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A. Electrostriction
B. Piezoelectric Composites
C. Grain Oriented Ceramics

4 D. Crystal Growth
E. Processing Studies
F. Phenomenological Theory
G. Ferroelectric Bicrystals

Major achievements over the present period have been:

1. The design, construction, and testing of a new ultrasensitive AC
dilatometer capable of resolving displacements of io 3R over a frequency range
of 4 to 200 Hz, which permits the direct measurement of electrostrictive strains
in simple low perinittivity solids.

2. The development of a more refined lattice dynamical theory for the
origin of electrostriction in solids with alkali halide and with perovskite
structure.

3. Excellent confirmation has been obtained for the original theoretical
models for 3:1 connected PZT ceramic:plastic component transducers. With
correct control of the scale of the macrostructure and volume fraction of
PZT it has proven possible to generate a new hydrophone material with gh

dh
product greater than 10,000 10—15 N2/N as compared to ~2OO 

10—15 M2/N for
normal PZTs .

4. A new very simple fabrication technique has been developed for 3:3
plastic:PZT composites which permits the duplication of the property combina—
tions available in the earlier replantineform ceramics.

• 5. The first clear indications that it might be possible to improve
the d33 coefficient in a composite over that of either component phase.

The report contains nineteen appendices comprised of papers that have
been published or submitted for publication.
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I. INTRODUCTION

• This report details work that was carried out over the period from

• January 1, 1979 , to November 30 , 1979 , in the Materials Research Laboratory

of The Pennsylvania State University under ONR Contract N00014—78—C—0291.

The work is part of a long range (five—year) program of “Targeted Basic
w

Studies of Ferroelectric and Ferroelastic Materials for Transducer Applica—

tions.” In the period covered by this second annual report of the program,

many of the topics initially chosen for study have now been written up for

publication. Reprints or preprints of these studies are presented in the

19 technical appendices to the report. The text of the report itself has

been kept to a very brief narrative description of the current activities

and of developing ef for ts  in areas not covered in the technical appendices .

• To facilitate reporting , the work has been organized under the follow-

ing seven headings:

A. Electrostriction

B. Piezoelect ric Composites

C. Grain Oriented Ceramics

D. Crystal Growth

E. Processing Studies

F. Phenomenological Theory

G. Ferroelectric Bicrystals

It should be stressed , however , that this mode of presentation is just

fo r convenience and does not imply that the topics are separate , independent

mini—projects. They are, in fact, closely coupled and interconnected . For

examp le:
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(a) The basic elect rost r ict ion studies will provide the reliable experi—

mental data for the complementary development of the lattice theory of elec—

trostriction, which is essential for a proper microscopic understanding of

the phenomenon. Since electrostriction is the underlying elasto—electric

coupling mechanism in all piezoelectric ceramic transducers, it is fundamental

to the whole area of Navy interest.

(b) The development of a completely new approach to the design of composite

materials based on a proper consideration of the crucial role of the phase

interconnection (connectivity) has enabled the tailoring of important new

property combinations from well known existing phases. Such composite struc-

tures will be essential if the technologically interesting relaxor ferroelectric

electrostrictors are to be effectively utilized , and will have similar import-

ance for other new materials being developed on the program.

(c) Crystal growth and ceramic processing studies are obviously essential

underpinning activities vital for the fabrication of new types of composite

and for the separation and study of the mechanisms of behavior in relaxor and

other ceramic ferroelectrics.

(d) The phenomenological correlation draws continuously upon the continuing

spectrum of property measurements and structural data generated in the other

areas of the program .

(e) We believe that the bicrystal studies will provide essential informa-

tion on the role of internal boundaries in the ceramics , both electrostrictive

and p iezoelectric systems.

The 19 technical appendices perhaps attest in a rather direct way to the

product ive advantage in having such coupled studies progressing in parallel.

Outsta nding among the current developments are , we believe :

~ ~~~-~— L I— ~~~~~ —
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1. The design and construction of a new type of precise AC dilatometer

capable of resolving displacements “~io~~
3 m (103

A) in a frequency range of

4 to 200 Hz, which permits the direct measurement of electrostrictive strains

in simple low—permittivity solids.

2. The excellent progress being made in the development of the theoretical

framework of electrostriction in alkali halides and perovskites.

3. Confirmation of the behavior of 3:1 connected PZT:plastic composites.

With proper control of the scale of the macrostructure versus the sample thick—

ness, the piezoelectric responses (d , g 
~~ 

d , g ) follow closely the the—33 3 h h

oretical model. For hydrophone—type materials, dh
g
h 

products ‘ulO ,OOO appear

possible and samples are stable to hydrostatic pressures beyond 2,000 psi.

4. The first clear indications that in composites of more complex macro—

structure in the PZT:plastic systems d33 values can be achieved which are

higher than those of the separate ceramic phase.

5. A new exceedingly simple fabrication technique which permits the

formation of a 3:3 connected ceramic:plastic composite with properties close

to those of the corresponding replamineform materials.

Over the past year the following papers have been presented at national

and international meetings:

S.J. Jang, K. lJchino, S. Nomura and L.E. Cross. Electrostrictive Behavior of
Lead Magnesium Niobate Based Ceramic Dielectrics. IEEE International
Symposium on Applications of Ferroelectrics, Minneapolis, MN , June 1979.

K. Uchino and L.E. Cross. A Very High Sensitivity AC Dilatometer for the
Direct Measurement of Piezoelectric and Electrostrictive Constants. IEEE
m t .  Symposium on Applications of Ferroelectrics , Minneapolis, MN , June
1979.

L.E. Cross . Phenotnenological Theory for PZT. IEEE m t .  Symposium on App lica-
tions of Ferroelectrics , Minneapolis , June 1979.

R . E .  N ewnham , D. Skinner , B. Harditnan and K. Klicker (Invited) Ferroelectric
Ce ramic :Plast ic Composites of Controlled Macros truc tur e  for  P iezoelec t r ic
Applications . IEEE lot. Symposium on Applicat ions of Ferroelectrics ,

~inneapo1is, ~N , June 1979.

IL • ~~~~~~~~~~~~~~~~~~ ~~~~~
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L. Bowen, T. Shrout, W. Schuize and J. Biggers. Piezoelectric Properties of
Internally Electroded PZT Multilayers. IEEE Int. Symposium on Applica—

4 tions of Ferroelectrics, Minneapolis, MN, June 1979.

D.A. Hankey and J.V. Biggers. Calcining—Reaction Kinetics of PZT Compositions.
81st Annual Meeting , Amer. Cer. Soc., Cincinnati, OH, April 1979.

H. McKinstry, A. Amin and L.E. Cross. A Thermodynamic Gibbs Function for the
System of PZT Piezoceramics. 81st Annual Meeting , Amer . Cer. Soc.,
Cincinnati, OH, April 1979.

M.B. Holmes and R.E. Newnham . Preparation of Grain—Oriented Ferroelectric
Ceramics. 81st Annual Meeting , Amer . Cer. Soc., Cincinnati, OH, April
1979.

.~~~ A. Amin , R.E. Newnham and D.E. Cox. Neutron Diffraction Refinement of Low—
Temperature Phase in the PZT System. Amer . Crystallogr . Assoc. Winter
Meeting, Honolulu, HI, March 1979.

R.E. Newnham. Relaxor, Improper and Secondary Ferroic Crystals. Amer . Crys—
tallogr . Assoc. Winter Meeting, Honolulu, HI, March 1979.

R.E. Newnham. Piezoelectric Composites. Amer . Chem. Soc. Meeting , Honolulu,
HI, March 1979.

K. Takahashi , L .H.  Ha rd y, R . E .  Newnham and L.E. Cross. Pyroeffect in
Pb5Ge3O11 and Pb5Ge2SiOll Crystals Prepared by Glass Recrystallization .
Second Meeting of Ferroelectric Materials and Their Applications (FMA 2),
Kyoto , Japan, May 1979.

S. Nomura , K. Tonooka , J. Kuwata , R . E .  Newnham and L.E. Cross. Second Meeting
of Ferroelectric Materials and Their Applications (FMA 2), Kyoto, Japan ,
May 1979.

K. Uchino and L.E. Cross. A High—Sensitivity AC Dilatometer for the Direct
Measurement of Piezoelectricity and Electrostriction. 33rd Frequency
Control Symposium, Atlantic City, NJ , June 1979.

Papers listed below have been submitted for publication . The exact status
is indicated in each case.

J.V. Biggers, T.A. Shrout and W.A. Schuize. Densification of PZT Cast Tape
by Pressing . Bull. Amer . Ceram . Soc. 58, 516 (1979).

M. Holmes , R.E. Newnham and L.E. Cross. Grain Oriented Ferroelectric Ceramics.
Bull. Amer. Ceram. Soc . 58, 872 (1979).

K. Uchino and L.E. Cross. A Very Sensitive AC Dilatometer for the Dirvct
Measurement of Piezoelectrjc and Electrostrictive Constants. Ferro—
elect rics (accepted) .

S.J .  Jang . K. Uchino , S. Nom ur ~ and L . E .  Cross.  E lec t ros t r i c t ive  B el ldvior  of
LLa d Magnesium Ni ob ate  Rased Cerami c  D i e l e i t r i c s .  F e r ro c l ec t r i c s
~acc~~:~t ed)

- • 
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R.E. Newnham, D. Skinner, B. Hardiman and K. Klicker. Ferroelectric Ceramic :

• Plastic Composites of Controlled Macrostructure for Piezoelectric Appli—
cations. Ferroelectrics (accepted).

L. Bowen, T. Shrout, W. Schul z e and J. Biggers. Piezoelectric Properties of
Internally Electroded PZT Multilayers. Ferroelectrics (accepted).

T. Takahashi, L.H. Hardy, R.E. Newnham and L.E. Cross. Pyroeffect in
Pb~Ge3011 and Pb5Ge2SiO11 Crystal Prepared by Glass Recrystallization .
Proc. Second Meeting of Ferroelectric Materials and Their Applications
(FMA 2 ) ,  Kyoto , Japan (accepted) .

S. Nomura, K. Tanooka, J. Kuwata, R.E. Newnham and L.E. Cross . Electrostric—
tion in Pb(Mg113Nb2j3)03 Ceramics. Proc. Second Meeting of Ferroelectric
Materials and Their Applications (FMA 2), Kyoto, Japan (accepted).

i S

K. Uchino and L.E. Cross. A High Sensitivity AC Dilatometer for Direct Mea-
surement of Piezoelectricity and Electrostriction . Proc. 33rd Annual
Frequency Control Symposium . Atlantic City, NJ , June 1979.

K. tlchino , S. Nomura , L.E. Cross, S.J. Jang and R.E. Newnham . Electrostric—
tion Effects in Lead Magnesium Niobate Single Crystals. J. Appl. Phys.
(accepted).

S. Nomura , J. Kuwata , K. Uchino , S.J. Jang, L.E. Cross and R.E. Newnham .
Electrostriction in the Solid Solution System Pb(Mg1j3Nb213)03:
Pb(Mg112W112)03. Phys. Stat . Sol. (submitted). 

• • .  ~±S .  - • - - - -
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2. ELECTROSTRICTION

4 2.1 INTRODUCTION

To reiterate our original proposal, the primary objectives of the

studies on electrostriction were

(a) To develop a dilatometric system capable of measuring the exceed-

ingly small (10 8) electrostrictive strains. which can be induced in simple

solids of low permittivity. S

* (b) To develop in parallel with the experimental program the lattice

dynamical theory of electrostriction for alkali halides, perovskites, and

other simple solids. For this study the new experimental data will provide

a powerful check of the theoretical development .

Cc) To extend the study of high permittivity perovskite dielectrics 
S

with relaxor:ferroelectric properties which have technolog ically interesting S

strain :field levels so as to contribute to the understanding of the basic

cause of the d i f f u s e  phase t ransi t ion and the associated important properties .

2 . 2  EXPERIMENTAL STUDIES

2 .2. 1  AC Dilatometer Studies

A major experimental e f f o r t  is being devoted to the completion of the

ult rasensitj ve  AC di latometer  f i r s t  described in last year ’s annual r epo r t .

This work was reported at the 33rd Annual Frequency Control  Symposium in

Atlant ic  Ci ty  in June 1979. A copy of this paper is attached as Append ix 1.

A second , more concise , descrip t ion of the present  system toge the r  with

ca l ib ra t ion  data and a new stud y of d 33 in PVF2 was presented at the  ISAF 79

in Minneapolis , also in June , and is included as Appendix 2 .  Thes€ i n i t i al

pol ymer s tudies  presented at ISAF 79 have now been extended and thu  non—

l i n e a r i t y  in d 33 corre lated  w i t h  the el u c t r o s t r i ct i on .  A paper  d e scr L h i n ~;

h1 • - 1T~~~~~~~ .~~~~~~~~~~~~ -—- ~ S
—- —-- rn --——-- S —-~ • 
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this work, which was carried out in cooperation with Dr. Charles Hicks of

Naval Ocean Systems Command , San Diego, has been prepared as a paper for

submission to the Journal of Applied Physics and is presented in this report

as Appendix 3.

In very brief summary:
. 4

S (a) An AC dilatometer has been constructed that is capable of resolving

displacements of m (iO~~ ~~) .

(b) A capacitance calibrator has been built and used to check d11 for

quartz, giving values within 1% of accepted value.

(c) Comparative measurements have been made between quartz, wurtzite, and

S berlinite to establish both direct and relative measurement methods.

(d) Electrostriction has been measured in Pb3MgNb2O9 ceramic a~ d is

close to the value determined from LVDT studies on the same material .

(e) Direct measurements have been made of d33 and the nonlinearity in

d33 for  several types of polyvinylidene, and related to the electrostriction

in this material.

Having established unequivocally the principle of the AC dilatometric

method and demonstrated its capability with known piezoelectrics, electro—

s t r ic tors  and polymers, we are now moving to measurements on alkali halides

and other low—permittivity electrostrictors. In this work, new problems

have arisen which appear to be associated with the effects of the Maxwell

stresses and electrostrictive deformations of the holder structure under

the very high voltages now required for these measurements.

The initial design of dilatometer used supported the high—potent ia l

electrode of the electrostrictor under study on a thick lucite (PMMA) plate.

Hig h , obviously spurious , values of the apparent Q coefficients were then

t raced to the fact that PMMA has e lec t ros t r ic t ion  Q constants more than an

____________________________________________
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order of magnitude larger than in the alkali halides and field related M

4 constant more than two orders larger.

In the course of seeking an alternate support insulator, data were

assembled from all possible sources regarding 
~h 

values in insulators.

Reliable values for this number are available from measurements of the hydro-

static pressure dependence of the dielectric stiffness. A correlation between

the electrostriction and other measured properties likely to be controlled

by the lattice anharmonicity was then sought . In Figure 1, the log of 
~h 

is

- - - 7 plotted versus the log of thermal expansion a, and in Figure 2 a similar plot

of 
~h 

versus isothermal compressibility is presented . While the rela tions

are not exactly linear, a marked general trend is evident, i.e. soft high—

expansion solids like polymers might have constants three orders of mag—

nitude larger than the hard low—expansion Pb(Mg
113

Nb
213

)03.

In fac t, of course , for the holder structure it is the electrostrictive

M constant which is of importance, and for linear solids

M ijmn 
— Q

ijkm nkj
rm nl

where ri
ka 

and 
~nl 

are the appropriate dielectric S I I F  ~eptibi 1it ies.  Thus for

S exceed ingly low e lec t ros t ric t ive  response under  hig h drivir 2 g fields we require

a very stiff solid of low thermal expansion and low dielectric susceptibility

(pertn ictivity). Fused silica appears most suitable.

A new sample holder has now been designed for the dilatometer on a

coaxial configuration which produces a radial ~1 .-ctro stric tive stress normal

to the direction of measurement, with a broad fused silica ring insulator.

Measurements are now proceeding on samples of fused silica to confirm

the low Q constants expected .

In the alkali halide crystals NaC1, KC1 measurements in the new holder

show a st rong frequency dependence of induced strain . High frequency values

___  _ _ _ _

— _ L -——-—-•- --~~~~~— •
~
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Correlation between Electro striction
and ThermoJ Expct ns ion

T 1 PVF2(Kureka~) II KNbO 3
2 PVF2(K’INAR) 12 PbT~O3

~~~~~~~ 

~~— 3 3 RId 13 BaT;03
4 KC I 14 P~(7~~~62~)O3
S t’I&Br 15 Pb (M9Ift NE2h)03

-4—’ G 14G.CII

9 2~~ •~10 - 

9 S~-T;
IO KTa.03

L) . 6

~~ Qh oc ~~~E
a)

-=

10
_ ri

I0~ IO 2 1O~ 10 0 10 ’ 102

Electrostri ct ive coeff k,Ient Qh (m 4C 2 )
Figure 1

-S. S~~ - —- S — S j 5 5  ~~~~~~S
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Corre lation between Electrostrict ion
and Covr~pressi b~~ty

C 

~ PVF2 (K .treka)
2 PVF2 ( KINAR)

—9 . 3 KBy-
4 K
5 WaBr S

6 Wo~CI 27~ Ia.F •y’i

rd0 9 L~F
U 9 KTh03 3

JO ~ r~o3 5~~4

r 

~~~~~~~~~~~

i ,7
•9

~ Qh 0 
~ 

1 .4_ T
0
(I)

I’

10 13

I O ~ I 0~ 100 10 1 10 2

Ele~ctro st r ict iv e. co efficient Qh (rn4 C~
2)

Figure 2 
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are within a factor of 3 of those measured earlier by B~
’haty and Haussuhl.

We believe that the high low frequency values may have an origin in dielectric

heating due to a grossly hydrated surface layer - New very low frequency

S dielectric loss measurements are being carried out to check this possibility .

2.2.2 Electrostriction in Relaxor Ferroelectrics

Work on the Pb (Mg
113

Nb
213

)O
3 
based relaxor ferroelectrics for electro—

strictive applications was initiated under an earlier DARPA:ONR joint funding

(N000l4—76—C—05l5). A number of tasks initiated on that program have now

been completed . Technological properties of interest in Pb
3

(Mg1Nb2)09:PbTiO3

solid solutions are discussed in Appendix 6 and joint work with Dr. S. Nomura

and colleagues on this system which was presented at the applications meeting

in Kyoto , Japan (FMA 2) is given in Appendix 9. The extensive work we have

performed on e lectrostr ic t ion has also been summarized for  presentation to

colleagues in Japan by Dr. K. Uchino in a paper in Japanese submitted to the

Japanese Journal of Electronic Ceramics which is included as Appendix 4.

Recent studies have now f ocused mor e on the physical explanation of the 
S

r esponse in these r elaxor systems . The low values of the averaged in

ceramics have been shown to increase rapidly with Pb(W
112

Mg112
)0
3 
content

(Appendix 7) as is the case also in the PbMg
113

Nb
213

O3:PbTiO3 system (Appen-

dix 6). That the low values are not due to an unusual cancellation in the

ceramic average Q’s has been clearly demonstrated by measurements on

(Pb(Mg113Nb
213
)03 

single crystals (Appendix 5). It has also been shown that

a coherent and self—consistent explanation can be given for the elasto :

dielect ric behavior of the perovskite relaxors if it is assumed that the

constant A in the formula

= A(T—T )

- 5  5 ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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which describes the temperature dependence of the soft transverse optic

lattice mode frequency in these crystals is almost an order of magnitude

smaller than in normal sharp transition ferroelectrics.

In a new fundamental attack on the origins of the diffuse transition,

crystal chemical arguments suggested that the compound Pb(Sc
112

Ta
112
)0
3

should be just on the limit of stability of ordering for the B site cations.

For this compound it has now been shown that the diffuseness of the tran—

sition at Tc can be modified by thermal treatment, and the thermal and

- 
.
~ dielectric diffuseness related to the degree of structural ordering of

the B site cations (Figures 3,4).

Single crystals of Pb(Sc0 5Ta0 5)03 have been grown by a flux method,

and for suitable heat treatments ordered and disordered B site arrangements

produced and shown to correspond to sharp and d i f fuse  behavior of the weak 
S -

field dielectric permittivity (Figure 5.)

High field hysteresis behavior also correlates with sharp and diffuse

transition behavior. We believe that these and additional studies that

are now going forward on this material will provide for the first time a

clear indication of the nature and scale of the microheterogeneity in the

disordered perovskite systems which leads to the interesting relaxor

properties .

2.3 LATTICE THEORY OF ELECTROSTRICTION

2.3.1 Purpose of Research

The objective of these investigations is to understand the effect of

crystal structure and composition on the electrostriction coefficients of

crystalline ionic solids in order to optimize the electrostriction coeff i—

S 
d ents and , ultimately, in order to maximize the electromechanical coupling

factors of ferroelectric materials derived from centric prototypes via a

- - - —- -—S~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~ —-~~~~~ 
-55-  - S- --~~~~~~~- -
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j

systematic molecular engineering approach.

Progress during the present contract period encompasses the following

items:

2.3.2 Technical Results

2.3.2.1 Lattice Dynamical Framework

The most comprehensive lattice theory of the elastic dielectric

is due to Srinivasan’, who has given general expressions for the pho~oelastic ,

electrost r iction , and nonlinear dielectric susceptibility constants . All S

subsequent app lications are based on this treatmen t and deal with the f luor—

ite2 ’6
, rocksalt3 5 ’7 and cesium chloride4 structures. None of the theoretical

models considered so far gives good agreement for the electrostriction coeff i—

cients.

The theoretical treatment of Srinivasan1 is based on the rigid ion model.

Generalization to the shell model (SN) is achieved by treating the shells as

additional rigid—ion sublattices of zero mass. This implies that the shell—

sublattices are partly restricted to the harmonic approximation, in so far

as the shell model parameters (shell charges and core—shell coupling constants)

are constants, and no anharmonicity other than that arising from Coulomb and

short range shell—shell repulsion is included .

To provide a more general theoretical framework and a more rigorous

derivation which would be free from these limitations we have derived the

nonlinear constitutive relations of the elastic dielectric from lattice S

theory by using the shell model equations from the outset. The results are

general for any anharinonic SM in which anharmonicity of both inter—ionic and

intra—ionic forces (such as nonlinear core—shell coupling or deformation 
5

induced charge transfer effects) may be present . In the following a short

outline will be given of the method used and the results obtained . Although

—~-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i~~~ ~~~~~~ -- •
~~~~~~~~

-
~~ ~~~~~~~
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general results valid for non—centrosymmetric crystal structures have been

obtained, for simplicity only centrosyuunetric (non—piezoelectric) crystal
4

structures will be considered here.

The derivation of the electrostrict ion constants is based on the long

wavelength method as applied to the equations of motion in the presence of

a macroscopic electric field. Using the approach and the nomenclature of

Cowley
8 

the time—independent equations of motion for a periodic motion in the

approximation of the SM are given by

(2. la)

O = + u i~~— ? ~ (2.lb)

U , ~~~, ~ (with U = {U
a
(K)}

~ 
a = l,2,3;K = 1,2 . etc) denote vectors of

rank 3s (s = number of ions per unit cell) specify ing the ampli tudes of the

displacements of the cores and of the shells and the amplitude of the macro-

scopic electric field pertaining to all sublattices, respectively. ~1, ~ and ?

(with ~I = {M(x) ôa~~ K K , }  etc) are diagonal matrices of rank 3s pertaining to

the masses, to the total ionic charges and to the shell charges, respectively.

A, ~~~, ~ and ~ (with A = (A~~~K K ’)} etc) are matrices of rank 3s given by

A = ~ + ~~~ (2.2a)

= T + Wi (2.2b)

= (2.2c)

(2.2d )

The matrices ~( , ~ , ~ describe short range interactions, and the terms involving

the Coulomb matrix C describe the electrostatic interactions between the point

cha rges and the dipoles.

Using the definition for the components 
~a 

of the polarization vector

— .—__-— •— - , - -.,_-__ ~~~~ - - ~~~~~~~~~~~~~~~~~~~~~ S -

5— -, ~~~~~ ~~
-
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= ~— ~{2U) (~ ) + 
~a~’ (2.3)

(V
~ 

volume per unit cell) one obtains after performing the long wavelength

expansion and eliminating the shell displacement W the following expressions

for the high frequency limit and the static limit of the dielectric suscepti—

bility tensor ~ = (x 1.) (i,j = 1,2,3):

~ l —l
= 

~~
-_

~~~~~~~ 
[y~ ~ } (2.4a)

C KK~

S_i ~o ~~~~~~ [~~~~l~ + ?~~
1?1 (2 .4b)

.5 ,  
C KK --

The sums are over all s sublattices, so that the result in each case is a 3 x 3

matrix. The quantity

= — ~~ —l~ (2.5a)

is an effective charge matrix, and

= A - (2.5b)

an effective interaction matrix.

For a strained crystal the coupling matrices ~~~~~~~ and the shell charge

matrix ~ are functions of the Lagrangian strain tensor = (i11.). lip to first

order this dependence is given by

= A + (2.6)

etc,where the coefficient matrices X, etc, depend on the anharmonic coupling

parameters. Using the perturbation expansion for U,~~,E and w with respect to

the strain components up to first order according to

u(ij ) = U + U?j (2 .7)

etc, and proceeding in the same manner as outlined above for the strain—free

- - k.~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ S L~~~~~~~~~~~~~~~~~~~~~
S
~~~~~ L.. ~~------5S~~~~ - - - - .-5,S-5 
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crystal one obtains the following expressions for the photoelastic tensor

= (ax
~J

/ankl) and for the electrostriction tensor 5~
° = (

~X~~
/
~

flkl): . 
5

= ~~ { [ ~~
_l
~~~

l
?] +

+ [~~~4~} + ~~~~~~ 5~°1 (2.8a)

= L ‘

~L 
{ [ ~r~ r

1
~] —

C KK ’

+ [~ t
1
~ ] + ~~~~~~ + [~~

_1
~ ]}~~ 1 ~~~~ (2.8b)

Here r = denotes the unit tensor of rank three. Eqs (2.8a) and (2.8b)

are the desired result. They show no resemblance, however, to Srinivasan ’s1

equation (3.51). In fac t, they constitute an alternative solution to the S

problem and have the advantages of higher generality, simplicity and greater

lucidity in displaying the physical origin and the nature of the individual

contributions in the final expression .

We have verified that numerical application of eqs (2.8) to the rocksalt

structure for a conventional rigid shell model (~ = const; ~ 0) gives results

identical to those obtained by Srinivasan and Srinivasan2. At this point it

should be noted that Srinivasan and Srinivasan2 state without proof that a

factor 1/2 should be added to the last additive term in eq (3.51) of Srinivasan1,

and their numerical results2 are based on the revised equation. We have also

independently derived this correct equation, with the factor 1/2 included .

It follows that for the special case of a rigid shell model the above eqs (2.8)

are equivalent to the corrected form of Srinivasan ’s1 eq (3.51), with the

factor 1/2 included .

— - ---~~~~~~~ —~~~~~-- - - - -
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2.3.2.2 Application to Rocksalt Structure

As mentioned in our First Semiannual Report on the present contract,a
none of the existing theoretical models gives satisfactory agreement for the

photoelastic and electrostriction coefficients of rocksalt type alkali halides.

Possible causes for the deficiencies of these models are (a) that purely har— S

- - 

- monic models for the electronic polarizability are used, and (b) that many—

body e f fec t s  in the short range interactions are included, if at all, in an

inadequate manner. To investigate the first of these possibilities we have

for  the rocksalt s t ructure considered several anharmonic shell models in which

the anharmonicity of the intraionic forces is included in addition to the S

anharmonicity of the interionic forces.

The most obvious way to introduce intraionic anharmonicity is to add a

cube term k’W3 or a quartic term k”W4 to the core—shell in teract ion potential9 ’10 .

It  can be shown from symmetry arguments , however , that for  the rocksalt struc-

ture the cube term does not arise. The quartic term, on the other hand , does

not enter the first order electrostriction coefficient 5(, as given by eq (2.8b),

but becomes apparent onl y in the second order electrostriction coeff ic ients .

A mechanism for  intraionic anharmonicity, which for  the rocksalt s t ructure

does a f fec t  the f i rst order electrostriction coefficient, consists of a st rain

dependent shell charge according to (tensor notation):

= 

~~~ij 
+ “

~1~kl~kl (2.9)

Eq (2.9) describes intralonic core—shell charge transfer under the influence

of a strain 
~kl~ 

Y° denotes the shell charge in the absence of strain . For

the cubic symmetry pertaining to the rocksalt structure there are three

independent components of the fourth rank charge transfer tensor Yi.kl ,

namely (in Voigt notat ion) Y11, Y12, and Y44 .  

~~~~~~~~~~ ~~~~~~~~~~~~~~~ — — — - -5 5  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
_ ,_••

~
_•  ~~~~~~~~~~~~ - r---~~~~’~~~~5-~~~~ 

-5 —’-—

-

~~~~~~

20

a We have incorporated the charge transfer mechanism defined by Eq (2.9)

into a shell model for rocksalt—type materials in which general noncentral

short range force between nearest neighbors, central forces between neighbor—

ing anions, and the polarizability of the anions are included . The model 
S

contains six harmonic and five anharmonic parameters. The harmonic para—

meters are, in the nomenclature explained in our First Semiannual Report,

the nearest neighbor chort range constants A1, B1, the second neighbor short

• range constants A2, B2, the anion core—shell coupling constant k, and the 
S

anion shell charge Y°. The anharmonic parameters are the short range para-

meters C
1 
and C2 pertaining to first and second neighbor interaction, respect-

ively,  and the charge transfer parameters Y11, Y12, and Y44. Numerical appli-

cation to the alkali halides was made by fitting the harmonic parameters t.

the three elastic con stan ts, to the static and to the high frequency limit

of the dielectric constant , and to the transverse optical frequency . The

anharmonic parameters wer e f i t t ed  to the f i r s t  pressure derivatives of the

elastic constants c11 and c44 ,  and to the three photoelastic constants.  S

In Table 1 the calculated results are compared with the experimental data

fo r  the photoelastic constants11 (in Voi gt notation)

1 (2.10)
(c°~~~ ~~~

and of the electrostriction constants 12

f = - ~ (~~~ ) (2 .11)

For comparison the theoretical resul ts  of Goyal et al7 are also included which -

are based on a shell model with angle bending forces.

It is apparent that the present model allows a perfect f i t  fo r  the photo—

elastic constants , whereas for  the model of Goya l et a1
7 discrepancies up to a

5 - __S

~~~~~~~~~~~~~~
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~~~~~~~~~~~
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5 
factor of two occur. For the electrostriction constants both the present

a results and those of Goyal et al show considerable deviations from the experi—
5 12

mental data , especially for f12 and f44. Moreover, in spite of the inclusion

of intraionic anharmonicity the calculated electrostriction constants do not

5 
differ drastically from values calculated on the basis of a rigid—shell model

5 with many—body forces included7. One may therefore conclude (a) that the

experimental electrostriction data for the alkali halides12 are probably

- 
seriously in error, (b) that inclusion of intraionic anharmonicity, while

essential for the photoelastic constants, is only of minor importance for the

electrostriction constants, and (c) that the effect of many—body forces, while

- S 
apparent in the second and third order elastic constants, is only small for

the electrostriction constants, at least in alkali halides.

To substantiate the last conclusion (c) we have applied Keating ’s model of

angle bending forces
13 

up to third order in the four anion—cation—anion angles

of the rocksalt structure. The results indicate that as a result of the crystal

symmetry these angle bending forces do not contribute to the anharmonic poten-

tial energy in the rocksalt structure. Thus the many—body forces present in

- 5 the rocksalt structure must be of a more general nature.

2.3.2.3 Application to Perovskite Structure

The lattice dynamical framework has also been applied to the perov—

5 skite structure ABO
3 

on the basis of a rigid—shell model , with the electronic

polarizability of all three ions taken into account . Numerical application

to SrTiO3 has been made by taking into account the thermal contribution from

the soft zone center optic mode in an empirical manner. Good overall agree—

S ment for all first order anharinonic coefficients (third order elastic constants

and e lectrost r ic t ion constants) can be obtained with only one empirical para—

meter (i.e. the third derivative of the short range repulsive potential for

the Ti—O interaction) if the third derivatives of the short range repulsive

~~u1.irp!t -——- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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interaction for the Sr—O and for the 0—0 interaction are determined by means

a of a Born—Mayer potential . The results indicate (a) that the various f i rs t

order anharmonic coefficients, especially the (largest) third order elastic

constant c111 and the hydrostatic electrostriction coefficient 
~h’ can be

consistently accoun ted fo r on t he basis of the model used , (b) that the Sr-O

and the 0—0 overlap repulsive interactions are of comparable magnitude, but

that the Ti—O interaction is the dominant interaction and is over ten times

r larger than the other two first—neighbor interactions, (c) that the hydro—
1-

static electrostriction coefficient 
~h 

depends quite sensitively on the third

derivative of the Ti—0 repulsive interaction, and that this interaction is

not well represented by the Born—Mayer potential form , and (d) that  to a

good approximation the electrostrictive constants are determined by only one

anharmonic parameter , namel y the third derivative of the Ti—O repulsive

interact ion.

2.3.3 Plans for Next Year

The results obtained clearly demonstrate the feasibility of the approach

chosen, and it is hoped that the theory can be extended to predict trends of

the electrostriction constants for isostructural compounds even if no experi-

mental data (or only a few) are available for the determination of the model

parameters. For this purpose it may be necessary to improve the previously

used models by including many—body effects and/or intraionic anharmonicity,

and to extend the general theory so as to include thermal effects in a con-

sistent manner . Applications are envisaged for members of the perovskite

family of compounds and , if successful, for other crystal structures.
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3. PIEZOELECTRIC COMPOSITES
a

3.1 INTRODUCTION

The second major area of study on the present ONR contract has been

devoted to expanding and exploiting the development of new types of compo—
(1, 2)

site material for transducer applications. Earlier studies have already

established the cardinal importance of phase interconnection (connectivity)

in piezoelectric composites, and led to the development of 3:3 and 3:1

connected materials fabricated by the replamine~
3
~ technology which show

exceptional g33 and coe f f i c i en t s  of potential interest for  hydrophone

systems .
S 

New work has been concerned with developing model materials with pre-

cisely controlled macrostructure, so as to test and verif y the predicted

proper t ies, with establishing a much simplified processing technology which

closely mimics the replamine characteristics and with additional studies of

potential applications for  internally electroded PZT and other lamellar

composite structures.

A concise summary of many & f  the present composite approaches was

presented as an invited paper at ISAF 1979 in Minneapolis, and is included

as Appendix 10 to this report.

3.2 PZT: PLASTIC COMPOSITES

3.2.1 Composites with Very High Hydrostatic Sensitivity

A simple extrusion technique has been used to develop PZT rods with

controlled diameters in the range 800 to 200 ~nueters, and PZT:epoxy compo-

sites of very regular 3:1 phase connection fabricated . Data from these

S 
studies presented in Appendix 11 v e r i f y  the earlier proposed composite model

and show that materials with ~~ dh produc t almost 100 times larger than that

tha t of the single PZT phase can be developed .

555 5 5 ~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ L 5 5 
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In a concurrent processing study discussed in Appendix 12, a very
a

- 

- simple technique is described which permits the fabrication of a low density

PZT:plast ic composite with dominantly 3:3 connectivity which closely mimics

the properties of the original replainine form materials. We note that a

somewhat similar product has recently been produced by Dr. K. Okazaki of

the Defense Academy in Yokosuk a , japan~~~ which also has 
~~ 

d
h product

superior to the constituent PZT phase.

Current studies are concerned with possible techniques for further

improving the hydrostatic performance as follows:

5 By laying up the PZT rods along three orthogonal axes and poling from

surface electrodes , a solid with three effect ive or thogonal polar axes has

S been developed .

Cursory assessment would suggest that a uni t cube of this compos ite could

be electroded on all six faces and the face electrodes series connected in

such a manner as to generate under hydrostatic pressure three times the

S 

voltage of a single 3:1 connected array. Preliminary experiments, however ,

show that in fact the voltage generated is even further enhanced , due to the

fact that tn4. orthogonal PZT elements provide considerable relief of the

radial stress components on the PZT rods.

The triaxial polar composite is only one of a number of composites that

would have no simple ceramic or single crystal equivalent, that can be fabri-

cated from the PZT rod structures, and we are now studying a number of

arrangements using both straight and curved rods, coils, and helical struc-

tures. To avoid some of the complexities associated with poling the PZT from

surface electrodes we have devised a continuous poling technique for the

unsupported rod or f iber .

-~~~~—~~~~~~— —~~~~~~ — — —~~~~~5~~~ —-5 AS ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5
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In the initial set—up , two pools of lead bismuth eutectic alloy solder

- a were maintained by sur face tension in small circular holes drilled through

two thin copper plates spaced some 2 to 4 mm apart in a high temperature oil

bath (150°C) .  The copper plates are insulated fr om each other and main-

tained at a potential difference of 3 “-‘ 5 K Volts. The PZT fiber, attached 
S

to a fine wire, is threaded through the two holes and pulled vertically at

speeds up to 0.5 tom/minute. The solder does not wet PZT , but makes a suff i— S

cient contact with the surface to pole the PZT longitudinally. PZT 501A rods

with diameters from 10—25 mils have been poled to saturation by this method.

The solder does require rather careful handling, and recen:ly we have

found tha t a high density carbon foam attached to the copper plate in place

of the solder dot makes quite adequate contact for poling at 80° C using the

same condit ions of separation , field , and pulling speed .

We are now experimenting with similar contact schemes for poling more 
S

complex coil, spiral, and helical shapes , and with longer parallel contacts 
S

for longitudinal surface poling of long tape cast PZT sheets.

3.2.2 Composites with High d33

Two types of composite structure are being explor ed which appea r to

of fer the possibility of enhancing the effective d33 
over that of the parent

PZT phase.

3.2.2.1 Dimpled PZT Sheet:Epoxy Plastic

The dimpled structure is made by pressing a green tape cast PZT

lightly over a mold of regularly spaced steel ball bearings. This green 5

sheet is then fired to retain the dimpled structure and cast into a Spurrs

epoxy. After potting top and bottom surfaces parallel to the plane of the

dimpled ceramic , sheets are carefully ground down so as to expose the tips

and bases of the PZT d imples then electroded with air—dry ing silver paint .

S 5 5 - —~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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-

Initial data are summarized in Table 2.

Table 2

Sample Ball Array Number (xlO~~
2M/V) (x1O~~

2M/V)
Number Diameter Elements Measured Best d33 Average d 33

1 1/8” 20 20 1039 561

2 3/ 16” 9 5 980 585

3 1/4” 4 4 1273 611

All measurements were taken using a nominal 12 mu tape thickness. 
S

Clearly more data are required to make any definite conclusions, but it

may be noted that even the averaged values of are significantly higher

than d33 for  the PZT5A ~ 400 io 12 
~i/v.

