BiFe0; Solid Solutions

PbTiO3 and BiFeOa are known to form complete solid solution and to
crystallize in the cubic perovskite structure. PhTi03 undergoes a phase
change to a tetragonal ferroelectsic form at 470°C, and this ferroelectric

Curie temperature increases with increasing BiFe03 in the solid solution. For




compositions in the regiom of 70 moled BiFeO3. a morphotropic phase boundary
occurs betweon a tetragonal and & rhombohedral ferroelectric form. There
sppears to be & narrow region of co-ezistence but beyond 80 mole% BiFeO; only
the thombobedral phase is stable.

In the preseat study, powders of different compositions in the range 0.5
to 0.8 mole® BiFeO; have been fabricated from the mixed oxides. Comminution
to an average particle size of 5 pum was accomplished by a water queanchiang of
the calcined cake. It appesars that the very high tetragomal ¢/a ratio im the
ferroelectric form leads to spontaneous rupture as the agglomerated powder is
quenched through the Curie point.

Powders are now being incorporated into suitable elastomer matrix phases

to form 0-3 connected piezoelectric composites.

6.4 electrics

In conjunction with the Dielectric Center Stndies, the effects of some 14
modifier cations incorporated into lead magnesiam 2iobats have been assessed.
Properties studied were the sintering charscteristics, dielectric properties,
electrostrictive Q5 and the diffuseness of the phase change at T,e To
maintain the perovskite structure, dopaat levels were less than 10 mole® of
the asdded oxide. Ia generzl, the maximum dielectric permittivity increased
linearity with increasing Curie tempersture. Linearity of dielectric response
decreased with increasing permittivity. The electrostriction comstant le
decressed with increasing diffuseness of transition, as measured by the
frequency dispersion.

A detailed account of this study is given inm Appendixz 31.
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6.5 Crystal Growth
6.5.1 Pegovskite Halides

In connection with our program to measure electrostriction parameters of
simple cubic crystals, it was necessary to grow crystals of the fluoride
perovskites KMng. KMaF 4, KZnF3 and ICan. The technique chosen was the
Stockbarger method. Starting chemicals were high purity fluoride KF, MgF,,
ZoF,, MnF, and CaF,. Stoichiometric proportions were reacted and pre—zmelted
in a comical closed graphite crucible. The c¢rucible was used ia the
Crystallox crystal growth system, and acted as the susceoptor for RF. heating.
Cooling from the bottom of the crucible was accomplished by lowering out of
the BRF coil and thus uncoupling the susceptor, whils rotating the crucible to
even out latteral gradiemts.

Lowering rates ~3 mm/bour were found to be optimam. The best samples
produced so far have been for KXgF3 where we have generated single crystal

boules in 1’'’' in diameter and over 1’'' long.

§.5.2 Eb;_.BaNby0g

A major growth effort has been concerned with the attempt to grow single
crystal of lead barium niobate at compositions very close to the
930.53‘0.4Nb2°s composition of the morphotropic phase bouadary. The MPB in
this system is between a tetragonal 4 mm and on orthorhomdic am2 symmetry
ferroelectric phase, but unlike the perovskite PZT system, the two modes of
polarization are symmetry independent and the transition occurs because of an
accidental degeneracy between the two Curie temperatures which vary in
opposite manner with BaNb,04 addition to PbNb,0,.

The growth effort is shared with a Rockwell sponsored program which seeks
to use the bronze close to the MPB for device application. In compositions on

the tetragonal side, €41 increases as the composition comes closer to that of
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the bounding phase, leading to very high values of dlS and rgy the
piezoelectric and linesr electro-optic effects. Since there are no
ferroelastic twins in the vniaxial ferroelectric tetragonal state, the
n0.63'0.4Nb2°6 offers s most interesting practical attention to BaTiO3 for
four wave mixing and optical pahse comjugation.

In this program, the interest in the crystals is as a model system in
which an MPB can be formed in a single crystal host so that the very sensitive
optical methods can be employed to explore phase boundary motion, and the full
single domain tensor properties can be measured and compared to predictioms
from phenomenlogical theory.

Progress to date is summarized in appendices 32 and 33.
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ABSTRACT

Piezoelectric PZT-polymer l-] and 1-3-0 composiZes were transvetsely
reinforced with glass fibers to increase the hydrostatic piezoeleccric
charge and voltage coefficients (ah and Eh) for possible use in hydro-
ohione applicacions. Modeling of these composiies theoretically predictea
.arge enhancements depending on the volume fractioms of P2T rods, glass
fibers, and polymer porosicy, and on the Poisson's ratio and compliance
of the polymer matrix. Experimentally fabricated composites also showed
significant improvements in these coefficients wizh similar trends as
theoracically prediczed. These composires consisced of a foamed or non-
fcamed polymer macrix with 22T rods aligned parallel to the poling direc-
tion and glass fibers {n the two transverse direczions. The addizion of '
3lass fibers greatly deczeased the transverse plezoelectric charge
coefiicient (531) by carrying most of Ehe laceral stresses, while also
reducing the adverse internal stresses that develop at the PI7/polymer
{aterface. The longizudinal pilezoelectzic charge coefficient (533) is
relacively unaffected, because the P2ZT rods carTy most of the stTess in
the poling direction., This decoupling of the 531 and 333 coefficients
enhances the hydrostacic piezoelectric charge coeflicient (Eh). Jue 2o
the small percencage of ?2T required, these composiZas have densitiss
near that of water, and auch lower dielectric comnstants than solid 227,

rasulting in large increases in the hydrostatic plezoelaciTi:z wvolzage

coefficient (Eh). 3y Lacreasihg the EH and §H coefficients :he :th

sroduct, used as cthe figura of meri:, is grescly anhanced.
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ABSTRACT

Lead zirconate-citanate (PZT) is widely used as a transducer
sacerial becausa of its high piszoelectric coefficients. However, for
applicacion in hydrophones, PZT is a poor =material for several -eascons.
The hydrostatic piazoelactric coefficient, dh (= d33 + 2431). i3 very
low. The piezoelectric voltage coefficients, 843 and 8, are low
because of the high dielactzic coustant of 2ZT (1800). The acousctic
aa:chiné of PZT wizh water is peor because of its high demsities
(7.9 g/ce). Moreover, iz is a brittle, non-flexible ceramic.

In the last decade, several investigators have trled o
fabricata compositas of PZT and polymaers to overcome the above
problems of 2ZT. I has beem ghawu chat 1s 1s possibla =3 izprove
upon the piezoelactTic properties of homogenecus PZT by the composite
approach. The concapt that the conneciivity of the individual phases
control cthe the resuliing propertias has been demcnsctrated in a3 number
of composites with different geomstry and different commeczivity of tha
individual phases. The piezoelectTic propertias of these composizes
are 2uch more syperior, compared %o single-phase ?27. However, scoe
of the earliar composites suffer from the disadvantages of diliiczul:zy
{2 sreparaction or reduczion in hydroscatic sensizivizy w1i:Ih lncreasing
sressurse. Thus, there still exists a aeed 25 further iaprave :the

siezoelactzis properties of these composites. Zspecilally, 4z ia




desirable to have the compositas prepared without any problems in
processing and fabrication and also show high figures of merit for
hydrophone applications with littla or no variatiom ia static pressure
sensitivity under hydrostatic loading.

