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PROGRESS REPORT

1. INTRODUCTION

The present studies under this contract on piezoelectric ceramics have been
in progress since January 1976 and have been running at full strength since March
197€ . Progress up to December 1976 was described in the annual report No. N00014-
76-C-0515. The present document is a sem i-annual report covering progress up to

~nd including July 1977. Over this period , work upon the contract has contri buted

substantially to the following presentat ions at scientific meet ing s.

L. E. Cro ss, H. A. McKi nstrv. A Computer Graphi c Presentation of
the Polarization Surfaces of Constant Ela stic Gibbs Free Ene rgy
in Perovskite Type Ferroelectrics. Amer . Ceram . Soc . Meeting ,
Chicago , May 1977.

R. E . Newnham , J. Kramer , A. Sa Neto and T . Cl ine . Second Harmonic
Generat ion by Ceramic Mate r ia l s .  Amer . Cerar n . Soc . Meeting ,
Chicago , May 1977 .

W . A . Schuize , J. V. Di ggers and L. E. Cross. Ag ing of Dielectr ic
Dispe rsion in PLZT Relaxo r Ceramics. Amer. (

~eran . Soc . Meeting ,
Chicago , May 1977.

0. A. Skinner , R. E. ~lewnham and L. E. Cross. Dielectric and
Piezoelectric Studies on Layer Structure Titanates. Amer . Ceram .
Soc . Meeting, Chicago , May 1977.

R. C. Pohanka and L. E. Cross. Inorganic Glass and Glass Ceran~cFerroelectric Diele ctrics. Amer. Cerani . Soc . Meet in r ,  Chicago ,
May 1977 .

The followi ng papers have been accepted for presentation.

L. E. Cross and A. Bhal la. Domain Decoration in Gd 2 (MoO ) 3.
Intl . Meeting on Ferroelectrics , IMF4, Leningra d , Septem~er 1977 .

S. Venkataramani , L. J. larhay and .3. V. Biggers . Role of
Chemical ly Prepa red Zr0 2 on the Properties of ~ZT CeraHcs.
Fal l  Meeting Amer. Ceram. Soc., Montreal . September 1Q77.

K. A. Klicker and J. V. Diggers . Contro l of the Lead Atr- n~phereDuring Sintering of PIT Ceramics. Fall Meetirn Amer. Ceram.
Soc ., t’loritrea l , September 1977. 
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T. Shrou t , W. A. Schuize and J. V. Diggers . Processing Effects
on the Microstructure of Tape Cast PZT Ceramics . Fall Meeting
Amer. Ceram. Soc. ,  Montreal , September 1977.

0. L. Hankey , L. J. Tarhay and J. V.  Diggers. Commercial Powder
Characterist ics of Zr02 and Their Effects on PZT Processing.
Fall Meeting Amer. Ceram . Soc ., Montreal , September 1977 .

D. P. Skinner , R. E. Newnha m and L. E. Cross . Dip has i c Trans-
ducers . Fall Meeting Amer. Ceram . Soc., Montrea l, September 1977.

W . A. Schulze , L . E. Cross and W. R. Buessem . Degradation of
BaT i O3 Ceramics Under High AC Electric Fields . Fall Meeting
Amer. Ceram . Soc., Mon treal, September 1977.

The follow ing papers published or submitted for publication over the contract
period have received part ial support from contract funds.

A. S. Bhalla and L. E. Cross. A Simple Technique for Decorating
Ferroelectric Domains in Gadolinium Molybdate . J. Mat. Sc i .
Sept. 1977

S. T. L iu and L. E. Cross. Prima ry Pyroelectric ity in Strontium
Barium Niobate. Phys . Stat. Sol . 41 , K83,1977.

W. A. Schulze , J. V. Bi ggers and L. E . Cross. Ag ing of Dielectric
Dispersion in PLZT Relaxor Ceramics. J. Amer . Ceram . Soc.
Accepted , July 1977.

P. J. C~essman , L. B. Schein and L. E. Cross. Electrostatic
Measurements of Primary , Secondary and Tertiary Pyroelectr icity
in Part ia l ly Clamped LINbO 3. J. Appl. Phys. Submitted.