In the second type of structure, t echniques fo r making PZT spheres of

uniform size are being explored , with the objective of generating thin sheet

composites essentially 1 sphere thickness. So far , th e best results have

been obtained using a PZT:wax composition , held at a temperatur e well above

the melting point of the wax and dripped at a constant rate into a warm water

bath. By careful control of the temperature and drip rate of the PZT:wax,

and of the cooling water, spherical particles of very uniform size were

generated .

After a slow burn—out of the wax, a short sintering cycle on a support 
5 

5

of loose PZT powder provided the final spherical particles. A typical corn—

posite made up u sing microspheres in a Spurr s Epoxy pot t ing compo und is

shown in Figure 6.

3.3 CERANIC:CERANIC COMPOSITES 
55 _

- S \

Tape casting methods have been used to produce a range of composite and 
S
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p

Figure 6. Composite formed using PZT microspheres in
epoxy plastic .
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of internally electroded PZT and Pb(M g113Nb 213)O 3 materials. Typical appli—

a cations using the impedance adjustment which such multilayer structures afford

for both static and resonant applications are discussed in Appendix 13. The

principle of using multilayer techniques with Pb(Mg
113

Nb213)O3:{Pb(Mg113Nb
213
)0
3
:

PbTIO3} composites to control the temperature dependence of the effective elastic

compliances in resonant structures is discussed in Appendix 14. It is shown

that a rather precise cancellation between positive and negative temperature

coefficients can be effected by a suitable choice of components and an added

stabilization against depoling developed.

Stemming from these early studies, it was also evident that the polariza—

tion level above the T range in the relaxor can strongly affect the clamped

elastic compliance (antiresonant frequency). The effect suggests a significant

role for the 6th order electrostriction constants which will be discussed

further in the section dealing with phenornenological theories. S
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4. GRAIN ORIENTED CERAMICS I -

a E f f o r t  on this topic has been confined primarily to the development S

of a technique for cost—effective fabrication of oriented grain structures.

Using a eutectic molten salt process (Appendix 15) it has been demonstrated

that ‘c ’ axis oriented ceramics can be fabricated from microcrystalline—

shape anisotropic particles precipitated in the compositions Bi4Ti3O12 and

Bi2WO6 by simple tape casting. X—ray studies have confirmed 100% orientation

of ‘c’ normal to the plane of the cast sheet. Attempts to pole the aniso— 
5

t rop ic samples in these systems have, however, been frustrated by the very

high coercivity and the rap idly r ising conductivities with increasing tem-

perature in both systems.

Current studies are now focusing on the preparation of PbBi2Nb 2O9.

This material has a lower transition at 275°C which might aid markedly in

the poling .

Arrangements are now being made to exchange samples and information

with Dr. K. Okazaki at the Defense Academy in Yokosuka. His group has been

fabricating similar grain oriented layer structure materials by hot extrusion

processing . This exchange of information will, we hope, speed up our work

in this whole topic area and provide an interesting effective intercomparison

of two completely different processing techniques which achieve almost iden—

tical orientation factors.
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5. CRY STAL GROW TH

a . 5.1 INTRODUCTION

The flux growth facility described in our initial annual report has

been in continuous operation over the full contract period . Emphasis has

~ been on the growth of crystals in the PZT solid solution family and of relaxor

- 

ferroelectrics of perovskite structure. 
-

Over the contract period , the group has provided assistance to establish S

a new constant diameter control Czochralski pulling equipment that will be

vital for continuing studies of the tungsten bronze—type crystals.

5.2  PEROVSKITE TYPE CRYSTALS

5.2.1 PZT Compositions

Growth attempts were concentrated on compositions with Zr/Ti ratio

close to morphotropy. The approach was not aimed to produce large samples,

but to develop small homogeneous crystals that would be of sufficient quality

for optical and microdielectric measurements. Flux systems that were tested

included:

PbF 2 
— KF — Pb3(P04

)2

PbO

PbO — PbF2 
— B 203 S

K F— P b F
2

PbO - PbF2 
— KF

The systems that appeared to yield best results were KF:PbF2 and pure

PbO . Growth runs from pure PbO yielded small cube—shaped crystals , most of

which were in the tetragonal phase at room temperature. In i-nany cases,

crystals encased in the melt appearcd of excellent quality, but an extraction

exhibited massive internal micro—cracking . Onl y very small irregular—shaped

pieces were obtained free from the flux.

- - 5 - — S  S — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ---~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - S~~~~-—S-- S_-



-5 
_ _ _ _ _

_ _ _ _  -5-55—- 
- 

~~ .. , 
S

32

5 .2 .2  Relaxor Perovskites

a A number of growth runs were carried through using a flux of excess PbO

with  minor B 203 addition to grow additional crystals of Pb (Mg
1/3 Nb 2/3 )03 for

electrostriction studies. The procedure was described in the previous annual

report . Crystals in the form of small rectangular parallelepipeds with edges

up to 0 .5 mm were produced . Experimental measurements on these samples are

• 
reported in Appendix 5.

Following a careful crystal chemical analysis and studies on ceramic

materials , it was evident that Pb(Sc
112

Ta
112
)03 could be produced either as

a sharp transition (ordered) compound or with scandium and tantalum ions dis-

ordered on the B site giving diffusing transition behavior. Having verified

by x—ray powder methods that order:disorder could be modified in this compound

by the thermal treatments it was desirable to grow single crystals for precise

d ielec tric , optical, elastic , and other proper ty measuremen ts.

Crystals of Pb(Sc~ /2 Ta
1 /2 )O

3 
were grown by the following procedurc.

Powder was prepared by mixing the appropriate oxides in stoichiometric pro-

portions. The powder was caicined by f i r ing  at 800° C for  two hours in a

closed p lat inum crucible, then grinding and ref iring again at 1300°C for one

hour .  X—ray examination showed the resulting powder to be dominantly in the

perovsk i te  s t ruc ture  wi th  only small traces of the pyrochiore modi f ica t ion .

Flux systems tested included PbO, PbO—PbF2, and PbO—PbF2—B2O3. Best success

~-as achieved with the PbO—PbF2—B 203 flux using mole fractions

Pb(Sc
1/2

Ta
1/2

)0 3 :0.15

PbO :0 .40

PbF2 :0.40

B 203 :0.05
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Growth was accomplished in a platinum crucible with a temperature

a cycle

25°C — 1250°C Linear over six hours

1250°C Soak for fou r hours

1250°C — 1000°C Linear cooling at 3°C/hour

1000°C — 900°C Linear cooling at 5°C/hour

900°C — Room T. 50° C/hour

The crystals obtained were pale yellow in color in the form of well

developed cubes with 100 faces .

Unit cell size as determined by x—ray diffraction was 4.073X,in good

agreement with l i te ra ture  values for the ceramic material .

5.3 DIAMETER CONTROL GROWTH EXPERIMENT

5.3.1 Introduction S

The major e f f o r t  to establish an e f fec t ive  Czochralski pulling system

for oxide crystals has been carried forward by Dr. Brun in MRL , und er AFOSR

sponsorship. In preliminary evaluation of available control  methods , it

was decided to use digital rather than analog control , and in view of our

experience in this area the ferroelectrics group has been cooperating to

help establish this important capability.

5.3.2 Control System 
-

In Figure 7 the major  components of the system are outlined in block

form . The system is based on a control from the weight change of the melt

and crucible as pulling proceeds. The melt and crucible located in the A.D.

Little puller , or in a corresponding resistance heated puller , are continu—

ousl y weighed by a top—loading electronic balance which is read at 1 second

intervals by the LSI—ll/2 computer . A temperature reading from a digital

thermomenter is also inputted to the control computer for emergency shutdown

L
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A .ft Little Power Supp ly
Crystal Puller 20KW @250KHz

CRUCIBLE OP—AMP
0-20V 

S

16—bit DAC

_ _ _ _  = _ _ _ _  

5
\s

%

~~~~~~~~ 0-b y

Di gital Di gi tal

Balance Thermometer

03K g +. Ol gni +0. 1 Deg. C

Custom 64—bit Interface
LSI— 11/2 

_ _ _  

V ideo
16-bit Dup lex Interface —

20K Word Terminal
Serial Interface

Memory 
_____________8-bit Dup lex Interface

Paper Tape
Reader/Punch

S 

Figure 7
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if necessary dur ing pulling and to facil i tate controlled cool—down after

- a growth. A video terminal provides communication with the system .

In operation the computer reads the balance every second , then from

S accumulated readings it computes the rate of weight loss by a least squares

• f i t t ing.  This value is then compared to the desired loss (calculated from

density and pulling rate) and the necessary correction control signal to

1 the power supply calculated . In the inductive A.D.  Little system power is

- controlled in the resistive heated system, then set point of the t empera—

- 
~

- ture controller is adjusted .

Preliminary tests on alkali halide crystals and with lead bismuth

niobate show most encouraging results.
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6. PROCESSING STUDIES

6.1 INTRODUCTION

- , Electrostriction and composite piezoelectrics studies on this program

S place continuing demands for the processing of new perovskite based

ceramics and for the fabrication of conventional materials in new and un—

usual conf igurations . Our major involvement with PZT based ceramic systems

- : has required careful study of the control of the partial pressure of PbO

-: during sintering, and this study, which has been writ ten up for publication , 
S

is presented in Appendix 16. The work also formed the basis of the MS

5 . thesis of K. Klicker in Ceramic Science.

An important step forward was the development of a new simple processing

technique for making 3:3 connected PZT;plastic composites discussed earlier

in Section 3 and Appendix 12.

Current studies are focused on the calcination reactions in the PZT

S system and on a more detailed evaluation of the sintering behavior.

6.2 CALCINING REACTION KINETICS IN PZT COMPOUNDS

This study is primarily concerned with the reaction mechanisms and reac—

tion kinetics for the formation of PbZrO
3—PbTiO3 

ceramics from mixed oxide

starting powders. The objective,besides obtaining a better understanding of

the crucial forming reactions and their dependence on raw material para-

meters and processing conditions, was to determine the extent to which dif-

ferences in the calcining conditions were reflected in the piezoelectric

properties of the finished ceramic.

I The composition PbZr0 6
Ti
0 403 

has been most thoroughly investigated .

For this composition the constituent oxides were characterized by their phase

S purity, phase content, particle size, size and shape distributions, and

surface areas. As well as these more normal indices , x—ray line broadening 
S

~ ~
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has been used to give additional information on crystallite size and

a - 
crystallite strain. These data are most important because the phenomenon

S 
of agglomeration can give confusing data using the simpler measuring methods.

Particularly for the Zr02, modification of these parameters by high energy

milling has been shown to have a profound effect on reaction kinetics.

Quantitative data of the phase assemblages at each stage of calcining

have been obtained using the “matrix flushing technique” for x—ray diffrac—

tion analysis . Tests with artificial standards have shown this method to

give better than 1% precision.

r Kinetic data have been fitted using the Jonder equation for diffusion

controlled reaction and activation energies obtained from Arrhenius plots

of the rate constant for the PbTiO3 and PZT formation.

Variations in the final electromechanical properties appear to be

strongly related to the presence of incompletely reacted PbO solid solutions

in the calcined powders and, as expected , to produce wider variations in

properties as the composition is brought closer to the morphotropic composi—

tion.

6. 3 SINTERING STUDIES ON PZT

This work was initiated to study (i) the effects of the phase distribu-

tion in calcined oxide powders on the sintering characterisics of

PbZr 0 6T10 403; (ii) the e f fec t s  of PbO vapor on the sinter ing ; (iii ) the

mechanisms involved in the very early stages of sintering.

Isothermal sintering at 1,000 , 1,100 , 1,200 , and 1,300°C fo r per iods

from 10 minutes to 12 hours , and dilatometer studies at constant 2OO~C/hour

heating rate have been used to explore the densification of different

starting phase assemblages .

Preliminary findings indicate (1) that densificatiun and reactions to 
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- •  complete the forma t ion of the PZT can proceed independently; (ii) uncalcined

and partially calcined oxide powders exhibit initial expansion during forma —a
5

. tion of PbTIO
3 and PbO solid solution phases; (iii) at very high heating

rates the PbO solid solution phase is eliminated from the sequence.

p
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7. PHENOMENOLOGICAL THEORIES

a - 7.1 INTRODUCTION

The development of an elastic Gibbs function for the PbZrO3:PbT1O3

family materials using the ADAGE computer graphics system with the IBM 370:

A description of thi s work has been submitted for publication in the Journal

of Applied Physics. Detail of the fitting procedure used and of measurements

of the spontaneous strains xlU ,  ~2(s)’ 
X4(s) have been given in a Ph.D.

r thesis by A. Amin (Phenomenological and Structural Studies of PbZrO3:PbTiO3

H Ceramics , The Pennsylvania State University, November 1979).

S Current work is concerned with

A. Measurement and prediction of the low temperature phase tran-

sitions for compositions close to Morphotropy .

B. Extension of the phenomenological function to include

octahedral rotation coordinates and antiferroelectric sub—

lattice polarizations .

S 
C. Examination of the role of higher order electrostriction

constants.

7.2 PHENOMENOLOGICAL AND NEUTRON DIFFRACTION STUDY OF LOW TEMPERATURE
PHASE TRANSITIONS IN PbZrO3 :PbTiO3

The Landau—Ginsburg—Devonshire phenomenology described above has been

used to predict the low temperature course of the morphotropic boundary in

PZT. The theory predicts that the phase boundary occurs at almost the same

composition (Zr/Ti ratio) down to near 0°K. The extension of the single

cell multicell (R3m—R3c) phase boundary in the rhombohedral phase f ield has

been investigated by neutron diffraction in cooperation with Dr. E. Cox

at Brookhaven. For a composition of PbZr06Ti04O3 
the diffraction data

confirm tha t the transition is between 200°K and 9°K. Low temperature

5 ~~~~~ s ~S ’ ’  L. ___ - ~, ~~~~~~~~ •~~~~5~ ~~ ~~~~~ ~~~~~~~~ k . k  ~~~~~~~
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pyroelectric measurements using the Chynoweth method exhibit a peak at

a 45 K identifying the transition point in this composition. Details of this

work are given in Appendix 18.

7.3 EXTENSION OF THE THERMODYNAMIC PHENOMENOLOGY

S 
The equations used earlier are based on the supposition of a simple

proper ferroelectricity in PbTiO3:PbZrO3. They appear adequate for predic—

tion of the proper ties f or compositions up to PbZr0 6Ti0 405 in the single

S cell phase fields . They are obviously inadequate to describe materials tha t

exhibit the rh~mbohedral R3m—R3c phase transition, or for the high—zirconia

an t i ferroelectric compositions .

We are now exploring the consequences of using an expanded two sub—

lattice function , such as that used earlier by Cross for (NaK)NbO3, and of

including terms to describe the oxygen octahedral rotations as in the treat-

ment by Axe for SrTiO3 and by Darlington in (KNa ) Nb03.

7.4 HIGHER ORDER ELECTRO STRICTION

In simple proper ferroelectric crystals the elastic Gibbs function may

be written in the form

= + f ’(x 1~ ) — bijk Plxjk 
- 

~iJkl~~l~i~j

wher e f (P1) is a power ser ies expansion in components of P~, including at

least sixth power terms , f(x . .)  is the no rmal elastic stored energy and bi.k, S

~iJ kl the p iezoel ect ric and electrostrictive couplings between polarization

and stress.

For systems that stem f rom centric prototypes in which first order

ferroelectric transitions obviously require the inclusion of 6th power terms

in P, it appears unwise to consider only the 4th power cross terms 
~~•jk1~

• 
S

In current studies of 6th power cross terms of the form

-. — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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_c~)~~~ P P X  X and
ijiduin i j  xl mu

a
. —

~~ 
P P .P P Xinklmn i~ j k l m n

- We have shown that in the (Ba
0 5Si0 5

)
~~~2

06 tungsten bronze the inclusion

of the 6th order 4 . .  terms explains well the electric bias effects on the
ijklmn

elastic compliances in the high temperature paraelectric phase and the polari—

zation dependence of the clamped compliances in the ferroelectric 4tmn phase.

In bismuth titanate (Bi4T13O12
) a phenomenological analysis of the piezo— S

S elect r ic response in the single domain ferroelect r ic phase (m) clearly requires S

the inclusion of the 6th or 
~ijklm 

terms to properly represent the symmetry

in the lower temperature region.

I .
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8. FERROELECTRIC BICRYSTALS
a 

8.1 INTRODUCTION

The objective of these studies is to produce “joining” between differ—

ently oriented ferroelectric crystals along an extended planar boundary to

simulate as far as possible conditions that might occur at a crystallite:

crystallite grain boundary in a ferroelectric ceramic . Since in normal ferro—

- electrics, the crystallite boundaries do encompass a wide range of perfection,

width and chemical character,ranging from the near perfect joining along

narrow angle grain boundaries in hot—forged single crystals to the very

broad second phase inclusion in some deliberately diphasic materials, it is

of interest to explore a broad range of joining techniques for a spectrum

of different ferroelectric systems.

Over the past year we have still been in this exploratory mode working

to generate representative planar bonded surfaces in triglycine sulfate S

[(CH2NH
2

COOH)
3
H2S0

4
], quar tz (Sb 2), lead potassium niobate, PbKNb3O9,

S PbBiNb 5O15, BaTiO3, and LiNbO3.

8.2 PREPARATIVE STUDIES

8.2.1 Triglycine Sulfate

The preparation of bicrystals with bonding surfaces normal to the

ferroelectric ‘b’ axis has proceeded along the lines outlined last year.

In some 20 growth runs, only two good planar bonded crystal pairs were pro-

duced. For both of these cases, however, the interfacial region was

janeters thick and obviously highly imperfect.

Dielectric measurements on capacitors with major surfaces cut normal

to b, however , show a clear Curie—Weiss law, and analysis is now proceeding

on the data to explore the permittivity thickness product.

- ~~~~~~~~~~~~~~~ ~~~~~~
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8.2 .2  Quartz (Sio2)

a Ta explore initial conditions fo r higher temperature diffusion con-

trolled bonding, a number of tests were run using quartz crystal cuts as

a nonferroelectric (but ferroic) model system. For the several orientations

tried the crystals bonded most satisfactorily at temperature, but always
p

cracked into many small pieces on traversing the ~-o. phase inversion at

573°C. Even with unconstrained single crystal samples, we find it most diffi— S

cult to bring the crystal through the phase change intact, and it appears that

the additional constraints in the bicrystal make this task exceedingly diff i— - 
-

cult.

8.2.3 Lead Potassium Niobate, Lead Bismuth Niobate

Using crystals kindly supplied by Dr. M. Brun, several attempts were

made to bond simple ‘c ’ axis cuts of PKN and PBN. Though again the crys tals

bond quite effectively at high temperature, the phase change at the Curie tem-

perature in each case leads to catastrophic mechanical cracking.

8.2 .4  Barium Titanate

A number of successful fabrication runs were carried out using Remeika

flux grown ‘c ’ plates of BaTiO3. Unfortunately,in every case a detailed

examination of the interface after bonding revealed pockets of flux segre-

gated at the boundary surface during hot pressing.

We could not find pressing conditions that would bond the crystals with—

out flux segregation, and further attempts with BaTiO3 will be delayed until

Czochralski grown crystals are available.

8.2.5 Lithium Niobate 
5

For ‘c ’ axis cuts of LiNb O
3 

excellent bonding has been obtained by hot
S pressing at 1100° C , below the Curie temperature. In these crystals no problems
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have been encountered in cooling, and optically clean interfaces are regularly

reproduced .
a

Work is now in progress using single domain LiNb O
3 

to explore the sign

and orientation effects on the bonding. Following a visit by Dr. B. Auld

from Stanford University, it is proposed to supply samples of the niobate

bicrystals to Dr. Auld ’s group for evaluation by acoustic wave techniques.

8.3 CHARACTERIZATION

Most effort at this early stage has been coimnitted to the fabrication

.~ of specimens. We have, however, been developing a cooperative program with

Dr. Lawless in the Materials Science Department at the University of Virginia,

to make use of their excellent facilities for transmission electron micro-

scopy (TEN). Initial studies have been concentrated on PZT ceramics formed

by the HIP process , to evaluate the ability of the TEM system to distinguish

small second phase inclusions at the grain boundary and to give the Virginia S

group, who are more familiar with metal systems, experience with thinning and S

handling ceramics in the microscope.

Future work on this program will investigate domain/grain boundary

interactions in the PbZr
0 6

Ti0 403 
and in the LiMbO3 bicrystals.
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9. PROGRAM ORGANIZATION: PERSONNEL AND EQUIPMENT

a 9.1 PERSONNEL

The people directly responsible for work on this program are summarized

in Table 3. All activities are coordinated through the three co—principal

investigators, L.E. Cross, R.E. Newnhatn and J.V. Biggers. Major responsibility

for electrostriction studies is with L.E. Cross, who supervises the experi—

mental activities by K. Uchino, J. Jang, and N. Setter . Theoretical work

* by B.N. Achar is under the direction of G. Barsch. Experimental and the-

oretical activities are kept in balance by regular meetings of this subgroup .

The composite piezoelectric studies are in general coordinated by R.E.

Newnham, with B. Hardiman and A. Bhalla responsible for preparative aid

measurement aspects. Students involved with the composites include K. Klicker,

T. Gururaja, A. Safari, K. Rittenmeyer and T. Shrout.

The many preparation and fabricat ion requirements are under the super— 
S

vision of J.V. Biggers and W. Schulze working with B. Hardiman and L. Bowen.

Students involved are T. Shrout, D. Hankey, K. Klicker, S. Venkataramani and

A. Safari.

Phenomenological theoretical work is piloted by L.E. Cross, through

A. Amin and K. Uchino. The small effort on grain oriented ceramics is super-

vised by R.E. Newnham, and the work carried through my M. Holmes. S

Bicrystal studies are directed by L. Bowen working now with a visiting

scientist from Peking, Dr. Yao Xi.

Excellent technical backup is provided by two technicians, R. Brenneman and

R. Ormsby, and the cohesion of the group much aided by our secretary ,

S. LeFrancois.

In personnel , the group is now up to strength. Some minor rebalancing,

however , will be required as our present postdoctoral fellows move through, 
S
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Table 3

a DN BASIC PERSONN EL

FACULTY

L.E. CROSS, PROFESSOR OF ELECTRICAL ENGiNEERING 
S

RE. NEWNHAM I PROFESSOR OF MATERIALS SCIENCE
G,R, BARSCH~ PROFESSOR OF PHYSICS S

J.V BIGGERS I SENIOR RESEARCH ASSOCIATE
W .A . SCHULZE . ASS ISTANT PROFESSOR OF CERAM ICS

:~
‘ AND MATERIALS RESEARCH

ASSOCIATES
B,N, ACHAR B. HARDIMA N —

A. BHALLA K. UCH IN O
L. BOWE N A. A M IN

GRADUATE ASSISTANTS
1. GURURAJA N, SETTER

• D. HANKEY (KODAK FELLOW) T . SHROUT
M. HOLMES (BISMUTH I NSTITUTE ) S. VENKATARA MAN I
J. JANG~
K. KLICKER
K. RITTENMEYER

S 

A. SAFARI (IRA N GOVERNMENT)

TECHNICAL AIDES
R. BRENNEMAN R. ORMSBY S. LEFRANCOIS
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to provide needed expertise in crystal growth and to open up new effor ts

a on ferroelastic crystals and glass ceramics. It has been our decision to

focus current major effort into the electrostriction and composite piezo-.

electric studies, and we believe that the results to date presented in this

report justify that decision.

9 .2  EQUIPMENT

Two major advances have been achieved over the current year:

1. The development, construction , and testing of the new high pre—

S cision AC dilatometer . This instrument provides a unique capability for

electrostriction measurements on simple solids and for detecting the non-

linear electrostriction contributions in simple piezoelectrics.

2. An HP9825 based automated measurement system has now been installed

and the interfacing and software developed for:

(a) Measurements of dielectric permittivity and loss as a function

of temperature and frequency, over a temperature range of 23°C to 1500°C

and a frequency range of 100 Hz to 1 NHz. Measuring bridge and temperature

program are under direct machine control . Output can be presented in

tabula ted form on a high—speed line printer or graphically on the HP four—

color graphics terminal.

Graphical data can be scaled directly for reporting or presentation on

viewgraph transparency.

(b) Electrical conductivity versus field and temperature: The mea-

suring instrument used is a Keithley digital electrometer with interface

to the HP lB data bus. Current levels to 10 13 amps and potential up to

1000 volts can be encompassed .

(c) Pyroelectric measurement by the Byer—Roundy technique of con—

trolled heating rate.
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Currently we are evaluating a range of network analyzers from Hewlett

a Packard , Marconi and Tektronix, with a view to automating our measurements

of the resonant response of piezoelectric crystals and ceramics.

Over the contract period an effort has been made to upgrade the preci-

sion of our electronic measur ements by providing calibration facilities within

the group for DC and AC voltage, time and frequency. Assistance has been

provided for the development of a diameter control for Czochralski crystal

growth, as discussed earlier in the text.

To facilitate the development of hydrophone—type materials, and to supple-

ment data being provided for us by Charles LeBianc and the group at New London

we have designed and installed a very simple hydrostatic piezoelectric mea-

suring system, using a pumped oil bath and a simple field effect integrator

to determine charge release. The system is capable of repeated testing at

pressures up to 5,000 psi.

During 1979 the Laboratory has acquired a new Philips automatic x—ray

diffraction system, a Kevex x—ray fluorescence analyzer and a new IBSCA

surface analysis facility. An ISI model 30 scanning microscope is on order,

and this machine will have STEM capability . With these new facilities coming

we believe that the group is in excellent shape for future characterization

requirements on the new materials that are being developed .

~~ 5 9.3 ADVI SOR? COMMITTEE

The second meeting of the ONR Advisory Committee for this program was

held at Penn State University on Monday and Tuesday, October 29th and 30th,

1979. Participants at the meeting were: A. Glass, Bell Telephone Labs;

H. Anderson, University of Missouri—Rolla; B. Jaffe, Vernitron Corporation;

W. Smith, Philips Laboratories; A. Diness, ONR, Washington; R. Pohanka , ONR,
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Washington; P. Smith , NUSC , New London; R. Wollett , NUSC , New London .  Par-

ticipants from Penn State were L.E.  Cross , J .V.  Bi ggers , R.E .  Newnham ,
a B.R.  Barsch , N. Achar, A. Amin, R. Betsch , A. Bhalla , L. Bowen , B. Hardiman ,

K. Hayashi , K. Klicker , W. Schulze , N. Setter and K. Uchino . Guests were

S 
J. Dougherty, Gulton Industries; R. Hansen , Li t ton Indust r ies , and W. Harrison ,

Honeywell Ceramics Center .

The program of the meeting is outlined below:

ONR ADVISORY COMMITTEE MEETING

Monday, October 29
9:00 am to 12:30 pm

R. Pohanka Introduction

L. E. Cross Program outline, objectives and achievements

R. E. Newnham and
S K. E. Klicker Composite Transducers

J. V. Biggers New Processing for Composites. Discussion of
present work and future possibilities for composite
piezoelectrics

1:30 pm to 4:30 pm

Walk through Ferroelectric Labs

L. E. Cross Electrostriction

K. Uchino and
N. Setter Experimental

C. IL Barsch Theory

L. E. Cross Phenomenological Theory

Discussion

Tuesday, October 30
9:00 am to 12:00

C. LeBlanc Measurements Taken at New London on Lamellar
Electrostrictors. Polymer:Ceramic Composites.
PVF2 Polymer Materials. Discussion of Data.

Proceedings of the group have been reported separately.
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A HIGH—SENSITIVITY AC DILATOMETER FOR I1IE DIR ECT MEASURE MENT
OF PIEZOELECTR I C IT Y AND ELECTROSTRICT IO Na 

-

Ke nji Uchino and Leslie E. Cross
Materials Research Laboratory, The Pennsylvania State University

University Park, Pennsylvania

Summa ry been a major disincentive to development and none of
the present theories is viable.

A capacitance type dilatometer has been con—
structed which is capable of resolving low fre,~uency The instrument described in thir paper has been
AC linear displacements of 10—13 meters (O.OOlA) and designed to resolve AC linear displacements of 10—13
can be used for the direct measurement of piezoelec— meters (10—3 K) and to permit the precise measure—
tric and electrostrictive deformations. ment of the very small electrostrictive strains in

low perinittivity solids. (The work is a preliminary
The sensing element of the dilatometer system part of a larger program in the Materials Research

is a parallel plate capacitor with sputtered plati— Laboratory which focuses upon both the expericiental
num electrodes supported on fused silica optical measuremen t and the theoretical description of elec—
flats. Changes of plate separation are sensed by trostriction.) The AC differential capacitance

S the associated change in dielectric capacitance dilatometer which has been constructed is based upon
i~hich is monitored by a capaciteace brid ge. Slow an early design by Bohat~ and HaussUhl.~-drift in the capacitance due to thermally induced
changes in the plate separation are reduced to an In this paper , the principle of the capacitance
equivalent plate separation change of less than dilatometer is described first , the DC servo stabi—
tO.002A/minute by a DC servo actuated by the bridge lization of the sensing capacitor which is the key
unbalance signal which corrects the capacitor plate to improved stability and sensitivity discussed , and
position through ceramic piezoelectric PZT pushers, the experimental arrangcsent detailed. The develop-

ment of a unique now AC calibration capacitor is
briefly described and finally same examples arc

For AC measurement, one plate of the dilato— given of piezoelectric and electrostrictive crystals
meter is driven along the axis of the capacitor at and ceramics which have been measured on the instru—
a frequency of 14 Hz by a standard piezoelectric ment.
quartz crystal. The second plate of the sensing
capacitor is driven in phase at the same frequency Design of the Capacitance Dilatometer
by the piezoelectric or electrostrictor of interest.
A narrow band phase Slocked detector isolates and- The scheme of the dilatometer is show-n in Fig.l.
amplifies the 14 Hz signal detected in the unbalance The strain sensing capacitor consists of two plati—
output of the bridge detector. By adjusting the nun sputtered fused silica plates (2” diameter). The
magnitudes of the AC voltage app lied to the standard electrostrictive (or piezoelectric) samp le plated
and the unknown crystals to produce a null response with sputtered platinum clectrodes is ri gidl y mech—
at 14 Hz, the electromechanical constants of the anically connected through an insulating lucite
two crystals can be compared with very high preci— support to the right plate of the sensing capacitor.
aion. If the sample crystal is driven electric ally, the

right plate will be excited mechanically through the
Some examples are given of piezoelectric and electrostrictive (or piezoelectric) strain generated

electroatrictive crystals and ceramics which have in the crystal. A standard piezoelectric crystal is
been measured on the instrument, mounted in a similar manner so that the piezoelec—

- trically generated strain is communicated to the
Introduction left plate. Since the sensing capacitance C is given

by
Electrostriction which is the basic electro-

mechanical coupling in all non—piezoelectric solids C — C (1)

is at presen t very poorly understood. There are
few reliable data for the separate components of where C is the perstittivity of air at atmosphericthe elcctrostriction tensor even in simple solids ,
and there is no theory which is adequate even for pressure , A the plate area , and P. the separation ,

the capacitance change AC associated with a smallalkali halide crystals. Experimcntally, the diffi— 
change in £ (AL) will be given byculty is clearly associ a ted wi t h  the very sm-ill

magnitude of the electrostrictive strains even at 
— (2)the highest possible field levels in simple low 

~C —

pcrmittivtty soiidq . Theoretically the absence of
well authenticated experimental values has certainly
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if the electros trictive and the pic zoelc ctr ic setting no drift is discerni ble. Turning the gain
standard crystals are driven with AC voltages at up by a factor of 100 , however , (Fig. 4, righ t—hiati d
frequencies of w and 2w , bo th capacitor plates will scale) it is evident that the drift ra L c now corr e s—
be exci ted mechanically at a frcquency of 2w . hJ hi en ponds to a linear dimension change of 0.002A/minutc .
the phase and amplitudes of the electric fields of
bo th crystals are suitably chosen , the capaci tor Resolu t ion Checka plates will vibrate in exact synchronism producin g
a net zero modula tion of the separation and thus of To check the AC scnsi tivi ty the standard q uartz
the capacitance at 2w. Figure 2 shows the crystal crysta l  was dr iven by a Wave t ck M odel 142 o sc i l l a to r
deforriations in the piezoelectric standard and the at 14 H z .  With  30 vol ts  ras app l i ed  to the brid ~-e
electrostr ict i ve sample at the null condition , the lock—in output as a function of vol tage  app l i ed
Clearly , if this null condition can be precisel y to the quartz crystal is given in Fi g , 5. The linear
est ablished , then from the AC voltages applied to relat ion expect ed for a p i ezou lec t r i c  is c l e a r l y
bo th crystals , their known dimensions and the pi ezo— ev iden t .  R i g ht — h an d  scale shows the  a c t u a l  d e f o r m s —
electric coef f i c ien t  of the standard  crystal  ( q u a r t z )  t ion of the qua r t z  c r y s t a l  in K m a , calculated by
the unknown e lect ros t r ic t ive  c o e f f i c i e n t  can be cal — use of the absolute calibrator that will be dis—
cul ated.  For the p iezoelect ric samp le the situation cussed l a t e r .  The experimental error is much small—
is sligh tly different. er than the solid circ les  and is about  ± 0 . 1  sV , whi ch

corres ponds to ±10—3 A . This value is the smallest
A simple block diagram of the fu l l measuring resolvable increment at present. Taking the quartz

sys tem is given in Fig. 3. The components of the thickness value of  P. — 5 . 4 5  mm , the resolvable in—
mechanical circui t (a,b ,c ,d) arc identical in prin— cremen~ corresponds to the resolvable strain At/ P. —

I ciple to those used by Bohat~ and hhaussiihl .1 How— ±2.l0’~~l ,
ever , to sense and con t ro l the capacitor (b ,c) a
General Radio 1620 capacitance measuring assembly Fur ther  Checks
is used (j,k,l). To ob tain maximum sensitivity,
the capacitance bridge is operated at a frequency The lock—in output for a fixed value of drive
of 5 kl4z , the standard piezoele .tric crystal is voltage to the quar tz  standard (10 .8  V tin s) ~ as re —
driven a t 14 Hz and the electro strictor under study corded as a function of capacitor plate separation
a t 7 Hz. The phase locked de tector is locked to (Fig. 6) and of vol tage app lied to the capacitance
the 14 Hz driving oscillator, bridge (Fig. 7). I f  the measured si gnal comes only

from the capacitance brid ge unbalance , this should
DC Servo Stabilization scale linearly wi th the square of capacitance andS 

wi th the bridge oscillator vol tage as is evident in
Obvio usly the sensitiv ity Constant K in Eq (2) Fi gs. 6 and 7. A s l i gh t a nm n a ly  o b s e r v e d  a t  110 F F

can be made very larg e if the separat ion i can be in Fi g. 6 is ca used b y the sensitivi ty dial change
made very small. In a practical system , howev er , a of the capaci tance bridge.
limiting value of P. is set by slow dimension changes
due to thermal drift. Even though the mechanical AC Calibration Capacitor
suppo r t for the sensing capacitor is made from super
invar with a very small thermal expansion coeff ici— We have described , so f a r , a sys tem in which
ant (~ 0 . 3  x 10—6 dcg l) .  and the assembly is put the known piezoe leciric coefficient of a standard
in to a chamber controlled to ±0.O4~ C, therma l di— quartz crystal has been used to calibrate the AC
mension changes are still very much larger than the voltage ou tput in terms of a calculated plate sep—
elec trostrictive displacements induced at tolerable ara tion change . We prop ose a different way of
fields , and would take the brid ge de tector well out deriving the sensitivity by using a very small 3—
of its linear range . To overcome this problem , a terminal variable air capacitor which can be driven
DC ou tp .t from the phase locked bridge detector is at low AC. Figure 8 shows the principle of the
used to operate a Bur leigh RC42 servo amplif ier absolute calibrator using an alterna ting capacit ance.
which ac tuates three parallel piezoceramic mechani— Whe n the capacitor plate is driven mechanicall y by
cal ac tuators made of PZT controlling the static the electromechanic ally generated strain in the
plate separation (be). crystal (1), the capacitance brid ge ou tput (5 kilz)

i~ modulated at 14 Hz as in the bottom figure. If
Instrument Examinations we use the small alternating capacitance connected

in parallel to the sensing Capacitor instead of
Servo—Po si tioner Check driving the sample ( 1 1) ,  the same order of modula ted

S output can be es tab l i shed .  If  we measure the l o c k —
After the system has stabil ited for some four in output by driving this alternating capacitance ,

hours, the DC servo system is disabled and the in— from the known alternating capacitance change and
trinsic drift rate of the capacitance determined the capacitance of the sensing capacitor , we ran
by measuring the brid ge unbalance signal as a tune— calcu late the equivalent AC linear deformation
tion of time (Fig. 4). By rebalancing the bridge using Eq (2). The sche me of the alternating caps— S

periodically the capacitance increment for a given citance generator desi gned is shown in Fi g. 9 . The
unbala nce voltage can be determined , and from the capacitance is made in a completely shielded a l ert —
AC a corresp onding At can be calculated. It is num box. When the central circular a lum inum plate 

-eviden t f rom F ig .  4 that  wi thout  compensation the is in the ver t ica l  pos i t ion , no e l e c t r i c  f l u x  can
d r i f t  rate corresponds to a plate  separat ion chan ge thread between the needles  and the c a p a c i t a n c e  is
of 1 £/oUn u te M a i n t a i n i n g  the same conditions , almost equa l to zero . In the horizontal p o s i ti e n
the DC servo is now turned on , and at the same gain the capacitance shows a ma ximum. By r o t a t i n g  the
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al uminum plate with a constant speed antor (Electr o— the w ur t z i t e  piezoelectric coef f ic ien t  can be ccl—
Cr a f t  Hot om at tc System) , a si nusoidal capacitance culated as follows :
cha nge (3—26 aF) can be obtained as shown in the
bottom figure. The reference signal to the phase VS,OUT d ( 5)locked detector is produced by the photod iode and d

5 — 
VQ OUT ~th e rotat ing shut te r  fixed on the ro ta t ing  axis.

I f we obtain the lock—in output  of VACC mV by Null Condition Method
a - driving the a l t e rna t ing  capacitance generator  under

one inst rument  condition wi th  the sensing capacitor With  a f ixed value of dr ive voltage to the
of C pF , the sample crystal de fo rma t io n in A rms wurtzi te samp le, the  lock—in output as a function of S
corresponding to the unit  lock—in ou tpu t  in mV can voltage applied to the s tandard qu a r t z  c rys ta l s  was
be cal culated as follows when measured under the measured (Fig. 11). The null  condi t ion is estzib—
sa me condition: lishccd at the ou tpu t  minimum posit ion.  B y using the

rat io of the voltage app lied to the w u r t z i t e  and t he
Al. 1430

— 
VACO c2 (A/mv ] 

minimum position vol tage  and the q u a r t z  piezoclec—
tric coefficient , the wurtzite coefficient can also
be calculated as follows :

Sampl e Measurements 
d — ~~~~- ‘-~ -~~ d (6)S VTo get the unk nown piezoelectr ic or electro— S , IN

st rict ive coef f i c ien t , the re are three d i f fe ren t ways
of using the present instrument:  where c rys tal  dr iving voltages are t reated as root

mean square  values . Both methods  gave the  same
1. Absolute Cal ibrat ion value of the w u r tz i t e  piezoelectric coefficient

(using alternating capacitance generator) (d33 3.20 ±0.02 x 10—12 mV~~). S

2. Relative Calibrat ion Fi gures  12 and 13 show the data  for  the elec—
- (using standard quartz driving) t ros t ric t ive  samp le Pb(Mg113Nb 213)03 ceramic . Lock—

in output was completely proportional to the square
A. Separate vibrating method of applied voltage (Fig .l2 ) .  Ve ry clear null condi—
B. Null condition method tion can also be obtained at about  100 V rms to the

standard quartz (Fig. 13). In this case the elec—
3. Sign Determination of Electrostrictive trostrictive coefficient is calculated as follows:

Coefficient
2(using electrostrictive standard PMN N

5 
— pI~ P.sdQ

VQ iN/VS IN (7)
driving)

Absolute Calibration where VS IN and v0 IN are voltages applied to the
sample aAd to quafLz standard at the output minimum
position , 2.~ the sample thickness. ]By using the output from the alternating capa-

citance generator , the deformation corresponding to
It is worth mentioning here that In a practicalthe lock—in output can be calculated. The piezo— Case, however , the lock—in Output minimum is notelectric or electrostrictive coefficient will, there— exactly equal to zero because of a slight  phase d i f —  -fore, be given as follows: 

ference between the vibrations of both crystals. S

The details are discussed in the appendix.litd — 
~~~~~~~~~~~ 

x 10
_b 

~~ oui~
Vp IN (mV

’
~
1
i (4a)

ACG Sign Determination of Electrostrictive Coefficient

Ot To determine the sign of the unknown electro—
S atrictive coefficient is rather complicated in a

H — /i(v~
&_.) x l0—

~~ ~ V 2 system which consists of the piezoelectric standard

ACC E E,OUT/VE,IN (m 
(4b) and the unknown electrostrictor , not only because

the electric field frequency app lied to the sample
is different from the frequency for the standard ,where VOUT is the lock—in output voltage in uiV , V IM but also because the vibrational phase of the piezo—is the voltage applied to the sample in V m s  and 
electric has two possibilities (l80 difference)t the thickness of the samp le in a. Figure 5 is a 
due to the crystal setting. We propose to use agood example for the piezoelectric case. We ob— 
known electrostrictor as a standard instead oftam ed the piezoelectric coefficient of quartz as

d11 — 2.27 ±0.01 x 10—12 mV4 from the data, quartz crystal , since the electrostrictive strain
is not affected by l80 setting difference.