In the present work, based on the theory of coanectivity ana
the earlier work on composites with differeat connectivities, new
composites with different counectivity patterns were fabricated, and
their performance was evaluated for hydrophone applicacions. Most of
the work was councentrated on composites with 3-1 and 3-2 conneccivizy.
These composites were prepared by drilling either circular or square
holes in prepoled PZT blocks, in a direction perpendicular to the
poled axis and by £filling the drilled holes with Spurrs epoxy. Initial
theoretical modeling of the piezoelectzric properties of these compositas
had shown a significant reduction in dielectric comstancs and a large
enhancement in the piezoelaectric Ei and Ei coefficients. . The above
model predicted large variations in both the dielactric and piezo-
electric propertias of_conposizas on the geometry of composizes (hole
size, width and thickness). The model also predicted higher figures
of marit for 3-2 composites.

Experimentally, the effects of several variables, such as
poling of the compoeites during different scages of sample preparacicn,
geometry and 3ize of the composite and use of coupling agents, etzc. on
dialectric and piezoeleciric propercies of 3-1 compoaites, were
investigacted. On samples optimized for hydrophone performance, the %
and 3%3% coefficlents of composites were about 4 and 40 times greacer
for 3=1 composites and 25 and 150 times greater for 3-2 compositas zhan

thiose of solid PZT, respeczively. For 3-1 compositaes, there was




practically no variacion of Eh with pressure up %o 3.4 MPa. Ia the

casa of 3-2 compositas, thers was a slighc variaciom of Eﬁ wizh pressure.
Experimencally observed Zrends in the variatiom of dialecsric and
plezoelectTic properties of both 3=l and 3-2 composizas were similar
to those predicted by the model, and, as prediczad by the medel,
3-2 composites showed higher piezoeleczric figures of meriz than 3«1
composiczeas.

As pazt of the present work, a simpla procedura, suizable Zfor
2ass production was developed to prepare composizes of PZT spheres wizh
a polymer. Ia this zechod, PZT sphnre; of diffarent asiza could e
prepared by grinding PZT cubes for saveral hours. Llacer, the P27 spheras
Jere arranged in a2 donolayer and vera covered with a suizable polymer
T3 obtain composizas wizh a‘i-3 counectivizy pattarz. These compesizeas
had lower density and dialeczrzic consgants zhan solid PZT, and the

valuas of E% and 3%35 of these compositas were comparable with the

o

corresponding values of PZT. Wizh this method, it i3 possibla co

prepare large areas of flexibla composices with repraducible psropercies.
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TRAMSVERSELY REINFORCED l-3 AND L1-3-9Q PIZZOELZICTRIC COMPOSITIS

M.J. HAUN, ?. 40SES, T.R. GURURAJA, W.A. SCHULZE AD R.E.
VEWNHAL!, Materials Research Laboratory, The Pennsvivania
State Universicy, Universicy Park, 2aA 16802

Abstrace Piezoelactric 2Z7-polymer 1-3 and 1-3-0 :omposices
were transversely reinforced wich g’ass Zibers zo increase che
nydrostacic piezoelectric zoerfiicier for tossible use in
avdropinone applications. Modeling of these compositaes theors-
tically showed chat zhe djgh figure of meri:t Iis a func:ion of
the volume fraccions of ?ZT rods, zlass Ifibers, and polwmer
porosity, and of czhe Poisson's racio and compliance oI zhe
polymer matcrix. GSxperimentcal results showed significant
enhancements of the dngn figure of meri:z with the addicionm of
glass fibers. Comparisons of the theoretical predictioms and
the experimental results were made.

O J

INTRODUCTION

Lead zirconate ticanate (PZT) ceramics have low aydrosta
piezcelectric charge and voltage coefficients, dy and 3y, respec-
tively. GEven though the magni:tudes of the d33 and dq;.ccefiicients
are large, the aydroscatic coefficient dp (= d33+2d;51) is low,
because the d33 and d4; are opposite in sign. The nydrostatic
coefficient g, (= dn/23) is also small, because the permictzivicy
£4 is high for 2ZT. Wich the basic idea of decoupiing the d33 and
d3; coefficiants and lowering the permictiviiy, PIT-polvmer zompo-
sices of different connectivity patterns have been fabricacad wizh
ramarkable improvements in the dy and gy coefficiencst.

One type of connectivicv patcarn that has deen parcicularls
successful is the [-3 composite wizh 22T rods aligned i zhe zolin
direction (x3) held together >y a peolvmer mnatrix. The stilier 2IT
rods support most of an applied stress in the x3 direccion, due o

the parallel connecsion wizh zhe more compliant polmer snase. The
coefficiar f zhe com ice would ideallw agqual Iz i :

dyq coef ianc of :the composite would ideal Je agqua

of single-phase ?IZ7. Iz zhe x; and x-~ Zirections I the :

the PZ7 r 2 zonneciad in serias wiza zIh Lrmer masr

zhe PZ ods 3re zonnectead erias a Ihe 2 er

leads to a redugtion of the d5; coefficient zomparad o sl

Tla Thus o8 3 ----; - :u '.‘* ool -2 15 lnzra

227 Thus the Sy IoerIlclant Ior 3 5 IomposiZa 15 LniT2

the replacement oI 227 with polvmer, the germiczsivize of

nilicantly 2nhancac

is greacly raducad, resuliing in a sizn
zieas

IHe ?sisson’'s ratio of the colimer L3 a 2Tt ImpOrIinI TiriTe
agar in dasigning :tomposites Ior nwdrostacic appilczaticas 13 ozne
P2isson’s ratis oI the dolrmer is largse, the JoLvmer wWill he
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aydroscacically iancompraessibla, and adverse intaria. sirass
develop ac che ceramic-polymer izcar face, whizn zsnIridbucze
d31 ccefiicieant. 2orosity can e introduced Int -“e Jolymer znase
%o decrease zhese incarnal sCrasses. 51ass Iisers aliznmed L2 the
x; and x; direccioms of the :omposi:e will 3lsc raduce :the iLnzarna.
stresses, with the additional bemefit af supporing 2 --ansversa
stresses, decreasing the dj; coefiicient witlouf appreciablae raduc-
tion of the d3j3 coefficiemnt. The effect of 3lass Iiders is trans-
verse reinforcemenc ia l~J and 1-3-0 compositas was iavescigatad.

nm

‘ll

s ne
er

The droduct of the dy and g, coefficiancs vas :sad as the Iigure of
aeri:.
TSZORETICAL MODELING

The theorecical =zodeling of piezgeiecziri: 2TT7-o0lymer :ompe-
sizes provides cthe undersctanding raquired Zor zhe seleczizn oI zhe
sropertias of zhe macarials used and zhe zonnecziivizy neaded ot
the oJptimizacion :zf£ che desirad Zigura o7 zmeri:z. Is thRis sac:iicn.
che zmodeling of L-3, L=3~0, 1-2-3, and 1=-2-3=0 piazzselaczri: :cmpe-
sices will be described 0 demonszrata the Iaprovaments i 2riger-

2ies zhat are theoratically possible thrsough =he use 3£ zcmposizas
compared =2 siagle-phase 2272,
The followiag assumpcions wers z2acea:

1) The Zfibers ars hnomogeneous, Lizearlr alastis, ragularlv and
slosely spaced in squara irrvavs, and periaczlv aligned.