T. C line , L. E. Cross and S. T . Liu. Dielectric Behavior of
Strontium Barium Niobate (Sr 0 5Ba 0 5Nb 2O6 ) Crystals. J. App l .
Phys. Submitted.

It is evident from the papers being presented that a number of the topics ini t iated
in 1976 are now bearing fruit. In the published output , because of the longer
time constants we expect the major output to being towards the end of this year.
However , several highly productive joint studies with Honeywell Research
Center and Xerox Central Laboratories upon topics of close relevance to our
program object ives have been completed and are now published or in process of
publication. These perhaps provide some measure of the excellent coo, on
and high interest from industry .

The studie s which will be reported here fall effectivel y under six topic al
t i t les:
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1. Processing Studies

2. Diphasic Transducer Structures

3. E lect rost r ic t ion Transducers
4 . Poling and Property Studies
5. Basic Phenomenology for PZT Perovsk ites
6. Fundamental Studies of Amorphous and Micro -c rystalline

High T
~ 

Ferroe lectr ic s

It should be stressed , however , that these are not separate independent
studies , but,as we hope to show in this repor t , are closely interconnected and

interdependent.

~Underpinni ri o ~he whole effort to prepare new combinations of materials in

closely interconnected microstructures is the bas ic  work on ceramic h r oc e s ~ in n .

~~~--~e4ie~~ th~-t thi s wor k can contribute l o  a better underst anding, ori d thus to

t e~ te r reproduc ib i l i t y  of conventional PZT bodies , wit  it s s;a~ n,r thrust must w~
to provide the foundation of e lec t ro ooro ~~c competence necessa ry for processing
t i e  more sop h is t icated diphasic  systems whic h a re the major hope for s igni f icant
advance .

Signi f icant pro r iro ss has been wade part icular ly in th e tape cast in g studies
and a number of the lomel lar  heterogeneous s t r uctu res  or ig inal ly proposed have
row been su ccessfu l ly  f ab r ic a ted . A lso  in the diphas ic area a t h - ~or et ica l
evaluat ion of too bounds of possible p iezoe lect r ic  and pyro e lec t r c propert ies
wn ich could be ach ie v ed for some cf the simpler ty Pes of c o n n e c t i v i t y  ~n 1~ near
e las to -e lec t r i c  mater ia ls  has been accomp l ished. This is an essential ~jr ;t

S h- - , towar d the more general consider ut i  on of non —i i near fe .-
~oi C syste c s , & c  “C

‘ sel f -bias prestressin g ’ mdv be further ex : lo i t e d  to modi fy possible properties
j r  ~:o nne c ted S / S  tens

A major advan c e has been the successful fabrication of three-dimensionall y
- • nne rted ceran i ic :p la~ tic ’struc t ures whi ch can he poled to sa tu ra t ion  remanence.
the n pa r t ia l l~ c r ’~~hed to g ive highly f lex ib le  bodies w i th  excel lent  p iezo-
e lec t r ic  g- coe f f i c ien ts  and high hydrostat ;c < c ns~ t i v i t y .

\
2. PROCESS ING STUDIES

2 . 1.  Introduction

There has been considerable work in the past two dec ai1 c~ upon t~-e pm-

parat ion and processing of piezoelectr ic ceramics; however , in many cases t h

— -  ~-‘ — —  — ‘~~~~~~~‘- ‘—
,

. . —
~~~~~~~~~~~~~~~~~~~
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reproducibility still leaves much to be desired and there are obvious unanswered ,
questions . The experimental work described in this section of the report has

been designed in part to provide additional information to help answer some of

these questions. We believe , however , that the more important goal is to allow

us to develop the expert ise in processing PZT and related systems necessary to
fabricate the more complex mu ltiphase systems which are the major emphasis of

the whole contract effort.

In this section , the work which is in progress on the topics of:

1. The react iv i ty of ZrO 2
2. Preparation of high surface area powders

3. Tape casting of piezoelectric formulations

4. Hot isostatic pressing of piezocera mics

wi l l  be d iscussed.