S Separate Vibrating Method 
Pb(Mg113Nb213)03 ceramic with perovskite—type

structure is one of the best examples , which has aThe lock—in output was recorded separately for positive electrostrict ive coefficient (N — 1.05 ±the piezoelectric wurtzite and quartz under the 
0.01 x 10—16 m2r2).2Optimum condition (Fi g. 10). By using the output

ratio of wurtiite and quartz at the same applied
voltage and the quartz pie~oe1ectric coefficient,

S _ _ _ _ _ _ _ _ _ _ _
~

S . S S  ~~~~~~~
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Example Data and Discussion Appendix

Some example data of piezoelectriC and electto— Spperposition of 1~o Waves with Differentetrictive crystals and ceramics measured by the Phases
established instrument are listed in Table I , com-
pared with the previous data. Coincidence between When a1 and a2 are the amplitudes of AC dcfor—the values determined by the present and previous uiations of the sample and the standard crystals re-
works for quartz and wurtzite indicates the preci— spectively and 6 the phase difference , the changea aion of the established instrument. It is worth of the sensing capacitor separation lii. will be given
mentioning that the error is ten times smaller than as follows:
the ones in the previous~works. We emphasize that
the resolution of ±0.OOlA is equal to the greatest At — sin wt — a

2 sin (wt+6)one in the world and corresponds to the resolvable
strain M./t~ ±10-10, the order of which other  sea— cos 6) sin ut — a2 sin w cos wtsurements (e.g. x—ray diffractometcr) cannot attain 

1/2to. — [a
1
2—2a1a2 cos 6+a2

2] sin (wt— ~i) (6)

Further measurements about many samples inclu— where tan ( — a2 ~in 6/ (a1—a2 
cos 6).

ding alkali halide crystals will be made in the near 
2 l’2future. (l—2r cos 6-fr ] term represents , therefore ,

the normalized shape of the dilatometer output curve
Acknowledgments as a function of driving voltage applied to the

quartz standard. Figure 14 shows the theoretical
This work was sponsored by the Office of Naval calculation of the null condition method for various

Research through Contract N000l4—78—C—0291. We also phase differences.
wish to thank our colleague Dr. Barsch at the Mate—
rials Research Laboratory for his man y samples.
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Table I. Some example data of electromechanical coefficients

Sample Coefficient Present Previous

Quartz <100> d11 (x1O~~
2 wV~~) +2.27 (±0.01) +2.27~

W urtzite <001> d 33 (xlO~~
2 inV~~) +3.20 (±0.02) +3.2 (±o.2)~

Berlinite <100> d11 (x1O~~
2 mV~~) —3.98 (±0.05) 5.3 (±l.6)~ S

Pb( Mg113Nb213)03 M~1 (xb0 16 in2V 2) +1.05 (±0,01) +1.4 (±0.2)2

(ceramic)
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~~ g~ure Captions

Fig. 1 Schematic of the capacitance dilatorneter and support s t ruc tu re .

Fig. 2 Crystal  deformations induced in the piezoelectric and the clectro—
strictor at null, condition .a

Fig. 3 Schematic diagram of the AC dilatometer.

Fig. 4 DC plate separation change Al- as a funct ion  of time with and without
the d r i f t  compensation servo amplifier.

Fig. 5 Dilatonieter o u t p u t  and the ac tual  deformat ion  as a function of driving
voltage applied to the quartz standard crystal.

Fig. 6 Dilatometer output  as a function of capacitor plate separation.

Fig. 7 Dilatometer output as a function of bridge oscillator voltage for S

fixed 10.8 V mis applied to the qua r t z  crystal .

Fig. 8 Principle of the absolute calib rator. (I) sample driving; (II) equiva— S

lent alternating capacitance.

Fig. 9 Scheme of the al ternating capacitance generator.

Fig. 10 Separate vibrating method for  wur tz ite  and qua r tz .

Fig. 11 Null condition method between wurtzite and quartz.

Pig. 12 Dilatoineter output as a fun ction of square of driving voltage applied
to Pb(Mg 113Nb 213)0 3 ceramic.

Fig. 13 Null condition method between PMN and quar tz .  
S

Fig. 14 Theoretical calculation of the null condition method for various phase
differences between the sample and the standard vibrations.
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Piezoelectric
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~~~~ oj

3 Electrostric torc)
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S

I)  time dependence of electric field
2)straj n induced in a piezoelect ric sample
3) time dependence of electric field
4) strain induced in an e lectrostricti ve sample

Figure 2
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a .S,EftVQ-POSITIONER CHECK

TEMPERATUR E FLUCTUATI ON ‘

~~ ± 0.0L4°C I
0
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p

I I 1 - .

15- - 0J5 S
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/

x/
x 
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~~~~

• 
10—  

Servo -out , - aio

Time (minutes) j
Figure 4 . DC p l at e  s e par at i o n  change A2 . as a f un c t i o n  of time witl and without

the d r i f t  compen sat ion Servo a m p l i f i e r.  -
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a 
Quart z Driving Voltage Dependenc e

< 1 00> longitudinal effec t
Under the optimum condition
with C 79.6pF

Resolution ± O.l mV — ± io 3A — 4
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a

Capacitor Plates Gap Dependence

measured by Standard Quartz Driving

Lock — in Amp. Output ~iic (— 
~~~~~ 

c2

Capacitor Plates Gap (sm)
300 200 150 120 100

~~ 400 I I I I I

4--

~~ 300 - -

.0

~E 200 - -

0~E

.E 100 - -

0
0
_J

0 I 2 3 4x 104
Squa re of Capacitanc e (pF2 )

Figure 6
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a

Bridg e Oscillator Voltage Dependence

measur ed by Stand ard Quart z Driving
k 
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a Principle of Absolute Standard using Alternating Capacitance

- 
I) Sample Driving

~~~I4Hz

Sample 
J

It) E quivalent  A l te rna t ing  Capac itan ce

____ _ _ _ _-o

14 Hz
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Precision Capacitance
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Alternating Capacitance Gen erator
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Separate —vibrating Method

a Quartz (100)
S Wurtzite (001) R L39 

-
-

, - ‘ Under the optimum condition
with C 105.5 pF

I - I I I

~~4OO~~N 
. /

Wurtz 24/ 
S

+

S ~~ 3OO - 
/
‘

S 

I” Quartz

~~ 2OO — /
-

~~~~ I

100 - 
+/
‘

S 

14 Hz

0 20 40 60 80 100
- Applied Voltage (Vrms )

- 
Figure 10

- -  S_ S.- - - s .S . ’ - -5  -- - 7 1~~~~~~~~~~~~~~~~ - t , -S. fl,~~~~~~~ _S. , ~~~__ ~ _ 5 ~~~ — - - -



. .  ~~
- 

~~~~~~
--— 

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

‘

- ~555 
-~~~~~

- S ‘ . vfL~~~ T~ 
— - - -

16
Null —condition Method

Quart z < 100>
a Wurtzite (001 > R 1.41

S Under the optimum conditi on
with C 105.5 pF

— I I I I
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60 — Voltage applied
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a

Electrostriction of Pb(Mg,,3Nb213
)O3Ceramic

lo ng itudinal effect
Sample thickness = 3.68mm

Under the optimum conditi on
with C= 74 .1 pF

S 
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Figure 12
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a

Null-condit ion between Quartz and

:~ 
Pb(Mg 11,3 Nb213

)03 Vibra t ion

Under the optimum condit ion
with C=74 .O pF
PMN Driving Vo ltage :74.7V~~5 (7Hz)
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a A VERY HIGH SENSITIVITY AC DILA TOME TE R FOR THE -DiRECT
MEASUREMENT OF PIEZOELECTRIC AND ELECTROSTRICTIVE CONSTANTS

KENJI UCHINO* and LESLIE E. CROSS
Materials Research Laboratory

The Pennsylvan ia State University
University Park , Pennsylvania 16802

A capacitance type dilatometer has been constructed which is capable of
resolving low f r equemcy AC linear displacements of ~~~~~ meter (O. OOL U
and can be used for  the direct measurement of  p iezoelectr ic and electro-
s t-r ictive deforma tion. Using the DC servo stabilization of the sens ing
element, the mode of sensing the capacita nce cha-nge generated by the
crysta l deformation has been rad ically ivrproved. Some experimenta l, data
are g iven of p i.ezoelectric and electrostrictive crystals and ceramics
which have been measured by the established instrument.

INTROD UCTION

There are many physical and technological problems whose resolution depends on a
capability of makin g precise measurements of exceedingly small disp lacements .  Examp les
in the f i e ld  of the electromechanical coupling are : (a) The measurement  of e lect ro s t r i c—
tion in simple low p ermit t ivi ty  solids; (b) Detect ion of sligh t n o n l i n e a r i t y  in p iezo—
electric deformations; (c) Determination of the piezoelectr ic  s train in a very thin
specimen ,. etc.

Capacitar i~~e—type  d ila tome te r s, which make use of the very hi gh pre cision wi th
which c u r r e n t  d ie lec t r i c  br id ge equi pment can measure the  capac i tance  of a paral le l
p la te  air  capaci tor  and t he re fo re  can moni tor  th e  separa t ion  of the p la tes , have been
used extensively in the pas t and have been summarized by Whi te ,1 Pereira ,2 and Brindle .3

For all of t he  i n s t r ume n t s , however , the  hi ghest  s e n s i t i v i tie s  r e p o r t e d  are in r e so lv ing
disp lacements  of about  10—13 meters  ( l .OA) .

The instrument described in this paper has been desi gned to resolve AC l i nea r  d i s—
placements  of 10— 13 meters (10 3A) and to permi t the  precise measurement  of the ve ry
st~all electromechanical strains . It is based upon an earlier design by Bohat~ andHauss~h1.

4

We have descr ibed the d e t a i l e d  cons t ruc tion  of the  c a p a c i t a n c e  dU a t or n et e r  in a
recen t pape r . 5 In th is  paper the desi gn of the i n s t r u m e n t  is reviewed b r i e fly .  The DC
servo stabilization of the sensing capacitor , which is the key to improved stability
and  s e n s i t i v i t y ,  is discussed , and the  exper imenta l  arrangement is summarized. Some
experimental data are given for piezoe lec t r ic  and el ec t r o str i c t i ve  c o e f f i c i e n t s  measured
on the instrument. Finally a typ ical appl ica t ion  us ing v e r y  thin p i ezoelec t r i c  PVF 2
samp les is presented.

*Perpjanent address: Department of Physical Electronics , Tokyo institute of Technology,
Ook.ayarna, Neguro—ku, Tokyo 152, Japan .
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KENJI UCUINO and LESLIE 1..CROSS
DESIGN OF THE INSTRUMENT

a A block diagram of the system constructed for electrostrjctjon measurements is
shown in Fig. 1.

The heart of the system is the mechanical circuit which incorporates the parallel
plate sensing capacitor , one plate (c) of which is driven mechanically by a standard
piezoelectric crystal (d), while the other plate (b) is driven by the electrostrjctjve
sampl e (a). The first plate also has its position controlled by PZT piezoelectric

- - 5 pushers.
Capacitance , which is a direct measure of the plate separation of the sensing

capacitor , is measured by a precision capacitance brid ge (j,k,l). Asi gnal proportional
to the DC unbalance at the bridge is determined by the brid ge detector , amplified and
applied to the PZT piezoelectric pushers. Thus, if through thermal drift the plates
begin to separate, a feedback voltage is applied to the PZT piezoids which keeps the
capacitor plates in position . Because of this servo action , the bridge detector may

-~~~~~ be operated at ma ximum sensitivity without being driven beyond its linear range.
To measure the electrostriction constants , an electric field at 7 Hz is applied

to the crystal through a suitable oscillator amplifier comb ination. This sets the
capacitor plate vibrating at 14 Hz. A phase locked signal at 14 Hz is then also applied
to the standard quartz crystal. The lock—in amplifier which is phase—locked to the -

:
14 lIz driving frequency senses any component in the bridge output (capacitance) which
is at 14 Hz and in phase with the driving oscillator.

S 
By manipulating the voltage applied to the unknown and standard crystals , a null

condition can be achieved. The unknown cons tan t can then be derived f ro m the vol tage
ratio and the appropriate geometrical constants.

OPERATION OF THE INSTRUMENT

Opera t ion  of the DC s tab i l i za t ion  servo is evident  f r o m  the  data  in Fi g. 2.  A f t e r
the system enclosure has stabilized to ±0.04°C at 29°C,0the DC servo is disconnected.
The r esu l t ing  capacitance change corresponds to about  lA/minu te  separat ion change caused
by slow thermal  d r i f t s .  Reconneèt ing the  servo ampl i f ier , the  d r i f t  rate decreases re—

S markably and now corresponds to less than 0.002 A/minute. At this servo level, the
brid ge can be operated at high detector amplification about 80 dB.

To check the output sen.5itivity, a standard quartz crystal was driven at 14 Hz ,
without applying any voltage to the crystal on the counter plate (Fig. 3). The expected
linear re ia tioa  between voltage and output is clearly evident .  Fo r the gain settings
used , the minimum resolvable increment in the lock—in amplifier was 0.1 mV. Taking the

of quartz as 2.3 x 10—12 (rnV~~-) gives a minimum resolvable displacement of 1 x i0~~
A rms. This resolution corresponds to a resolvable strain L~2~/L~ ± ~~~~~~ far superior
to other measur ement techniques (e.g. x—ray diffraction) .

To check this sensitivity, the AC calibration capacitor was set up to give a capa-
c i t a n ce  modulat ion of 8 aF m s  at 14 Hz. For a sensing capacitance of 79.6 pP this
gave an o u t p u t  vol tage ( tnV) at the same gain settings as that used with t~ e quartz dri-
ving. This back calculates to give a d11 for quartz of 2.27 ±0.01 x l0~ ” (m\’

1).

SPECIMEN MEASUREl~IENTS

As an example of the null condition method the d 33 of piezoelectric ~urtzit e was
compared with the d11 of quartz. After proper adjustment of phase with two di’fcrent S

v o l t age  l evels app l i ed  to t h e  w u r t z i t e  c r y s t a l , the output curves obt~~ined as ~ function
of voltage app lied to the quartz standard , are shown in Fig. 4. Balances occur~ cd at,
9.54 and 15.68 volts on quartz , giving d33 1.41 d11 (quartz) , or 3.20 ~0.O2 x
(mV~~-), in very good a gr eement with the value for wurtzite quoted in Landolt Bbrnstein .6

—— 5-5- - 5-aL_ ~~~~~~~~~~~~~~~~~~~ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --



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

5 5 

~~~~~~~ 5 5~~~~~~~~~~~~5- 5 - 

— ~~~~~~~~~~ -

I
K.ENJI UGHINO and LESLIE E. CROSS

TABLE I. Some example data of electromechanical coefficients

SAMPLE COEFFICIENT PRESENT PREVIOUS

cu~~rz (100) d11~a~
12 
~~~ ~~~ (‘0 01) .2.27 ~ 

—

WIJRTZ)TE (001) d33(x10
12 ,,V~ ) •~.20 (‘0.02) .3.2 (10.2)6

BERLIN~iE aoo> d11(~.1o
12
~ r

1) —3 .98 (‘0.05) .5~3 (*1.6)
8

UNORIENTtD d331,1042 Mr1) —5.4 ‘0.2

OR EENTED d33~~0-12 ~~~ -20.2 (.0.4)

~~~ l/3~ 2/3~ 3 Mj1(xlO 16 M2r2) +1.0500.01) +1.4 C’0.2)~

~~~ r.~~~xio 17 n2r2) -1.6 (‘0.1) 0

‘CY~&&0 7200
b 07j ~ 4~~ C0~~ .lN1CATI 0* ; LSTI9ATLD V*.LUC3 91 MICZ3 (10 7 9)
C SJ~.?U SUPPOR T MTERIAL

As a check the two crystals were driven indcpendently to  g ive the slopes (separate
vibra ting method). Again the ratio of the two slopes is 1.39 correspondin g to a d33 in
in wurtzite of 3.17 ± 0.02 x 10 12 (mV l)

Some measured data of piezoelectric and electrostrictive crystals and ceramics
compared to standard literature values are listed in Table I. The agreement with the -

previously reported values for quartz and wurtzite indicates the high precision of our
in s t r u m e n t .  It is worth mentioning that the error is much smaller than those of pre—
vious measuremen ts. 

5

FURTHER APPLICATION TO THIN FOIL PVF
2

Using a normal dilatometer , the direct .oeasurement of the thickness change o ~
ve ry thin sample is very difficuL. For this reason , there is , to our knowled ge , no
direct measurement of d33 for FVF2 films . . 

S
Two L.inds of PVF2 (unorien ted and oriented KYNAR 7200 with thicknesses of 193 ~Jm

and ~9 ~m , respec tively) were driven under optimum instrum ent conditions (Fig. 5 ).
The initial slopes of the strain curves gave d33 values of —5.4± 0.2 x io~~

2 (mV 1)
and - 0.2 ± 0 .4  x i O . ~2 (m\rl) respect ively  (Table I ) ,  which are in good agreement

- _ 
~~ values estimated from the g11 and g32 coefficients determined by Hicks (1979 ;

.• ,i
_

* cot::~.’u1ication)
— ‘r, -- 

~:iear relation between the AC applied voltage and the output (which is to
in iezoelectric crystals at high electric field levels) was observed in

To - t ermine the field dependence of d33, the lock—in output for a small
A~ drive voltage to the PVF2 sample was recorded as a func t ion  of DC

g .  6. H ys~ eresis coul d ~ilso be d e t e c t e d  by t h i s  me thod , and a l m o s t  the
- h.  . .- i-age slopes (~~~. l3% / 10-~Vm~~-) we re  o b t a i n e d  fo r  bo th  s ample s .

- • n t s  on other interesting piezoelectric and electrostrictive mate—

~n the near future.

!he Office of Naval Research , Contract No. N00014—78—C—
.uks , ~ival Ocean Systems Center , and Dr .  G .R .  Barsch  of

- r supp ly ing us w i t h  samp les. -

~

~~~~~~~~~ -5
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HIGH SENSITIVI TY AC DILATOMETER
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Longitudinal Piezoelectric Strain Measurements

of Poly-vinylidene Fluoride Films

K. Uchino and L.E. Cross

Mat er ials Resear ch Laborato ry
The Pennsylvania State University

University Park, Pennsylvania 16802

• and

J.C. Hicks

Naval Ocean Systems Center
San Diego, California 92152

Abstract

The longitudinal piezoelectric strain of polyvinylidenefluoride (PVF2)

films has been measured at room temperature using a high—sensitivity AC

di1 atometer . The DC bias field dependence of the piezoelectric strain coef-

ficient d
33 has been observed . The polarization related electrostriccive

S 

coefficient Q33 obtained is several hundred times larger with the opposite

sign than the value in normal piezoelectric oxide crystals.

~~1I- - ‘~~~~~~~~~~~~~~~---~~~~~--- -~~~~~~~~~ - -~~~~ ~~~~ 
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1. Introduction

The pol ymer PVF2 (polyvinylidene fluoride) has been extensively studied

since the discovery of its large piezoelectric coefficients in 1969
(1)

.

Rolling and stretching the films at elevated temperatures during their prepa—

S 
ration enhances the crystallization of the polar phase (form I) with polymer

chains oriented preferentially along the tensile stress axis. After an

electric field of sufficient magnitude (about 1O~ Vm
1) is applied normal to

the film at elevated temperatures , large piezoelectric coefficients can be

measured . Though the transverse piezoelectric effect is rather easily

detected , few studies have attempted to measure directly the longitudinal

piezoelect r ic st rain induced by an applied electric field because of thin-

ness of films (usually less than 100 pm). The first direct observation of

the piezoelectric coefficient d
33 was made by Burkard and Pfister using a

capacitance—type di1atometer~
2
~ . This static measurements were carried out

at 0.3 K to avoid length fluctuations due to thermal expansion.

Using a newly developed high—sensitivity AC dilatometer~
3’4~ , we have

measured precisely the longitudinal piezoelectric coefficients of PVF
2 films

at room temperature. Moreover , we have observed the DC bias electric field

dependence of the piezoelectric coefficient d
33 

(electrostrictive effect).

2. Experimental

The samples were cut from 193—pm—thick unoriented and 69—pm—thick oriented

Kynar 7200 sheets (Pennwalt Chemicals Co.) and from 25—pm—thick oriented sheets

obtained from Kureha Chemical Industries, after the samples had been poled in

S 
the manner described above.

Two systems were used to measure the electric—field—induced strain in

these sample films. For the transverse piezoelectric effect, a strain gauge

j .. £S_
~~~~ 

~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
- 
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technique was applied , the sample being placed such that the deformation S

produced a stress on a strain gauge . The piezoelectric coeff icients  d31 and

d32 obtained are listed in Table I. The piezoelectric coefficient dh
( d31 + d32 + d33) was determined with the conventional method of app lying

a time—varying hydrostatic pressure to the film. The values of d
h are almost

the same for the three specimens (“—1 x io l2 
mV 1

). From the values of d31,
- . d32, dh we can evaluate the piezoelectric coefficients d33, which are also

shown in Table I.

For the longitudinal piezoelectric measurement we applied a newly devel-

oped h igh—sensitivity AC dilatometer whose minimum resolvable displacement is
_ 3 o  S

less than 10 A rms. Figur e 1 shows the block diagram of this system, the

details of which have been reported in previous papers~
3’4

~~. To mea sure the

piezoelectric strain, an alternating electric field at 14 Hz is applied to

the PVF
2 sample film through a suitable oscillator amplifier combination ,

which sets the capacitor plate vibrating at 14 Hz. The lock—in amplifier

which is phase—locked to the 14 Hz driving frequency senses any component in

the bridge output (capacitance modulation) which is at 14 Hz and in phase

with the driving oscillator. To check the output calibration fac tor , a

standard quartz crystal is then driven at 14 Hz without applying any voltage

S 
to the film.

To avoid separation changes of th~ sensing capacitor plates due to

thermal expansion, the DC unbalance signal of the capacitance bridge is fed 
S

back to the PZT pushers through an amplifier . This servo—system is the key

to hi gh sensitivity and s tabi l i ty  of the instrument.  - 
-

S

In Fig. 2(a)  and (b) we show the observed longitudinal s t rd in  (root-

mean—square value) for an oriented and an unoriented Kynar acd an oriented

Kureha film , respectively, under a sinusoidal electric field at 14 Hz.

_ _ _ _ _ _ _ _  —--~~~~~~ ~~; 
. 

-.—--— -



The piezoelectric coefficient d33 is calculated from the slope of S

linear relation between strain and electric field near zero field. Deviation

from the straight line at higher electric fields is caused by the hysteresis

effect and the nonlinear (higher order) coupling. A determination of the

negative sign of d33 is made from the 180° phase difference between the

lock—in amplifier outputs of the PVF2 and the standard quartz crystal.

To obtain the electrostrict ive effec t separately from the hysteresis

effect, we measured the DC bias field dependence of the piezoelectric coef—

f icien t d33. When a DC electric field E is superposed with a sinusoidal

electric field 2E
1 
sinw t, the induced strain X3 is represented as

X3 = d33(E + I~E1sinwt) + M33(E + ñE1sinwt) 2 (1)

where M33 is the field related electrostrictive coefficient. The root—mean—

square value of the strain at a frequency of w,X3(w) is given as

(w) = d~~~~(E )E 1 (2)

wher e

d~~~ ( E )  = d33(1 + 
2M33 E )  (3)

The lock—in amplifier output for a constant AC electric field CE1 
‘ulO~ Vm~~)

was plotted as a f unction of the DC electric field . Figure 3(a) and (b) are

the results showing the change of effective piezoelectric coefficient ~~~

with the DC bias field E .  An obvious hysteresis curve could be obtained in

the relation between ~~~ and E for all samples. The average ~~~ change

(neg lecting the hysteresis) with the DC field is considered to give the

electrostrictive effect approximately . The piezoelectric coefficient d33
(experimentally observed) and the field—related electrostrictive coeff icient

~~~~~~_~I_SSS - 5- -- - S - ~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~
5 s~i L _  S~~ . ~~~~~~~~~~~~~~~~ ~~~~~~
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M33 for three specimens are listed in Table I. Correction of the M33 value

- due to the Maxwell electrostatic stress is less than 10% of the apparent
4

value. The polarization related electrostrictive coefficient Q33, which is

defined as x
3 

= Q33P3
2
, was calculated approximately as follows :

Q33 
= M33/e3

2 (4)

where C
3 

is t he permittivity.

3. Discussion

Oshiki and Fukada determined precisely the piezoelectric stress coefficient

e31 and tne electrostrictjve stress coefficient (transverse effect) of

PVF2 by applying a sinusoidal electric field and detecting induced stresses~
5
~ .

They reported a marked hysteresis curve of e31 with the cyclic change of the

DC bias f ield , which is very similar to that in Fig. 3 showing the dependence

of d33 on the DC bias field . The low—frequency piezoelectric stress coefficient

e31 decreases by about one order of magnitude from its room-temperature value

of 1..10
2
[C m

2
] on cooling the sample to —150°C. At 0.3 K the longitudinal

S 
piezoelectric strain coefficient d33 measured by Burkard and Pfister is of

the order of _ io_13 
~~~~~~~~~~~~~~~ The difference of one to two orders of

magnitude between their data and our d33 data is explained by the large tern—

perature dependence of d33. Their electrostrictive data were not so reliable

as ours , but are still consistent with our measurement .

Using the piezoelectric resonance method , Ohi ga shi determined the p iezo—

electric strain coefficients Cd31 
and d32) and the piezoelectric stress

coe f ficient (e33) in a high—frequency region~
6
~ . At room temperature the d33

value (“lS x 10 12 
mV~~) estimated from an approximate relation (d33~e33

/c~3)

is almost of the same order as our observed data . No electrostrictive data

could be ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Let us discuss now a phenomenological interpretation for the piezoelec—

tricity in poled PVF2 in terms of electrostriction, which was first introduced

by Oshiki and Fukada ’5~ . After poling, a preferred orientation of dipoles is

produced in the film , which results in the spontaneous polarization P5 and

the spontaneous strain x~. The coupling of the electrostriction (which may

be determined by the film preparation technique) with this spontaneous polari—

zation produces piezoelectricity . In the phenomenological expresrion, the

strain x
3 
in the poled film of PVF2 under an electric field E is given by

2
- 

* 

x3 Q33 
(P + C3E) ( 5)

Then , by analogy with Eq (1) we may describe

x
3 
= Q33

P 2  (6)

d33 = 2Q 33P c 3 (7)

and 

M33 = Q33E3
2 

(4’)

By using P ‘\‘ 0.5 x 10 2[Cm 2
] which was determined in our recent paper

describing the effect of an AC annealing technique on the remanent polariza—

tion~
7
~ we can evaluate the piezoelectric strain coefficient from Eq (7).

Good agreement between the product value 2Q33P c
5 
and the d33 values observed

for all three specimens shown in Table I, suggests the validity of the

phenomenological treatment. The electromechanical data of normal piezoelectric

LiNbO3 are listed in Table I for comparison. In addition to the sign difference

of d33 and Q33, it is also interesting that the Q33 values in PVF2 are two to

three orders of magnitude larger than in LIMbO3, while the P~ values are two

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :i~
-
~~:~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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to three orders of magnitude smaller. In consequence, there follows almost

the same magnitude piezoelectric coefficient d33 (though with the opposite

sign).

- Acknowledgment

We wish to thank the Off ice  of Naval Research for their support of ourI ,

work through Contract No. N000l4—78—C—029l.

__ _ _ _ _ _  
______

~~~~I.L - ~
-5-

~~ 
- -

~~~~~~~~~ -~~ 5• 55 ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --5--



S 
- —‘— -- ~~~~~~~ ~~~~~~- - --~~~~~~~~~- 

~~~~~~~~~~~~ 4.5- 
- - -

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

~~~~~~~:~~~~~~~~~~~~
-----

~~ 

5- 5-— 
~~~~~~~ -

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

-
~~ ~j 

-
~~~~ — -—— —

r 
-. 

H
References

1. H. Kawa i , Japan. J. Appl . Phys. 8 , 975 (1969) .

4 - 2. H. Burkard and G. Pfister , J. Appi. Phys. 45 , 3360 (1974) .

- 3. K. Uchino and L.E. Cross, Proc. 33rd Annual Symposium on Fr equency

Control, U.S .  Army Electronics Command , For t  Monmouth , NJ (1979) . - S

4. K. Uchino and L.E. Cross, Ferroelectrics (in press). 
S

5. M. Oshiki and E. Fukada, J. Mat. S d .  10, 1 (1975) .

6. H. Ohigashi, J. Appl. Phys. 47, 949 (1976).

7. J .C.  Hicks and T.E.  Jones , Proc . Meeting of Amer . Phys. Soc. No. 77.80

(March, 1979) .

8. R.T. Smith and F.S. Welsh, J. Appi . Phys. 42, 2219 (1971).

9. T. Yamada, J. Appl. Phys. 43, 329 (1972).

L _  
_
_ _~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S _ ~~~~~~~~~~~~~ .~~~~~~~~~~ _ _S



w- ~~
-‘—‘-~~

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

-

8

Fi~ure Captions

I
Fig. 1 Block diagram of a high sensitivity AC capacitance—type dilatometer .

Fig. 2 Induced longitudinal strain under a sinusoidal electrical field at

14 Hz , (a) for the oriented and unoriented KYNAR 7200 and (b) for S

the oriented Kureha f ilm .

Fig. 3 The effective piezoelectric coefficient ~~~~ change with the DC bias

field E , (a) in the oriented and unoriented KYNAR 7200 and (b) in

the oriented Kureha film.
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Table I. Electromechanical properties of po~arized PVF2 films (compared

with LiMbO3).

Coeff ic ients  Unoriented Oriented Orient:d LiMb O3

S £
3 
(xc ) 9.9 11 12 

— 

28.7 (8)

d31(xlO~~
2
mV~~) 4.3 16.1 21.2

d32(x1O~~
2
mV~~) 4.2 1.9 2.4 0

~~
5 S d~~~~(xl0~

12
mV~

1
) -9 -19 -25 0

d~~~ (x1O~~
2mV~~) -5.~~ O.2 -20.2t0.4 -24.210.6 6.73

M33(xl0 20
m
2V

2
) -3.6 -13.6 —34.1 0

Q33
(xm 4

C
2

) —5 —15 —30 0.016(8)

2Q 33P E 3 (xlO l2mV~~ ) -4 .4 -15 -31 5.8 

~~~~~ -S~~ 5 - S S S ~S~~ -~~~--~~~~— -S - S - - S -~~~~~~~ - - S -  -~~~~~~~~~~~~~~~~~~~~~
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ELECTROSTRICTIVE EFFECT IN LEAD MAGNESIUM NIOBATE SINGLE CRY STALS

K. Uchino and S. Nomura
Department of Physical Electronics, Faculty of Engineering

Tokyo Institute of Technology, Ookayama, Meguro—ku, Tokyo 152

b and

L.E. Cross, S.J. Jang and R.E. Newnham
Materials Research Laboratory, The Pennsylvania State University

University Park, Pennsylvania 16802

-,
Abstract

Transverse and longitudinal elastic strain have been measured for elec-

tric fields applied along the <100> direction in single crystals of lead

magnesium niobate (Pb(Mg113
Nb

213
)0
3

) ,  using a bonded strain gauge technique .

A quadratic electrostrictive relation holds between induced elastic strain

and electric polarization for temperatures near the low frequency

dielectric maximum. The electrostrictiori coefficients are almost temperature

independent with values Q11 
= 2.50 x lO

_2 
m4/C2 and Q12 —0.96 x lO

_2 
m4/C 2.

To check the direc t measurements, the hydrostatic Q coefficient was deter—

mined independently by measuring the pressure dependence of the dielectric

perinittivity. The value 
~h 

= 0.60 x io”2 m4/C2 obtained is in good agreement

with that calculated from the direct measurements.
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INTRODUCTION

Recently we have reported in several papers the electrostrictive effects

in Pb(Mg113
Nb
213)o3 based ceramics

1”4. We suggested in these papers that the

polarization related electrostriction constants Q in the relaxor type ferro—

electrics are almost an order of magnitude smaller than in most normal ferro—

electric perovskites.

To confirm this, the electrostriction in Pb(Mg
113

Nb
213

)03 single crystals

has been investigated using a bonded strain gauge method . The hydrostatic

pressure dependence of electric susceptibility was also measured in order to

support the direct electrostriction measurements. The results are discussed

in conjunction with similar data for single crystal Pb(Zn
113Nb213

)03 and corn—

-

• 
pared to the electrostrictive behavior of simple (non—relaxor) perovskite ferro—

electrics.

EXPERIMENTAL RESULTS

Electrostrictive Measurement

The polarization related electrostriction coefficients of a cubic perov—

skite type crystal are defined by the following equations

2a x
Qll = 

~~~~~~~ 
—

~~i~ 

(1)

and 2
1 ~

~12 (2)
P1

where x
1 
and x 2 are the longitudinal and transverse induced strains, respectively.

By plotting the strain as a function of the square of the electric polarization

the values of Q can be calculated from the slope.

Flux—grown crystals of Pb(Mg113
Nb

213
)03 with rectangular plate shape oriented

parallel to (100) (‘.2.7 x 2.5 x 1.3 mm3) were used for our investigation. Gold

La.. ~~~~~~~~~~
- ‘u- -u---- ~ “~~ -1’ ‘!

~~
“

~~~~~ ~~~~~ 
L’

~~ ~~~~~~~~~~~ 
—

~~~~~
• —~ — - -- ;..-~~~~~~~~~~:~~:-,- ~.-~~ — • -_‘~ -_-...
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electrodes were sputtered onto the faces and a polyimide foil strain gauge

(Kyowa , KFR—02—Cl—ll) was bonded with cement (Kyowa , Pc—6) on the face of the

crystal. Measurements were carried out by a DC method , using a double bridge

technique. The electrostrictive strains x1 and x 2 were measured as a funct ion

of the applied electric field (0.002 Hz) at various temperatures in the range

from —10°C to 80°C. The curves of longitudinal strain are shown in Fig. 1,

where the strain is corrected by mult i plying a constant fractional error due

to the gauge and sample geometry .

- ‘ The induced electric polarization was measured at 0.03 Hz using a Sawyer—

Tower circuit (Fig. 2 ) .

Values of the electrostrictive coefficients derived from these measure-

ments are shown in Fig . 3 as a function of t emperature. It is evident that

the electrostriction constants do not change significantly through the relaxa-

tion range (Q11 
= 2.50 (±0.14 ) x iO~~ m4 C 2 , Q12 — 0 .96 (±0 .02)  x i0 2 m4 C 2)

Pressur e Dependence of Permitt ivi ty

By using the Maxwell relation , eqs (1) and (2) are transformed as follows :

a 2
~ ax

~~~~~~ ax1ap1 
— 

‘i

and 2a E  ax.
~~~~~~ ax 2~~1 ~

These equations indicate that the electrostrictive coefficients can be

obtained by measuring stress X dependence of reciprocal susceptibility x .

When hydrostat ic pressure p is app lied to a centrosymmetric paraelectric crystal ,

the pr essu re dependence of the reciprocal susceptibility x is represented by

____________ ____ — -  --- • _ _.__
~

_
~__J_),_6_ 

~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ •‘
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ax 1 ax1 ax1 ax1(—a—-) = — [(
~ —‘-) + (~~~

- )  + (~~~
-“ ) )p 1 2 (5)

2
~h ’

where 
~h 

= + 2Q12

The effec t of hydrostatic pressure on the electric susceptibility of

single crystal Pb(Mg
113

Nb
213)o3 

was investigated up to 6 kbar. A rectangular

plate spec imen about 1.5 x 1.5 x 0. 6 mm3 was used for our measurement. The

capacitance of the sample was measured at frequencies of 1 and 100 kHz with

an automatic capacitance bridge (Hewlett—Packard 4270A).