2) The matrTix is homegenecus, and lizearly slasci:z.

3) Perfactc bonding 2xiscs jecween IcnstiIuens jnasaes.

4) Constant ssr2ss 2xisss across parallal sonnections.

5) Comsctant scrain 2xiscs across saeries zonnectiosas.

8) ?Planes of aqual scrain axisc- thzrsughouc individual fibers
{20 Suckling 3f Zibers oczurs Thus zhe Iibers are supportad >
the ragions 3f Iiser zrcs

7) Polymer jsorosi
7o lume.

3--

The alaszi: properzias =I zhe ?Z7, Jolvmer and glass {ider
Jnasas are 3csouncad Isr, along wish the iacarnmal strass aflaces
due 2o che diffsrences ia :he s;3 sompliance zoeffiziants ol the
ohases. The addizion 5f jolimer jorasisv 1as also heen accountad
Ior chrough :zhe mogilizazion of the alasticz ocroverzias af zhe

Jolymer onasa.

Tae d33 and 33 soerfiicianzs wera Zetarmined Sv 2cdeling ihe
stressas in the x; aad k3 dirzcctisas of the IompOsiis saparztal:
Ta 23ach of shese dirscsions, 1ne ismpesicze was iivided fmIs ziszincs
parallal seczions :that war2 aither singl2 zhEse U 3 serias Ionmac-
siom of WO Jr :OTr2 znases. 3v Zesarmining tRe zasirag crrTerIias
af zle individual saczicms wizh saerias nccals, the sestisns var:
then combized wiId 33r3ill2l Iccels The rasulIing 3qualisns ralaz:
the piazgcelaczIri: :zzefiizianmzs oI Ihe 1smDOSII2 IS The voloma Srzo-
11ons ina TMag2rial 12nscants SIoIne llnsciIuant cnase




TRANSVERSELT REINTCRCEID -3 AND L-l-0 PIZZCIZLZICTRIC IoiCslTzE
Trom the mode., the Zecendenciss >I the
were Zound wizh raspec:z <o the vo_uze I :
Zibers, ana po.vmer pordsity, aqd zhe 2cissen’
of zhe polymer matrTic Tigure 1 shows zhree Iime
the Tnay Zigure of 1erit olotted against the 7

P27 -ods and zlass Zibers Ior an unicamed 2coxy =

crix, an unicaced
solvurechane macrix, and a twenty perzent Izamed clvurerhanelalrix,

.

* "u
respectivelv. The Isllowing general observaticns were zace!

hl‘

) The addizicn of zlass &
icancly improves Ihe Ihady,
2) Zven though zhe :om

signif

il 511, °f colvurastiane Is isout
TwWwo orders >f z:agnizude graacter chan that oI epoxy, 3w Iigura 3f
meriz are seen wnen 10 zlass fibers zra crasent. Tals Is due IS
zhe 1igzh Poisson's racio of polvurethane, whicn treatas large
adverse intermal stresses at the 2IT-polymer incarface zha:t zoncri-

jute %o :zhe i3, zoefiicient.

(a) Unfoomed Epoxy Motrix

Mox dygp = 11100x107 "' "% /N

PIT = 10:8Z Glass = 10.22

-~
,
m" ’ V

",
r"
s
gttt
”!/ ”!/,;’l,,
iy,
iyt
"I’II’I,,,I:

/II ;I” ”/m /f
i / / i /
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‘ () Unfoamed Polyurethone Matrix {2) 20% Foomed Polyursthane Matrix
1S 2

| Max dy gy = 759000x10° "= /N Max dygy = 1105000.10 " "%

PZT = 0. 452 Gloss = 4.7% PIT = 0.1352

Class = 3.5

o ——

ray

igure .. Thra2e dimensional surizcas 2I In2 .3 Iigura
' sf meri: as a Iunczizm of the volume IvalIiins
f : g . .
, >f 227 rods and glass IizZers
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3) The addizion of glass fibers and/or jolymer porssity
lowaers cthe Poisson's razio of zhe tolymer, reducing che izgarnal
strassas, and chus increasing the Sigure of xmeri:.

4) Wizh increasiang compliance of zhe jol 7mer 2a Tix {smoxy <
oolyurechane < Zoamed polyurechane), :he Jaxizum 3nzy hdh -izure of
nerit iacreases, and shifss :o smaller volume fraczicms of 22T rods
and glass fibers.

5) As che volume Zraczion of glass £ be*s aoproaches cthe z;axi-
zum of 0.4 (che Zibers are :ouching), -he »h@n figure of americ
decreases, because zhe glass fibers significancly reduce :the strass
on the P27 rods in the x3 diracziom.

ZORIMENTAL ?ROCEDURE

Tabricaticn of ?ZT-colymer sompo s wizh -3 and 1-3-0 zon~
aectiviscy has heen reportad ear"e'Jv‘. 277 rods wera aligned par-
allal =5 2ach other usiag a >rass Tack, and suspended over il
zaniscar Lids. The lids wera Iillad wizh spurTs 2goxy and zurad.
The 2poxy served as a 2ase =2 2old the P27 rods in place, 30 thacs
she brass racks :2uld Se removed. Ior the :ransverse veiafsrcament,
Z-glass fibers were aligned and supporsed 9y an 2p0X7 2asa 3s ias-
cribed above. Two glass Iiber arrays wera iaterposed Iz Ilhe x; and
%y direczions :tarough the PZT arvay. The arrvangamencs pjrovided tRe
sasic sgTuczura 3f a sransversaely raiaforced 1-3 3r a 1-2-3 zompe-
sice. The ?ZT-glass Zfider scrucsyres wera placed In 3 zonzaizer
and vacuum impragnactad in 2ither sSpurTs apoxy, Jevesn polvuratiane,
9t a Zoamed Jeveon polyurachane matrix. Afzar zuring the jo.v mer,
samplas were Juf 22 a thickaess of 4.5 am along She x3 diracs
To pravent :he jenegracion of oil, the Iocamed polvurdghane I3mp
sicas were provided wizh a thin layer of spurrs 2poxy i1 Ine X-
and x7 dirsczions. Slacsirodes In the x3j diracticn wers provided OV
silver apoxy.