Hydrostatic pressure was generated in an air—driven intensifier pump

(Pressure Products Industries). Plexol was used as the pressure medium . The

value of pressure was monitored by a Heise gauge with the accuracy of ±5 bar .

Temperature was varied with a lamp heater and an A—C thermocouple was set

inside the cell.

Figure 4 shows isotherms of the reciprocal perinittivity 1/c measured as

a function of hydrostatic pressure. Whereas for a single crystal BaTiO3 the

slope of the 1/c versus p curve does not depend significantly on temperature5,

a gradual increase of the slope was observed for Pb(Mg
113

Nb
213
)0
3 with increase

of temperature. This effec t can be explained by the diffused phase transition

theory which will be proposed in the next section. From the averaged value

of the slope for higher temperatures (48.2°C, 56.5°C) and eq (5) we calculated

the electrostrictive coefficient as 0.60(±0.08) x io 2 
m
1
~ c

2 ,

which is in good agreement with the value calculated from the direc t electro—

—2 4 —2strictive strain measurements (0.58(±0.18) x 10 m C ).

Figure 5 shows the hydrostatic pressure effect on the difference between

dielectric constant (or dissipation factor) measured at 1 kllz and at 100 kHz,

— •, J ~~~-~~ii~~ —- ~~~~~~~~ ~~~~~~~~~~ —~~~--‘-—- -- • 
—

~~~
——-
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that is’ the intensity of relaxation.

EXPANDED DIFFUSED PHAS E TRANSITION THEORY
I

Integrating eq (5) we obtain

1/c = X ° + 2
~h~’ (6)

where X ° = (T—T )/C, T is temperature, T Curie temperature, and C Curie—Weiss

constant. In other words , we obtain the expanded Curie—Weiss law , tha t is

1/c (T—T0
( p))/ C (7)

where T (p) T
o
_2Q

hC p, or

1/c = 2Qh (P_p O (T) ) . (8)

where

p (T) = (T
O
_T)/2Q

hc

These equations are known to be valid for single crystal BaTiO
3
5 and other

simple perovskite crystals. But for Pb (M g
1/3

Nb
2/3

)0 3, eq (8) is not true as is

evident in Fig. 4.

For ferroelectrics with a diffused phase transition the law 1/c

has been shown to hold over a wide temperature range instead of the normal

Cu rie—Weiss law6 . Considering the local Curie temperature distribution

to be Gaussian, the reciprocal permittivity can be written in the form:

= ~~
— exp[(T—T0)

2/262] (9)

where 6 is a parameter describing the intensity of the diffused phase t ran-

sition. A series expansion , neglecting terms with (T—T ) 4 and hi gher gives

1 1 (T—T0)
2

(10)

—

~ 

— _____ — —~~~~~~ 
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Here, we propose an expanded theory where T is replaced by

since under pressure each local micro—region fo llows a slightly dif ferent

Curie—Weiss law

= ~~ _- + ~~~~~~~~~ (11)
m 2E~6

or 

1 (2Q C) 2(p-p (T))2
— = - — + ° (12)c cm 2E~ u

where T (p), p (T) are the same as previously described .

Figure 6 shows dependence of 1/c on (T— T ) 2 for  a single crystal of

Pb(Mg
113

Nb
213

)0
3 . From this curve with the aid of eq (10) we can find 6, the

parameter that determines the diffuseness of the phase transition. The values of

the fitted parameters are T0 
= 269 K, 1/c = 5.6 x 1O~~, and 6 = 45 K.

The parameters of eq (12) are determined so that the slopes of the 1/c versus

(p—p (T))2 curves have a constant value. The procedure is shown in Fig. 7(b) and

the parameters deduced are T = 269 K, i/cm = 4.6 x l0~~, 6 = 41 K , 2QhC =

4.9 K/kbar, which are in good agreement with the previous values. If we use

the value C = 4.5 x lO~ determined from the slope of the 1/c — T curve

at higher temperatures, we calculate an electrostrictive coefficient

= 0.61 ~ io_2 
rn
4 

C
2
. Figure 7(a) shows the temperature dependence of p (T)

determined experimentally . An almost linear relation supports our proposed

procedure . The gradient is an estimate of the variation of Curie temperature

with pressure and gives a consistent result with the 
~h 

value obtained .

DISCUSSION

Electrostrictive coefficients and the pressure derivatives of Curie tern—

perature for Pb(Mg1/3Nb 2/3)03 and Pb(Zn 1/3 Nb 2/3 )0 3 a r e summar ized in Table I
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in comparison with the data for BaTiO3 and PbTiO3. The Q11 values are slightly

correc ted by considering the (dTc/d p) values. It is evident from these data

that the polarization related electrostriction constants Q .. in relaxor

ferroelectric crystals are several times smaller than in most normal ferroelectric

perovskites. On the other hand , the Curie—Weiss constants in the relaxor

crystals are known to be several times larger12 and consequently there follows

an interesting effect, in that the (dTc/dp) value is almost the same for all

ferroelectric perovskites (See eq (7)).

A further study on the microscopic origin of electrostriction is in

progress.
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Table I. Electrostrictive coefficients and the variation of Curie tem—
perature with hydrostatic pressure for some perovskite—type crystals.

Q (x1O~~ m
4 c 2 

Q (x10 2 
in

4 C~~) Q
h(x1~~

2 
in4 C 2. dTc/d psubstance 11 1

(K kbar )

BaTiO3 l1.0~ _4•57 2.0 5 5 8

PbTiO3 8.0~ —2 .9w 2.2 _8.08

Pb(Z n1/3~~ 2/3 )0 3 2 3 8 10 
~0.86~~ 0.66 5 5 11

Pb (Mg1/3Nb 2/3)03 2.52 —0.96 0.60 —4.8

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

- 

~

—..- _ 

~~

. - -
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Figure Captions

Fig. 1 Electric field dependence of the longitudinal electrostriction

at various temperatures.

Fig. 2 Electric field dependence of the induced polarization at various

temperatures.

Fig. 3 Temperature dependence of the electrostrictive coefficients of

Pb(Mg
113Nb 213)0 3 single crystals .

Fig. 4 Hy~rostatic pressure dependence of the reciprocal permittivity at
‘ J

various temperatures.

Fig. 5 Hydrostatic pressure dependence of the difference between dielectric

susceptibility (or dissipation factor) measured at 1 kHz and at

100 kHz .

Fig. 6 Dependence of 1/c on (T—T )2 for Pb(Mg
113

Nb
213)03.

Fig. 7 Hydrostatic pressure dependence of permittivity :

(a) p (T) versus (T—T).

(b) (1/c — 1/c~
)
~~~

2 versus p.

~~~~~~~~~~~~~~~ C-
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ELECTROSTRICTIVE BEHAVIOR OF LEAD MAGNESIUM
NIOBATE BASED CERAMIC DIELECTRICS

S.J. JANG, K. UCHINO, S. NOMURAt and L.E. CROSS
Materials Research Laboratory

The Pennsylvania State University
University Park, Pennsylvania 16802

The eleotrostrictive strains induced by high electric f ields -z~we been mea-
sured for compositions in the solid solution system Pb(Mg1/3 Nb2/3)03:PbTiO3(PMN:PT) containing up to 20 mole% PT. Large anhysteretic quadratic s trt:zins
(up to 1,000 x 10-6) can be induced at room temperature with no evidence of
remanence. In pure Pb (M g l/ 3 Wb2/3 ) 03 the electrostriction constants 

~~~ 
and

are significantl y smaller tha n in norma l p erovskites and the large
induced strains may be traced to the hig h po lar izability of the relaxor.
With the addition of PT, the Q constants increase and the relaxa tion rang e
shortens, with compositions close to 10 mole% PT prov iding maximum quadratic
sensitivity. Over the relaxatio n range of temp eraturec, the therma l expan-
sion is extremely small and comparable to the best therma l ly s table glasses
and ceramics.

INTRODUCTION

Ceramic samples for these studies were prepared from reagent grade oxides , PbO , MgO ,
~~2O5, and Ti02 . Careful control of the initial calcining reaction is required to avoid
the formation of a low permittivity phase with pyrochlore structure. A detailed descrip—
tion of the preparation and densification has been given elsewhere.1 X—ray powder dif—
fraction, scanning electron microscopy, microprobe analysis, optical and etch studies of
polished sections were used to confirm phase purity and solid solution formation.

Weak field dielectric measurements, as a function of frequency and temperature
(Fig. 1), confirm relaxor behavior across the whole range of solid solutions up to 20
mole% PT, with the dispersion range narrowing with increasing PT content. Low frequency
Sawyer and Tower measurements (10 Hz to 0.001 Hz) show S—shaped saturation curves for
samples up to 10 moleZ PT with an increasing remanence and more normal hysteresis for
hig~ter PT content.

Electrostrictive deformations were measured by two independent methods. At room
temperature both longitudinal and transverse strains were measured by recording the dir-
ect dilatation (or contraction) of the sample with an LVDT gauge. For variable tempera-
ture measurements a bonded strain gauge method was used.2 In transverse measurement the
two techniques agree to better than ±10%. For longitudinal measurement it is difficult to
avoid deformation of the field distribution by the bonded gauge, but the strain gauge
method still provides reliable relative measurements.

?ypical transverse strain measurements taken at room temperature for compositions
with increasing PT content are shown in Fig. 2, and the reproducibility of the strain as
compared to a conventional PZT8 ~iezoelectric ceramic in Fig. 3 for the 0.9 PMN:O.1 PT
composition. The “walk—off” in the piezoceramic due to de—aging in the high forward
f ield is clearly evident, and the greater reproducibility of the ceramic is evident.

tN~~ at Tokyo Institute of Technology.
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FIGURE 1. Dielectric constant as a function of temperature and
frequency In 0.87 x PN~:O.l3 x PT.
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FIGURE 2. Transverse strain as a function of electric field in
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FIGURE 3. Transverse strain in ceramic 0.9 X PMN : 0.1 X PT sample (a) and
a typical hard PZT 8 piezoceramic (b).
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FIGURE 4. Transverse strain as a function of P2 in (l—X)PMN : CX) PT system.

That the strain is dominantly electrostrictive in all compositions up to 0.87 PMN:
0.13 PT is evident from plots of the strain versus square of electric polarization
(Fig. 4) where the polarization levels have been read from low frequency P versus E
loops.

Confirmation that the Q12 values is low in pure PMN and increases with PT content
is shown in Fig. 5.

Thermal expansion was measured using a conventional dilatometer ovr~r the temperature
range from —200 to +600°C. It is evident that over the relaxation range of temperatures
the thermal strain is anomalously small (Fig. 6) as compared to normal non—relaxor
perovskites.

The combination of high stable electrostrictive deformations, coupled with low
thermal expansion appear to make the PMN:PT electrostriction ceramics suitable candidates
for a number of specialized transducer applications in inicro—positioners and in adaptive
optic systems. The lower values of electrostrictive Q constants observed here in PMN,
and also evident in Pb(Zn113Nb213)O 32 and in a number of relaxors of tungsten bronze
structure3 may play an important rote in de—stabilizing the macro—domain structure of
the normal ferroelectric state.

This work was supported by joint DARPA:ONR funding under Contract No. N00014—76—C—
0515, Project No. 3203.
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ELECTROSTR ICTION IN THE SOLID SOLUTION SYSTIM
I

Pb(Mg
113Nb213

)03—Pb(Mg112
w
112

)03 
*

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

Abstract

Electrostriction in the solid solution system of (l—x)Pb(M g113 Nb213)03
_

xPb(Mg 1 1~ W ,.,)O~ (x<O .7)  has been measured b y using a st rain gauge techni que.
~

The electrostric tive Q coefficients were determined from th e analysis of the

induced strain versus polarization curves in the paraelectric phase. The Q

values of Pb(Mg113Nb213
)0
3 increase rapidly in the region of x<O.2 with the

increase of Pb(Mg
112

W
112

)03 mole fraction and reach nearly constant values in

x>O.2. The situation is compared with the case of Pb(Mg
113 

Nb
213
)03—PbTiO3.

Die Elektrostriktion von (l-x)Pb(Mg113
Nb

213
)O~--xpb~ ig

112
w
112

)o
3 
(x<O .7)

Mischkristallen wurde mit Hilfe von Dehnungsme~streifen untersucht . Pus dem

Verlauf der Kurven Spannung gegen Polarisation im paraelektrischen Bereich

wurden die elektrostriktjven Q Koeffizienten bestimmt . Die Q Werte von

Pb(Mg
113

Nb
213
)03 stei gen im Bereich x<O.2 rasch nit de r Zunahme des

Pb(Mg112
W
112

)0
3 Anteiles an und erreichen nahzu konstante Werte f~r x>O.2.

Em Vergleich zwischen diesen Ergebnissen und den Resultaten einer Untersuchung

von Pb(Mg
113

Nb
213
)0
3—PbTiO3 wird diskutiert.

*Thjs work was supported by the Department of the Navy through the
O f f i c e  of Naval Research.

tPermanent address: Department of Physical Electronics , Tokyo Institute
of Technology, Ookayania, Meguro—ku , Tokyo.
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1. Introduction

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

in electrostriction transducer systems has focused on a stud y of the ferroelectric

relaxor dielectrics. It has been proposed (1—3) that in these sys tems there is

a microscopic composition fluctuation that causes a broad spatial distribu tion of

fe r roelectric Curie temperatures .  A rather f la t  temperature dependence , there—

fo r e, can be expected in the electrostr ict ion over a wide temperature range .

Pb(Mg
113

Nb
213)03 (hereafter abbreviated PMN) may be a typ ical example in the

perovskite family of ferroelectrics.

We have previously reported the electrostrictive data measured on ceramic

• samples for PMN (4) and some of its solid solutions: Pb(Mg
113

Nb
213

)03—PbTiO3 
(5 ,6),

Pb(Mg
113

Nb
213

)0
3
—PbTiO

3
_Ba (zn

113
Nb

213
)0

3 
( 7 ) .

— Apart from the previous materials that are aimed at direc t application , we

have another interest in the role of a cation—ordered arrangement on the electro—

strictive effect , since it is suggested that the electrostrictive Q constants in

the disordered type complex perovskites are almost an order of magnitude smaller

than in most “normal” ferroelec tric perovskites (6). Pb(Mg
112

W
112

)O
3 

(abbrevi—

• ated PMW) is a well—known example which has the NaC1—type cation—ordered arrange-

ment In the B—sites of the ABO
3 perovskite structure (8) . The crystal structures

and the dielectric properties of the solid solution system PHN—PMW have been

reported in our recent papers (9,10). The superstructure of a doubling of the

perovskite subcell was observed for compositions containing more than 20 moleV.

PMW .

In th i s  paper the e lec t ros t r ic t ion  in the  solid solut ions  Is measured to

examine how the values of electrostric tive coefficients depend upon the compo —

sition.

—~~~~~~ r LJ,1l 1i~ 1 — — ~~—. - ----~~---~~~~~~~~~~ 
-
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• 2. E~perimental

a
The ceramic compound s were prepared from reagent grade PbO , MgO , Nb2O5,

a nd W03. The const i tuent  oxides were mixed in appropriate proportions , ball

milled in alcohol, then dried and calcined in air in a closed alumina crucible.

Calcining temperatures ranged from 800 to 1000°C dependIng on composition for

a calcine time of 15 hours . The resulting calcine was ground and refired for

two additional 15—hour period s to ensure complete reaction. Samples were pre-

pared by cold pressing into disks 2.54 cm diameter and firing on zirconia
- p

setters In air. A 2—hour sintering was used and the temperature ranged from

1000 to 1280°C depending on composition.

The elec t rost r iction was measu r ed by a strain gauge method . Silver elec—

• trodes were evaporated onto the faces of a ceramic plate, and a polymid foil

strain gauge. (Kyowa, KFH—02—350) was bonded with a cement (Kyowa, PC—6) on

the face of the sample. The measurement was done by the AC method (180 Hz)

using a phase sensitive detec tor and a double bridge system to buck out the

residual AC signal . The induced strain was measured under low frequency cyclic

electric fields at various temperatures.

In a ceramic sample with cubic symmetry, there are two independent electro—

strictive coefficients , and Q1~ . These coefficients are defined by the

fol lowing equations :

— 2
x1 Q11

P ,

— 2
x2~~~Q12 P .

Here x1 and x2 are the induced strains parallel and perpendicular to the direc-

tion of the electric polarization P respectIvely. The electric polariza tion P

was measured agains t  the electric field E by using a Sawyer—Tower circuit  at

50 Hz.

L•. ~~~~~~~~~~~~ ~~~~~~~~~~~~ 
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3. Results

The average Curie temperature of the PMN—PMW system varies with the corn—

position as shown in Fig. 1. The electrostrictive strains were measured on

several samples containing less than 80 mole% PMW around each Curie temperature.

The electrostriction could not be detec ted for the compositions containing

more than 80 mole% PMW because of the small magnitude due to antiferroelectricity

in that  region.

The induced s t ra in  x 2 versu s electric f ield E curves for 0 .SPMN—0 .2 PMW

are given in Fig. 2. The measurements were done under a quasistatic condition

of increasing and decreasing electric field. The curves are not accompanied

by a hysteresis above the mean Curie temperature (~~— 4 5 °c ) ,  but are accompanied

• by a slim loop behavior below that temperature. The samples containing more

than 40 mole% PMW showed no appreciable hysteresis in the x
2—F. curve even below

the mean Curie temperature. In other word s the activity of ferroelectric domains

may be strongly suppressed by adding antiferroelectric PMW .

The magni tudes  of x1 and x2 at room temperature vary with the composition

as shown in Fig. 3. The marked decrease of the induced strain with the increase

of PMW composition may be understandable basically in terms of the magnitude of

dielectric constant which is given in Fig. 4. In general the magnitude of in-

duced s t ra in  is supposed to be proport ional  to the  square of the d ielec t r ic

constant when a relatively low electric field is applied .

To obtain the electrostrictive Q coefficients , we analyzed the data of

induced s t ra in  as a f u n c t io n  of electric polarization P. The values of and

in the paraelectric phase were plotted against the induced polarization

corresponding to the same field as used for the strain on a log—log scale.

(A similar plot was shown for the Pb(Zn
113

Nb
213
) single crystal in reference (11)).

The stra ight line representing the qu idratic relation (x=QP 2) could be oht ’in~-d . 

~-
.-—
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The Q values are almost independent of temperature in the paraelectric phase

as in the cases of PMN—PT (6) and PZN (11).
I

The values of Q11 and Q12 coefficients are plotted against the composition

in Fig. 5. Due to the accuracy limit of the measuring apparatus, reliable

values of the Q coefficients, in particular Q1~ , could not be obtained fo r th e

solid solutions containing a large amount of Pb(Mg112W112)03 because of the

decreasing dielectric constant. The remarkable increase of the Q coeff ic ients ,

however, is evident with the increase of PMW content in the region containing

.~ less than 20 mole% PMW , the identical region where the ionic ordered arrangement

of B—sites grows rapidly in the short range.

4. Discussion

• Electrostrictive Q coeff ic ients  have been measured on various kind s of

perovskite type  oxides.  According to Yamada (12) ,  the electrostric t ive Q coe f —

• ficients, which are obtained by assuming that the piezoelectric effect in the

ferroelectric phase is due to the electrostrictive effect in the paraelectric

phase biased by the spontaneous polarization, are nearly constant with the

value Q11 
= 0.10 m4/C 2

, Q12 
= —0.034 m4/C

2
. It is known that generally the

Q values obtained from the direct measurements of electrostriction in the para—

electric phase are nearly in agreement with the corresponding values described

above. Ceramic BaTiO3, SrTiO3, Pb(Zr,Ti)03, and ITaO3 all have values of

—2 4 2about —lxlO m /c -

In the previous paper concerning the PMN—PT system (6), we speculated

that  the polarization related electrostriction constants Q in such relaxor

crystals as Pb(Mg113~~213
)O3 and Pb~Zn113

Nb
213
)0
3 (11) are almost an order of

magnitude smaller than in most normil ferroelectric perovskites. The factor

that  ma y be r espon sible is a large in t ernal st r ess that  is induced by the

disordered arrangement of the B ions . The internal stress may have a depressing

effec t on the electrostrictive strain in the paraelectric phase.

- - ~~~~~~~~~~~~~~~~~ 
, 

•
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The present work supports the model mentioned above. In the case of the

PMN—PT system, the large internal stress of P~IN will be reduced with increasing

PbTiO3 content. For the PMN—PMW system the same order or larger reducing effec t

may be expected with increasing Pb(Mg
112

W
112
)03 content , because the ordering

tendency of Mg and W ions is considered to promot e a st ress relief effect. In

Fig . 5 the Q coefficient values increase rapidly with the increase of P11W mole

fraction in the region containing less than 20 mole% P11W. It is no table tha t

this mol e fract ion correspond s to the one abov e which the superstructure of a

doubling of the perovskite subcell is detected . In the region with the super—

s t ruc ture, the Q values of the solid solutions are nearly constant regardless

of the composition and almost of the same value as for most normal ferroelectric

perovskites. Further experimental study on electrostric tion of Pb(11g113
Nb

213
)O3

single crystals is now proceeding .
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~~gure Captions

-

~ * Fig. 1 Average Curie temperature in the Pb (Mg
113

Nb
213
)0

3
_pb (Mg

112
w
112
)0
3

system determined from the measurement of dielectric constant at

various frequencies.

r 
Fig. 2 Induced strain x

2 versus electric field E in O .8Pb(Mg
113~~ 213)o 3—

O.2Pb(Mg
112

w
112
)03 ceramic at various temperatures .

Fig. 3 Induced strain x1 fo r E = 10~ V/rn  and x 2 fo r  E = io6 
V/rn at  room

tempera ture as a function of composition .

Fig. 4 Dielectric constant at room tempera ture as a funct ion of composition.

Fig. 5 Electrostrlctive coefficients and Q12 as a function of composition.
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ELECTROSTR ICT ION IN Pb(Mg113Nb 213 )0 3 CERAMICS

Shoichiro NOMURA. Kazub iko TONOOKA a nd Ju n KUWATA
Department of Physical Elect ron ics , Faculty of Eng ineering . Tokyo Institute of
Technology, Meguro-ku , Tokyo 152

L.E.CROSS and R.E.NEWNHAM

Materials Research Laboratory , The Pennsyl vania State University , University Park ,

Pennsylvania 16802

Electrostriction in Pb(M g113~b ,,3)O~ ceramics is studied by two
uie thods using strain gauge ana a p lezoelect r ic  resonance. The elec—
trostriction Q coefficients are deteruiined from the analysi s of the
induced strain vs

2 Eol~
riza tion curves in the _~aEae~

ec t ric phase , as
g~ 1— ( 2 . 8±o.2) .l0 m IC and Q

1~
——(0.6~~ .l)~~lO 01 IC . In the deter—

- 
- nitnation of k in the paraelcctric phase , the piezoelectric admit-

tance is nuee~ icall y analysed in the vicinity of the resonance fre-
quency . using a hyperbolic approxi mation. The k factor increases
in propor tion to the applied d.c.

2
f~ el~ , from w~ich the value of Q12

is calcula ted as —(0 .7L&O.05)•l0 01 /C .

1. Introduction

~~~~~~~ ~~2 )03 belongs to the ferroelectric crystals with a diffuse phase tran-
sition. The phase transition covers a wide range of temperature with an average
Curie temperature of O C 1

~ . In the paraelectric phase, the crystal belongs to the
cubic point group ~~ in which Mg2~ and Nb~~ ions are randomly distributed, occupying

• the centers of an octahedron formed by oxygen ions . The transition occurs gradually
because di ff erent reg ions of the crystal have unequal Curie temperature due to fiuctu-
ation in composition . To elucidate the mechanism of the diffuse phase transition and
also t~ explore its possibility for device application , various kinds of studies , in
particular dielectric and optical ones have been intensively studied2~. Few studies,
however , have been reported so far retarding electrostrictive properties.3~

Electrostriction is a phenomenon which give rise to a strain proportional to the

square of the applied electric field. Strains in crystal due to electrostrictive
effect, in general , are small. In ferroelectric crystal strain caused by the applica-
tion of an electric field, is due to the combined effects of piezoelectricity and
electrostriction. Pure electrostriction can be observed only in non-piezoelectric

ccsnpounds or in a paraelectric state of ferroelectrics.
It is interesting to investigate the electrostrictive properties of Pb(Mg1,,3Nb 213)

03 in a temperature region of diffuse phase transition, where the two phases of ferro-
electric and paraelectric coexist. We have determined the Q coefficients of Pb(Mg -

~ 2,3)03 ceram ics fran two different measurements : a direct measurement of electro-
striction us ing a stra in gauge , and an indirect measurement of induced piezoelectric
Tesonance of the ceramic disk under applying d.c. field. To compare with the data of

~~(~~l,3?~ 2,3)03. e]ectro str ictive coefficient Q12 of (Ba0 6Sr0 4 )Ti03 ceramics was
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measured in the paraelectric phase by the piezoelectric resonance method.

2. Sample preparation

The ceramic compounds were prepared from reagent grade PhO, MgO, and Nb205. The
constituent oxides were mixed in appropriate proportion ball-milled in alcohol, then
dried and calcined in air for 15 hr in a closed alumina crucible. The calcthing tma-
perature was about l000 C. The resulting calcine was ground and refired at 1100°C to
emsure complete reaction . Ceramic sample was prepared by pressing into a disk 1.6 an
diameter and firing on a platium sheet in alumina crucible at about 1230 °C for 4 hr.

• The similar method o preparation was applied to the ceramic sample of (Ba0 6Sr0 4 ) Ti-
03. The firing temperature was 1500 °C.

3. Measurement of electrostriction by a strain gauge method

For a ceramic sample with cubic synonetry, the independent electrostriction co-
efficients are and Q12, which are defined by following equations ,

r Q11P2 (1)
x2 ~ Q12P (2)

where x1 and x2 are the induced strain parallel and perpendicular to the direction of
the induced electric polarization P respectively.4~

The measurement of induced strain was carried out by a strain gauge. Silver elec-
trodes were evaporated onto the faces of ceramic plate , and then a polymid foil
strain gauge (Kyowa , KF H -02-350)  was bonded with a cement (Kyowa , PC-6) on the face of
the sample. The dimension of the ceramic plate is 28 rise2 area , 3 an thickness for the
measurement of x1, and 15 jan

2 area , 0.22 nsa thickness for x2 . The measurement was done
by the a.c. method (180 Hz), using a phase sensitive detector and a double bridge to
buck out the residual a.c. signal. The dummy gauge was bonded on a copper cube which
was contained in a copper block together with the sample to obtain a good uniformity
of the temperature between them. The induced strain was quasistatically measured , step

• by step with increasing and decreasing the applied field at various temperatures. The
electric polarization P was measured at 0. 1 Hz , by using a modified Sawyer-Tower
circuit.

4. Measurement of the induced piezoelectric resonance

The transmission method~~ was used for determination of the planer coupling factor

L k~ of disk resonator of Pb (Mg1,,3Nb213)03 ceramics under appling d.c. field. The d imen-
sion of sample is 8.6 an diameter and 0.38 an thickness. Since the magnitude of is
relatively small (less than 10 %) in the paraelectric phase , the application of the
convcnsiona l forimil a for ~,

6) i.e.
2 ~~~~ ~~~ — f

2 (3)
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where f5~~ is the frequency at mininuin admittance of the ceramic disk , and f5~~ is the
frequency at maximum admittance, leads to noticeable error in the measurement of the
indeced piezoelectric resonance. Hereafter we denote the coupl ing factor 1c~ calculated
by equ. (3) as k~’ to distinguish fran the correct value.

To obtain the k~ factor , we expanded the admittance of the electrostrictive disk
surrounding the resonance point in a hyperbolic formula as a function of the frequen-
cy, and determined the parameters involved in the formula so that the calculated ad-
mittance curve can be fitted to the observed one on the skirt of the resonance curve.
The coupling factor k~ was num~’rically determined in this fitting process.

The planar coupling factor k~ is related to the piezoelectric strain constant d3,
as fo11ows ,5~ ____________

I c T  hi
d ~ C33 ~~ k 4)31 J 2.f i i t o-~) ~it~rf ~ f’

where €33
T is the dielectric constant, which depends upon the applied d.c. field,f is

the density, r is the radius, 
~r 

is the resonance frequency, ~E is the Poisson’s ratio,
and is the lowest positive root of the equation : (1-o~)J1(7) 

= ‘
~ 0

(’?)
~ 

The
poisson ’s ratio G~

E was determined from the ratio of the first overtone to the funda-
mental frequency . The numerica l values of Ph (Mg113Nb213)03 ceramic sample are f— 7 .3

• ~~~~~ ~r~~
16 kilz , ~-~~0.30 , and 

~l
=2.05 respectively. The dielectric constant

is about 8000 at 170 kHz , and the value decreases with increasing the d.c. bias field.
In our numerical calculation of d31, we used different values of E33

T , depending upon
the value of bias field.

(
~ the other hand , the induced piezoelectric strain constant d31 can be expressed

in terms of the electrostriction constant Q12 by
d31 ~ 2~~

TQ p  (5)
in the paraelectric phase.4 From the measurement of the field dependence of k~. and

using equs. (4) and (5), the magnitude of Q12 can be determined.

S. Results _____________

The rela tionship between the induced strain
and the electric field for the Pb (Mg113Nb 213)03

ceramic sample are shown in Fig.l. Below the aver- ~~~ L.o ~~
age Curie temperature of 0 C , the curves are ac-
companied by a hysteresis , which is caused by the
ferroelectric doma ins . Near the Curie t emperature
the hysteresis is very skinny, which is different —

from that of fci-roelectrics with simple perovskite
structure. At -115°C, far below the Curie tempera- 

-e

turo a typical butterfly-shaped hysteresis is ob-
tam ed . The curves of induced strain x1 vs. elec-
tric field E were measured only in the paraelec- Fi g.1 Str a in x vs. elect ri c f~ e1d
tric phase, which are shown in Fig.2. The sign of ~ in Pb(H g113N~ 213 )O 3 ceramic s.
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is positive, and that of x2 is negative as
expected. ..... r ~~~~~~~~~~~~~~~~

To obtain the electrostriction Q coefficients, -l 0

the induced strains in the parae lect ric phase were
plotted against the electric polarization P on a °-

~

log-log scale, as shown in Fig.3. The straight - 
~~

-
~
‘ ‘ 

~~~~~
-

line in this figure represents the quadratic rela- 2 0 10°

tion : xccQP2. Just above the average Curie tern-
perature , the quadratic relation does not hold.

4 to
The Q values of the Pb (Mg113Nb213)03 ceramics were
plotted as a function of temperature in Fig.4. 21•C

By using equ. (3) the planar coupling constant - —
£hpcU,c I,eid ((V im)

was calculated as a function of the electric

field at various temperatures. The results are F ig.2  Strain x~ vs. E in Pb(M g113
shown in Fig.5. At -135 °C the sample shows a Nb 213)o3 ceramIcs.

ferroe lectric character and the value of k_ ’ reaches 10 %. At 0°C the curve is accom-
- - - 2pained by a skinny hysteresis but the renranance is vanishing. At 50 C , the 1cr ’ vs. E

curve is quadratic, but it does not pass through the orig in , i.e. the k~’ at zero

applied field has a non-vanishing value (denoted by k~’(0)). As mentioned in ~4 , this
is resulted from the inaccurate approximation, using equ.(3).

The corrected value of k~ calculated by the numerical fitting method are plotted
against the electric field E, in Fig.6, together with the values of

The value of increases in proportional to the electric field and the line passes
through the origin. The interesting result is that thej kf”_ k

f’(Qf is also a linear
function of E , and both the lines have the same gradient . In other words , the correct
value of k~, can be obtained by J~~~~

kr
’(of .

The value of d31 was calbilated as a function of polarization P or electric field

‘0-i GOh ~1OOB
-x —~~~~ - 

~12

_ _  
~O 0 ~~~ 6~~~~~ 0 H0&

-2 Temperature (‘ a )
to

(I~ ctr jc PoIoru ~~ot ,on P(C1m 2 )

7i~~.3 St ra in  x and vs. P in P ig.4 te mpe ra ture depende nce of Q and
Pb(Mg113Nb 213) 

~ 
ce ramics. in Pb(M g

113
Nb

213
)0

3 
ce ramic s. 1
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E, from which the value of Q12 was determined. In
Fig.7 , the value of d31 is plotted agains t the -~~-~~~r’- -..

value of EJ1E , where a linear relation holds be-
(-18t)tween them. The Q value was determined as (0.7112 P 4 -‘ ~Z 0 2 £ ~

iO.0S).l0 2m4/C2, which is very closc~ to that ob-
tained from the direct measurement by the strain ‘
gauge method. To compare with the data of Pb (Mg113

we determined the values of k~’ and k~
of (Ba0 6Sr0 4)Ti03 ceramics at 40°C, which has a
simple perovskite structure with the Curie temper- 

~
atui-e of 15’C. The result was analogous to that of

~~~ ~~&l,3~~ 2,3)03. The electrostri ction coeffi- 
~~~~~~~~~~~~~ ~~ 

(lO t )

cient Q12 was deternined as 1.0.10 m /~ . for the ~~ ‘ 0 6.10 ’

(Ba0 6Sr0 4)Ti03 ceramic sample.
Pig.5 Electro mechanical coupling
factor k~’ determined by using
equ.(3) (denoted by k 1~

2 ) vs E in
Pb ~~g113~~213) 03 ceramics.

15*10
’ 

h~~~rbo~ approximation 
- 

4/ /
I’

> 3 0

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

6x~~
E ( V i m )  c .3.E ( F 2 V Im 3)

Vig .6 it vs. E in Pb(Mg 1 3~~2/3 )03 Pig.7 d 31 vs. E3
2 E in Pb(Mg 113Nb 213

)
ceramicg . it ‘(0) is the ta lue of 03.

at E—OY

6. Discussion

• Since the ferroelectric phase transition occurs gradually in Pb (Mg113Nb213)03, the
relationship between induced strain vs. electric polarization shows a deviation from
quadratic in the t emperature range just above the average Curie temperature , where the
two phases of ferroelectric and pa raelectric coexist , but it is not accompan ied by a
large hysteresis. This is a characteristic of the ferroe lectrics with the diffuse
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phase transition . We determined the Q coefficients from the measurements in the pa~~
electric phase , confirming their quadratic relation. Since the thermal expansj~~ Coef
ficient of Pb (Mg113Nb213)03 ceramics is about 0.6.10 6 C~~ at room temperature, tj~~

error which might be due to the electroca loric effect upon the electrostricti on is
considered to be negligiblly small in our measurement. The tempe ra ture depend ence of
the Q coefficients observed iii the paraelectric phase is probably due to the effect of
coexisting ferroelectric phase , the fraction of which gradually decreases with the ~~
crease of temperature above 0°C. The similar temperature dependence has been observed
in the measurement of quadratic electrooptic effect of Pb (Mg 1113Nb213) 03.~~

Electrostriction Q coefficients have been measured on various kinds of perovsic~te
• type oxides . According to Schmidt,8~ the Q values of BaTiO3 ceramics are reported to

be Q11”5.76.10
2 m4/C2, and Q12~~l.242.l0

2 m4/C2. In comparison with these values ,
the Q values of Pb (Mg1113Nb213)03 ceramics are about half in magnitude. We have meas-
ured electrostrictive Q coefficients of Pb(2n1,,3Nb213)03 crystal , which belongs to the
ferroelectric crystals with a diffuse phase transition similar to Pb (Mg1 3Nb )0 .

The Q values determined in the parae]ectric phase are Q11~l.6.l0 m /C , Q11~ -0.86 .
io

_2 
m4/C2, and Q44.’0.85 10 2 m4/C2 the magnitudes of which are nearly . the same as

those of Th(Mg 3Nb 3)03. It is not certain at this point whether the smaller values
of Q is a common characteristic of the perovskite-type oxides containing Pb ion or
of the ferroelectrics with the diffuse phase transition.

The measurement of induced pie:oelectric resonance is a useful method to evaluate

the magnitude of electrostriction constant . The linear relationship between the k~
factor and the applied electric field E is quite reasonable , confirming that the elec--
trostrictive defo rmation is c,uadratic. It is easy to show that the k~’ (O) is related
to the mechanical loss in the piezoelectric resonater. The analysis is now in
progress.
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An Estimate of Soft Modes in Relaxor Ferroelectrjcs

K. Uchino and S. Nomura

Department of Physical Electronics, Tokyo Institute of Technology

Ookayama, Meguro—ku, Tokyo 152 , Japan

and

L.E. Cross and R.E. Newnham

Materials Research Laboratory, The Pennsylvania State University

University Park, Pennsylvania 16802

Abstract

The effect that the polarization related electrostrictive coeffi-

cients Q in the relaxor type ferroelectrics are almost an order of

magnitude smaller than in most normal ferroelectric perovskites is

reasonably explained under the assumption that the temperature dependence

of the soft—mode TO phonon frequency is given as = A(T—T
0), 

where

the coefficient A in relaxor ferroelectrics is an order of magnitude

smaller than the value in normal ferroelectric perovskites. The assump—

don also concludes that the Curie—Weiss constants C in the relaxor

crystals are several times larger than in the normal ferroelectrics.

The soft—mode frequency in the Pb(Mg
113

Nb
213

)0
3 
crystal is predicted to

be below 10 cm~~ near the mean Curie temperature.
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1. Introduction

S In our recent papers we have reported the pressure dependence of dielectric

constants and the electrostrictive effects in Pb(Mg113
Nb

213
)O3

’1
~ and

Pb(Zn
113

Nb
213

)O
3~
2’3~ single crystals. We indicated in these papers that the

polarization related electrostrictive coefficients Q in the relaxor type ferro—

electrics are almost an order of magnitude smaller than in most normal ferro—

electric perovskites. On the other hand, the Curie—Weiss constants C in the
I’

relaxor crystals are several times larger ” ‘ and consequently the products QC

(or Qx permittivity) are almost the same for all ferroelectrIc perovskites

(See Table I).

To explain these phenomena, a soft—mode model of relaxor ferroelectrics

is proposed in the temperature range near the low frequency dielectric maximum .

Numerical prediction of the transverse optic phonon made softening is made for

Pb (Mg113Nb
213
)0
3 

and Pb(Zn
113

Nb
213
)0
3 
and compared to the soft—mode frequency

of simple (non-rela xor) perovskite ferroelectrics.

2. Soft—Mode Model in Relaxor Ferroelectrics

Though the lattice vibrations of a disordered atomic assembly are not

equivalent to unique vibrations in a regular lattice , the elastic vibrations

of long wavelength are approximately similar plane waves, which are scarcely

aware of the atotaicity of the materials~
5
~~.

For the soft phonon near the zone center (k 0) the energy—wave vector

curve in a disordered crystal is expected to behave similarly to the one in

an ordered crys tal , although a sharply defined dispersion function in an

ordered lattice is broadened in energy and/or momentum by incoheren t scatter—

ing from the disordered assembly of atoms .

We presume that the temperature dependence of the transverse optical soft—

~~~ phonon frequency in a disordered perovskite crystal is represented in a

similar fashion to the one in simple perovskite ferroelectrics .

_ _ _ _ _ _  
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S soft 2 
= A(T_T

~
) (1)

Here we assume that the A value in a relaxor ferroelectric is an order of mag—

nitude smaller than the value in a normal ferroelectric perovskite, since the

diffuse temperature dependence of in a wide temperature range is expected

in the relaxor type.

The connection between ferroelectricity and lattice dynamics is made by

means of the Lyddane—Sachs—Teller (LST) relation~
6’7~ .

N-l
= ~~~~~~~~~~ (2)

i—i

where 
~LO 

and are longitudinal and transverse optical phonon mode frequen-

cies at zero wave vector, N is the number of atoms per unit cell, C
5 
is the

static dielectric constant and c~, is the square of the optical index of refrac-

tion. If we suppose that the frequency of one of TO phonon modes approaches

zero (soft—mode) and that e~ and 4~~s and other are relatively insen-

sitive to the compounds, we describe the LST relation as follows:

1/c ~~ sof t 2 (3)

where K is almost constant for all ferroelectric perovskites.

There is also a relation between the stress dependence of c~ and the

electrostric tion , since these two effects are derivable from the same term in

the free energy~
8
~ .

9(l/c
3)~ p = 2(Q11 + 2Q12) = 2

~h 
(4 )

where p is the hydrostatic pressure and Q are the polarization related elec—

trostrictive coefficients.

The relations between the Curie—Weiss constant C or the electrostrictive

-

~
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coefficient and the temperature derivative of the square of the sof t—

phonon frequency A are derived from Eqs (1), (3), and (4) under the assumption

that C is insensitive to the hydrostatic pressure~
9
~ .

C = l / K A  (5)

= [ — 4 (~ T / ~ p)] KA (6)

If we accept the experimental result that the (aT /~p) value is almost

constant for every ferroelectric perovskite~~’
10
~, a large Curie—Weiss constant

and a small electrostrictive coefficient can be derived from the one—order of

magnitude smaller A value in relaxor type ferroelectrics. Electrostrictive

coefficients, Curie—Weiss constants, pressure derivative of Curie temperature,

and temperature derivative of the square of the soft—mode frequency for some

perovskite—type ferroelectrics are summarized in Table I. The A values for

Pb(Mg
113

Nb
213
)0
3 and Pb(Zn113

Nb
213
)03 are estimated from the equation

A/Q
h 

570 [cin 2 K 1
/m

4 C 2
J (7)

3. Discussion

There is a significant fact  that no sof t  modes have been observed in the

Reman spectra of a large number of mixed (relaxor) ferroelectrics~
23
~~. If the

soft—mode model in relaxor ferroelectrics (Eq (1)) is true , then the mode

(W TO) must lie in the frequency range below 20 cm
1
, which is inaccessible to —

Reman scattering studies.

In the transit ion temperature range , temperature dependence of TO mode

frequency may be slightly corrected for relaxor ferroelectrics in terms of

diffuseness of the phase transition owing to disordered atomic arrangement~
24
~~.

Considering the local Curie temperature distribution as of Gaussian type, the

TO mode frequency may be represented as follows:

[W
soft

(T)1
2 

= 
~~~~

2
f

2 2  (8)

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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where T , a local Curie temperature, T , the mean Curie temperature and 6

is the parameter, describing the diffuseness of the phase transition. In the

case of Pb(Mg
113

Nb
213
)0
3 single crystal (A = 3.4 cni2K

1
, 6 = 41 K),  WTO is

supposed to have a finite value (~7 cni~~) even at T = T
av~ 

The temperature

dependence of its dielectric constant shows a considerable dispersion in a

frequency range from io 2 to l0~ ~~~~~~ Kirillov et al. reported that maxima

of the temperature dependence of the permittivity c shift  to higher tempera—

tures with increasing measuring frequency. Although the frequency dependence

of dielectric constant may be different below the mean Curie temperature be—

cause of the interaction between polar regions or the contribu tion of domain

wall vibrations, the extrapolation of the curve lnw = f ( T v) to a higher tem—

perature (“‘310 K) leads to an almost similar magnitude of wavenumber 2 cm
1

to the one predicted above (‘~7 cm
1) .

Dielec tric mea surements in a frequency range from to ~o
l2 

Hz (micro—

wave) or precise Raman scattering studies will be desired . If we will be

able to make both ordered and disordered crystals with the - same composition,

only by changing the annealing process, the lower Curie temperature, the

larger Curie—Weiss constant, and the smaller electrostrictive coefficient are

expected in a disordered crystal than in an ordered crystal.
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Table I. Electrostrictive coefficients, Curie—Weiss constants, the
variation of Curie temperature with hydrostatic pressure and
the temperature derivative of the swuare of the soft—mode
frequency for some perovskite—type ferroelectrics.

Qh C (DT~/~p) A
-. 

Substance X10 2
m
4
’C

2 
(x1O 5K) (K .kbar’~~) (cm 2K~~)

- 
BaTiO3 2.011) 1.512) ~~~ lO) -—

I PbTiO 3 2 .2 13) 1.714) <_810) 8 .215)

KTaO 5.2 16) 0.5 17) —— 29.118)
1 3

SrTiO3 5.0 19) 0 .77
20) 

1) 

28.6 21
~

Pb (M8113Nb
213

)O
3 

0.60 4.7 4.8 3~4

Pb(Zn
113

Nb
213
)0
3 

0.66~~ 4~ 7
4) 5 5 2) 

3.8*

- *Estimated values from the equation A 570 
~
h•
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FERROELECTRIC CERAMIC—PLASTIC COMPOSITES
FOR PIEZOELECTRIC AND PYROELECTRIC APPLICATIONS

R.E . NEWNHAN, D .P. SKINNER , K.A. KLICKER, A .S. BHALLA,
B. HARDIMAN and T.R. GURURAJA
Materials Research Laboratory

The Pennsylvania State University
University Park , Pennsylvania 16802

Consideration of the influence of crysta l symmetry, macrosynvnetry, and inter-
phase connectz-vvty have been used to exp lore possible macrostructures of
interest as piezoelectr-fc or pyroelectric composites . Based on these design
cons-z4eratwns, ceramic-plastic composites have been fabricated with 3-3
phase connectivity by the replication of na tura l template structures such
as coral. Composites prepared in this way have p iezoelectric g33 and ~~coefficients more than an order of magnitude hig her tha n the coefficients of
the homogeneously poled ferroelectric ceramic. Large voltage coefficients
were also obtained from 3-1 p iezoelectric composites made by embedding PZT
fiber array s in epoxy cement. Processing methods are described for prodz-
c1~ng straz-ght and helical piezoelectric fibers by both extrusion and casting
of PZT slips. Pyroelectric measurements on ceramic-plastic composites led
to two interesting results: thermal expansion mismatch between the two
phases can couple to the piezoetectric coefficients to give a large second-
ary pyroelectric effect, and, secondly, boracite-p lastic composites have
extremely large voltage coefficients (p/c), comparable to boracite single

• crystals and the very best vidicon materials.

• INTRODUCTION

Progress in materials science—like progress in most fields—follows the curve of
history (Fig. 1). When a new effect such as ferroelectricity is discovered , scientific
development is rather slow at first, until its importance is recognized. Then follows a
period of rapid growth when practical applications and many new materials are discov—
ered. Rapid changes take place in selecting the “best” material for each application.
Eventually the field matures as the choices are made, and the curve of history satur-
ates.

We see this saturation effect in many fields of materials science. PZT has been
the best transducer material for 25 years. BaTiO3 has been the best hi gh K capacitor
material for 30 years. Similar trends can be noted in magnetic materials, semiconduct-
ors, and superconductors . Despite intensive search for new compounds, relatively little
progress has been made in the past ten or twenty years.

Where then do we go from here? Heterogeneous systems optimized for particular
applications are certainly one possibility. Examples include semiconductor integrated
circuits, fiber—reinforced metals, and barrier—layer ferroelectric capacitors. For the
past three years we have been investigating some piezoelectric and pyroelectric com-
posites, hoping to improve some of the properties of homogeneous materials. A summary
of the basic ideas was published last year.1 Connectivity is a critical parameter in
composites designed for use as piezoelectric transducers or as pyroelectric detectors.

___________ - • ~~~~~~ L-~~~~~~~~~ 
~
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S Fig. 1

. ~

_,
,,
,

/‘IN6tE PHASE

YEARS
CURVE OF HISTORY FOR MATERIALS

There are ten connectivity patterns in diphasic solids, ranging from a 0—0 unconnected
checkerboard pattern to a 3—3 intertwined skeleton pattern in which both phases are
three—dimensionally self—connected .

• When the two phases are connected in parallel, the longitudinal piezoelectric
voltage coefficient is

— 
— 

v
1
d
1
s
11 + v11d11s1 • 

(1)g

Ir. this expression, v1 and v11 are the volume fractions of the two phases. The piezo—
electric coefficient, elastic compliance, and electric permittivity are represented by
d, s, and c, respectively. The composite of interest here is a mechanically stiff ferro—
electric (phase I) in parallel with a soft compliant polymer (phase LI), then d1 >> d11,

<< s11, c~ >> c~~~, and g ~ d1/v 11c1. Thus the voltage coefficient of the composite
can easily exceed that of the solid ferroelectric.

In this paper we describe some processing methods for making 3—3 and 3—1 connec-
tivity patterns which place the two phases in parallel. The composites give large
voltage coefficients, as predicted by the theory.

A number of other research groups are also investigating the properties of ferro—
electric composites with interesting connectivity patterns. Among the papers presented
at this conference, there are examples of 3—0, 3—1, 3—3, and 2—2 patterns . The flexible
PZT—polymer films described by Liu and Harrison2 are 3—0 structures altered to 3—1 by
grinding, while the properties of a ladder—type structure with 3—3 connectivity were
reported by Miyashita and coworkers3. The internally electroded PZT multilayers inves-
tigated by Bowen and coworkers4 are an excellent example of a metal—ceramic composite
with 2—2 connectivity.

REPLAMINE TRANSDUCERS

Theoretical calculations indicate that a composite with 3—1 connectivity will have
the best voltage coefficients, but 3—3 connectivity offers certain advantages in sample
preparation; interconnections between the PZT fibers maintain the fiber orientation
during the ceramic processing steps. In a 3—3 composite, both phases are self—connected
in all these directions. Microstructures of this type occur in foams, phase—separated
glasses, wood, and coral.

Coral skeletons are characterized by a narrow channel size distribution with corn—
plete interconnectivity. In the goniopera coral. used in this study, the largest
channel diameters are about 600 urn.

- - — —-——— —~———-—— —~~.,,-----~-.‘--.—-t - r
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A lost—wax technique has been developed to replicate skeletal structures in other
materials.5’6 As illustrated in Fig. 2, the first step is to machine the coral in the
desired shape. Using vacuum suction, the coral template is then impregnated with Kerr
Inlay casting wax, after which the CaCO3 skeleton is dissolved away in hydrochloric
acid. The wax negative is reinvested with a PZT slip (43 volume% PZT, 53% H~O, 4% poly
(vinyl alcohol)). Ultrasonics PZT—5OlA with an average grain size of 1.6 pm was used
in the process. The wax negative was burned off at 300°C, leaving a coral replica of
PZT which was then ‘~ ntered at l280”C for one hour. The PZT replica was later back—
filled with a hi~~—purity silicone rubber (Dow Corning MDX—4—42l0 Elastomer). After
attaching silver—loaded silicone rubber electrodes, the composite was poled for five
minutes at 100°C under an electric field of 14 kV/cm.

As poled, the PZT—rubber replica is mechanically rigid, but flexing the composite
fractures the ceramic skeleton and improves the piezoelectric properties. Shearing the I
structure lovers the permittivity without appreciably affecting the piezoelectric d
coefficient. As a result, the longitudinal voltage coefficient g33 is greatly enhanced.— 

~1~~~~~ 
~~~~~ 

—-  — -- - - — -——  —- •-

VACUUM SUCT IoN 1 
-

- •
‘
~~~~~ -~~~~~~~ : BURNOUT OF WAX

OF CAST I~4G WAX j  •
• ~~~~ ~~ AND SIUTER IIZG -

- ~~~~ OF PZT

• 
LEACH CA CO7 ~ ..J ~WITH HCL ———

- ZT/WAXPREMACHIiIED
CORAL rIE~AT IvL

(a) 

r 

(b)

PZT/POLY I1ER COMPOSITE Wi TH BOTH
MATERIALS CONTINUOUSLY COi li~ECTEDL IN THREE DIMEUSIOI~S

(c)
Fig. 2 A lost—wax technique to replicate skeletal structures.

The measured values are K33 40, d33~l0Oxl0~~
2 C/N , and g33 = 300x10 3 Vm/N , about

fifteen times better than a solid PZT ceramic of similar composition. Three other
advantageous properties of the composite are low density, high felxibility , and high
tensile strength .

PIEZOELECTRIC FIBER S tN PLASTIC

Composites with 3—1 connectivity have been made by aligning PZT rods in a plastic
matrix. In the 3—1 model (eq 1), the piezoelectric effect of the composite depends on
the volume fractions of the constituent phases, together with their permittivities,

‘iiI -. - •  - - --• - -— -  — -• - -- — - - — - -— .--~~~~~~~- — -— — - — -  - ——----- - —.-
.—.-
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piez ocletii1 coefficients, and elastic compliances. By varying the spacing between the
PZT roths ~~~ their diameters, 

the conditions maximizing d33 and g33 are under study.
PZ1 s ods are formed by extruding a slip of commercial nra in a PVA solution. The

slip con’p~i sIt ton was 90 wt% PZT, 8% water , 2% PVA. Using dies of several different dia-
meters, tis ~

. sup was extruded onto a moving glass plate to ensure straightness of the
green I’ZL sods . After drying for 24 hours at room temperature, the rods were cut into
35 mm St tII ,q i~~s and sintered at 1305°C for a half—hour.

In i t ial l y, the PZT rods proved difficult to pole because of air bubbles introduced
during extrusion. To reduce the porosity and increase the electric breakdown strength,
the sintert.d rods were refired m a  hot isostatic press (HIP) for one hour at 1300°C
under a 200 atmosphere pressure of argon. The final density was 7.82 g/cln3. Rods of

• 0.84 mm diameter were used in the piezoelectric measurements, but thinner PZT rods of
0.66, 0.4(,, as~d 0.20 use diameter have been produced by the same method .

A pair of brass disks with drilled holes were used to align the piezoelec:ric rods
in parallel arrays (Fig. 3a). Four racks were made with different hole separations to
give composites with 50, 40, 30, and 20 volume percent PZT. After alignment, the rack

• and rods were placed in a closed plastic tube and embedded in Spurrs epoxyL’. Following
a setting tun e of 16 hours at 70°C, the composite slug was sliced into disks with a
diamond saw (Fig. 3b). Poling was carried out in an oil bath at 75°C by applying a
field of 22 kV/cm for five minutes.

-~ - According to our theoretical model for parallel connectivity~- , the d33 coefficient
for the composite is approximately equal to the d33 value of the piezoelectric phase if

• the piezoelt’ctric is mechanically stiffer than the second phase. As long as the piezo— —

electric phase acts as the force—bearing component of the composite, d33 will be in—
dependent of vol ume fraction. Figure 4_shows the measured values for the PZT-Spurrs
compcsites with 3—1 connectivity. The d33 values were measured with a Berlincourt d33
meterC using 11~it metal plates on the surfaces of the samples to distribute the weight
evenly. As p r ed i c t e d  by the model , the measured d33 values are independent of volume
fraction , b u t  ar e  only about 75% of the d33 value of PZT 5O1A ceramic. This discrepancy
may be due to incomplete poling of the rods, or perhaps to the approximations involved
in the theory.

E l e c t r i c  pcrmitt ivity  and p iezoelectric voltage coefficients are also plotted in
Fig. 4. For ldcalized parallel connectivity, the permittivity of a diphasic composite
is v1c1 + v 11 ’ 

~~~~~
, where v1 and V11 are the volume fractions of the two constituent

• phases with Pl rmtttivities CI and c1-1. Since the dielectric constant of PZT (~ 2000)
is much las~~-er than that of Spurrs ~~4),  the dielectric constant of the ~omposire is
about 2000 v, where v is the volume fraction of PZT. This expression agrees well with
the measu: - ‘me n t .

The p it- ; -lectric voltage coefficient g is defined as d/c. Voltage coefficients
for the P Z Y — Sp u r r s  composites increase rapidly at low volume fractions of PZT because
of the dvert- .s~ e in permittivity. Measured g values for the composite with 20% PZT were
about 3.5 t ~~~ larger than solid PZT.

Exp t- rtr .-n (s .lre now underway with smaller volume fractions of PZT and with
h ell-a i  I U-. t . ( J i g. 3c). When arranged in bedspring arrays, the PZT spirals show some
interU!~(iu ~ l’ tt ;~ clectric effects. The helices were made in two ways: by extrusion and
by cats t Is ’~:. u s e extrusion technique Is a variation on the method described earlier for
making , s t s . s i ~~~J st I’ZT rods. Immediately following extrusion , the green fibers were wrapped
around 8 p i . s- .t Ic mandrel to form spirals. After drying, the coils were slipped off the
mandrel an~I ‘~tnt-ered at 1300°C for 30 minutes in an alumina crucible. To protect the
coils i t , ,,  I I 1 ) ~ ~•lt1tering, they are buried in coarse PZT powder.

a~7.1. •,ulA t :Itr.ssonic Powders, Inc., South Plainfield, NJ 07080.
bErI,..,II I. tull.srn , Inc ., Schenectady, NY 12301.
CCl,~,,,,,, ) Ii” .l,s~ ts, Inc., Chagrin Falls, Ohio 44022.

~
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- . :- ~~:. Fig. 4 Plots of K, d33 and g~3 
versus
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15.0

5 PZT:SPURR REPLAMINt
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•

. TT~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~15•0 0 20 ~~0 60 80 100

- - TEMPE RATURE (CELSIUS )

Fig. 5 Temperature dependence of the
pyroelectric response in a PZT:

______________________ ____ SPURRS composite.

J ~urnC Ij 2~ 3j 4 5 6

(c)

Fig. 3 (a) Alignment of the piezoelectric
rods in parallel arrays for the
composites with 3—1 connectivity.
(b) PZT:SPURRS composite discs
with various volume percent PZT.
(c) Helical fibers made of PZT.
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Spirals with rectangular cross—sections were made by casting. A metal template
was made by machining a spiral groove on the surface of a solid cylindrical rod. The
template was then inserted in a hollow cylindrical tube fitted with end pieces. The
metal tube was then partially filled with PZT 501 slip and then centrifuged for five
minutes at 3500 RPM. The template and cast ceramic were removed from the holder and

- partially dried. Removal of the green ceramic helix from the template was accomplished
by inserting the template into a hollow cylinder and unscrewing the template through a
blocking pin, leaving the ceramic coil inside the cylinder. The coil was allowed to
dry for 24 hours and then fired by the usual procedure.

PYROELECTRIC COMPOSITES

During the past year we have also been studying pyroelectric composites, seeking to
maximize the figure of merit p/C for vidicon applications1 for simple model systems sug-
gest that two phase systems with suitably chosen connectivity patterns can have pyro—
electric coefficients larger than either individual phase. Two pyroelectric materials
connected in parallel have a composite pyroelectric coefficient

— 
v1v11 ~~~~~~~ 

(d1—d11)p = v
1p1 + v11p11 + v

I
sII +vI1sI

where v1 and v11 are the volume fractions of the two phases and p, a, d, and s represent
their pyroelectric, thermal expansion, piezoelectric, and elastic compliance coefficients.
The secondary pyroelectric effect  makes a major contribution whenever there is an appre—
cia~le thermal expansion mismatch between the two phases.

- 
Pyroelectric measurements have been carried out on the PZT—plastic composites used

in the piezoelectric experiments. Even though PZT is far from ideal as a pyroelectric,
it can be used in model systems to test different composite geometries . Current stud—
ies on the PZT based materials are concerned with validating the measurement procedures ,
ascertaining the optimum connectivity, and exploring the influence of the scale of the
heterogeneity in relation to the sample dimensions.

So far we have succeeded in demonstrating that PZT—Spurrs composites fabricated by
the replamine technique improves the pyroelectric figure of merit p/C by a factor of 6
over that of solid PZT. The temperature dependence of the pyroelectric response ex— 

-~ 
-

hibits an Interesting compensation point where the primary and secondary effects cancel
out (Fig. 5). AT room temperature the hard plastic mechanically clamps the PZT, but at
higher temperatures the plastic softens. PZT—soft polymer composites showed no enhance-
ment of the pyroelectric figure of merit. Major changes in the pyroelectric response
were noted when the sample thickness was comparable to the scale of the composite hetero-
geneity.

BORACITE COMPOSITES

Improper ferroelectrics such as the boracites (M3B7013X: M=Cu,Ni,Co,Fe,Mn; X=Cl,
Br ,I) possess unusual property coefficients, including a large figure of merit for
pyroelectric vidicon applications .7 The pyroelectric voltage coefficients of
Cu3B7O13C1, Ni3B7O13Br and Fe3B7O13I are larger than that of deuterated triglycine— fluoberyllate (DTGFB) , but a number of problems remain to be solved before boracite
crystals can be used for vidicon targets. Crystals larger than a few millimeters of
acceptable chemical homogeneity and free from fracture are very difficult to grow and
pole.

_________ ~~
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Boracite—plastic composites appear to b an attractive alternative to the single
crystals. Some preliminary measurements were made using Fe

3B7O 3
1 crystallites ob—

tam ed from the Plessey Company . The tiny crystals were crus~e~ and screened between
100 and 200 mesh and then mo unted in a Spurrs epoxy film . We found that the films
became strongly pyroelectric after poling and that the signal level increases with the
degree of poling. The f igure  of merit of the composites was the same as that of Fe—I
boracite single crystals.

There are two excellent reasons why the boracite composites pole so easily: first,
the dielectric constant of boracite is about the same as the plastic, and second, bora—
cite has twelve domain orientations, far more than most ferroelectrics. Based on these
encouraging results, it seems worthwhile to develop processing techniques for boracite
composites and polycrystalline aggregates for pyroelectric applications.
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Mater ials Researc h Laboratory

The Pennsylvan ia State U niversity
Un iversity Par k, Pen nsylva nia 16802

Introduction

Lead Zirconate titanate solid solutions (PZT) are currently used in many

transducer applications. They have , however , limited utility in transducers

used under hydrostatic condi t ions  because their low hydrostat ic  piezoelectric

coeff icients (dh) and voltage coefficient The low coefficients are a

result of the coupl i ng of the d 33 and d 31 coeff icients. Specifically

dh = d 33 + 2d 31
In PZT ’s d 33 is about twice the magnitude and of opposite sign of d 31

resul ting in a very low val ue of dh. The voltage coefficient (~~~
) is related

to dh by
dhgk - —

I’ C 3 3

and is also low because of the low dh and high permittivity (r33 ) of PZT.

It is possibl e that a properly designed composite material of PZT and a

polymer phase might decoupl e d 33 and d31 and l ower the permittivity resulting

in improved values of dh and 9h~ 
In this paper we will describe a technique

of producing composites of extruded and fired PZT rods embedded in a compliant

polymer matrix.

Composites have been made using PZT particles bound in a matrix of

silicon rubber.1 These composites were not only flexible , but also exhibited

good sensitivity to low frequency sound . Density of the composites

varied from 6.2 - 3.9 g/cc depending on percent silicon rubber in the compo-

site and the density of the PZT particles . Composites of polymer and PZT

have also been prepared by use of the ”replamine technique~2 Using coral as

a template , composites in which both the PZT and the polymer are three di-

mensionall y connected have been made. These transducers also have low density

and good sensitivity .
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The properties of a composite are infl uenced by the connectivity 3 of the —

components of the con~os ite . Connectivity is defined as the number of dimen-

s ions in which each phase is continuous. In the composite made by the repli- -

mine technique, for example , both the polymer and the PZT are continuous in

all three dimensions and therefore the composite has 3-3 connectivity . A

composite with 3-1 connectivity is shown in Figure 1. A theory for piezo-

electric response has been developed4for composites of 3-1 connectivity in

which rods of PZT (phase 1) are embedded in a three dimension ally continuous

polymer. The PZT rods are poled along thei r length and therefore the 3

di rection of the composite , as shown by Figure i , is along the direction in

which the rods are aligned . The theoretical equations for a composite with

3-1 connectivity are as follows :

= 
1v d 33

2s 33 + 2v2d 33 1s33 (1)
v S 33 + v s 3~

d31 = v 1d 31 + 2v 2d 31 (2)

= 1v c 33 
2 v 2c 33 (3)

where 1v , ‘d33, ‘d 31 , ‘g33 and 1~~33 are respectively the volume fraction ,

piezoelectric coefficients , elastic compliance and permittivity of phase one.

The average coefficients for the composite are d33, d31 and c33.

If the fol l owing conditions are assumed :

= 2v = 0.5

>> 2d 33

1s 33 <<

>> 2E:33

the theoretical results are:

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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d33 ‘d33 ( 4 )

d31 O.5’d31 (5)

C33 0.5’~ 33 (6)

The piezoelectric response to hydrostatic pressure (d h) is defined as

dh = d33 + 2d 31 (7)

The dh coefficient for solid PZT is small because d 33 -2d 31. If however d 31

is reduced (if d33 is reduced at all) then the value of dh will be greater

than that for solid PZT. Substitution of equations (4) and (5) into equation

(6) will have the result of

= d33 + 2d 33 = 1d 33 + 2(0.5’d31) (8)

This theoretical value of for the composite of 50 vol % PZT is greater than

the dh of solid PZT. Re-examination of equations (1), (2) and (7) shows that

as the volume fraction of PZT is reduced from the value of 0.5 used above , d 33

is constant but d 31 will be further reduced and dh will become even greater.

Another piezoelectric coefficient of interest is the hydrostatic vol tage

coefficient which is defined as

d
(9)

If the permittivity of phase one is much larger than the permittivity of

phase two, equation (3) may be written as

E33 
1c33 1V (10)

If the conditions assumed above are used equation (10) becomes

~33 0.5 (C3~ (11)

The theoretical value of for a composite of 50 vol % has been shown

to be greater than dh of solid PZT (Equation 8) and c33 is one half of c~~~

(Equation 11). From equation (9), 
~h 

will be much larger than for solid PZT.

_ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ — —. ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~
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According to the theory, d33 is not a function of vol ume % PZT

because the rods bear all the load in the 3 direction. If this is not
strictly true , d33 will also be a function of volume % PZT. Figure 2

illustrates the theoretical behavior of dh as a function of volume % PZT.

Al so shown is the behavior in a general case where d33 is a function of

volume % PZT but to a lesser degree than d ,and the case where both d3331
and d31 are strictly a function of volume % PZT.

— 
- 

2. Procedure

Ninety weight percent PZT 501A*was mixed by hand in a plastic jar with

a solution of 20 weight percent PVA and 80 weight percent water. After mixing

the jar was tightly capped and put onto a ball mill rack and allowed to spin

for 16 hours. The spinning helped to homogenize the batch . Further homogeni-

zation is done by extruding the batch through a 50 mm die several times.

PZT rods are then extruded onto a moving glass plate. The rods are dried

on the glass plates for ten hours at 120°C. Dried rods are cut into 3 cm

lengths , laid on a platinum sheet and the binder is burned out at 550°C for

1/2 hour. Sintering takes pl ace in a sealed alumina crucible at 1 300°C for

one half hour. A PbO vapor source of composition 97 mole % 5OlA and 3 mole

% PbO is included in the crucible .5 -

In the larger extruded rods , porosity exists probably due to the

multipl e extrusions carried out to homogenize the batch before the final

extrusion. To reduce this porosity , all sintered rods were re-fired in a

hot isostatic press (HIP)6 for one hour at 1 300°C under a pressure of two

hundred atmospheres of argon . Use of the HIP increases the average density

*Ult rasonics Powders , Inc., South Plainfield , NJ (PZT 5O lA).

—4 
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of the rods from 7.45 to 7.7 - 7.8 gm/cc. Finished rods of diameters 840,
S

600, 400, 240 and 200 ~m were made.

A fixture consisting of two brass discs in which an array of holes is

drilled is used to align the rods. Several were made for each of the rod

sizes so that composites of 50, 40, 30, 20 and 10 volume % PZT could be made .

The polymer used in this work was an epoxy.* Once a rack had been filled

with rods, the rack was placed in a plastic tube with two closed ends. The

tube had a slot cut into one side so that the epoxy could be poured around

the rods. To assure that complete investment of the rods by the epoxy would

not be hindered by air bubles trapper~ between the rods , an apparatus was used

which  placed the plast ic  tube and i t s  contents under vacuum w h i l e  the epoxy

was poured into the plastic tube . The epoxy was cured at 70°C for sixteen

hours. Parts of thickness 1 , 2, 3 and 4 mm were cut from the slug wi th a

diamond saw. Some of these parts are seen in Figure 3. The excess epoxy

around the composite was cut off so that only the composite volume remained.

Air dry silver electrodes were applied and the parts were poled in a

75°C oil bath with a field of 22 ky/cm for five minutes. Permittivity was

measured at 1 KHZ . d 33 was measured with a d33 meter** using the two rounded

rams . The hydrostatic piezoel ectric coefficient (dh ) was measured by changing

pressure in an oil chamber at the rate of 500 psi/sec and collecting the

charge with an electrometer in the feedbac k intergration mode which maintains

nearly zero siimple potential . Because of the possib le influence of

- r~-~versible polarization and current effects, the values recorded are from

~4 r~~ runs itil izing both increasing and decreasing pressure .

-
~~~ 

- r u1lj r~, Inc., Schenectady , NY No. 5135
- 

- ‘- - ,duc~s, Cheste rland , Ohio , Model CPDT 3300.
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3. Results and Discussion

According to the theory al ready described , d 33 would not be a function

of the volume fraction of PZT in the composite. This assumes an ideal situa-

tion in which the polymer phase is much more complian t than the PZT and that all

the stress on the polymer phase is transferred to the PZT. That is , as the

volume % PZT decreases,the pressure on the PZT increases proporti onally so that

the charge per unit area of the composite is constant. It is not necessary

that d 33 of the composite be constant with respect to volume % PZT for dh
to be enhanced in the composite . If, as the volume % PZT is decreased d 31

-~ 

- decreases more rapidly than d33 , then dh will be enhanced . Likewise , if

~~ 
decreases more rapidly than dh,as the volume % PZT is decreased , then

will be enhanced.

3.1 d33 of the composites

In this work the followi ng factors were varied : volume % PZT, diameter

of PZT rods and sample thickness. The combination of the factors of rod

diameter and volume % PZT brings in a fourth factor: the separation between

the rods. Obviously, if the stress on the polymer is to be transferred to

the PZT rods, the distance from a particular unit of load bearing polymer

to the nearest rod is important. In the composites with the smaller rods at

a fixed volume % PZT, the rods are much closer together. For this reason a point

measurement of d33 on the composites should become more constant with respect to

position on the composite surface at constant volume % PZT . Thus , if the rod dia-
meter is decreased , the composite becomes more piezoelectrical ly homogeneous.

Figure 4.A shows that for volume fractions down to 40 volume % PZT the

values of are comparable to the value of d33 for solid PZT 5OlA of 400 .

II~I~~LZ th

~Lv

ues of a1l

thJ

~

oSit decrease
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but it is significant to note that the d33 of all the composites

at 10 vol % are still greater than 220 c/N. If c133 had decreased strictly as
S

a function of volume % PZT because the PZT rods were not bearing any part of the

load on the polymer, the calculated d33 would be 10% of solid PZT or ‘~-40 c/N.

The method in which these d 33 values were measured has somewhat effected the

way d33 has varied as a function of volume fraction and rod diameter. The

d 33 meter measures the charge developed on a sample due to a stress from

two rounded rams which stress the sample from the top and bottom . Whether or

not the piezoelectric response of composites becomes more homogenous is hard

to determine due to the size of these rounded rams with regard to the separa-

tion of the rods. If the rams are in physical contact with the

rods then the force on the rods is transmitted directly by the ram and not

to the rods via the polymer phase. It would not be justified to expect a

similar d 33 value when the composite is stressed hydrostatically by a fluid

and a sizeable percentage of force (equal to the volume % of polymer) will

fall directly on the polymer. For this reason the d 33 values for l ower

volume fractions of PZT where the rams of the d 33 meter may stress the polymer

alone are probably closer to the true d 33 of these composites. Each of the

data points on Figure 4.A are an average of at least fifteen values measured

at random over the electroded surface of the composite . The standard devia-

tion of these values are shown in Figure 4.B. The piezoelectric response

has indeed become more homogeneous as the rod diameters and the

distance between piezoélectric elements are decreased. All the values shown in

Figure 4 were measured on composites wi th a 4 m thickness. The d 33 of

composites of 3, 2 and 1 mm thickness were also measured . A thickness effect

was found. For all composites the d 33 decreased as the composite thickness

increased . This thickness effect was also a function of rod diameter and volume

% PZT. d 33 decreased as the separation between the rods increased .

~ 

i- - -  —~~~ ~~~~~~~~~ 
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______________________________________________3.2 ~~ of the composites

In Figure S
~

dh is plotted as a function of composite thickness , rod

diameter and volume % PZT. As was found with the measurements on the d33

meter , d h is a function of composite thickness. This effect nearly dis-

appears for the 400 micron rods. It should be noted that for most of the

composites measured , regardless of composite thickness , rod diameter or

vol ume % PZT , the of the composite is greater than that for solid PZT

501A. PZT 5O1A pel l ets were cold pressed , sintered and fired in the HIP
—

along with the rods used in the composites . An average dh val ue of 30 - 32

c/N x 10 12 was measured on these pellets. Composites of the same PZT but

wi th much lower volume fractions of PZT have higher values of 
~~ 

The

theory (Figure 2) predicted that a33 woul d be constant and that d 31 would

decrease linearly with the volume fraction PZT. If this were true , dh woul d

increase linearly as the value fraction of PZT was decreased. However ,

point probing indicates that d33 for all the composites decreased

as the volume fraction of PZT decreased bel ow 40 vol % PZT. If d 31 decreased

as the theory predicts and d33 decreased at a slower rate then dh could

either decrease, increase or be constant as the volume % PZT decreased. As

shown by Figure 6, all of these occur. All the data in Figure 7 were measured

on composites with a thickness of 4 mm . The composites of rods of 840 micron

diameter show a decrease of as volume % PZT decreases. From a volume

fraction of 0.4 to a volume fraction of 0.1 its volume % PZT has decreased 75~-

but the has decreased only 50%. For the composites of 600 micron rods

dh is nearly constant from 50 vol % down to 20 vol %. The composites of 400

micro n rods actually show an increase of dh going from 50 vol % down to 20

vol %. A l t h o u g h  dh at 10 vol % is the l owest for all the rod sizes these

composites shown the largest increases in dh with each reduction in rod

_ _ _  
___ 1 ~~~~~~~~~~~~~~~~~~~~~~
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diameter. It appears that if the rod diameter could be further reduced , the

10 vol % composite would eventually have the greatest dh. That the composite

wi th the lowest volume fraction of PZT would have the highest dh is predicted

by- the theory but the magnitude of the experimental dh value are less than

one third theoretical value. It must be remembered that the theory called

for a phase 2 which was much more compliant than phase 1. As the epoxy is a

stiff polymer, better agreement .-~ith the theory should be found when an
• elastomer is used as the phase two.

3.3 Effects on 
~~ 

and g
~

The calculation of £33 uses the equation for two capacitors in parallel

and the value of E33 varies linearly with the vol ume fractions of the two

phases present. Since c of the PZT is ‘~l 6OO and that of the epoxy is ~7,

the value of c33 may be approximated as 1600 x vol ume % PZT. The experi-

meta l values of £33 agree wi th calcula
Led levels , as shown by Figure 7.

Since 
~ 

equals dh divided by E
33, 

constant or increasing values of with

decreasing volume % PZT result in large increases in the value of 
~~~~ 

Figure 8

is a plot of the for the data shown in Figures 6 and 7. The dotted line

in Figure 8 represents the of solid PZT 5OlA. The 10 vol % composite

of 254 mi cron rods has a of better than twenty-five times that of the

solid PZT. Al though use of a more compliant matter would not appreciably

affect C33~ its enhancement of would naturally cause a corresponding

increas in 9h~
Conclus ions

1. A technique has been developed for fabrication of composites of ex-

truded PZT rods and an epoxy matrix. These composites have 3-1 connectivity .

_ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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2. The values of and of such a composite have been found to be a
function of the diameter of the PZT rods , the spacing between the PZT rods
and the thickness of the composite .

~ dh and are probably also a function of the difference in the
mechanical compl iánces of the PZT and the epoxy.

4. Composites with high val ues of d and g have bulk densities
of less than 1.8 gm/cc .

5. Composites have been developed with a three times tha t of PZT
501A and a at least twenty-five times greater.
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4oo l
~~N d33 NOT A FUNCTION OF VOL % PZT

-: d31 STRICTLY A FUNCTION OF VOL % PZT

300 i , N
~
N

N
2O0~~~’

A GENERAL CASE IN WHICH BOTH
d33 and d31 ARE A FUNCTION OF
VOL % PZT , BUT d31 DECREASES
MORE RAPIDLY THAN d33

100 ’ ’

d33 AND d~1 BOTH STRICTLY A
FUNCTION ~ VOL% PZT

10 20 30 40 50
VOLUME % PZT

FIGURE 2. dh AS A FUNCTION OF VOLUME % PZT, ASS~i’1ING SEVERAL RELATIONSOF d33 and d3l TO VOLUME % PZT.
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SIMPLIFIED FABRICATION OF PZT/POLYMER COMPOSITES

Thomas R. Shrout, Walter A. Schulze and James V. BIggers
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

ABSTRACT
Skinner, et al. prepared PZT/polymer composites using the coral repla—
mine process. The composites were found to have, for certain applica—
tions, greatly improved electromechanical and physical properties over
those of conventional piezoelectric materials. However , the coral re—
plamine process requires natural coral from the ocean as the starting
replica material, making this process Industrially unfavorable.