The samples wera polad iz a "0°C =il sath wizh a Zield o
<7/3m applied for Zive minuces. Afzar 14 hours, Ihe capacitancs

her

3

-
~

[ A
.
H

(o]

and dissipacion Zactor wera measurad at L «Hz
oressure, and also under ydrosctatic prassursa
Lations at higher prassuras. The avdrostacic
cienc, dy, was measuyrad ia 2 seaiad oJil-filla
srassure at zhe ratz 3f 0.3 YPa,sac (30 ;si,secV. The -"a—ga

relsased 5y zhe sample was measursd wiill an alacITrsmecar anc Sllcte
tad as 3 Zunction Jf pressurs oo an X=-v racsrier The zcmocsitas
were jressura~cyc.ad at L2asc Iiva times wiil the :zalculatad In
varues =aken Ircm the Iiizh zvela.
RESTLTS AND DISCUS3IcH

Modeling 2f 1-I-3 and 1-1-3-93 L1I2s showed InaT i@ adai-
tionm of gzlass Iiders as :iTansvearsa riamen: I normal .-l oang
i=3=J omposizas shouli imprave Ihe 1,3y figurs oI meri:z sigzmiii-
zantly. Composizas :=f :hese :IvDes n1avs 2een Jabrizazac viia Iiva
vserzenz 22T rsds and varisus volume Iraczizns 37 3lass Tinars
Jolymer 2a:iTizas. Tiguss I sancws tR2 2xperimenzal rasulIs o




TRANSVERSELY REINFORCED 1-3 AND 1-3-0 PIZZOELEZCTRIC IOMPOSITES

dndn figure of merit Ior measurements made at J.5 fPa (100 psi) of
apoxy, polvurethane, and a2ncapsulated cen percent Ioamed polvure- .

thane matrix composices as 3 funczion of zhe glass Zider percentage.

-
n <

Theoretical predictions are also shown on Figures 2(a) and 2/c).
Figure 2(a) shows chat Zor epoxy compositas, over a range of
glass fiber percentages, che Zigure of merit increased Irom 2000 o
nearly 3500, and chen wich zreater percentages decraasad o less
chan 1000. The differences in theoractical pradictions and experi-
mencal rasulcs are probably due o che difficulties involved in
Zabricatiag these zomposites and the checratizal assumptions of
equal strain across parallal connecticns and perfect donding,
Tigure 2(Y) shows zhat for polyurathane compositas almost an
order of magnitude anhancement dczurs Ivom the addizion of zlass
Zibers. ost of this increase s psrobably due <o the glass Iibers
reducing the intermal stresses chrough cthe combined aflects of the
reduczion of the polymer Poisseon’'s racio and cthe anisotropic
stiffening of the polvmer. A large difference exists decween zhe

(a) <SPURRS £POXY (5) QEYCON POLYURETHANE
10000 l 10000
3 !
2 Z ‘
N . K < |
e 7500 , // Theoretical s ! d |
= / p |
S <000 | / S s g ‘
& / . Experimental |
| o Experimental | < '
%00 75 = :
s = :
0 9 ;
a S 0 is 20 ] 5 ] .S
2 Gloss 2 Gloss
(¢) ENCAPSULATED £QAM
) bl H
200000 SEYCOM EQLTURETHAN
2 7 Theoretical
~, 150000 L// ol
o l
= ! '
< 100000 || :
};? i ) - ‘ i Tigure 1. The dnzy fizure of
= s0ca0 ’.‘ Lxperimental . Merit olotIacd Tarsus the
4 | percentage 2 Iliass
| Iiders Ior Iive cer
. 22T zod :cmposizes
3 s 0 1S 20 Si i arans matommae
iifferen: sclimer
% Glass nacrices
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theoresiza.l and axperimencal rasul:ls wizh zie addizizcn oI zlass
fibers. Theorecicallv :he Inzgy would increase Ircm arcund 1100 at
zero percent 2TT to greactar than 100,200 with ouly a small addizion
of glass Z:ibers. Againz zhis differaence is due 2o the axperimenctal
processing diZficulzies and cthe cheoratical assumptions JoLyure~
than is very czomplianc, causing 2?27 rods :2 bdreak and :the Yonding
20 be weak. TFor these raasons, :zhe diffarences are largzer than ZIor
the stiffer apoxy compositas.

Figure 2(3) show that for encapsulacad
zomposizes a very signifizant
2L Z.ass

arechane
2eris sczurs with
oredizsion is ver
Jver-eastizatl
the Zaori
Iibers
g-ass
dascr

- -

< -

she addisicnm
v gocd wnen o
on Jdevelcps when
cation 32
zoncTibuzad o0 a
fibers weres 20tC
ided
tical predicsions and axperizanta
auch lass Zor :these composi:ce

tllane :zomposites »yrobably due

larger 5r
iacliuded.
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zhe zlass
the polyyrachane z:acT

T23sons pJrovabiy ac*ount

-ompared

zen jercentc fcamed poly-
iacraase the Zigure 3%
Iibers. The :zheoraziczal
Iisers ars prasenc, >Hu:s
‘*'ers are added. Curing
iompositas, iie Zlass
aakage 2f ?T7T rods zhan wnen :he
This along wizh the praviously
Zor iiiiarances i
rasulzs. difisrences arz
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whizh nay have zaused an addizional zTansverse rainicrcament.
NCLISTO

Iy uodeling 3f 1-2-3 and :-2-3-0 lcmposizas nas nelpec in Rk
Jnderscanding and design o iaproved avdropnoce devizes.

2, The Tnzn :;gu.e 5f meri:z was shown theoratizally I e 3
Sunczion of the volume Ivac:zions I 22T rods, glass Zisers and
Jolymer porosizy, and of zhe Poisson’'s racio and zompliance 35 ke
2clymer.

3) The assumption 3I <onscant sTTrain acrsss zarallal iTtnnec~
zious and perface bonding sectween :le tonstiiuent snase alsng will
the -rocessing diffizulzies n1ave zausad the :thecvrarizal pradizzicns
o de greacar zhan :the axperimenta. Tesulls, althouglh sizilar ITancs
wJera shown.

+) Transverse rainforcemens Of 2DCXY IOoMEPOSizes InlT S_ignTlcv
improved :zhe 3n3R izura Jf meri:z.

5) Transverse raiaforzament of polyuraciane and ancapsu.atad
Icamed polvurechane zomposizes significzanclv izmprove he Tnin
figure 3f 3:eri:z.