This paper discussed PZT/polymer composites electromechanically and
physically comparable to the Skinner replaudne composites. Fabrication
is simplified by the use of a compacted mixture of volatilizable plastic
spheres and PZT powder, which when sintered yields a piezoelectric with
a density of less than 2.9 g/cin3, a permittivity of ~12O and a d33 oflSOxlO 12 CLN . The improved connectivity increases dh (hydrostatic)
from “.35xl0 12 C/N (solid PZT) to lOOxlO 12 C/N.

Introduction

Over the past few years, several researchers (1—5) have looked toward com-
posites to improve electromechanical properties over those of present—day homo-
geneous piezoelectric materials. Specifically, we looked toward developing a corn—
posite with improved properties for use as a passive electromechanical trans-
ducer , e.g. hydrophones, medical acoustic devices, etc.

Skinner, et al. (1) developed a flexible PZT (lead zirconate titanate) poly-
mer composite transducer in which the two phases formed interpenetrating 3—
dimensional networks. This form of diphasic connectivity is referred to as a 3:3
structure (6). The composite was designed to take maximal advantage of the use-
ful properties of each phase. The resultant composite had a low density for im-
proved acoustic coupling to water or human tissue, was compliant to better resist
mechanical shock and provide high damping (low mechanical Q), and could be flex-
ible (depending on type of polymer). Flexibility offers the interesting possi-
bility of fabricating a conformable detector. Most importantly, the composite
was found to exhibit a very large piezoelectric voltage coefficient referred to
as the g—coefficient.

~~~~~~~~ ~~~~~ • —
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The g—coefficient is defined in equation [1] as the piezoelectric strain

coefficient djjk divided by the appropriate permittivity coefficient c~~ .

5ijk 
= :i~

k 
. [1]

s 13

The g—coefficient as reported by Skinner, is commonly used as the “Figure of
Merit ” for passive sensing transducers.

Skinner , et al. prepared the PZT/polynier composites uitlizing a complex
coral replamine process developed for the fabrication of prosthetic materials
(7) .  This process is not likely to be industrially feasible and has problems
in reproducibility (8).

It was the intention of this work, and other authors (4 ,5) to fabricate
3:3 connected PZT/polymer composites by utilizing a simpler fabrication tech—
nique than the coral replamine process. PZT/polymer composites, having 3:3 con-
nectivity, were fabricated by sintering compacted mixtures of burnable (vola-
tilizable) plastic spheres and PZT powder. The highly porous ceramic body pro—
duced can then be vacuum impregnated with a polymer.

Electromechanical and physical properties were measured and compared to
those reported by Skinner (1,8). Materials and certain experimental procedures
used by Skinner were chosen to justify a comparison (details can also be found
in Ref. 8).

Experimental Procedure

Sample Preparation

A commercially available PZT powder1 was thoroughly mixed with polymethyl
methacrylate (PMM)~ spheres in a 30/70 volume ratio . PMM spheres ranged between
50 and 150 microns in diameter and the PZT powder size range was between 1 and
4 microns. One—inch pellets were pressed , using a few weight percent polyvinyl—
alcohol for enhancing green strength. The pellets were heated slowly to 400°C
over a 12—hour period to volatilize the PMM spheres. A slow heating rate is
needed to prevent excessive cracking. Sintering was done in closed high—purity
alumina crucibles. The pellets were placed on Pt foil and lead zirconate was
added as a source of PbO. A silicon carbide resistance furnace with a program-
mable controller was used, the heating rate being 200°C/hr with a soak tempera-
ture of 1305°C for a period of 0.5 hours. The samples were allowed to cool in
the furnace with power off.

The highly porous pellets were easily vacuum impregnated with two of the
polymers used by Skinner. A high—purity silicone rubber elastomer3 and a stiff
vinylcyclohexene dioxide epoxy4 were used.

1Ultrasonic Powder PZT—SOlA , Ultrasonics Powders, Inc., 2383 S. Clinton Avenue,
South Plainsfield , NJ 07080.

2Polysciences, Inc., Warrington, PA 18976.
3Dow Corning’s MDX—4—42l0, Dow Corning Co., Medical Products, Midland , MI 48640.

~Spurrs Low—Viscosity Embedding Media, No. 5135, Polysciences, Inc., Warrington ,
PA 18976.

Er~1 
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tric permittivity and loss (tan ~) were measured using an automatic capacitance
bridge5 at 1 KHz. The composites were poled in a stirred oil bath at 80—90°C by
applying a dc field ranging from 15—30 Ky/cm for at least five minutes. The corn—
pleteness of poling was checked after 24 hours by measuring the piezoelectric
d33 coefficient using a Berlincourt d33 meter6.

Hydrostatic piezoele~tic coefficient, dh, was determined by a pseudostatic
method. Pressure was changed at a rate of 500 psi/sec., while charge was col-
lected by a Keithly Electrom eter7 in the feedback charge integration mode.
Piezoelectric d33, dh and dielectric permittivity were also measured for flexed
PZT/silIcone rubber composites.

A resonance testing apparatus, based on the IRE Standards on Piezoelectric
Crystals (9), was used to measure electromechanical coupling factors, Young’sr Modulus, and the mechanical quality factor Q. Measurements were made on both the
PZT/Spurrs and PZT/silicone rubber materials.

Results and Discussion

Nicrostructure

Typical SEM micrographs of a PZT/Spurrs composite can be seen In Figs. la
and b. This microstructure also typifies the microstructure of the PZT/silicone
rubber composite. It is clearly seen that the two phases are randomly intercon-
nected. The size of the PZT phase regions ranged from a few microns to 100
microns, whereas the polymer regions ranged from 20 to 120 iim and were quite
spherical in nature. The interconnecting polyner regions could range from a few
microns to 100 microns. Skinner’s PZT replamine microstructure analysis showed
a much more open structure with the PZT regions being about 200 ~itn in diameter
and the polymer regions in the order of 500 ~im in diameter. Vacuum impregnation
of the polymer was complete, leaving no noticeable porous regions. The ability
to apply large poling fields >30 Kv/cum before dielectric breakdown is also indi-
cative of complete Impregnation.

The finer 3:3 diphasic composite should exhibit more homogeneous electro-
mechanical and physical properties. tn other words, properties would be less
area sensitive to location of measurement and allow the fabrication of thinner
devices before deviation from bulk properties.

Electromechanical and Physical Data

Properties reported in Table 1 present direct comparisons between Skinner’s
replamine composites and those fabricated in this work to the homogeneous
PZT—5OlA transducer material.

The densities of the composites fabricated in this work were found to be

5Hewlett Packard (Model 4270A) Automatic Capacitance Bridge, Hewlett Packard
1—59—1 Yoyogi, Tokyo, Japan 151.
6Berlincourt (Model 333) D33 Meter, Channel Products, Inc., 16722 Park Circle
Drive , Chagrin Falls, OH 44020.
7Kelthly (Model 616) DIgital Electrometer , Keithly Instruments, Inc., Cleveland ,

OH.
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FIG . 1 technique .

Photomicrographs of PZT/Spurrs Composite (l000X) .
It was expected

tha t since the p
~’~4

composites contained the highest amount of polymer8, they should have the
lowest permittivities (10). This was not found to be the case. No reasonable
explana tion can he given at this, time .

Piezoelectric d-~3 coefficients varied little between the rep lairino and P~f~
composites. Variations in d values were primarily due to breakage of ceramic

8D ielectric pernittivities of the silicone rubber and Spurrs cpoxv were 3 and E .
respectively .
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Comparison of Electromechanical and Physical Properties of PZT/Polymer Composites.

homogeneous Skinner’s Replamine Composites P~1 Composites
property PZT/501A 1 PET/Silicone Rubber PZT/Spurrs PZT/Silicone Rubber PZT/Spurrs

S
density 7.9 3.3 3.3 2.8 2.8
(g/c&)

dielectric 30—40 15—20 15—29 >25 25—35
breakdown
(Ky /cm)

unbroken broken unbroken broken

dielectric 2000 ‘~l00 ~.40 ~.l00 100—200 40—100 110—250
constant (k)

piezo d33 400 120—180 90—100 140—160 160—240 80—100 60—110
(x lO i2  C/N)

g33 — 
20 135—200 ‘~280 160—180 112—220 90—230 60—112

(x lO 3Vm/N)

gh — 
4 ——— ~ 3Q 3 ——— 190k 15—25

(xlO 3V~n/N) 50—70

ultrsonic Powder , Inc., “Piezosonic Powders data sheet.
2unbroken PZT/silicone rubber composites before the 3:3 connectivity was disrupted (broken).
3The gh—hydrostat~c coefficient measured at 82 psi (reference 8).

~The Sh value recorded at applied pressures up to 500 psi before partial disruption of connec-
tivity, and lower Sh values at higher pressures.

connections during sample preparation. This was especially true for  the soft
PZT/ silicone rubber composites.

A t hickness e f fec t  on electromechanical properties was indicated on PZT/
Spu rr s samp les prepared in this work. Samples prepared for resonance , being
(<0 .0 8 cm) had degraded properties as compared to thicker samples (0.2 cm) . It
is be lieved that when the sample size approaches that of individual phases , the
composite no longer depicts a homogeneous body .

The most importan t parameter for  a passive receiver material is the g
coef f ic ient .  The g33 values reported were computed from the measured d values
and from the permittivities. The g values for PZT/silicone rubber were found
to be similar for both types of composites.

Skinner found that when the ceramic connectivity was broken (flexible PZT/
silicone rubber composites) the d values decreased less rap id ly than did the
pe rmi t t i v i ty ,  resulting in improved g values. Little improvement was found for
t h e  P~ M p repared PZT/silicone rubber composites. Upon breaking the connectivity,
the  pe rmi t t i v i ty was only reduced by a factor similar to the reduction in d
values. The g~ 3 values remained on the order of 5— 10 times larger than listed
g33 values of homogeneous PZT—501A.

Hydrostatic g values were reported only for the flexible replamine PZT/
silicone rubber composites. When a hydrostatic pressure of 82 psi was applied ,
the g~ value dropped from an initial value of l0Oxl0~ Vm/N to 3OxlO 

3Vm/N due to
an increase in permittivity induced by a closing—up of the interrupted connec-
t iv i ty.

Hydrostatic g values found for flexible PZT/silicone rubber composites fab-
ricated in this work were from 15—25x10 3Vm/N . Values of g

~ 
for unbroken
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TABLE 2

Compat ison of Phy sical and Electromechani cal Properties Determined by Resonance.

homogeneous PMM composites
property PZ T—501 A 1 PZT /Silicone Ru bber PZT /Spur rs

5 Young ’ s modul us
Y~ 3 (xl 0~ 10 N/M 2 ) 6.8 0.25 1.3
thic kness cnup ling coef .
k T (Z) ‘u60 25 —30 17— 23
mechanical Q (thickness) ~.70 10—15 16—25
f requency constant
Nthj c!~x,ess (H z ’s) “-.2100 530 — 5 5 0 1050

PZT/sillcone rubber composites were found to be nearly 200x10 3Vm/N for applied
pressures up to 500 psi. Pressures greater than that reduced the values to
around 50—70x10 3Vm/N. This was due to a partial breaking of the ceramic
connectivity accredited to the high pressure. This phenomenon was verified by
a reduction in permittivity. Hydrostatic g values for PZT/Spurrs composites
were around 40x10 3Vm/N and were found to be insensitive to pressure. Due to
lack of g~ data on the replamine PZT/polymer composites, a reasonable compari—
son could not be made. The important point is that g~ values for all the PMM—
PZT/polymer composites were considerably higher than the value of homogeneous
PZT.

Table 2 lists resonance data for  PMM—PZT/polymer composites and the homo-
geneous PZT—501A. Skinner was unable to measure reliably any resonance data.

As expected , the compliance of the PZT/polyiner composites was much higher
tha n homogeneous PZT. The thi~kness coupling factor (kt) was reduced by a
fac tor of 2—3 , as predicted in Reference (11). MechanIcal Q values were found
to be qui te  low, suggesting that the PMM composite material may be applicable
with little external damping.

Summary and Conclusions

PZT/polymer composites were found to be comparable to those produced by
Skinner while being fabricated by a relatively simple process. The process in—
volved the sintering of compacted mixtures of volatilizable poly methyl rnetho—
crylate spheres and PZT powder. This process is industrially more feasible, as
compared to the coral replamirte process, for the production of passive piezo—
electric transducers.

The reduced scale of these composites and the possibility of further reduc-
tions allow the use of composite plezoelectrics in thinner or higher frequency
devices. The low density and natural low Q suggest that  these composite ma—
tor ia ls may be used both in water and medical ultrasound applications with much
less or none of the impedan ce matching and dampin g ne cessary with solid PZ T
active elements.

The imp roved hydrostatic sensitivity of the flexible PMM composite over the
replamine material is encouraging, but the degradation of g~ with pressure
found in both systems suggests that  the high compliance (which allows rupture of
the active phase)may be inherently unstable. The SpurrsfPZT composites, however ,
suggest that  by varying the compliance of the organic phase a rigid but more

-5 
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sensitive material could be fabricated. This would allow the production of a
hydrophone of simple geometry that should be lighter and tougher than existing
equipment.
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PIEZOELECTRIC PROPERTIES OF INTERNALLY

ELECTRODED PZT MULTILAYERS

S

L .J .  BOW’EN, T. SHROUT , W.A.  SCHULZE , J .V .  BIGGER S
Materials Research Laboratory

The Pennsylvania State University
Univer sity Park , Pennsylvania 16802

Fl -a tinum interna l electrodes have been intro duced into PZT compositions in
a multilayer configura tion by a conventional tape casting process . Elec-
trica l property data for the devices suggest tha t the p iezoelectr ic coef-
ficients of the multi layer configuration are approximately 20% lower than
those of similar p lain PZT devices. However, the app lied voltage/displace-
ment ratio is much lower in the multilayer comp ared to the plain devices .
Resonant properties are almost unaffected by the presenc e of interna l elec-
trode s for  hard PZT compositions. Piezoelectric trcrnsformers with multi-
layer p runar ies show imp roved transformer ratios corn-pared to conventional
devices.

INTRODUCTION

For electromechanical transducer applications, materials in the lead zirconate—lead
titanate solid solution series are widely used because of their high piezoelectric coef-
ficient and favorable chemical and mechanical properties. Although electrical driving
conditions for PZT transducers vary depending on their composition and dimensions , for
most applications a high driving voltage is required and consequently impedance matching
can be difficult. Attempts have been made~- to overcome this problem by bonding together
electroded piezoelectric discs with organic adhesive to form internally electroded macro—
composites. Although success has been obtained in some applications using this approach
it should be possible using existing multilayer capacitor technology to produce compo-
sites with improved electromechanical properties.

In this paper we investigate the effect of cofired internal electrodes on both res-
onant and displacement piezoelectric devices. The modifications result in greatly
reduced operating voltages and in increased device capacitance.

EXP ERIMENTAL -

The basic electrode confi guration used in the p iezoelectric devices is shown in
Fi g. la and is the same as that used in tnultilayer capacitors. In such a device the
poling of al ternate layers is of opposite direction , but  the responses are addi t ive in
either a driven or driver mode. Figure lb is a plain device used as a control , and
Fig. le is an exposed electrode “sandwich” used to test for effects of internal elec—
trodes on electrical properties.

The devices were prepared by standard tape casting techni ques using commercial PZT
powdera and a commercial doctor blade mediab.2 Internal electrodes were applied by

aUltrasonic Powders , Inc., South Plainfield , NJ 07080. Type 501A soft and 401—888 hard .
bCladan Inc., San Diego , CA , type B42.

“-—-i ~~~~~~~~~~~~~ ~ -55’5 ’1 ~~~~~~~~~ L.~. ~~~~
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FIGURE 1. Device configura tions under
investigation (a) multilayer; (b) plain FIGURE 2. Strain/electric field data
(c) sandwich, for devices prepared from 501A PZT.

screen printing platinum jnkC onto the dried cast tape. Standard PZT firing techniques ,
described elsewhere,3 yielded a 95% dense product , al though some specimens f i red in a
hot isostatic press under 20 NNnr2 argon pressure had densities near to the theoretical
maximum.

RESULTS

Table I summarizes the electrical data .  Some reduction in permittivity was noted
in the internally electroded structures . In the case of the xnult i layer  devices this may
be due to errors in the estimated active electrode area, although it is possible that
increased porosity may have been present in the in ternally elac troded devices wh ich
would lower the permittivity.4 The piezoelectric coefficient d33 as measured on a Ber—
lincourt meterd is affected only in the multilayer configuration .

The strain/field characteristics for the “soft” PZT are shown in Fig. 2. The elec-
trodes in the sandwich structure act only as equipotential planes and have no effect on
strain. The mult i layer  capacitor  conf i gurat ion , by i ts n a t u r e  of two separate  e lec t rode
systems and insulated electrode edges , has areas of inactive ceramic tha t can reduce
displacement. Figure 3 illustrates this clamping effect by comparing displacemen ts in
the center of the active region to a partially clamped edge. Even though the strain is
somewhat reduced by clamping, the voltage required to achieve an equivalen t strain for
the five layer test device is onl y one—thi rd  that .  of a solid ceramic part.

To d emonstrai~e feasibi l i ty  of a tnult i layer  displacement t ransducer , a 100 layer de-

vice was constructed from PZT 401—888 (lower hyste resis than 5OlA) and driven through d33.
For this 25 mm long device a displacement of 4.5 ~im was achieved with only 200 volts.

CEnglehard Industries , East Newark , NJ 07029 , Type E—305—A.
dChannel Products , Inc., Chagrin Falls, OH 44022.
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TABLE I

Specimen Poling 11 12 1 
d31

Configuration Conditions 
~~~ Fiel d) tan 6 CN xlO CN xl0 (Long itudinal

5 (Low Field) Hode)

5OlA plain 3000 KV is’4 1800 0.015 470 240 29
501A sandwich 2 minutes 1550 0.015 450 240 31
501A mUlti— 1O0~C 1500 0.036 360 210 —layer
501A cosmier— 2000 0.014 400 175 80

401—888 plain 2500 Ky 936 0.002 295 —— 397
401—888 sand— 10 minutes 911 0.002 270 —— 562wich
401—888 mult i— 125 °c 794 0.003 210 —— ——layer *

1000 0.003 215 95 1000

1 *Active area approximated

RESONAN T PROPERTIES

Mechanical quality factor, Qm, is listed in Table I. The experimental values were
found to be lower than the manufacturer ’s values. This discrepancy may have arisen from
differences in the ceramic processing and/or from differences in measuring technique ,
since the commercial data are from radial mode resonance , whereas the present data are
from the fundamental longitudinal mode resonance of thin bars. When density effects were
elimina ted by ho t pressing, PZT 401—888 material had a Qm of 600 for both the plain and
sandwich confi gurations.

0 0S5
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_ _ _  _ _ _ _  _ _ _ _ _

// 0 
_  _
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FIGURE 3. Strain/electric field data FIGURE 4. Resonance spectra for 401—888
for 5OlA PZT illustrating the edge PZT (horizontal scale%MHz/division). Upper

clamping effect. trace: plain material. Lower trace: inter-
nally electroded material.
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Resonance spectra over a frequency range of 0.1 to 10 MHz show little difference
for the control and internally electroded bars , the least variation occurring in com-
posites of the high Qm material, PZT 401—888 (Fig. 4). An understanding of the lack of
influence of internal electrodes ott the frequency constant, N, of a piezoelectric res—

S onator can be better attained by considering the classical resonance equation:

N 
~r
’
~

where 
~~ 

is the fundamental resonance frequency , L the governing dimension, p the den-
sity, and S the elastic compliance. The alternate metal and ceramic layers in the in-
ternally electroded specimens can be closely approximated by a series model3. Values
of the mean density and mean elastic compliance derived from this model show an increase
and a reduction respectively and thus compensate to some extent.  In addition, for compo-
sites having a large ceramic—to—metal layer thickness ratio the series model predicts
only small changes in frequency constant, in agreement with the observed change of less

• than 3%.
A resonance application in which internal electrodes may be useful is in increasing

the voltage step—up ratio of the p iezoelectric transformer.  Here the trans forme r rate
may be multiplied by the number of layers introduced into the prima ry end of the conven—
tional bar—shaped transformer.5 A second advantage is that the ends of the internal

• electrodes that act as the low side of the secondary circuit allow a more uniform poling
and larger electrode area which increases the current capacity, hence the power of the
secondary. If DC isolation of the primary and secondary is required a thin section of
st rip electrodes may be included as the low side of the secondary circuit.

Transformers with dimensions 15 x 6 x 1.5 mm with 10 active layer primaries were
coru. t ructed and driven at resonance (approximatel y 100 k}iz), and the voltage step—up
ratio compared wit h conventional t ransformers. Although the transformer ratio was
strongly dependen t on load impedance for both types of device , the ratio in the multi—
layer case was increased over ten t imes compared to the conventional design. 3

CONGLUS IONS

Platinum internal electrodes have been introduced into commercial PZT formulations
by standard thick film techniques. The results indicate little change in resonance
cha racteristics and large reductions in the driving voltages. The reduction in voltage
is somewhat o f f se t  by the physical clamping of inactive ceramic necessary to separate
electrode sets. The driving and poling fields may be increased without danger of dielec-
tric breakdown because of the decreased ceramic layer thickness. Tape casting is a re-
fined technique that along with screen printed electrodes is highly versatile in
producing complex sizes and shapes.
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ABSTRACT

A composite resonator was desi gned and fabricated by the use

of a multilayer tape casting technique. A multilayer composite

composed of Pb 3 MgNb
2O9 

and 0.8 Pb3MgNb2O9 + 0.2 PbTiO3 (chosen

for their nearly compensating resonant temperature coefficients)

was found to have improved temperature stability. Resonant frequency

changes of <60 ppm/°C were found over a temperature range of —10°C

to 80° C.
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INTRODUCTION

Piezoelectric crystals and ceramics are widely used for most acoustic

and ultrasonic device applications. Temperature and time stability of sound

velocity, which determines the characteristic resonant frequency, is of great

importance for both bulk (1) and surface wave devices (2). The stability as

a function of t ime is Influenc ed by crystal imperfections and/or the micro—

structure, whereas the temperature coeff icients depend largely on cry stal

structure and orientation (3) .

Single—crystal quar t z is a well known example in which suitably chosen

crystal cuts minimize the temperatur e dep endenc e of sound velocity. However ,

minimized temperature cuts usually result in reduced electromechanical

coupling properties (1) .

Single crystals ar e, in general , cost lier than polycrystalline materials

such as modified (Pb(Ti ,Zr )03) PZT . This realization has been the basis of

extensive investigations attempting to minimize temperature and time coeffi-

cients by the use of additives (4—8). It was the intention of this work to

show the feasibility of designing composite resonators exhibiting minimized

temperature coefficients.

Composite Mod el

The t emperat ur e dependence of the velocity of sound is determined by

the elastic moduli and the density of the medium. For example, the wave

velocity (v ) in a thin disk no rmal to the poling axis can be described by

the relation

v = (S
11
5p(a - 1)2)1/2 (5)

with p being the density, s11
E the short—circuit elastic compliance, and a

the poissons ratio .
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For most materials, the elastic compliance increases gradually with tern—
S

perature, producing a positive temperature coefficient. At structural phase

changes, however, the elastic coefficients often show anomalous behavior,

“softening,” or a negative temperatur e coefficient (8) .

Lead magnesium niobate (Pb
3MgNb 2O9) ,  a relaxor ferroelec tric , was found

to have regions of both positive and negative temperature coefficient, of elastic

compliance, above and below the ferroelectric Curie temperature respectively (9).

The solid solution system between the relaxor Pb3MgNb 2O9 and ferroelectric

PbTiO3 was reported to exhibit a wide range of Curie temperatures (10) .

By suitably selecting compositions in the Pb3MgNb 2O9—PbTiO3 family, a

composite comprised of compensating positive and negative t emperature coeff I—

cleats should exhibit improved temperature stability. The low thermal expansion

coeff icients found in this system are also an added advan tage for thermal

stability.

EXPERIMENTAL

Sample Preparation

The compositions to be used in the composite were Pb3MgNb2O9 ( PMN) and

O.8Pb 3MgNb 2O3 + 0.2PbTiO 3 ( . 8PMN/ .2PT) selected from Reference 10 with Curie

temperatures (determined at 1 kHz) of 16° C and about 92° C respectively.

Reacted powders were produced using mixed oxides calcined for 4 hours at 875°C.

The calcined slugs were then ground sufficiently to pass a 325 mesh sieve. The

f ine powders and a commercial organic liquid suspension binder* were mixed

to produce slips for tape casting (11—13). Tapes approximately 0.025 cm thick

were produced using a procedure described in Reference 14.

*Claydon Binder B—62, Lot 117, Claydon Inc . 11404 Sorrento Valley, San Diego ,
CA , 92121.

- 
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Two and one—half centimeter squares of each composition were stacked

and laminated in homogeneous “monolithic” and composite model conf igurations .

Each sample consisted of four layers. Monolithic configurations consisted

of layers of the same composition to be used as comparative standards. The

composite , 50/50 V/O , consisted of layers of Pb 3MgNb 2O9 tape in series (A/B)

with layers of O.8Pb 3MgNb 2O9 + 0. 2PbTiO3 tape. To prevent possible inter-

action and d i f fus ion between the two compositions, an internal Pt barrier

electrode was used . This was achieved by silk screening Pt ink on the green

tape prior to lamination. Earlier work (12) suggests that a barrier layer

might not be needed .

The multilayers were heated slowly to 700°C over a 30—hour period to

remove any organic bind er materials. Sintering was done in closed high—pu ri ty

alumina crucibles . The multilayer tapes were placed on Pt foil and a small

amount of lead zirconate was added as a source of PbO . A silicon carbide

resistance furnace with a programmable controller was used , the heating rate

being 200° C/hour with a soak temperatur e of 1275° C for a period of 0.5 hours.

The samples were allowed to cool in the furnace with power off. The fired

samples wer e f ound to be at least 93% theoretically dense.

Measurements

Electromechanical resonance properties were measured on disks about 0.5

cm in diameter and about 0.05 con in thickness. The disks were electroded

using sputtered—on gold. Dielectric permittivity and loss (tan 5) as a

f unction of temperature were measured using an automatic capacitance bridge*

at 1 kHz . Displacement—field (DE) i’ysteresis loops were observed using a

*Hewlett Packard (Model 4270 A) automatic capacitance bridge, Hewlett Packard
1—59—1 Yoyogi , Tokyo , Japan 151.

L - - - 
-
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Sawyer Tower circuit. The DE loops were measured at room temperature and at

0.1 Hz. The .8PMN— .2PT and the PMN/ .8PNN— .2PT samples were poled in a stirred

oil bath at 90°C by applying a DC field of 15 Ky/cm for at least two minutes.

The samples were allowed to age for 24 hours before further measurements were

made.

The planar coupling coefficient (k), mechanical Q and resonant frequency

were measured as a function of temperature using the resonance method described

in Reference 15. Resonance measurements on Pb
3MgNb2O9 were conducted under a

DC bias of 8Kv/cm, since above —16°C the material is paraelectric and a polari-

zation must be induced. A blocking capacitor was used in conjunction with the

resonance apparatus (16). Resonance measurements at a constant bias were also

made on the .8PMN—.2PT and the composite.

RESULTS AND DISCUSSION

Microstructure

A typical SEM photomicrograph of a PMN/ .8PMN— .2PT multilayer can be seen

in Figure 1. The sharp change in grain size at the Pt interface suggests that

little interaction took place. Further , little interaction was found in

regions without a Pt layer, indicating that a diffusion barrier layer was not

required .

Eiectromechan~cal Data

Dielectric permittivity as a function of temperature for PMN, .8PMN— . 2PT,

and PMN/.8PMN—.2PT are shown in Figure 2. Also shown are predicted values of

K versus temperature calculated from the series model equation (17):

1/K 1 
= V1/ K1 + V2/K2

where V1 
and V2 are volume fractions and K1 

and K2 are dielectric constants

for the two c&mpositions . 

- - -  - -.---~~--~~~-
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Piezoelectric d
33 and DE loop data are reported in Table 1 and shown in

Figures 3a—c . The coercive field (E
u) of the composite was found to be an

average of the two compositions. The experimental d33 value, for the compo—

site, was found to be in agreement with the calculated value. The permittivity,

d33, and DE data all indicated that the composite may be described by a simple

series model.

Resonance Data

~ 
•
‘- A resonance spectrum for the PMN/ . 8PMN— . 2PT compo site is shown in Figure 4.

The fundamental planar mode resonance (the large peak) was accompanied by a

weaker resonance signal at a lower frequency . This signal was accredited to

the strong resonance of the .8PMN— .2PT lay3r .

Spurious resonances due to the Pt barrier electrode were not found . Earlier

work (18) reported that Pt layer electrodes had little effect on resonance due

to a compensation between density and compliance in platinum to approximate

the frequency constant of PZT. This matching of frequency constant can also

be expected with PMN. PMN, being highly electrostrictive, maintained the

generation of strong resonances well above the transition region with only

8 Ky/cm bias.

The planar coupling coefficient, k , and mechanical quality factor, Q,

were calculated for multilayers both unbiased (poled) and biased as a function

of temperature (See Figures 5 and 6). The coupling coefficient was found to

be higher for the biased multilayers as compared to the unbiased samples. The

coupling coefficient, being proportional to the plezoelectric constant and

inversely proportional to th~ square of the appropriate elastic constants and

permittivity, was expected to increase (5) since a biasing electric field

decreases the perinittivity (See Figure 2).

——-------

~
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The mechanical quality factor Q was found to be lower with applied bias
S

as reported in Reference 19. The Q for PMN was found to be considerably larger

than Q for the composite and .8PMN— .2PT samples. It appears that a low Q

ma terial physicall y dampen s the high Q material producing a nonaveraged low Q

composite.

The relative resonant frequency , MR. as a function of temperature is

plotted in Figur e 7 , wher e

~T~~RT
=

r R f RT

with 
~T 

being the resonant frequency at any temperature and 
~RT being the

resonant frequency at room temperature. The biased .8PMN— . 2PT samples were

found to have a positive temperature coefficient above 70°C and negative

below. PMN samples were found to have a positive coefficient above — 16°C

and negative below.

As expected, the composite was found to have nearly an average value

of temperature coefficients, with a greatly reduced coefficient (<60 ppm/°C)

between —10°C and 80°C. The same relative frequency Af
R 
was found for biased

or unbiased samples.

Another advantage of the composite was its improved polarization stability .

Both Figures 4 and 5 show that the .8PMN—. 2PT depoled rapidly above 70°C,

whereas the composite indicated little depoling at temperatures even above

120°C. The composite utilized the electrical control concept of a transpolar—

izer (20) to effectively stabilize the polarization. Such a composite should

also be dielectrically more stable under high field cycling, as reported in

Reference 12. Little aging of resonant frequency was found .

- - - -—~~—--~~~~~~~~~~ ‘~~~ - 

~~~~~~~~~~~~~~~~~~ 
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Summary and Conclusions

Compositions Pb3MgNb2O9 and O.8Pb3MgNb 2O9 + O.2PbTiO3 were used to

fabricate a multilayer composite resonator. As the result of nearly compen—

sating positive and negative temperature coefficients, a composite with

improved temperature stability was found. A change of less than 60 ppm/°C

in the radial resonant frequency over a temperature range between —10°C and

80°C was shown.

Only the feasibility of fabricating a composite resonator with improved

temperature stability was intended in this work, not the optimization of

electromechanical properties. Further optimization of a composite resonator

exhibiting both improved temperature stability and electromechanical properties

may be realized by suitably selecting compositions from both sides of the PZT

morphotropic phase boundary (3).
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Table 1. DE hysteresis 1oop and piezoelectric d33 data for the
various multilayer confi gurations (temp = 21°C).

Sample E kV/cm Pf NC/cm cl33(lO C/N)

Pb3MgNb 2O9 0 0 0

0.8Pb3MgNb 209—0.2pbTiO 3 2.1 22.4 240

Composite i.i 1.5 160

Caleulated* 1.05 —— 185

*Based simply on averaging model .

** d33 = 

V~~d33K2 ± V2
2d
33K1 (Ref . 17)

V1 and V2 are volume f ractions, K1 and K 2 ar e dielectr ic consta n ts

and 1d33 and 
2d33 are piezoelectric constants for PNN and .8PMN— . 2PT

respectively.

~
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S Figure Captions

Fig. 1 Photomicrograph of a PMN (left)/.8PMN— .2pT (right) multilayer with

platinum barrier electrode.

Fig. 2 Dielectric permittivity (1 kHz) as a function of temperature for PMN,

.8PMN—.2PT and the composite . Calculated values fo r the composite

ar e r epresented by the dashed curve .

Fig. 3 (a—c ) DE hysteresis loops for PMN (a) , .8PMN— .2PT (b) , and PMN/ .8PMN—2P T

(c). Loops measured at ‘~.‘2°C and 0.1 Hz.

Fig. 4 Resonance spectra for PMN/.8pMN— .2pT composite. Horizontal scale is

75 kHz/div .

Fig. 5 Planar coupling coefficient, k , as a fu nction of temperature.

Fig. 6 Mechanical quality factor, Q, as a func tion of temperature.

Fig. 7 Relative resonant frequency (t
~
f R) as a function of temperature.
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GRAIN ORIENTED

APPENDIX 15

M. Holmes , R.E.  Newnham and L .E .  Cross . Grain—Oriented Ferroelectric
Ceramics. Ceram. Bull. 58(9) 872 (1979) .

)

--.5--— ~~ .- -- — — —  — -—.5 -~~~--— ~~~~~~~~~~~~ - -—_ _ _  rnj -



- - - -~-- --~ - ---5-- - —- --- - —-—-— ----------- - - 

~~

51’S

~~~~~~T T~~ 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —

NOTES
Grain—Oriented composiuon, the salt was removed by repeated washings w ith de.

ionized water. Platelets of the bismuth compounds were left .

Ferroelectric Ceramics Fi gure I shows a phor orni cr og rap h of a bismuth tungstate
5 (Bi2WO ,5) powder produced by tiring t he salt mixture at l 000’C for

I h. Figure 2 is a similar photom icrogrup h of a bismuth titanate
(Bi ,Ti30,2) powder produced under s imilar conditions, namely.MICHAEL HOLMES , ROBERT E. NEWNHAM ,* 1150°C b r  I h. The very marked shape anisotropy of the smalland LESLIE E. CROSS crysta llitcs produced by th is method is clearl y evident in both

Pennsylvania State University. University Park pictures . Wit h longer firing times and/or higher temperature . rat her
unexpecte dly, t he crysta l l i tes did not grow to significantl y larger
s izes , nor cou ld we control the size effectivel y by changing the -
coo ling rate imposed on the crucible.

E lectroceramic materials for pieanelect ric transducer applications Preliminary experiments using convent ional tape casting to fabri.
have in the past been based largely on pseudocubic phases of the cate cera m ics from these anisotro pic powders show very promisingperovs kite family, suc h as BaTiO 3, PbZrO3:PbTiO3 (PZT), w here resu lts. For the BI2WO,. X-ray diffraction pattern s taken from

the many available domain State orientations make it possible tO ceram ics fabricated from the fired tapes show only t he (001) peaks of
pole a randomly axed assem blage of grains in the conventional a we ll-oriented samp le. For Bi ,Ti~,O,2, the result is complicated bypolycrysta liine ceramic to a strongly remanent polar state with high t he presence of a small quantity o f a second phase in the flux-piezoe lectric ac mi -~ity. produced powder. More detailed pole figures and pro perty mea-In t hese materials the original spherical macrosymnietry of the surcmcnts arc current ly being conducted on tape-cast ceramics ofrandom array is modified by the poling to a conical symmetry ~~ both compos itionsis
m m )  w ith nonzero piezoelcctr ic coeff icien s similar to those in the
hexagonal point group &wn . and t his resultant Curie group is Summaryindependent of ihe symmetry of the initial fe rrocleciric species. T he 

The molten salt synthesis—ta pe casting technique appears to be atemperature range of strong piezoac t ivity is also limited by the range 
simp le method of obtaining grain-oriented fe rroelectric ceramics.o f Curie temperatures in the perovsk ites . and aging is a problem

associate d with the ferroelastie switching necessary to po le the The compounds Bi2 WO 4 and Bi4Ti:,O ,m were pre pared by t his
met hod because of their possible use in piezoelcctric devices. Thisrandomly axed ceramic structure . 
techni que shou ld, however , be applicable to any system in whichClearly, a simp le. inex pensive technique for ac hieving a strong ly crystal lite shape can be used for alignment purposes.oriented (texture d) grain structure in ferroelectr ics of lower synt-

metry cou ld relieve many of these constraints and lead to inter esting References
new fami lies with new Curie group symmetrie s , new combinat ions ‘w C Sitc chcr mi D A .  i’as nc . - -  Lkcir,cj i I’rs ’perlscss ’ i  II,’i-I’ rcs-e d tii ,W(i .
o f usable piezocoeilicients. and the possibility of ex p loiting the rresenicd as she Fail Mecisn$ oi ihc Eiesi n ,n,c rn O sssssssis s ’ i  Se An,er,&ai, Ce,j ,n,c

S~c mi y - Scpiembe r 20. C 978 . km abstrac i. ccc 4ss, - C ,,m, .~
,,- . J4~ i/ - 57 

~ 
768strong fe rroeleciric effects in lower symmetry prototype structures li9loi

w hile still maintaining most of the ease of fabrication of ceramic ‘ii. iii ira hi . K Maisssn.,~~,, I T ussa.  .,nd K . O k s , d s . D,clc tr,c and t’ ,ci,’clec-
isle i’rsiperl cc at Goon-Oriented i’SB,,Nb,( 5 Cer .,rnscs . - - iss! - 191 Si 5 - i 7processing. 

~T Takc-ns ka . K SIn,j ,. H. Taka, ~nd K Sakai,a . t- c sTocIcc ii-,c and D,c iccsrscIn the present note a simp le technique for producing powders with pn,pc,1 cs oi Press-Fo rged t3, ,Ti 0,, Cesa m ,cs. l’s ’ s  J~ s s ( ngr Si,,,,, - 19 .
very mar ked shape anisotropy was app lied to materials in the bis- 230 33 (1976 ,.