3) Zncapsulacion 27 Zoamed polvurathane ismposizas racuzas
degradacicsn and Jrobab.y idds transvarse rainisrzaments
7..":.': TZRNCIS
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PERFORATED PZT-POLYMER COMPOSITES FOR
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Componites of PZT and poiymer with J-1 and }-2 connectivity patterns have deen fadbricated by dniling hoies in uin-
tered PZT blocks and fiiling the hoies with epoxy. The iniluence of hole size and_volume (raction PZT on the nydro-

static properues of the cOMPasite was evaiuated. 8y d

gihe p tectnc dyy and v costlicients 1 che compo=

site, (b hydrostauc coeificiants are greatly enhanced. On umpm opunuzed for hydrophons pcnomuna. the
diglectric constams of 3-{ and 3.2 compoutes are 600 and 300 respectively. The prezoeiectne coeilicents da. Ja. and
fadh for 3-1 composites are 230 (pCN™'). 14 (x10” VmN™), and 7300 (107 m*N"') respectively. and (he correspuading
vaiues for 3-2 composites are 172 (pCN~'), 123 (107 VoN"*), and 45000 (10°"* m’N™").

l. INTRODUCTION

In recent years several types of PZT-polymer
composites have been fabricated to improve the
piezoelectric properties of poled PZT (lead zirco-
nate titanate) ceramics. Different types of macro-
symmetry and interphase coanectivity were uti-
lized in the design of the PZT-palymer composites
listed in Tabie [.""* Here connectivity 1-3 means
that the PZT phase is seif-<connected in one direc-
tion, and the polymer phase is seif-connected in
all three directions. [n all composites, the dielec-
tric constant X; of solid PZT is lowered by the
introduction of a polymer phase, and in ail cases
the hydrostatic piezoelectric charge coefficient da
is aiso enhanced. The hydrostatic piezoelectric
voltage coefficient gu and the dhga product used as
a figure of merit for hydrophone application are
therefore considerably enhanczd in all the compo-
site designs.

Klicker er al.* have fabricated 1-3 composites of
PZT rods embedded in an epoxy matnx. As
shown in Table I, these composites have better
piezoeleciric properties than solid PZT. The hy-

drostatic coeificients da and gu are a function of

the dimension of PZT rods. the spacing between
the PZT rods. and the thickness ol the composite.
Based on the previous work with PZT-polymer

* Aiso affibated with the Depariment of Slectnical Eagineer-
ng.

eomposna and on simple series and parallel
models.' it is clear that the differencs in the efastic
compliances of the PZT and epoxy has a favor-
able influence on piezoelectric properties by aiter-
ing the stress pattem inside the composites.

Rittenmyer er ai.’ have fabricated 3-3 compo-
sites of PZT and polymer (polymethyi methacry-
late) with PZT powder in an organic binder and
firing the mixture to give a ceramic skeleton.
After cooling, the ceramic skeietons were back-
filled with polymer (Burps composites). As shown
in Table I, these composites have better piezoeiec-
tric and mechanical properties compared to -3
composites of PZT rods with epoxy. In addition.
the Burps composites are much easier o prepare.

The present study focuses on compuosites with
3-1 and 3-2 coanecuvity patterns, in which the
PZT phase is self-connected in three dimensions
and the poiymer phase is seif-connected in either
one or two dimensions. Samples were prepared by
drilling hotes in sintered PZT blocks either 1n one
direction (3-1 connecuvity) or in two directions
(32 connectivity) and backfilling :he perforated
PZT blocks with a suitable polvmer. Ennance-
ment ol dy was anticipated 1n these COomposites de-
cause of the modified siress distribution within
the compaosite.

2. SAMPLE PREPARATION

PZT-polvmer composites were prepared 9y Jriil-
ing holes n sintered PZT Siucks and [Hiling ne

(33197
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TABLE |
Plezoetectnc Propernes of PZT-Polymer Composites
Ko H(PCN™Y B0 VENT) L@ (1007 @'NT) Reference
PZT 1600 50 4 200 Present work

PZT parncias in ulicone rudder

matnx (0-] coanectiviey) 100 283 2 500 4
PZT replamine in 2 siicone rudber

matnx (3-] coanectivity) 0 Js8 L] 2300 2
PZT rods in an epoxy matnix.-

(13 conmectivety) 200 b ) Q0.4 3138 b
PZT rods in a poivurethane matnx

(1-3 conmectivicy) 83 176.2 29 42100 s
3urps composite (epoxy mawnz)

(33 connectivity) 500 120 ped J200 3
Burps composte (siicone rubder

manx (3] connectivay) 00 250 100 28000 3

perforated block with a polymer. To prepare the
ceramic, 93 wt% of PZT SOlA t was mixed with §
wt% of 15% PV A solution. After mixing and dry-
ing the powder, square peilets measuring 2 ¢cm on
edge and 4 (0 3 mm thick, were pressed at 20,000
psi (140 MPa). The peilets were placed on a plat-
num shest and the binder was burned out at 550°C
for one hour. Sintering was carried out in 2 seaied
alumina crucible using a silicon carthde resistancs
furnace at a2 heating rate of 200°C per hour. with
3 soak period of one hour at [285°C. A P9O-rich
atmosphere was maintained wich sacnificial ce-
ramic petlets of composition 97 mole% PZT and ]
mole% PHO inside the crucibie.” After firing, the
sampies were poiished and cut into smailer pieces
of various dimensions. Air-dried silver saste siec-
trodes$ were applied to the peilets. Poiing was
done in a stirred oil bath at 130°C at a fieid of 25
KV/em for three minutes. After poiing. thres or
four holes wer- drilled perpendicuiar to the poiing
direction using an uitrasonic cutter.j Sampies
were prepared with difTersnt hoie sizes and hoie
separation I (Figure 3a). The drilled sampies were
then placed in a smail plastic tube and 1 commer-
cial polymer (vinyicyclonexene dioxide-epoxvil)
was poured into the tube. The epoxy was cured

* Ultrasome Powders. [nc.. South Paaiieid. NJ  PZT (01A)

s Matenals for Slectromcs. (ne.. Jamaica. NY. Cemetron
200.
§j ShetTietd Ultrasome Macnine Toot. Davion OH.

| Sourrs low nscosuty emoedding media. No. 133, Paive
sciencas (ne., Varnngton, P4, {3976,

at 70°C for eight hours. Finaily, the composites
were polished on silicon carbide paper (o expose
the PZT and to ensure that the facss of the disk
were smooth and parailel. Eleczrodes of air-dned
silver paste were appiied and the composites wers
aged {or at least 24 hours prior 0 any measure-
ment. Some of the 3=l and 3-2 composites are
shown in Figure [.

3. MEASUREMENTS

The dielectric constants and loss factors of ail :ne
samples were measured at a (requency of | XHz
using an automated capacitance dridge. § The Jie-
2oelectric coefficient dyy along the poling direction
was measyred using a dy meter. ** The hydro-
static piezoeiectric dy was measured Dy a pseudo-
static method.' Sampies were immersed in an ori-
filled cylinder. and pressyre was applied at 2 rate
of 3.5 MPa/sec. The resuiting charge was cot-
lected with 3 Keithley siectrometer 32 operated :n
a fesdback charge integration mode. The prezo-
clectric voltage coefficients 3 =d3/0X; and
2 = da/ e X)) were cajculated {rom the measures
values of dyy. da and Xs.

¢ Hewlert Pacxard ' Modet $170A) Automated Cipacitancs
3ndge. Hewtetr P3cxard. !-59-i Yovoql Tokvo Jaoan i

*+ Sertincourt 1 Modet 133 1y meter. Thanner 2epnguc:.
Ine.. 16732 Park Clrcte Drnve. Chagnn Fals, OH. «020.