‘R H Aicn,ii . - Thc MaC ten 5 -is Svn ihcs ,s ot Singic Magncisc rs’,na,n itar,u,n its,,mut h oxide layer structure family o f ferroclectrics. The resulting Os,,k ( B , i 5 e ,,O , ,) and Str o nt i um Iron 0~*,J. (Sr Fc ,,O,,,) Crysij ls . J Sob,! Sian-
anisotropic powders were used with several ceramic lorming tech- Cis s -.ss - ~141 SW- 47 iiSlli

‘I It R, ,s , ,Jo ~~c k s , R H Aren,j s and I ‘sS SF~mas!ck. Lca,i / ,tc,’naic T ,,anateniques ml. produce strongly textured bodies with orientation factors LIT, CCUnS,c,. ,Snnuai Tech Re1’i io sh~ OIi,ce 01 Njs~~i Rcscarch . coniraci No
that heretofore had been produced only by the much more expensive N000i4 -76-C-Oh59 . iune 977 . 0
uniaxial hot-pressing ’~~ and hot-forg ing
methods. 3 

______

synthesi s step to produce discrete plate- _ _ _  
~~~~J

like grains (Arendt 4 and Rosolowsk i et a l ’

The technique consists of a molten salt 

-

r 7 ’
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CONTROL OF THE PARTIAL PRESSURE OF PbO DURING

THE SINTERING OF PZT CERAMICS

K.A. Klicker arid J .V . Biggers

Materials Research Laboratory
The Pennsylvania State University - 

-University Park , Pennsylvania 16802

INTRODUCTION

The manufacture of lead zirconate—lead titanate (PZT) ceramics requires

that the partial D r e ssur e of PbO 
~~Pbo~ 

be controlled during sintering.

Ikeda(1) et al and Webster~
2
~et al have studied the effect of changes in the

lead oxide content on the dielectric constant and electromechanical coupling

coefficient of sintered PZT. Either positive or negative deviation of the

PbO from stoichiotnetry affects both of these parameters. Most tech—

niques for controlling partial pressure of PbO involve the use of .i source

material enclosed in the container with the parts to be fired. An ideal

source material will produce a 
~pbo 

so that the parts being sintered do not

gain or lose PbO during the sintering process. If, however, the 
~pbO 

atmos-

phere is higher than the 
~Pbo 

required by the part, the part will absorb PbO .

Conversely, the part will lose PbO through vaporization if the 
~Pbo 

is lower than the

than the 
~PbO 

of the part. The 
~PbO required by a PZT part is a function of the

composition and temperature. When the part is in equilibrium with the atmosphere ,

neither vaporization from or absorption by the part will occur. Some of the

comnEsnly employed techniques for controlling the 
~pbo 

include:

(a) Use of source pellets of a PZT composition which has a 
~pbo 

higher

than the 
~PbO required by the PZT parts to be sintered~~’~~~.

(b) Use of source pellets of the PZT composition as the parts to be

sintered but with addition of PbO~
5
~ .

(c) Burying the PZT parts in a powder, either calcined or sintered , of

the same ~~~~~~~~~~~~~

(d) Calculating the composition of the ceramic to include excess PbO .

This excess PbO acts as a sintering aid and also helps to maintain a given 
~pbO

I. ,~~~~~~~ j  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - - - .  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ . _______
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about the parts~
7
~ .

All these techniques involve the use of compositions within the ZrO —TiO —

5 3 3

PbO ternary system to provide a 
~Pbo

• Despite this, no comprehensive studies

have been reported in the literature that relate compounds in this system to

~pbo~ 
The results of such a study will make it possible to choose a source

composition that will provide a 
~pbo 

near the 
~pbo 

of parts to be sintered .

It will also be possible to better understand the effectiveness of the various

techniques listed above in providing the proper 
~Pbo 

so that sintered parts will

undergo minimal compositional change during the sintering process.
•

7

PROCEDURE

The raw materials Pb01, Zr02
2
, and Ti02

3 were weighed on an analy-

tical balance in the proper proportions to form PbZr
0 55Ti0 45 03 and

PbZr0 6 Ti0 4 O3. Weig ht loss f rom calcination was found to be 0 .51 weight

percent. Of this weight lo ss, 0.31 weight percent was loss on ignition of

organics from the oxide powders. The remaining 0.19 weight percent was assumed

to be due to loss of PbO due to vaporization during calcining. The loss on

ignition and loss due to vaporization were taken into account when the batch

weights were calculated . The mixed oxides were ball milled in ethyl alcohol,

using Zr02 milling media, for two hours and then pan dried . Calcination was

done for one hour at 950°C in MgO crucible with a loose—fitting lid. The

calcined slug was ground and passed through a 60—mesh screen. X—ray diffraction

powder patterns showed only single—phase PZT. That portion of the batch to be

used for sample pellets was mixed with a 15 weight percent PVA solution, dried ,

1N.L. Industries, Inc., Highstown, NJ.
2
Harshaw Chemical Corp., Cleveland, OH, Lot 1—75.
3W’hittaker, Clark , and Daniels, Inc., South Plainfield , NJ , Lot 77G—27—8.
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ground , and passed through a 60—mesh screen. The powder was pressed into

S pellets with a rotary press to a green density greater than 5.6 gin/sec. The

• pellet diameter was 5/8 inch and the average pellet weight was 1.2 grams.

Before being weighed and sealed in crucibles , the sample pellets were put

through a binder burn—out of 500°C for one hour . Preparation of the source

materials depend ed on the f i r ing  configu ration to be used .

Fir ing Configuration I

.: Figure 1A is a schematic of firing configuration I. All alumina discs

and crucibles were McDanel 998~ recrystallized alumina. Thin platinum sheets

cut into discs were used at all places where thealumina might contact the

PZT source pellets of PZT sample pellets. After being assembled as shown in

Figure lA, a 250 ml alumina cruc ible was inverted over the assemblage and the

joint between the crucible and the large bottom alumina disc was sealed wi th

calcium aluminate cement . The furance was preheated to 100°C and the crucible

set in the furnace for 1/2 hour to permit the cement to dry.

Source compositions used with firing configuration I were

PbZr1_yYiy
O
3
+x mole % PbO , y m~~~4 , .5, 5.5, 6, 7, 8, and 1.0;

x 0, .1 , .3, .5, .7, .9, and 1.0;

All source compositions used with f ir ing conf igura tion I are listed in Table 1.

The PZT’s used in source compositions were weighed , milled , dried , mixed with

binder, ground , and screened as described above. Sixty grams of each

composition used for firing was pressed into two thirty—gram , two—inch

diameter pellets. Binder burn—out for the soure- ro pellets was two hours at

500°C.

Firing Configuration II

Figure lB illustrates firing configuration II. The alumina ring w a s  cut from a

4.8 mm ID alumina tube with a diamond b’ade and lapped flat on t~ i~ ends. .-\ platinum

4McDa nel Ref rac to ry  Porcelain Co. , Beaver Falls , PA. 

~~~~~~~~~~ — --- ———- —---—-~- - :~~~~~~‘
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S
sheet was cut to obtain a disc that wou ld rest on top of the bottom alumina

disc and inside the alumina ring. Two d i f ferent  presintered granules were used

to fill the volume of the crucible formed from the ring and the alumina disc .

Granules of size greater than 30 mesh but less than 15 mesh of the same compo-

sition as the pellets were dusted onto the platinum sheet to form a thin layer

onto which the green sample pellets were set. The sample pellets were then

covered with a layer of this same powder . The remaining volume of the crucible

was filled with the source granules which also were greater than 30 but less

than Source compositons were:

PbZ r Ti 0 +xmole % PbO , y = .55 and .6l—y y 3

x = .l , .3 , .5, and .7

Source compositions used with firing configura tion II are shown in Table 1.

The ra tio of weight of PZT to the weight of source powder was approximately

1:3. As shown by Figure 1B , a second alumina disc was set on top of the ring

to close the crucible. The two joints of the ring and the alumina liscs were

sea led with calcium aluminate cement. The furnace was preheated to 100°C and

the crucible set in the furnace for  1/2 hour to allow the cement to dry.

Both types of packing powd er were presintered at 1330° C for  1/2 hour . The

calcined powder was pressed into a two—inch diameter , 100 gram slug and had a

b inder burnout of 500°C overnight. Sintering took p lace in a crucible made

of an alumina ring and two alumina discs, with all joints sealed with calcium

aluininate cement. The alumina ring was cut so that the calcined slug would fit

into it, leaving as little free volume as possible. Both top and bottom of

the slug were covered with a platinum sheet immediately after the binder

burnout , before they were placed in the crucible for firing. Sintering took

p lace in a silicon carbide resistance furnace with a silicon carbide m u f f l e .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ -• ---- ~ -- -- - --- --~ ~~
_ __ _~~~~~,;_~~ --- -  -: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -- -~~~~~~~~~~



A Data Trac 5310 programmable controller5 was used to ensure that each

sintering run was identical. The heat—up rate was 200°C/hours, followed by

a soak period of one hour at 1330°C and cooling in the furnace with the power

off. The sintered pellets were weighed on the same digital balance as

before.

The number of pellets fired in each crucible with configuration I was

as few as five and as many as nine. Only four pellets of this size could be

f i red  in the same crucible with configuration II.

RESULTS AND DISCUSSION

When sintering PZT parts, the necessity of controlling the 
~pbO makes

selection of the Pb O ver y important . Not only the composition of the source

but also the amount of source and surface area of the source must be considered .

Experimental  data will be presented which describe the influence of

each of these fac tors on the sintered PZT part.

Partial Pressure PbO as a Function of PZT Composition

There have been several papers published concerning the PpbOof PbZrO
3

and PbTiO
3~
8’9

~ . H~rdtl and Rau measured the 
~PbO of PbZrO3, PbTiO 3, and

several PbZrT 1 0 compound s using the Knudsen effusion method. At a fixed
x l-x 3

temperature, for equilibrium conditions, PbZrO3 
has a higher 

~PbO 
than PbTiO3.

In terms of PbZrxTii x
O
3 compounds, the equilibrium ~pbO 

of a compound decreases

as the value of x decreases . This relationship of 
~Pbo 

to composition for the

PZT compounds may also be stated in terms of the decrease in 
~pbO as the Zr/ Ti

ratio decreases.

For the s tudy described in this paper , wei ght change of PZT parts during

sintering was used as an indicator of the relative 
~pbo 

in which the parts were

sintered . PbO, Pb and 02 are the only volatile species found in PZT 
compounds~~

0
~ .

5
Research Incorporated , Minneapol is, MN.

- - , 1  ~~~~~~~~-°--~ -~- ~~~~~~~~~~~~~~~~~~ -ui~~~~~ ~~~~~~ - ~~~~~~~~~~~~~~~~~~~ 
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When a PZ T pa r t equilibrates wit h the crucible at mosphere during

firing, the interaction results in the absorption or vaporization of PbO by

the part. This interaction may be measured by weighing the parts before and

after sintering. If the 
~pbO 

of the crucible atmosphere is higher than the

~pbo 
of the part , the part will absorb PbO. Conversely, the part will vaporize

PbO if the crucible atmosphere is lower than the of the part. The greater

the weight change, the greater the difference between the 
~PbO 

of the part

and the source. These same relations hold true for weight losses.

Figure 2 shows the average percent weight change of PZT 55/45 (PbZr 55Ti 4503)

parts as a function of source composition. The relationship of 
~pbO 

to composi-

tion follows the trend reported by H~rdtl and Rau. Those source compositions

that have a 
~pbO greater than the of PZT 55/45 pa r ts caused weight gains

of the parts proportional to the difference in 
~PbQ~ 

Likewise, the source com-

posi tions with lower 
~pbO than the PZT 55/45 resulted in weight losses of the

parts  proportional to the difference in of the source and the 55/45 parts .

These results illustrate the validity of the use of weight change of PZT parts

as an indication of the relative 
~PbO 

of a particular source composition. This

technique yields the relative 
~pbO 

of a source composition because the technique

indicates whether the 
~pbo 

of a source is higher or lower than the of the

PZT parts and the relative difference in the 
~PbO 

of the source and the parts ,

not the actual 
~pbo 

of the source composition. The 
~pbO 

that a source of a

particular composition actually maintains will depend on the amount of source,

the surface area of the source, the other material present in the crucible

tha t will contribute to the 
~pbO’ 

and amount of PbO that leaks from the crucible.

When only the relative 
~pbO 

of a source composition is desired , these factors

may be held constant . Choice of a particular firing rechnique fixes each of

these factors and then the source composition may be chosen with regard to the 

— .- - - - _
p_ ,~~r- r - -- ~~~~

- _  

~~~~ -
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composition of the parts to be fired .

- 
S The binary pha se diagram as pr epared by Moo n 11 contains a two—p hase

region on either side of the single phase PbTiO3 region. According to the

phase rule for condensed systems, P+F = C+l, where C equals the number of

components in the system, P equals the number of phases in equilibrium and F

equals the number of degrees offreedom or variance of the system. With re—

gard to a two—phase region of a binary system, there is only one degree of

freedom. By fixing the temperature this one degree of freedom is lost. Since

the phase rule does not depend on the amount of the phases present hut only on

• the number of phases that will be present at equilibrium, the composition of

the two phases present in a two—phase region may not vary but the relative

amounts of the two—phase present will vary across the region.

A t a fixed temperature all compositions within the liquid + PbTiO
3 

reg ion

have the same 
~pbo A material with a composition of liquid + PbTiO 3 may lose

PbO, through vaporization for example, and maintain a constant 
~pb0 

as long as

the composition remains within the two—phase region. Such a material would

be an ideal source material . PbO vapor lost from the crucible atmosphere due

to interaction w~th the parts or leakage could be replenished by the source

without a lowe-ing of the 
~pbO maintained by the source. As will be shown

later , loss of PbO from most PZT + PbO compositions result in a decrease in

the 
~pbo
The binary diagram for PbO—T102 contains a second two—phase region of

PbTiO3+Ti02. The binary diagram PbO—Zr02 also contains the two—phase regions.

Four constant 
~Pbo 

sources are therefore available for use as source materials.

Unfortunately, since PbTiO3 has the lowest ~Pbo 
and PbZrO3 the highest ~pbo

source materials  will not provide the proper 
~pbo fo r sinter ing the inter—

mediate PZT compounds. In o rder to find a source with a relative 
~pbO 

near

to those of the PZT compositions , it is necessary to examine the PbO—Zr02—Ti02

ternary diagram .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- -  -— J ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ — - -
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The PbO—Zr0 2—T102 Phase Diagram

When considering small losses and gains of PbO from PZT compounds , the

area of interest of the PbO—Zr02—Ti02 phase diagram, as shown in Figure 3,

is the portion iunnediately adjacent to the PbZrO 3—PbTiO3 binary . Holman and

Fulrath9 have studied non—stoichiometry in the PbTiO3—PbZ rO3 system . As was

shown by the Ti02—PbO binary loss of PbO from PbTiO3 results eventually in

the appearance o f Ti02 as a second phase. Loss of PbO from PbZrO3 results

even tually in the appearance of Zr02 as a second phase. For PbZrO3, PbTiO3

T and all the PZT compounds lost of PbO results information of a defect struc-

ture, Pb fl Zr Ti 0 with Pb vacancies . The width of this non—l—y y l—x x 3

stoichiometric region is greatest for PbTiO3 and PbZrO3 and narrowest near

PbZr0 4Ti0 603 The 
~PbO 

of a PZT drops rapidly as the composition passes

through the non—stoichiometric region with loss of PbO. The non—stoichiometric

region of the PbO—Zr0 2—Ti 02 ternary system, as determined by Holman and Fuira th ,

is shown in Figure 3. Webster, et al~
2 

, identified the phases present in the

lower portion of Figure 4. As was found for PbTiO3 and PbZrO3, loss of PbO

from non—stoichiometric Pb Zr Ti 0 causes the appearance of a secondy y x l—x 3

phase. For most of the PZT compounds, the second phase which appears is Zr02
.

13
The upper port ion of Figure 3 was determined by Fushini and Ikeda . As

with PbTiO3 and PbZrO3, absorption of PbO by any of the PZT compounds will

result in the appearance of a liquid phase. Figure 4 is the upper portion of

the PbO—T102—Zr02 ternary at 1300°C, as derived by Fushmi and Ikeda. This

diagram is of more interest than the 1100°C portion shown in Figure 3, since

the sintering of most PZT takes place at a temperature near to 1300°C. The

differences between the PbO—PbTiO3—PbZrO3 diagram at 1100°C and 1300°C

are the extent of the liquid phase and the shifr !o the slope of the tie

lines .

L - - 
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According to the phase rule , for the liquid plus solid solution reg ion of

the PbO—PbTiO 3—PbZr O 3 system, at a fixed temperature one degree of freedom

remains. Therefore, the composition of the phases present within the two—

phase region is not fixed . The composition of the phases present in a part

which gains or losses PbO will not be unchanged and the 
~PbO 

of the part will

change as the overall composition of the part changes even though the composi—

tion remains within the two—phase region. The implication of this is that it

is not possible to provide a 
~Pbo 

which is constant and equal to the 
~pbo 

of

a given PZT compound by using a PbO source of PZT+PbO, as was possible with

PbZrO3 and PbTiO3.

This fact may be illustrated with Figure 4. Since the 
~Pbo 

of PbZrO3 is

higher than that of PbTiO3 and the ~pbO 
of the various PZT’s decreases as the

Zr/Ti ratio decreases, the four PZT compounds shown in Figure 4 in order of

• decreasing 
~pbo 

are A , B, C, and D.

As the dotted line on the figure shows, compositions H and G could be

formed by intimately mixed PZT C with certain amounts of PbO. As previously

predicted by the phase rule, neither compound H, C, or C is in equilibrium

with either of the other two compounds . Compound H is in equilibrium with

liquid F and PZT B. As PZT B has a higher 
~PbO 

than PZT C and compound H is

in equilibrium with PZT B, therefore compound H has a higher 
~PbO 

than PZT C.

The same argument proves that since compound C is in equilibrium with liquid

E and PZT A , compound G has a higher 
~Pbo 

than either PZT B or PZT C. Although

the effect has been exaggerated for illustrative purposes by using compounds

as greatly different PbO contents it is certainly true for more practical com-

positions of PZT plus small amounts of PbO .

This illustration and the phase rule show that the use of any of the PZT

compounds with addition of PbO as a source of PbO vapor will not provide a

- ~~~~~~~~ ~——~~~~~- - - -
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ -~~~~~~~~~~~~ - ~~~~~~-- - - A
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contant 
~Pbo~ 

The of a particular PZT+PbO composition will depend on

S the composition of the PZT , the amount of PbO , and the ability of this source

to vaporize PbO. With loss of PbO from the source through vaporization , the

subsequent 
~Pbo of the source will decrease. A source of composition G would

• initially have a 
~pbo equal to tha t of PZT A and subsequently decrease un til

a 
~pbo equal to that of PZT C was established when all the excess PbO was

vaporized and only PZT C r emained .

Experimental verification of the relation of 
~pbo to the amount of excess

PbO in a source material was made f i r ing parts of composition PbZr 0 6 Ti0 4 O3
• wi th  a source of composition PbZr

0 6Ti0 4
0
3
+PbO where the amount of PbO was

va ried . Figure 5 shows that  as the amount of excess PbO in the source was

increased the weight gain of the parts  increased . Source compositions con—

tam ing less than four mole percent excess PbO caused a loss in PbO by the 
- 

-

pa r ts  since the of the source was lower than the 
~Pb0 

of PbZr 0 6 Ti0 4 O3 .

A similar relationship was found when parts of composition PbZr 0 5 5 Ti0 4 5 03
were fired with a source composition PbZr 0 5 5 Ti0 4 5 O3+PbO.

A number of sour ce compositions wer e used in f ir ing PZT parts of corn—

position PbZr 0 55Ti0 4503~ The composition o f the sou rce material was var ied

both in the composition of the PZT and the amount of excess PbO. The results

of tehse findings is shown in Figure 6. Since all compositions which lie on

a tie line are in equilibrium and have the same 
~Pbo’ sour ces o f these composi-

tions will result in the same weight change of PZT parts.  Comparison of the

or ientat ion of the equi—we ight change lines of Figure 6 with the tie lines of

Figur e 4 shows good correlation. As predicted by the tie lines of Figure 4,

a range of PZT+PbO compositions exist which provide the same 
~pb0 

For none of

the PZT+PbO compositions used does the 
~pbO 

remain constant with a change in

the amount of excess PbO present.
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Effects of the Amount of Source and Surface Area of Source

The inability of a PbO source of composition PZT+PbO to provide a constant

~PbO with loss of PbO makes the ef f ect s o f the amount of each sur fac e ar ea of —

the source very important . Table 2 lists the weight losses of source pellets

of several compositions when used in f i r ing configuration I . In all cases the

source pellets lost weight (thus implying a loss of PbO) but the air unt of

weight gained by the PZT parts being sintered never exceeded 2.5 wt %. The

alumina crucible and discs expo sed to the PbO atmosphere within the crucible

had been used several times and therefore should not readily absorb PbO.

The major i ty  of the PbO lost by the source pellets must be attributed to l eak-

age f rom the crucible. T~ e 
~pbO within the crucible must have decreased con—

tinua lly as the amount of PbO in the source decreased . The need for  the

source to vaporize PbO to replace PbO vapor lost due to l eakage could be

minimized by t i gh t l y sealing the crucible.  Assuming tha t the practical

limits of this have been reached , the only alternative method of minimizing

compositional changes of the source is to maximize the amount of the source.

For example, if 1 gram of PbO is to be lost by the source, the compositional

change in a source of 20 grams will be much greater  than a source of 40 grams .

Because there are practical and economic limits to the amount of material which

may be included in a crucible as a source material, the sources must be used

in a form which most effectively makes use of the source material.

The vaporization of PbO in a surface phenomenon in the rate of vaporiza—

tion of PbO is dependent on the surface area~~
4
~~. Therefore a granulated source

material  will much more easily and homogeneously vaporize PbO to maintain the

par tial pressure than a dense source pellet in which th bulk of the source

material is unable to vapr~rize PbO . Since the vaporization is controlled by

di ffusion of PbO across a thickening PbO depleted sur face  layer , the  
~PbO

provided by the sourc e will not be the 
~pbo which corresponds to t h e  bulk 

—~~-- -—- 

-
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source composition but will be determined by the ability of PbO to dif fuse to

the surface of the source material .

Firing confi guration II is illust ra ted in Figure lB. This configuration

uses a source of granulated PZT+PbO . Source compositions used were the same

as used with firing confi guration I to provide a comparison of thç effects  on

a granulated source. As predicted by the tie lines of the ternary diagram,

addition of increasing amounts of PbO in the source composition resulted in

larger weight gains of the par ts .  Figure 7 shows not only this effec t but

also compares the r esults with those obtained with f iring conf iguration II.

.t
- 

- In all cases for a given weight change of the parts, the source composi tion of

firing configuration II contained less excess PbO. As previously discussed ,

the influences on the 
~Pbo provided b y the source include not onl y composition

but also amount and surface area of the source and leakage of PbO vapor from

the firing configuration . Table III compares several parameters of the

the firing configuration . Assuming that leakage occurs at joints in the

crucible, approxirnatly equal amounts of leakage of PbO vapor are expected

as the length of sealed joint is nearly equal . The source in confi guration II

was less in mass but much higher in surface area . Therefore the e f f ec t  of

surf ace area on r elative 
~pbo of a source must surely be considered .

It has been established that the source material loses PbO to vaporiza—

tion du r ing the f ir ing cycle. It has also been established tha t the 
~pbo of

a PZT+PbO composition decreases as the amount of PbO decreases . The e f fec t

o f t he dec reasing 
~pbo on the par ts be ing sin ter ed ought to be considered .

The gr een par t s ar e initially porous and have a high sur fa ce ar ea at which to

abso rb PbO . These green parts experience the initially high 
~Pbo of the

source. As the fi r ing  process continues , the 
~pb0 provided by the sour ce

decreases and the parts densify.  If the compositional change of the source

is great  enough , the 
~pbo wit hin the crucible may decrease to the point tha t

1 
the pa r ts :::I:::T~~~~T1T~~~~~~~

: IIEITI. 
The sintered PZT parts 
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have a much lower surface area than the initially green parts which absorbed

S PbO . PbO will vaporize from the surface of the sintered PZT parts~~
4
~~. The

proper ties of a PZT par t  with a PbO—r lch bulk and a PbO—dep leted surface

could be quite complex. The use of final weight change of PZT parts as an

indication of the 
~PbO of the source must be made onl y with consideration of

these implications . The final weight change of a part may be zero , but if the

pa r t  has absorbed and then vaporized PbO while sintering it is doubt fu l  that

the pa rt  is homogeneous .

The effects of composition surface areas and amount of source on the

wei ght change of PZT par t s  during s inter ing are described . If d i f f e r e n t

amounts of source were used the results would differ but the trends would be

the same. Not onl y the weight  change of the parts  must be considered but also

the range of 
~pbO which the par t s  experience. This s tud y found that  use of

60 gr : irns  of PbZrO 3 as a source in f i r ing  conf i gura t ion  I resulted in wei ght

change greater than 1.8 wt% in par ts  of PbZr 0 55Ti 0 4 5 O3. Fir ings with

successively smaller amounts of PbZrO
3 

as a source will even tually reach an

amount of PbZrO 3 which will result  in zero f ina l  weight change of the parts.

This study fou nd tha t use of 60 grams of PbZr 0 55Ti 0 4503+11 mole % PbO as

a source also resulted in zero wei ght change of PbZ r 0 55Ti 0 4503 points .  It

has been shown previously tha t PbZrO 3 has a much higher 
~pbO than does

PbZ r 55Ti 4503• Zero wei ght change may be achieved with a small amount

of a high 
~pbo 

source or a larger amoun t of a lower 
~pbo source. Al thoug h

the  wei ght  change is the same with either source , the range of 
~pbo experienced

by the par ts during the s in ter ing process would d i f f e r  and possibl y the

deg ree of s toich iometry of the sintered pa r t s .

~~~IIIIIIMIIIIIIIIIII ~ - -  L _- ~~~  A ~
- - 

~~. ~__.
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CONCLUSIONS

1. The use of a composition PbZr Ti 0 + PbO as a PbO source willx l—y 3

not provide a constant 
~pbo’ as the amount of PbO decreases. -

2. As predicted by the lines for the PbO—PbTi O 3—Pb ZrO3 ternary,  a 
-

range of compositions of PbZr
~

Ti1 03 + PbO exist which have the same ~Pbo’
as indicated by the weight change of PZT parts during sintering.

3. The 
~PbO which a source provides in a crucible is determined by

source composition, amount of source , surface area of the source , and leakage

of PbO vapor from the crucible. 
I

- 

~~~~~ r ~~~~ - --- -- 
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Table 2

FIRING OF SA~-II LE PELLET COMPOSITION 60/40
SOURCE COMPOSITION PZT 60/ 40  + EXCESS Pb O

• - - Total TotalInitia l Final TotalMole /~ PbO source sample  -source source . weight
- . lost by - - weight pelletcomposi t ion  composi t ion  - PbOsource loss weigh t(mole ~ PbO) (mole /. PbO) lost(gm) change

6/ 4  + 9 2.4 6/4 + 6.6 1.29 +0.0297 1.26

6/’~ + 7 2 .4  6/ 4  + 4.4  1.22 +0.0100 1 .2 1

6/4 + 5 2 .2  6/4  + 2.8 1.02 +0 .0060 1.01

6/4 + 3 1.88 6/4 + 1.2 0.80 —0.00206 0.802

6/4  + 1 0.86 6 / 4  + 0.14 0.38 —0.338 0 .4 14

Table  3

CO~1PARISON OF PAPAMETERS OF -EACH -TLC h1N~ QU E - -

C o n f i g u r a t i o n  I C o n f i g u r a t i o n  II

Grams of sourcp 

1 

60 1 40

Sea led  J o i n t s  (cm) ~~~. 26 3. - ) _

Surface area of source (cm)
2 31 176

- 
- .
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sheet

I- alumina disc

Figure lA. Firing configuration I.
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~
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P~~~~ I packing
Sintered L powder

Figure lB. Firing configuration II.
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A. Amin , R.E. Newnham and L.E. Cross. Phenomenological and Structural

Stud y of a Low Temperature Phase Transition in t h e PbZrO 3—PhTiO 3

System .
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ABSTRACT

The Landau—Ginsburg—Devonshire Phenomenological theory has been appl ied

to the PbZ rO3—PbTi O3 cry stalline solid solution system to explore the

behavior of the rhombohedral:tetragonal morphotropic phase boundary in the

reg ion below room temperature. The theory suggests that morphotropy is

preserved , i.e. that the phase bounda ry occur s at near ly the same composition

right down to 0 K.

The extension of the rhonibohedral (R3m) —rhonibohedra l (R3c) phase boundary

was investigated for a composition PbZr 0 6 Ti0 4 O3 using both neutron d i f f rac—

tion and pyroelectric measurements. Structures in both phases were refined

by the neutron profile fitting technique. Values of the spontaneous polari—

zation were obtained from the (Zr/ Ti)  sh i f t s , and compared to those deduced

from phenomenological theory .
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INTRODUCTION

The perovskite solid solution between antiferroelectric PbZrO3 and

ferroelectric PbTiO3 (PZT) contains a number of extremely important compo—

sitions used in the electronics industry (1). Many piezoelectric devices

are made from poled PZT ceramics with compositions near the morphotropic
I

phase boundar y (MPB) , the rhombohedral—tetragonal phase transition boundary

in Fig. 1 where electromechanical coupling coefficients ~re unusually high.

In this work we report the low temperature results of the Landau—Ginsburg—

Devonshire theory for PZT compositions near the morphotrop ic boundary . Using

the Rietveld method (2), the PbZr0 6Ti0 4
0
3 

structure was refined above and

below the low temperature phase transition. The transition temperature was

determined by pyroelectric discharge experiments.

LANDAU—Cl NSBURC-DEVONSH IRE PHENOMENOLOCY

For many ferroelectric crystals it has proved useful to correlate the

dielect ric , pi-ezoelec tric , elastic , and thermal properties of the paraèlectri~

and fer roelectric phases by a thermodynamic f ree  energy theory . The Landau—

Ginsbu rg-Devonshire (LCD ) formalism gives an excellent descript ion of these

properties. A summary of past results can be found in the books of ferro—

electricity by Jona and Shirane (3), Fatuzzo and Mertz (4), and Lines and

Class ~~~~

Consid er the f ree  energy fun c t ion  for  a simple proper ferroelectric

derived from a prototyp ic phase of symmetry Pm3m . For Brillouin zone cen te r

modes , the f ree  energy may be written as a power series in dielectric polar—

r a t ion  P(6) , and ( 7 ) as follows :

- 

-Fl
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4 H

AG — A(P~+P~+P~ ) + B (P~+P~-fP~ ) + ~~~~~~~~~~~~~~~~~~

+D(P~+P~+P~ ) + E(P~ (P~+P~) ÷ P~~(P~+P~ ) + P~~(P~+P~ ))

+ 1/2 S~1(x~÷X~+x~) — ~~2 (X1X2+X2x3+x3x1) 
(1)

—1/2 S~4(X~-I-X~+X~) — Q
11(X~P~+X2P~+X

3F~)

—Q12 (X
1( + ~~)+ X2(P~+P~ )+X

3
(P~+P~ ))

- 

- 

—Q44 (X4P2P3+X
5P1

P
3+X

6
P1
P
2)

where ABCDEF are related to the dielectric stiffness and higher order stiffness

coefficients , S~1, Sf2, S~4 are the elastic compliances measured at constant

polarization, and Q11, Q12, Q44 are the cubic electrostriction constants in

polarization notation . The expression is complete up to all six power terms

in polarization, but contains only first order terms in electrostrictive and

elastic behavior.

Adjustable parameters in the free energy function which fit the observed

PbZrO3—PbTiO3 p
hase diagram and the observed physical properties (dielectric,

piezoelectric, and coupling coefficients) have been determined (8).

Numerical values of ~G for the tetragonal modification (P4mm ) are plotted

as a function of composition in Fig. 2 for three different temperatures

(—25°C, —175°C , and —265°C). The results are also given for the rhombohedral

(R3m) and orthorhombic (Bmm2) cells. The rhombohedral—tetragonal degeneracy

at the morphotropic phase boundary is temperature independent , in agreement

with Fig. 1.

Based on the higher temperature phase diagram in Fig. 1, there is a rhombo—

hedral—rhombohedral phase transItion at low temperatures nr~sr the morphotropic

boundary . The low temperature rhombohedral cell is twice the size of the high

- - ~~~~~~~~~~~ ~~~~~~~ -
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tempera ture cell . Mechanical Q measurements by Kruger (9) seem to indicate

5 such a transition. This is not , however , a reliable method of establishing

phase boundaries .

To verify the existence of the transition, we have carried neutron d i f —

fraction experiments on PbZr0 6
Ti
04O3 at three different temperatures (295 K,

200 K , and 9 K ) .  The structures were refined by the Rie tveld method (2) .

Low temperature pyroelectric discharge experiments established the transit ion

temperature between the two phases .

SAMPLE PREPARATION

The PbZr 0 6Ti0 403 sample used for the neutron d i f f rac t ion  powder pat tern

and the py roelectric discharge experiments was prepared by a chemical copreci pi—

tation method . The starting materials [spectroscopic grade lead oxide, zirconium —

tetra—n—butoxide (ZBT) and titanium—tetra—n—butoxide (TBT) ] were wei ghed and blended

wi th isopropyl alcohol Ira a mixer for 3 minutes while slowly adding deionized water .

The white precipita ted slurry was pan dried , then ball milled with Zr02 halls and dis-

tilled water for eight hours. The produc t was again pan dried and calcined at 60u°C

for 6 hours , followed by regrinding and recalcination at 800°C for 3 -hours. X —r a y

powder patterns taken with CuKa radiation showed sharp diffraction peaks up to

hi gh angles. There were no phases present other than rhombohedral (R3in ) PZT.

NEUTRON DIFFRACTION STUDIES

Data Collection

Neutron data from a PbZr0 6Ti 0 403 pellet were collec ted at the Brookhaven

hi gh f lux  beam reactor a t  T 295 , 200 , and 9 K. Pyro ly t i c  graphi te  in the (002)

and (004) r e f lec t ion  positions were used as monochromator and analyzer , rcspec—

tively . The neutron wave length  was 1.429 A fo r  the 200 K and 9 K pa t t e rns  and

1.650 A for the 295 K pa t t e rn . Hi gher order components were removed wi th  a - 
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6

pyrolytic graphite filter . Data were collected at 0.05 deg intervals over

each peak within 20 = 20— 125° range for the 295 and 9 K scans and 20—60°

fo r the 200 K scan .
S

The extra hkl reflect ions observed at 9 K were identif ied as the 311, 511,

531, ...  and other all odd reflections indexed on a doubled cell (a “~ 8

The 295 and 200 K data showed no anomalies with all the observed reflection

ind exed on a small rhombohed ral cell (a “u 4 A ) .

St ruc tural Model and Data Reduction

Based on previous studies (10 ,11) the rhombohedral—rhoinbohedral transition

was expected to stem from the t i l t  sys tem a a a Glazer (12) or ~ Aleksandrov

(13). In the Glazer notation, the system of “rigid octahed ra ” tilts is repre—
(i) (J )  (k)

sented by the symbol a b c where a, b , and c represent rotat ions about —

the three pseudoc ubic axes. The superscripts (I) , ( j ) , and (k) denote the

sense of r o t a t i o n s  of adjacent corner—linked octahedra , such that (+) means

the same sense , C— ) means opposite sense , and (o) no rota t ion.  Therefore , the

tilt system a a a means three equal rotations of the Zr/Ti0
6 octahedra about

the pseudocubic axes <100>, with neighboring octahedra rotating in opposite

senses. The tilt system a a a produces R3c (nonpolar) symmetry for  the lower

tempe ra ture phase (9 K ) .  However , since this transition is expected to be

similar to those reported previously for other PZT compositions (10,11) , the

structure was refined in space group (R3 c) . The polarity results from cation

displacements along the rhombohedral [111] direction.

The PbZ r 0 6Ti 0 403 structures  were refined by means of the profile—fitting

technique (2 ,14) .  The following scattering lengths were used : Pb 0.94 , Zr 0.71 ,

Ti—O.34 , 0 0.58xlO 12 cm. The refined parameters included a scale fac tor ,

three half—width parameters defining the Caussian line shapes, a counter—zero

error , isotropic temperature factors, atomic coordinates , and unit cell para-

meters.

- - . 4 - - - - - -
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In the rhombohedral phases we chose to use the double pseudocubic cell

5 
(a ~ 8 ~). The fractional atomic coordinates of the R3c phase are then given

* 

by:

x y z

Pb -~- + S  ~~+ S ~~+S

Zr/ Ti t t t

0 — e + d  -~~ —2d e-f d

S and t represent the fractional cation displacements along the three—fold

axis, measured with respect to an origin lying midway between opposite faces

of an oxygen octahedron. The parameter d is a measure of the octahedron dis—

tortion , which makes the upper and lower faces different . The e parameter I

indicates  the ro ta t ion  of an octahedron about the triad axis , with an ang le

of t i l t  w , g iven by tan t = 4v’~ e.

In the R3m phase there are no tilts and e is equal to zero . The pseudo—

cubic cell is no t doubled in this phase , but to facilitate comparison of the

two phases we also used a doubled cell to describe R3m . This was accomplished

for R3m by using the same symmetry operators used for R3c and adding the con— I -

straint x y  for the prototype oxygen atom , in add ition to x+y+z = -

Table I summarizes the refined parame ter s in each phase. The numbers

between brackets  represent the standard deviation in the least significant

di g i t .  Fi gure 3 shows calcula ted  and observed in tens i ty  p r o f i l e s  f o r  the two

phases. The fit between observed and calculated profiles is quite good. The

metal oxygen bond lengths determined by neutron diffraction together with

the sum of ionic radii “IR” of Shannon and Prewitt (15), are l isted in

Tab le I I .  - 

- - - -~~~~~~ . -~~ :~~~~~~
‘
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- - - -- -~~



—- ~~~~~~ -
_— . - -

0

PYROELECTRIC DISCHARGE EXPERIMENT

The Chynoweth (16) technique used to deter-mine the ferroelectric (R3m)—

5 ferroelectric (R3c) phase transition temperature is shown in Fig . 4. The

sampl e (a ceramic disc 2.8 man in diameter and 0.11 tans thick) was electroded

with evapora ted silver and mounted on a glass substrate. Using an electric

field of 20 ky/cm , the ceramic wa s poled at room temperature. Carbon black

was coated on the upper silver electrode to absorb light . The sample was

then mounted in a recessed copper holder and cooled with liquid helium in an

Air Products LT— 3— llO cold finger . A b u f f e r  FET preamp l i fier positioned

within the cold finger was used to minimize loading capacitance on the 
- a

sample , thereby maintaining reasonable signal levels. The sample was irradiated

by a chopped defocused 4 mw He—Ne laser and the pyroelectric signal detected

with a lock—in amplifier (PAR—HR8) . The level of pyroelectric si gnal (isv ) as

a function of temperature for two heating/cooling cycles (i-11, C1) and (132,C2
)

is shown in Fig. 4. The heating/cooling rates were about 4—5 1(1mm .