22 Kenthievy : Mode: 5161 Digitar Slectrometer. Kertniev 2.
struments. [nc.. Cleveland. JH.
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4. RESULTS AND DISCUSSION

Unless otherwise siated. the resuits refer to com-
posites with 3-1 connectivity. The diefectric con-
stants for 3-1 composites are plotted in Figures 2
and 3 as a function of X (the center-to~center dis-
tance for adjacent holes) for two different hole
sizes. The dielectric constant increases linearly
with X at lower values of X, but reaches a satura-
tion value for higher values. Composites with
smaller thicknesses have lower diclestric con-
stants. Also, it is observed that for the same D/¢
(diameter to thickness ratio), composites with
smaller diameter holes have higher dielectric con-
stants than composites with larger holes (see Fig-
ures 2 and 3). Dielectric constants of 3-2 compo-
sites were much lower than the J-{ compaosites tfor
samples with identical hole sizes (Tabie II). Caicu-
lated values of dielectric constants are aiso plotted
n Figures 2 and ] for comparison.

The values of 4y, were used as a measure of the
deyree ol poling. Measured values of dy; for 3«1
composites are plotted as a function ol X in Fig-
ure 4. 1t is observed that dyy increases linearty with
X at lower vaiues of Y. but approaches a satura-
ton value at higher values of Y. Each of the data
points represents the average ol at least twelve

value measurements at different piaces on the
electroded surface oi the composites. The meas-
ured vaiues of dy; in the regions over the holes
were about 10% lower than the &3 values in solid
regions (Figure 8a). It is significant that the dy vai-
ues for most of the composites exceed 300 pC/N,
which is close to the dy; coetficients of sotid PZT
{400 pC/N). It is found that in all composites dy,
decreases slightly with thickness. Also, composites
with smailer hole sizes had larger dyy coefficients
than composites with larger_hole sizes. In all 3-2
composites the measured 4, values were also
higher than 300 pC/N (Tabie I).

In Figure 5 the hydrostatic piezoelectric coeffi-
cient (da) of 3-1 composites is plotted as a (unc-
tion of X for different thicknesses. A broad max-
imum is observed for .Y values betwesn 4 and
4.5 mm for composites contaiming 60% to 707,
PZT by volume. Figure 6 shows du plotted as 4
function of thickness for compusites with different
X. Again it is found that d 1ncreases with thick-
ness. up to certatn thickness, and then decreases.
Figure 7 shows the erfect of poling on the values
of da, when poling i1s carried out at severai diifer-

* ent stages in the process:

1. Potling PZT block betore driling the holes.
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PERFORATED PZT POLYMER COMPOSITES (33517201
TABLE I
Composite - - -
Hoie Size Thickness X _ dn n d b dair
(mm) (mm) (mm Ky (PCN™) (107 VaN"") (PCN™) (107 VmN™) (107 MNTY

Perforated PZT/epoxy

(3-1 conmectivity) 32 (%] 425 810 340 47 210 29 6000
Perforated PZT/epaxy

(3«1 connectivity) 3.2 é 425 760 150 82 pa) 34 7300
Perforated PZT/epoxry

(3«1 connectivity} 3.2 5.3 428 740 330 50 200 30 6000
Perforated PZT/epory

(3»1 connectivity) 32 4.3 423 680 320 53 190 3 5900
Perforated PZT/epoxy

{31 connecuvity) 42 6.8 475 470 90 70 190 46 4600
Perforated PZT/epory

(31 connectivuty) 4.2 8.5 478 430 290 n 2 56 12300
Perforated PZT/epoxy

(3-1 connectivity) 42 6 475 428 30 74 170 - 48 7600
Perforared PZT/epory

{3+1 connectivity) 4.2 .5 © 475 410 275 76 120 13 1950
Periorated PZT/epory

(3-2 connectivity) 32 'Y 45 60 290 90 3 74 17600
Perforated PZT/epoxy .

(3-2 connectivity) 3.2 6.2 45 330 290 9 294 100 29000
Perforated PZT/epory .

(3-2 coanectivity) 3.2 [) 43 320 300 108 2 113 36300
Perforated PZT/¢pury

{32 conmectivity} 32 5.8 4.5 290 290 te 329 123 42000
Perforated hollow PZT

senled with pulymer .

(32 connectiviy) 32 6.2 4.5 340 340 112 m 123 43700

. 2. Poling the perforated PZT before filling it
with epoxy.

3. Poling after embedding the perforated PZT
biock with epoxy.

From these expeniments it was concluded that (o
get higher values of da it is necessary to prepole
the PZT blocks before driiling.

1t should be emphasized that for all composites,
the da coefficients are at least twice that of solid
PZT (50 pC/N). Hydrostatic coefficients for the
3-2 composites are much larger than those of 3-1
composites. An even higher value of dy was ob-
served when measurements were made on perfo-
rated blocks of PZT in which the upen sides were
enclosed with a thin polymer sheet, thereby keep-
ing the inside region completely empty. When
measured in this way a s value of nine times
greater than that of solid PZT was observed
(Table (1. .. -

Some typical values of Ky;, d11. and dy are given
in Table [1. [t 15 important to note that ds depends
markedly on the thickness of the PZT region
above and beiow the holes (see Figure 3a). There

is a critical thickness for which da becomes a max-
imum (Tabie I1).

Piezoelectric voitage coeificients 733 and Zx are
also substantially larger than those of solid PZT.
As shown in Table [I, the piezoeiectric voltage
coefficients ;3 and the hydrostatic voitage coetfi-
clents g are very large for 3-2 composites. The
dugr product used as a figure of merit for hydro-
static applications is more than 200 umes the cor-
responding value for solid PZT.

5. THEORETICAL MODEL

The phvsical properties of 3-1 composites can be
approximated with the modei :ilusirated .a Fig-
ure 3. For simplicity, consider a square ot 'ength /
whose area is egual 10 that ot a circle with radius
r. Then /= r\/;.

We can visualize the J-1 composite as made up
of two parts A and B connected in paruilet as
shown in Figure 3b. Part B v composed ot two
phases connected in series. PZT and poivmer. The
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following quantities can be defined with respect to
the dimensions of the composites.

AY (volume (raction of PZT of part A) = (L, =
a)/L,

%% (volume fraczion of part B) = a/L,

'8y (volume fraction of PZT in pant 8) = (L, —
L

3y (volume fraction of polymer in part B)
74 %

where L, and L, are length and thickness of com-
posite and 2 is the number of holes.

S.1 Dielectric Consiamt

The cgmponent ol the diefectric constant of inter-
et s Xy, since the electrode surfacss are perpendicu-
lar to the poling direction. in the notation used
here, Ky 1s the dieleciric constant of the compo-
site, &3 the dietestne constant of PZT, “’X; that’

of the polymer. and ’X; is the dielectric constant
of part B. Since part A and part 3 are in parailei
connection,

Ky =474k, + VK,

Because PZT and polymer in part B are in series
connection we can apply series modet:

".iu = 'y, + Z‘V/“Ku

Using these relations we can caiculate X;; of com-
posites. Sincz “Xjy = 1600 and “'X;; = $. most of
the contribution to K); comes {rom sart A, which
is PZT. Calculated values are plocted in Figures 2
and 3. [n generai. the measured dieleciric con-
stants are somewhat higher than the predicied
vaiues. This may be due !0 the approumations
involved in the above caicuiations. The zontripu-
tton (o the diejectric zonstant rom 2art 3 may e
much higher than that assumed adove Jecause of
‘he bending or he {lux ines around :he Joies 9n-
taining the poivmer.
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5.2 Plezoelectric Coefficients

The longitudinal coefficient &y relates the polari-
zation component 2; to stress component gy by
the f{ollowing relation: P = d;03. As stated ear-
lier, the dyy values of 3-1 composites are slightly
smaller than that of solid PZT. In a composite
most of the stresses are borne by the caramic, and
if the stress transier to the vertical_columns (sec-
tion A, Figure 8b) is compiete, the dyy of the com-
posite should be equal to the vaiue of dy; for PZT.
But because of the curved shapes around the per-
forations, the stress distribution in the composite
is not as simple as the model predicts. Horizontai
components of stress are produced which lower
the dyy coeificient.

The hydrostatic coefficient of the composite is
given by the relation da = dyy + 2dwn. In a solid
PZT ceramic, the value of dy is low due to the fact
that dyy = —=24y,. [n the 3-1 composites the arc-
like geometry of the composite resuits in mechan-
icaily stiffened elecirodes which transier the hori-
zontal stress pattern, significantly lowering dy,,
and enhancing di. The fact that in some of the 3-1
and 3-2 composites dy = dy; clearly indicates that
dy is almost zero in some cases.

SUMMARY

A simple technique for fabricating PZT polymer
composites with 3-| and 3-2 connectivity patterns
has been proposed. These composites exhibit bet-
ter piezoelectric properties than the previously

studied PZT polymer composites with different
types of connectivity patterns. For 3-2 composites
the £13. da, Fa. and daga values are 300, 370 X 1072
C/N. 123 X 10~ Vm/N and 45.000 X 107'* m*/N
respectively.
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Mesuetesine comoustes ul 7ZT ind puiymers were prepared Dy mMixing (IAY Jlaic spneres ~un PZT nowder :n an
Drgane Minder Jnd [INNG e MINIUCE (U PV 3 C2TINUC Saeietan. Aller cnaninyg, (Ne skcieton was 53ck-dilled aun poiy-
mer Jnd poied. IESING INd MIEIOSIVING Progeriics were Medsured 00 wumnies caagny (rom 30 10 0 wiume >
PZT. and compured wufh 4 ncanguiar skeieton Moded e ) ompoute. Compusites wontannng 0% PZT. (0%
wikung ruoder Jgpelr avpecially usefiit [0 AYdrIPNONE JpPOCItuns Wil Jb ¢ Products ¢ Tundred mes iarger (n1an

PZT.

INTRODUCTION

ln a 3-3 compasite.' each of the constituent
phases is continuousiy seif-connected in (hres di-
mensions (0 ive (wo interfocking skeietons in in-
imate comiact with one another. This type of
siructure 15 exhibited by certain poiymer [oams.
9v some phase-separated metais and giasses. by
‘hres-dimensional weaves. and by naturai sub-
»ancss such as wood and corai. The piezoeiectric
ind pyroeleciric properes of J-J composites have
Seen invesiigated recsruly wuh some rather re-
markable resuits.”™ For certain cueiTicients. dra-
natic improvements can de made over the best
nngie-phase piezoeiexrics.

Piezuelectne ceramic-polvmer composites with
}-3 connectivity were {irst made by Skinner® using
4 lost-wax method with coral as 3 siarteg
matenal. Among the advantays ol these compos-
les are Migh hydrosiatic sensiaviy, low dielectne
sonsiant. low density l'or improved acousiic .m-
sedance matching with water. high comphiance (o
sruvide damoing, and the mecnanical !lexibility
weded to develup  conformable  transducsars.
Shrout’ has descrided a simpier method lor faori-
:anng 3 hres-dimensionaily iaterconnecied ead
areonate-utanate (PZT) and poivmer comoosue
vt groperues similar to the coraf-0ased comopos-
(es. The uimpiitied preparation me:hod :nvoives
m™ung 21asuc spheres and 27T powder in an or-
1aric Yinder ‘When carsfuily sintersd, 1 Jorous
LT saeleton 1y tormed. and later dack-ililegd vun
Julvmer 10 {orm 1 J-) composite. Ty lechniQue

is commonly referred (o as the 3URPS procsss.
an acronym [or burned-out piastic spheres. Sincs
the procass invoives the generation and emission
of gaseous hydrocarbons. the name BURPS i
higniy appropriate. The composites Jrepared by
Shrout’ contained a PZT/polymer voiume rano
of 30/70. In this siudy. we regort the sicctrome-
chanmicai properties of 3-3 composites having 1
wide ranys ol PZT/poiymer ratios. and sompare
the resuits with other piezoelecinic materials. 1n-
cluding some recent Japanese work‘! on simiiar
composites. A three-dimensional skeieton modei
is proposed !0 explain the resuils.

EXPERIMENTAL PROCEDURE

Sample preparation

The j-1 comoposites were made from commerciatly
avasiable PZT powder* mixed in a dail miil with
tuny spheres af poivmethyl methacryviate s  PMM)
in PZT/PMM voiume ratctos ot 30770, <0/50.
$0/50. 00/30. and T0/20. The PMM  spneres
ranged trom 50 (0 130 microns n dlameter. anu
tne PZT parucies were doour l=< microns 'a Ji-
ameter. Four [0 eyt ¥ I1QAL 2€TCIRL OF SOV I
ilcohui was added (o0 he Mixiure is 3 onuing
igent. and Jne :nch Jiameter pexets aers ressed

cLltrasonie Prywger PZT-501A Cltrasons Yiagers o
2283 5. Jhinton Ve Samn Mansned. N TG
CPanciences. ac.. Marmngtun 23 Wy TA

33317189
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FIGURE | Soecitic gravity of J-J compumites plotcy as a function 2 volume ‘raction PZT n ihe sarmng mes
Compunies tilied with epoxy re denoted by soiid circies. Nuse #ith siiicune ruooer DY open circies. The dasney me
ihe 1deal denwty cumputed 'rom e imoal vulume percent PZT.

at 10.000 psi. The peilets were heated over 3 43-
hour period (0 $50°C in order to votatlize the
PMM spheres: a slow heating rate is necessary to
prevent excstsive cracking., The sampies were then
placed on 2 platinum sheet in high purity alum-
num crucibies and sintered 10 3 silicon carbide re-
sistance turnace 1t 2 heaung rate of 200°C per
hour. with 2 suak period ol 30 minutes at [330°C.
A lead-righ atmosphere was maintained during
sintering Yy placing powdered lead zirconate near
the PZT sampies. After firing, the samples were
unpregnated with aither a sufl vinvicyclohexene
dioxide 2goxy?t or 2 high-purity soft silicone sias-
tomer.: Finaily, the sampies were polished un sii-
1con cartnde paper o snsure that the faces of the
disk were parallet and smooth, Electrodes ot arr-
dey siver were applicd and the sampies pouied {or
two munutes in 3 stirred oil bath at 3U°C with
lietds of 20~25 kv/cm. The composites were ageu
tor at least twentv-four hours beforc measure-
ments were (aken.