The peak in the pyroelectric signal at 45 K is caused by changes in the

spontaneous polarization at the rhombohedral—rhombohedral phase t ransi t ion.

The degradatiou of the pyroelectric signal as the sample was cycled through

H1, C1, H 2, and C2 is probably due to a depol ing e f f e c t .

CORRELATION OF THE SPONTANEOUS POLARIZATION AND
ATOMIC DISPLACEMENTS

Based on a survey of ten d i f f e r e n t  ferroelectrics, Ab rahams, Kurt z , and

Jamieson (17) found that the spontaneous polarization 
~~~~~ 

along the polar ax is

is linea rly related to the homopolar atom shi f t  5z (A) by the relat ion,

K Sz (2)

where K = 2.58 (9) C/m
2
—X .

-

~~~~ 
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A slightly d i f fe ren t  value of K = 2.51 (7) was found to hold for  the

PbZrO3—PbTiO 3 system (18). Table III shows a comparison between P5 [lll] as

calculated fr om Eq ( 2) using the experimentally determined (Zr/Ti) sh i f t s,

and the P5 [lll] values obtained from the (LGD ) phenomenology . The agreement

- 

- between the phenomenolog ical E~ values and the values determined from Eq (2)

is quite good .

SUMMARY ANT) CONCLUSIONS

A rhombohedra (R3m)—rhombohedral (R3c) phase transi tion was found to

occur in PbZr 0 6Ti0 4 O
3 
at T-~45 K. The phase transition temperature was

dete rmined from pyroelectric mea surements. The structures above and below

the pha se transition temperature were refined by the neutron profi le f i t t i n g

method (2 ,14) .

The Landau—Ginsburg—Devonshire (LGD) phenomenological results showed

no anomalies of morphotropic compositions below room temperature . The spon-

taneous polarization values as determined from the phenomenological theory

are in surprisingly good agreement with the values calculated from the (Zr/Ti)

shifts using Abrahams , Kurtz and Jatnieson relation.

Ack nowl e~~men t s

A~-imed Amin wishes ~o batik ~~ i a -  B r o okhaven  Na t ional Laboratory  fo r  the

kind hospitali ty during his -4tay there . This work was supported by the Office

of Naval ~t~ a-~~rch , Contract N .  N00014—78—C—029l .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _  _ _ _  

L
____  ____  

- 



--

10

REFERENCES

5 1. B. Jaffe, W.R. Cook and H. Jaffe, “Piezoelec t r ic Ceramics , ” Academic

Press , London (1971) .

2. H.M. Rietveld , J. Appi. Cryst .  2 , 65 (1969) .

3. F. Jona and C. Shirane , “Ferroelectric Crystals , ” Pergainon Press , Oxford
4

(1962) .

4. E. Fatuzzo and W .J .  Mertz , “Ferroelectricity, ” John Wiley and Sons,

New York (1967) .

5. E.M. Lines and A.M. Glass, “Princ iples and Applications of Ferroelectrics

and Related Materials, ” Clarendon Press , Oxford (1977) .

6. A.F. Devonshire, Phil. Mag. 40, 1040 (1949) .

7. V. Ginsburg, J. Exp . Theo r. Phys. SSSR , 15, 739 (1945) .

8. A. Amin, B. Badger , J r . ,  H.  McKinstry and L.E. Cross (to be published).

9. H.A. Kruger, “Final Technical Report , ” Clevite Corporation , Cleveland (1971).

10. C. Michel , J.M. No reau , G .D .  Achenbach , R. Gerson and W.J .  James , Solid

State Coanmun . 1, 865 (1969) .

11. A.M. Glazer , S.A. Mabud and R. Clarke , Acta Crys t .  B34 , 1060 (1978) .

12. A .M.  Glazer , Acta Cryst . B28 , 3384 (1972) .

13. K.S. Aleksandrov, Ferroelectrics. 14, 801 (1976).

14. A.W.  Hewa t , J. Phys. C6 , 2559 (1973) .

15. R.D. Shannon and C.T. Prewitt , Ac ta Cryst .  B25 , 925 (1969) .

16. A .G.  Chynoweth , J. Appl . Phys. 27, 78 (1956).

17. S.C. Abrahams, S.K. Kurtz and P.B. Jamieson , Phys. Rev . 172, 551 (1968).

18. A. Ainin, R.E. Newnham and L.E. Cross (to be publ i shed) .

1
- ~~~ --~~~~~~~~~~~~~ -—----~~ 

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



10

REFERENCES

- - 
S 1. B. Jaffe, W.R. Cook and H. Jaffe, “Piezoelectric Ceramics,” Academic

Press , London (1971) .

2. H.M. Rietveld , J. Appl . Cryst. 2 , 65 (1969) .

3. F. Jona and C. Shirane , “Ferroelectric Crystals , ” Pergamon Press , Oxfo rd

(1962) .

4. E. Fatuzzo and W.J. Mertz, “Ferroelectric ity , ” John Wiley and Sons,

New York (1967) .

5. E.M. Lines and A.M. Glass, “Princ iples and Applications of Ferroelectrics

and Related Materials, ” Clarendon Press , Oxford (1977) .

6. A.F.  Devonshire , Phi l. Mag. 40, 1040 (1949).

7. V. Ginsburg, J. Exp. Theor. Phys. SSSR, 15, 739 (1945) .

8. A. Amin , B . Bad ger , Jr. , H. McKinstry and L.E. Cross (to be published).

9. H.A. Kruger , “Final Technical Report , ” Clevlte Co rporation , Cleveland (1971).

10. C. Michel, J.M. Moreau , G.D. Achenbach, R. Gerson and W.J. James, Solid

State Commun . 1, 865 (1969) .

11. A .M. Glazer, S.A. Nabud and R. Clarke , Acta Crys t .  B34 , 1060 (1978) .

12. A .M. Glazer , Acta Cryst . B28 , 3384 (1972) .

13. K.S.  Aleksandrov , Fe rroelectrics.  14 , 801 (1976) .

14. A .W .  Hewat , J. Phys .  C6 , 2559 (1973) .

15. R.D. Shannon and C.T. Prewitt, Acta Cryst. B25, 925 (1969).

16. A .G.  Chynoweth , J. Appl . Phys. 27 , 78 (1956).

17. S.C. Abrahams , S.K. Kur tz and P.B. Jamieson , Phys. Rev . 172, 551 (1968) .

18. A. Amin, R.E. Newnham and L.E. Cross (to be published).

____  ~~tRIflFt~~~ —~----- - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- I



- -~~~
------

~~~ 
—------ ,

.1_ i-

Table I

REFINED PARAMETERS FOR PbZrO.6T 10 4 03 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Temperature 9 K 200 K 295 K

Phase FR (LT) FR (HT) FR (H T)

Space group R3c (Ct ) R3m (C
~~

) R3m (C~~)

a~ (A) 5.7597 (5) 5.7682 (11) 5.7550 (4)

c,~ (A) 14.2510 (12) 14.2529 (23) 14.2138 (11)

2a (A) 8.1730 (6) 8.1821 (15) 8.1618 (4)

a (°)  89.614 (3) 89.667 (9) 89.676 (3)

S 0.0343 (3) 0.0343 (11) 0.0310 (4)

t 0.0114 (5) 0.0110 (19) 0.0108 (7)

d —0 .0028 (1) —0 .0026 (2) —0 .0023 (1)
0

e 0.0105 (2)

w (°) 4.164 (1)

B (Pb) 0.57 (5) 0.9 (5) 1.94 (1)

B (Zr/ Ti)  1.50 (2) 1.2 (1.2) 1.10 (17)

B (0) 1.24 (8) 1.4 (3) 1.57 (7)

Number of 15 13 13
Pa rameters (P)

c1~

802 273 934
Observations(N)

Number of 48 16 45Reflections

R1
% 1.68 3.08 4.85

R 2 % 10.37 9.79 11.08

11.70 12.54 14 .28

R % 9.55 9.24 6.34
-______________ 

exp 
_ _ _ _ _-

~

_________________________ _ _ _ _ _

100 
~~ 
[1(b) 

— 

~~ ~(calc~~
’
~~(obs)

R2 — 100 
~~ 

— 
~~ 

Y(calc-)~
hI’
~ ’(obs)

R 3 
— l00/

~~~~~~ob~~ 
— 

~~ 
Y (calc~~~~~~~~~ (obs~~

~exp 
- the expected R — factor  ~~~~~~~~~~~~~~~~~~~~

I observed and calcu l-ited integrated i n t e n s i t y  of each re f l ec t ion .
(obs~’ (calc~

y y observed and calculated profile data.
(obeY (calc-~

w wei ght allotted to each d a t a  point .

- ~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
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h a

— 
(obs.~ 

— 

C ‘(calc.~~~~ ’(obs.~
= 100 

~ ~~(ob s.~ 
— 

C Y (calc~
)/

~ Y (ob~~

R3 — l0O4~~ Y (0b ) — 

C ~~~~~~~~~~~~~~~~~~~~~~

R
exp 

— the expected R—factor = lO0VcN_P+C) /
~
w[y

(Ob~)
]2

I , I = observed and calculated integrated intensity of each reflection.(obs ) (calc~
y ,y = observed and calculated prof i le  data .

(obs) (caic.)

w = weight allotted to each data point. 
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Table II

-

~ 5 METAL—OXYGEN BOND LENGTHS

*Bond Type T = 295 K T = 200 K T = 9 K Sum of “IR”

Zr/Ti—C)1 
1.995 2.003 2.005 2.07

Zr/Ti—02 
2.098 2.100 2.101

Pb—01 
2.912 2.926 3.041 2.89

Pb—02 
2.515 2.483 2.481

p

*Oi 
and 02 represent 

the oxygen atoms in the upper and lower faces respectively

of an octahedron viewed along [111].

I 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ‘-.
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Table III

(Zr/TI) ATOM SHIFTS AND SPONTANEOUS POLARIZATION

S

• T(K) (Zr/Ti) Shifts P
511113 C1m

2—A P
5
[lll] C/m2—A

Sz (A) from eq (2) from (LCD) eq (1)

295 0.154 (9) 0.39 (3) 0.34

200 0.157 (27) 0.39 (6) 0.36

9 0.162 (7) 0.41 (2) 0.39*

*Taking into account the zone center mode only.

_ _  

- 
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FIGUR E CAPTIONS

S
Fig. 1 PbZrO3—Pb TiO3 phase diagram (after  Jaf fe , Cook and Ja f fe  (1)) .

Fig. 2 Elastic Gibbs free energy as a function of composition across the

single cell region of the PZT phase diagram for three temperatures

below room temperature.

Fig. 3 Observed (dots) and calculated (full line) neutron intensity profile

for the two phases of PbZr0 6Ti0 403. The lower trace in each case

is the difference between observed and calculated profiles.

(a) F
R(RT) at 295 K; (b) PR

(LT) at 9 K.

Fig. 4 Experimental arrangement and the pyroelectric signal as a function

of temperature. The four curves represent successive heating and

cooling cycles.

____ _—g ~~~~~~~~~ ~~~~~~A
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MOLE FRACTION PbTiO 3 IN PbZrO3: PbTiO3
0.3 0.4 0.5 0.6 0.7 0.8 0.9 PbTIO3

I I I I I
--V. ... .

- —10
— _ —...-- — — —

._.._

- -15

\ \ . .. ‘ —25
.-~~~

a_ IT1
A_~. — -é— —-1k

I”
\ Z

111

6)
* 

.-

- —35
\ 

•—._ __ __

\ 0

Iv Iro -
~~~~ - _ Ar ~—

I-..-

- -5O~~T~ -26 5°C -175°C -25°C
Tet.~~ • U— —•  R- - - - -

~~~ 

-

Rh. A. A A— — A  A----A 
- —60

Ort . • • •—-— • •———-.  -

Figure 2

_ _ _  ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - -------- ~ -



-•- -, .,
~~~~~

-
~ •~~~~~~~~~~~~~~~~~~

-—- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~
‘

_

~~~~~~~

_ _ _ _ _  - -  - - - 

.~ _ - —

17

I~~1 T I I l J I I I 1 t ~~~~~ T I I 1 I -I -u I - I 1 l , - - l  I —I——— _

.

I-

• .

-i 

.• . -‘---- - - -
- —.-- -- ‘- 

~~~~~

Ii ii
I, ~~I I I i L 1 i I I i L I I i i i i I . i  % J J  _J

d~,q 9 9
‘p

,..or~ ~v . -

Fi gure  3a

L - ‘•....— -- ---—--- - - - -

~~~~~~



-
-
~~~~~~~~~~~~~~~~~~~~ : 

-

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

-— - - —----

18

S

1 • - 

r 

- —‘ 1

I ‘-4

_ _  

-i ~ 4

I--- - 
* ~~~~~~~~~~~~~~~~ d I

- 

I

~

1

:*t
~
,
~~~~C2 ~~~~~~ ~~~~

Fi gure 3b . 

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



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

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

‘l

19

S
4mw l

- 
• He-Ne I

Las~~J Chopper

x-y Recorder
PAR

- - HRB
-
~~ sample 2X IO 8

~~ 
TC

0-

TEMPERATURE (°K)

- 

Figure 4

_ _ _  ----~~--- -—-~~



—-—- — -- — —----- --~~---------.-- ——=-- -- ---.--• - -, - -
-- - -

~~~~~~~~~~

--- ---•------ ---. 
_____

- S

- MISCELLAN EOUS

- 
APPENDIX 18

L.L. Tongson, A .S.  Bhalla , L.E. Cross and B.E. Knox. Investigation of

BaT1O
3 and Gd2(~oQ4)3 Crystal Surfaces by Complementary AES and ISS

- 
Techniques. Appl ,. Surf. Sd . (accepted). 

—--- .—--
~~~~

- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~;~~~_ - _ _ _ _ ~ _ - --- ____



------w--~~~~:~~~~~~~~
’ 

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

- 
___ -

1

INVESTIGATION OF BaTIO
3 

AND Cd
2
(Mo0

4
)
3 
CRYST&L SURFACES

BY COFiPLEMENTARY AES AND ISS TECHNIQUES

q

.; L. L. Tongson , A. S. Bhalla , L . E. Cross and B. E. Knox

Materials Research Laboratory
The Pennsylvania State University

University Park, PA 16802

ABSTRACT

The chemical na ture  of the intr insic  surface layer in RaTiO 3 sin gle

crystals an d the positive and negative surfaces of gadolinium molybdate have

been determined using AES and ISS. Potassium and fluorine were detected in

BaTIO3 crystals grown by the Remeika method . The ratio of the ABS 417 eV

to 411 eV peaks of Ti in BaTiO3 was stable under ion and electron beam irra-

diation. ISS showed that the positive and negative surfaces of gadolinium

uiolybdate crystals were chemically identical , with both types exhibiting

similar variations in the Gd and Mo signals with ion bombardment time. How-

ever, marked differences in the spectra of sputtered and scattered ions from

each type were observed.
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1. INTRODUCTION

Basic studies of ferroelectric crystal surfaces are of interest and

importance for several reasons. First , the ferroelectrics are a subgroup

of the much larger family of polar crystals. In all these materials the

- 
‘ surface properties will be markedly modified by the orientation of the elec—

- - tric polarization vector with respect to the crystal surface . In ferroelec—

tries, because of the domain structure and switching possibility, these ef—

fects can be studied in a simple and conLrolled manner. Second , in many

ferroelectrics , several experimental studies (1] have provided indirect

evidence of the existence of a “modified” layer at the surfaces of these

crystals. In general, two types of models have been proposed to explain ob-

served data: (i) a physical model of space charge layers due to surface

ionic vacancies [2], and (ii) a chemical model in which the thin layer is

part of the crystal [3] and may be chemically different from the bulk [4—5].

Third , studies of ferroelectric surfaces are necessary in order to optimize

the performance of these materials as stable m d  efficient electrodes for

the photoelectrolysis of water in photoelectrocheinical cells [6].

Another important feature in ferroelectrics is the apparent jufl uence of

the electric fields associated with the emergent spontaneous polarization on

the chemical reactivities of the surfaces. Such differences in reaction

rates have been utilized recently by Bhalla and Cross [7] to reveal the

ferroelectric domains in gadolinium molybdate (Gd
2
(Mo04

)
3 
or GMO) crystals.

When dipped in a dilute hydrofluoric acid , coherent and firmly adhering films

of gadolinium fluoride are produced on the surface [8]. The thickness of the

film differs for domains of opposite polarity, so that the underlying domain

structure is revealed in reflected white light by clear interference colors .

In the presen t study, complementary techniques of Auger electron spectro—

metry (AES) and ion scattering spectrometry (ISS) have been utilized to

•
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determine the chemical nature of (1) “as grown” BaTiO3, and (2) pol ished

surfaces of CMO single crystals. The latter samples were particular inter—

esting because essentially single domain faces (i.e., either positive or

negative) could be obtained easily. Specifically, we wanted to determine

secondary effects (if any) in the ISS spectra such as (a) displacement of

scattered peaks [9] and (b) displacement of the appearance threshold of

sputtered ions due to the polar nature of these surfaces.

2. EXPERIMENTAL

- * 
The multi—domain , unpoled , BaTiO

3 
single crystals used in this study

were grown by the Remeika method in a potassium fluoride flux. The surfaces

were examined in the “as—grown” condition , i.e., without etching or polishing

to determine the intrinsic layer.

The GMO samples were cut from a single crystal boule to obtain 8 x 8 x

2 nnn plates with the major faces perpendicular to the ferroelectric [001J

axis. After polishing wIth 1/4 pm alumina powder , the plates were poled by

applying a shear stress along a b axis. The existence of single domains was

verified optically by a polarizing microscope while the polarity of the domain

was determined by piezoelectric measurements on a Berlincourt d33 meter.

Our studies were conducted in an insttument which combines AES and ISS

in the same ultrahigh vacuum chamber. The ISS unit is a sector—type 3M model

520, while the AES unit is a Physical Electronics Industries model 25—C

double—pass cylindrical mirror analyzer with a coaxial electron gun. Samples

mounted in a carousel—type target holder are inclined 450 relative to the ion

beam for ISS. A 1800 rotation of the target holder about the Z axis posi-

tions the sample (previously analyzed by ISS) normal to the electron beam

for AES. All measurements were made at room temperature after achieving a

base pressure of ~i x io
6 Pa without system bakeout.

- - ——i--...~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I — .,I ~~~ 
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The ISS data were obtained at typical current densities of about 20—25

)iA/cm
2 
using a 1—mm—FWHM-diam. 1500 eV He—4 ion beam . For studying oppositely

poled surfaces of CMO, the spectra were recorded under identical experimental —

conditions, I.e., constant ion beam and charge neutralization currents.

The normally incident electron beam in AES caused charging problems in

some cases. When no charging was encountered , the AES data were collected

using a O.25—xnm—FWHM-diatn. 2 KeV 15 pA primary electron beam , while a 2V

peak—to—peak modulation voltage was used in recording the derivative spectra

at a rate of 2 eV/sec.

3. RESULTS AND DISCUSSION

3.1 BaTiO~~ç~ystals

Figure 1 shows the ISS data obtained from the “as—grown” BaTiO
3 
crystal.

The predominant impurities were potassium and fluorine. The plot shows that

the Ba peak grows as the K peak decreases. The Ba signal assumed a stable

value at the time that K was no longer detectable. Similar trends were ob-

served in the oxygen and fluorine signals. Initial detection of Ba, Ti and

oxygen suggested a non-uniform lateral distribution of impurities on the

surface.

Inasm uch as the electron beam desorbs fluorine [8), the chemical composi-

tion profile of the intrinsic layer was not measured using AES. However, this

technique was used to study the stability of titanium—to—oxygen bonding when

these samples were irradiated with ion and electron beams.

An example of the Auger data on BaTiO
3 is shown in Fig. 2. The spectra

were recorded after bombarding the crystal with 1.5 KeV Ar ions for 30 mitt.

For purposes of comparison , the spectrum of Ti metal is included. One observes

that significant changes occur in the LMM Auger transitions at ~382 to 386 eV

and in the valence band (LMV) transitions at ~.4l8 eV. The 382 eV and 386 eV

-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—- --.- ~~~~~~~~~ 
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S
peaks of the metal appear as a single peak in Fig. 2(b). In addition , the

Ti(418) peak In Fig. 2(a) is now split into two peaks at ‘~4ll eV and 417 eV

- , In the titanate spectra. Such changes in the Auger spectra of Ti in Ti metal ,

TIO and TIC2 were compared previously by Solomon and Baun [10). In particu-

lar, differences in spectral shapes between TiO and TiC
2 
were correlated with

differences in the density of states of oxygen 2p and titanium 3d , 4s mole—

cular orbitals.

The general features of Ti in BaTiO3 were consistent with previously re—

ported Auger spectra of Ti in Ti0
2 
[11), and in SrTiO3 [12—13]. However, com-

pared to Ti02 , the BaTiO3 crystal surfaces exhibited greater stability under

electron and ion beam irradiation. In Tb 2, Thomas 11l1 observed that the

417 eV/4ll eV AES signal ratio changed from 0.31 to “1 when the surface was

exposed to a 3 KeV , 15 pA electron beam for “~2 m m .  More pronounced adverse

effects of dissociation and reduction of the oxide were noted under 2 KeV,

-9 pA Ar ion bombardment. In the BaTiO
3 crystals studied here, the corres-

ponding 417 eV/411 eV ratios were stable , and varied from 0.14 to 0.23 among

the samples. Incidentally, these values were similar to a ratio of %O.2l ob-

tained from vacuum—fractured surfaces of SrTiO
3 

by Henrich , et al. [121.

3.2 GMO Crystals

The composition of the outer surface of a GMO crystal polished with 1/4

pm alumina is revealed in a series of scans shown , in Fig. 3. One interesting

feature revealed by these spectra is the variation of the Mo signal relative

to the Cd peak. Figure 4 is a plot of the Gd , Mo and 0 signals vs. ion born—

bardment time. Opposite trends are clearly indicated in the Gd and Mo pro—

files. Such changes could be due to initial shielding of Gd by Mo from the

Ion beam , or could be due to preferential sputtering of Mo from the surface.

Regardless of the mechanism for these variations , no changes from the spectra

-~~~ ----~~~~~ -~~~-— .~~ 
---  -- -- -—— - -~ - — —  - U—-- - -— --—-— -— -— ——
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shown in Fig. 3(c) were observed even under prolonged ion bombardment.

The feature revealed by Fig. 3(a) was independent of surface preparation

techniques : (1) mechanically polished (MP) with 1/4 pm alumina , (2) MP and

annealed in air for 20 hours at 120°C, and (3) MP and chemically etched In

11N0
3 
acid. In addition , the variation of the Gd and Mo signals with ion born—

bardment time was the same for  “positive” and “negative” surfaces. This can

be readily understood inasmuch as switching from one polarity to the other

involves less than iR displacements of oxygen atoms in the (Mo04
) 2 tet ra—

F hedra [14].

Figure 5 shows the spectrum of sputtered and scattered ions for  4He~ in-

cident on the domain (a) with the positive end of the dipole on the surface ,

and (b) the negative domain of GMO . In Fig. 5(a), the position of the oxygen

and gadolinium peaks are displaced from their normal values of 0.600 and 0.950

in 900 ISS. No shif ts  in positionof the corresponding peaks for the negative

domain was detected . Subtle differences in the energy distribution and inten-

sity of sputtered ions from these two types of domains were also noted. In

order to reveal such differences more clearly, a 500 eV Ne—20 ion beam was

used.

Figure 6 shows a marked contrast in the energy distr ibutions and inten—

sities of the sputtered ions. Relative to the negative domain , Fig. 6(b), a

considerable reduction in intensity accompanied by a broader distribution in

energy was obtained in Fig. 6(a). In addition , the scattered peak in the

latter was shifted to higher energies as observed previously in Fig. 5.

The displacement of ion scattering peaks from positions predicted by

binary scattering was examined rece- tly by Helbig, et al. [91. They showed

that displacement of ISS peaks to higher energies due to charging in insulating 
-

samples is caused by the repelling field which changes both the scattering

angle and the impact energy of the incident ion during the collision . Similar -~
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observations were obtained for  a conducting tar-;ct  deliberately biased w it h  a

positive voltage. In the latter study, however, changes in the sputtered ions

were not indicated.

Our own investigatIons [15] on sputtered and scattered peaks using a

WC—Co composite target biased sequentially at —21.6, 0.00 and +21.6 volts

• relative to ground showed that the sputtered ions peak started at 0, 0 and

‘~l2 V above ground , respectively. That is , at positive bias , the beginning

of the sputtered peak is shifted towards hi gher energies.

The data shown in Fig. 5 and Fig. 6 do not show a shift in the appearance

threshold of the sputtered peak. On this basis , the displacement of the

scattered peaks cannot be attributed to build—up of surface charges alone.

Additional work is necessary before an unambiguous interpretation of these

effects can be made . In particular , the use of some other  scheme of charge

compensation , such as direct electron bombardment may be necessary . Neverthe-

less, the experimental data indicate that under identical instrumental condi—

tions, significant differences were noted in the sputtered ion and scattered

ion spect ra obtain ed f r om positive and negative domains of GMO .

------ - - -- - - - - --~~~- -- - - - - -- -_
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FIGURE CAPTI ONS -

Fig. 1. ISS signal vs. sputtering time for the intrinsic layer in Remeika
- S grown BaT~O3 

crystals. Primary ion beam energy was 1500 eV.

Fig. 2. Partial AES spectrum of titanium obtained f rom (a) an evaporated
Ti film, and (b) a BaTiO3 crystal irradiated with 1.5 KeV Ar ions
f or 30 m m .

- - - Fig. 3. The spectrum of 1500 eV 
4He+ ions scattered from a GMO crystal at

(a) 1 mm , (b) 17 m m . ,  and (c) 40 m m .  of ion bombardment .

Fig. 4. Variation of gadolinium , molybdenum and oxygen ISS signals from GMO
vs. ion bombardmen t time .

Fig. 5. Scattered and sputtered ion spectra for  1500 eV 411e+ incident on
(a) the domain with the positive end of the dipole on the surface ,
and (b) the negative domain of GMO crystals.

Fig. 6. Sputtered and scatter ed ion spect r a f or 500 eV 2ONe+ ions incident
on (a ) t he positive domain , and (b) the negative domain of CMO
crystals.
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Pyroeffec t in Pb5Ge 3O11 and Pb5Ge 2SiO11 Monocrystals
PTepared by Glass-recrystallization

Koichiro TAKA}IASHJ ,L.H. HARDY~ R.E. NEWNHAM* and L.E. Cross5

Nat. Inst. for Res. in Inorg. Mat.,Sakura-Mura , lbarak i-Ken ,JApAN ,
5Mat . Res. Lab., Penn. State Univ., University Park, PA. ,LJ.S.A.

Thin plate— like monocry stals of ferroelectric Pb
5Ce3 Si Oii(O~x~l.5) with an orientation of the polar c—axis perpend~cu~ar to

• the surface were prepared by glass—recrystallization. For x—O and
x—l , temperature dependence s of dielectric constant , dissipation
factor , spont aneous polarization and coercive field were measured ,
to give sufficient ferroelect ric quality equivalent to the crystals
obtained by the Czochralski method . The pyroelc tric responsivit tee
R were recorded as large as about 3(V/W) at 14Hz with lOMI~ externalresistance , whose perfor mances are comparable to comercial
detector s of TCS and LITaO . The value of R for x~l was greater
than for x’~O because of a ~arger pyroelectri~ coefficient.

1. Introdiztj on

• Lead germanate Pb5Ge3O11(abbreviated as PCO here) and its isonn rphs Pb5Ge3_~Si~O11
with O~x�.i are ferroelectric at room temperature~ 

,2) chemically stable , and have
high pyroelectric coefficients as well as relatively low dielectric constants~~’4~
being expected to be used as infrared detectors . Monocrystal boules of PGO and

~~~~2Si011 abbrevjated as PGSO here) have been grown by the Czothralski method?~ ’5
~

Takahashi et a19 have succeeded in obtain ing thick-fi lm monocrystals with O~x~l .S ,
thin and wide enough to make pyroelectric infrared detector chips by the glass-
recrystallization technique. The thickness of the crystals can be easily controlled
by the amotmt of charged glass. The as-grown crystals themselves are possible to be
directly used as detector elements; therefore, troublesome slicing and polishing
processi.ngs are i.n~necessary. All it is required is to attach electrodes to the

surface and the reverse side respectively, since the polar axis is perpendicular to
the surface.

Qily a few papers have referred to pyroelectricity of Pb5Ge3~~Si~O11. The study
by Jones et aiP is for the monocrystal of PGO prepared by the Czochralski method as
well as the sitered body and that by Glass Ct al!~ for the glass-ceramics. Bordovskii

et al?~ reported about pyrocurrents of the ceramics. For PGO and PGSO, together with
.I~~1O) and LiTaO 3(abbreviated as LT)1,~~onTne rcially used as typical pyroclectric
detector ma terials , Table I shows the pyroclectric coefficient p dP5/dT(P5 :spontaneous
polarization(C/cm2); T(°X) : temperature) , the low frequency performance pa r ameter p/c ’

A part of this study was presented at the Annua l Meeting of the Ceramic Society of
JAPAN, May 1975.

257

hilL. ~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~



_____ —~~~

2

(c~ (J/cm3°K) : volume specific heat) Table 1 The performances of the typical
and the high frequency performance pyroelectric detectors.

parameter p/cc’ Cc: dielectricp p P/c ’ P/cc ’ R *constant). The values of these P p v
three parameters for PGO and p( 51) Pyroelectric 1C/cm °K] (Ac m/W) (A tm/U) [v/w3
are comparable to those of TGS and 

mater ial 
x lO 8 x lO 8 x1O~~

0

LT. Particularly, it is noted that Pb5Ge3011 2.0 0.98 2.2 2 .0
the low frequency performance

Pb Ge Sf0 6.5 3.2 0 94 3 4parameter of PGSO is largest among TGS 
2 11 

6 4 6 32Those four materials. .
UTaO 2.3 0.73 1.3 1.5In this study are reported the ________

results of the pyroelectric * When d=0 .2mm , A 3.14m 2 , R=l 0Mc~, ~=O.4
measurements of the PGO and PGSO and f=l 4Hz

thick-f iliti monocrystals prepared by
the glass-recrystallization, a very simple technique.

2. Experimental

Firstly the lead germanate silicate with the composition of Pb5Ge3O11 and
Pb5Gc2SiO11 respectively was prepared , using Baker ’s Analyzed Reagent PbO, hi gh-purity
Eagle Picher CeO2 and Ai-emco Products Si02 as starting materials. The polycrystalline
powder of the materials with only one crystal phase was obtained by solid stat~~aCtbon

at 550°C for lOOhr. Each powder of PGO and PGSO was melted in a gold crucible and

held at 800-820°C for 2Omin., followed by being quenched in water for the former or
poured on an aluminum plate for pressing with a domestic iron to make glass for the
latter

A few particles of the glasses were put on gold foil, renelted and then annealed
at 600-720°C for recrystallization for 1-7Ohr., without being cooled down to room
temperature , to give large hexagonal-shaped monocrystals up to 9am in cross-section
and 0.05 to 0.3nm in thickness~~ which size is large enough to make an IR detector.

Prior to evaporation of Cr and Au on the as-grown crystal surface without slicing
and polishing , the plate-like crystals were cut as large as 4x4nsn2 with a wire-saw.
A front electrode was taken out of the Cr-Au evaporated surface and a back one from
the gold foil.

Dielectric constant and dissipation factor were measured with the Hewlet-Paclcard
automatic bridge, while spontaneous polarization and coercive field done with the
Caborundum S~ rer-Tower circuit. For pyroelectric measurement, the surface was coated
with black paipt for sufficient IR absorption. For poling, DC bias of 3 times as large
as the coercive field was applied to the samples parallel to the polar axis for a day.
Pyroelectric voltage determination was carried out, using a 500°K blackbody IR source ,
a li ght chopper and the PAR-HR-8 lock-in amplifier.

3. Results and Discussion
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From the results of back-reflection Laue photographs for the Pb&Ge3~~Si
~
Oii

samples , the polar c-axis was found to be perpendicular to the surface; ~herefore. it
is quite convenient for attachment of electrodes. The electrical and geometrical
factors of the P(D and PGSO samples in this study are given in Table 2 , where
Curie teinperature(°C), T0(°C): paraelectric Curie temperature, C0(°K): Curie constant,
D(t) : dissipation factor at 10kHz, p(M~ cm): resistivity, E~(kV/cm) : coercive field ,
d(imn): thickness and A(nvn2) :  electrode area . The factors of C33 I), p, P5 and E

~ 
are

the values at room temperature. The temperature dependences of c, D, P5 and E
~ 

in the
direction parallel to c-axis are shown in Fig.l and Fig.2 respectively.

The above results show that the electrical properties of the PCO arid PGSO samples
in this study are quite comparable to those prepared by the Czochralski method~
Evidently the thick-film monocrystals of Pb5Ce3~~Si~Oii obtained by the glass-
recrystallization, a quite simple technique, are sufficiently desirable in electrical
properties.

The frequency dependences of responsivities R.~,(V/W) of the POD and the PGSO are
shown in Fig.3. The difference in R.q between these two samples can be explained by
using Putley’s equation~

0
~

n(~~ARJG) (l + W2T~ )~~~~
2 (1 + w2T 2)~~~

2 (1)

where ~: the eimnisivity of the electrode surface, w(l/s): angular: frequency (u=2rf ,
f(l/s) : frequency) , R(f?): the parallel resistance of the crystal-load circuit, C(W/°K)
thermal conductance(G=Kd , K(W/m°K): thermal conductivity), IE (S) . electrical time

cons tant(T E.CR , C(F): the parallel capacitance of the crystal-load circuit) , and IT (S)
thermal time constant(r T=H/G , H(J/ °K) : heat capacity, H=cj,Ad , ~~~~~ c~ (J/kg°K) :

specific heat capacity, S(kg/m3): density) . Eq .(l) shows that R
~ 
increases in

proport ion to f when f<l/I T, varies as 1/f when f>l/TE, and is constant in the
intermediate frequency range; the variations of P.

~b,
s in Fig .3 are typical cases obeying

this equation,

For the PGO and P650 samples, the unknown values of r), S, c~, arid K are estimated.

Table 2 Some properties of the thick—film PCO and PCSO monocrystals
prepared by the glass—recrystallization technique.

1’
c ~o 

£33 C0 D p PS A d R

(°C] [‘C) at at x104 [%] [M~.cm) [C/cm
2) [Ky/cm) (mm2) [mm) [VIw3

_ _ _ _  ~~L T C~~~~~ _ _  _ _  _ _

Pb5Ge3011 178 173 44 820 0.69 0.3 13 3.5 11 2.09 0.146 2.50

Pb5Ge2SIO11 45 32 340 720 1.5 3 0.18 1.5 6.4 1.92 0.265 2.99

£33 at 10KHz, D at R.T. and 10KHz, p at R.T. and 10KHz, P5 at R.T., ~~ 
at

R.T. and R~, at R.T.
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The magnitude of n assumed to be one when
black paint is used. For S, the observed

value of 7.33x103(kg/m3) is used in the 15
case of the P60, while that of the P650 * 

“ ...,, ,~~,/ ‘\J~) io2
(7.26x103) calculated from the observed

lattice constants~ By the additivity law, 10 C’)
the values of c~, are calculated from the
observed ones of PbO, CeO2 and SjO2~

2
~ / ,~obtaining 2.78x102(J/kg°K) for P60 and

2.79x102 for P650 respectively. The values 

~ 

~~~ G~~~~I~~~ 
I

t of K(W/m°K) for P60 and P650, respectively,
are presumed to be in the range 2.7-14 

_____________________

since K”2.77 for pto13
~ and 7.2-14 for SIC)2 b C )  200

quart z~~~ -->Ter per~ ture~ t)
Calculating 

~~~~ 
and 

~~~~ 
at 14Hz,

respectively, using the above deduced and Fig. 1 The temperature dependences
observed values in Table 1 and 2, we obtain of the dielectric constant

and (ulT)
2>>l for the P60 and 

£33 and dissipation factor
D(%) for P00 and PCSO.

PGSO samples, and therefore, Eq.(l) is
simplified as:

~ (nPR)/Cc~,Sd) (2)

Hence, it is noted that is independent of w and G. If n.rl, we obtain R.~,’. 6.7(VIW)
for the P60 sample and 8.7 for the P650, respectively. Either of the observed lys is
less than above calculated values, for it is thought that the effective n ’s might 1 e

10
3 - ft ~,Ge2SjQ

11

-

I 1
0.5�

1 .

~~ 
Ec

1

____________________________________________________ , i ~~~~~~~ i . . J -, ~00 50 100 15C) 0 0.11 5 10 50100
—b T mpert~ture(CC) > f (H z) 

- 
-

Fig. 2 The temperature dependences of Fig. 3 The frequency dependence of
the spontaneous polarization the pyroclectric responsivity
P (~,C/cm

2) and coercive field R
~
(V/W) for the P00 and POSO

E (kVlcm) fo~ P60 and ~~~~ 
samples.
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as small as 0.36<1. Expressing the ratio of for the P650 to that for the POD as
r , the observed robs 1.2 agrees approx imately with the calculated rcal~ 1.3 within
the experimental errors . The reason why R.~,(PGS0) is greater than R.,~(PC0) is
considered to result mainly from a larger pyroelectric coefficient for P650 as
indicated in Eq. (2) .

In Table 1 are listed R
~
’s for the P60 and PGSO samples in comparison with the

coiiiuercial pyroelectric detectors(TGS and LT) at the same geometry(d=0.2m . A..3.l4nin2)
and the same conditions(R=l0?’!2 , f-l4Hz , n=0 .4) ;  wherein, it is evident that the
pyroelectric performances of P60 and PGSO are comparable to those of the commercial
.detectors; furthermore , particularly P60 and P650 are superior to TGS in chemical
stability .

As a conclusion, as far as the glass-recrystallization technique is concerned,
there are many advantages as follows ; 1) This technique is quite simple , which

requires no sophisticated and large-scale apparatus, 2) Crystal size obtained is
good enough for a pyroelectric detector , 3) Thickness of as-grown crystal is thin
enough to be directly used as a detector element and can be controlled by varying the
amount of charged glass; thus , troublesome slicing and polishing processings become
useless , 4) For PbsGe3~~Si~0ii, the monocrvstal of the desired composition can ~~
prepared in the range 0�x�1.S , moreover , it is convenient for a detector assembly that
the polar axis is perpendicular to the crystal surface .
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