Characrerization

The demity of the composites was computed trom
the mass and the measured voiume of 23ch Jdisk.
Tins nrocedure was pertormed anor (o gtecirod-

—————
P Sonery Low=Visgosds Cinoegding Media, Noo S1080 M.
wiengss e, Varamgton, 24 197A
t Doy Corming YD Xemal!) Dow Creming Mourcul 7on-
ducte N hglad, M SXAUW

ing 1o avoud including the siiver in the measurc.
ment. In Figure . the measured densiues are pior.
ted as 2 [unction of the noununal volurmre zercam
PZT. The refationsiip 1s essenuatly linear for 50
tvpes of composites, As ¢xpected. the 200y am.
pies are siightiy denser than e siicoue ruop.:
sampies hecause puxy wets the surtags ot P77
extremely weil and densities the samples. {ncum-
plete back-filling in hgh voiume percene P27
sampiles causes 2 notcsasie seatter :n e [ 3ue
These density vanadons gifect all subseguem
measurements.

Figures 22 and Ib sinow micrograons at iwo dn-
terent magnifications ot 3 polished surtacs i .
composite made rom 50750 voiume auo. The
samples are poted in the verucal direction, ay n-
divated in Figure 23. A lower magmiicatin
(Figure 35, S3X) the matenal appeares reasonapn
hontogeneous. Figure ¢ shows 3 /70 P77
pulvmer umposite m which the PZT o L,
slightfv interconnected. \ ceriain amount o .
tercunnectedness s, Ul TourSe NECISSAry 'or s
e poling. Sut o mnmmize e densuy anyg Jic
lectric permittivity . rhe 22T content siioutd =e o
‘ow as possidle,

in 2l the sections sxamuacy e 227 cemion
LInge from 1 tew icrens o aecut 00 am D
Sgme s true of (e Ao mer regrons  Tae g
structure sitows visiple sracks none 2T oo

oerpendiciiar 1o the soung directiun Thos e i,

NOOCANG et N e ieteciric JeOMIin o
e sampre. as Jiscussed arer Sines mierosirog

~

iR
led v
A BT AR Y]



T8
1Q¢-
e
ot

Qer
o

im=

ies,
ent

qif-
i a
The
=
0n
oty
o/
niv
=
i34
l1e-
+ as

ons
The
ro-
ans

an

ar

G-

‘

PIEZOELECTRIC J-J COMPOSITES (3BV19t

FIGURE 1

SEM mcrograons » ) :umooses (2 and M
Tiled wuf (0% soivmer ind ¢ with (0% soivmer. Note (he
Yonzontai raciure unes ia 1a) niroduced Junng Joing.

ture of (Nese sampies is 9n 3 [iner scaie (Nan manv
ather composites. more 10omogeneogus secirome-
h8anical properties 2an de 2xpecied. wnic s ad-
7antageous [or igh requency iponcauons.

\{easurements

The dieiecinic Jermittivity and |0ss vers measured
it 1 !requency I . <Hz using in jutomatea :a-

7?9

pacitance dridge. T he dieteciric constant is pictied
in Figure J as a funcuion of volume perceat ?Z7
far the epoxy iand silicone siastomer composites.
The refationships {or >oth types of composues are
essenuaily iinear in he ~ange of comopusitions
J0=70% PZT examined. However. :fie reiationshio
must curve rather steediy above 0% o aporoach
the vaiue for pure PZ7. roughiy 1800.

The average piczoeiesnc consiant [or the som-
posite matenais (dy;) was measured ~ith 3 3ertin.
sourt dyy meter. This measursment 1isO Jrovides 3
check on the compieteness of poiing. The meas-
ured piezoeiectne coeificients are piottey as a
function of voiume gerczat PZT n Figure 4.
Again, the refatoasnip s sssenniatly linear for
both the epoxy-iiiled sampies ind :he aiicone
composites. Larger :oetficients are obtained ‘rom
the siiicone specimens. pernaps Jecause of hewr
gh  stastic sompnanc: YN DrOMOtes 5iress
transier to e PZT. The Iy, soefficient of soid
P2T 501A s approximatety 2300 5C/N. Hvaro-
5lanC prezceiestme soedficients (2. ~ere Measures
9v 1 sseudosiatic merncd. Pressure was aponed .n
an ou-ililed cviinder at 1 sate a0 {00 ssisses. ana
(he resuiting <narge vas :otlect2g ~un 3 Neinies
Electrometer coerateg a 1 ‘ezgbacx narge--ace-
jration mode. Figure 1 sn0ws Ja 2010 3s i
function of voiume percsat ?ZT A Yroag max-
mum s Joserved 'n 'ne f0="0% 3ZT somousition

-ange. Hvarostatic :zefficients ‘or :ne sidicone
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PIEZOELECTRIC COEFFICIENT dy, (pC/N)
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Dielecine comstant of PZT-polymer compostes plotted as a function of voiume percemt PZT.
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VOLUME PERCENT PZT
FIGURE ¢ Longiudinal prezosiectne comtiicient v for PZT-puivmer <o

1
Q Q 20

composites are ibout twice as large as epoxy
composites of (he same votume (raction PZT and
up to five times larger than the du vaiue of ?ZT
(=50 pC/N).

The piezoeleciric voitage <oetficients 733 and 7»
are also substanuaily larger than those of solid
PZT because tfle somposites have much lower
dielectric constants. A Oomposite containng
30% PZT and "0% silicone slastomer has 3 7y

4Q

|
SQ 8Q T 30 30

wuh o3 ¢ vty

t=dv1/K 11¢0) coefficient of about 200 X {0
Vm/N :ompared o0 25 X 107 for ihe soha
czramic. For hvdrostane conditions. 7.1 =d..
K1t s 300ut {00 X [0 for many ot e su-
'cone rypber :umoposites. whiie (aat Jf soud PIT
s a1y 3 X (07 Epoxv comoposites have some-
~nat smailer ~oitage coe:ficients than (Aose Macs
~1n siiicone 2tastomer. The avdrostanc figsre ot
mert daga) Or vdropnone 10oucAONs s

4

s
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FIGURE $ Hydrosanc prezoeiecine soeifuaem da for PZT-poiymer compostes.

largest for PZT=silicone rubber composites con-
taini