2. 2. The React.’i~~~y o  f Z r02 Powders

Among the mere important factors which are believed to contribute to

the var iat ion in propert ies of PZT ceramics are : raw ma terial character is t ics
(composi t ion and part ic le morp hology),  ma terial mixing , calcinin g condit i ons ,
and control of the PbO a tmosphere during f ir ing (1 -3).  It is frequently
suggested , both in the US and by off-shore suppliers , that variations in the

commercial Zr0 2 powders are a major cause of inconsistent results in the pro-

aert ies of f inished ceramics (4 ,5) .

Whilst ouch proprietary work has clearly been done on the characterization

of Zr02 powders and on the influence the powders have upon processing, there

appears to be no genera l consensus as to the nature of the difference between the

so -ca l led  good ’ and bad ’ lots of Zr0 2 which are referred to. Roso lowski i  et
a l .  (6) have found as much as 1.3 wt of unreacted Zr0 2 in a ‘good’ coniiierci a l

PZT powder , which they attribute to hard agglomerates in the original powders

which remain unreacted.

It is our feeling also that some of the differences in Zr02 are indeed related
tn the agglomerate nature, which will effect reactivity both durin t ’ calcin ing and

on final firing.

In the work described here we will attemp t to show that the differences in

the nature of agglomeration in ZrO 2 is a si gnificant cause of variabilit y and
further , that by the construction and use of ‘calcin ing diagrams ’ much of the

—4



variability can be reduced in final properties.

The Zr02 problem has provided us wi to a v a luab le  entry point ta r our process-
ing studies and the opportu nity to develop ‘standardized ’ processing techniques

which permit proper evaluation of the alternative processin c methods require d

for the newer systems .

The general experimental p lan is to produce a number of s et s  of cerami c
d iscs  for microstructural  and property ev a lua t ions .  Each set is being produceC
using identical processing wi th regard to oxide mixing, pressing, calcining,

firing and polin g . The variables in the experiment are the sources of PrO 7
powder and the different pre-treatnients of shese powder s whi ch have been intro-

duced to break-up agglomerates.

The following specific areas wi l l he des:;’ibed :

1. Characterization of commercial PrO2
2. Pre-treatment to break -up agglomerates

3. Caicining studies to follow the reacti ons oc currinq
between the mixed (.~~des

4. Fi rin o studies which will enable us to reo uce ‘iCfl C ,
stoichiornet r ic ceramics

5. ~Iicrostructural and piezoelectric eva luation of cerariics
produced from different PrO 2 sources and process variat ic-ns

2.2 .1. C h a r a c t e r i z a t i o n

Commercial PrO 2 powders chosen for the study include lots

characterized as ‘ good ’ and ‘ bad’ by indust r ia l  users ( 4 ) .  They are :

1 . Harshaw: Lots ~5-76 and °l-75
2 . Tizon: Lots ~3b7 and h3 17
3. Taiii : Type 7 , Lot ~3OO9

“ iagnesiu in Electron: Lot ~lO522

- hu ra cce r i at i n plan s inc lude:

1 . Optic al emission spectrographic determination of im purities

2. Wet chemical analysis and x-ray diffraction for majo r e le r ’e nts
3. Part icle size and shape using automated SCM
4. Surface areas using BET
5. Surface composition using Auger (AES) and Ion - i sca tterin g spt ’i tro-

scopy (ISS).

-j
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Most of the particle characteriz ation work has not been assigned high pri ority
and to date only the surface area and particle size measurements have been made.
Some typical results are shown in Table 1 and Figures 1 and 2.

The AES and ISS work has been started but charg i ng difficulties associated

with the non-conductive Zr02 powders have precluded generation of any useful data .
Experimenta l techniques - gold grid and mixing of gold powders with Zr02 - are
being tried at present.

The major effort on characterization will be made after our experimental
w o rk on evaluation of microstructure and piezoelectric properties is completed.

2.2.2. Pre-Treatment of ZrO2 Powders

As sur~in q that some of the disparity in Zr02 behavior is attribut-
abl e to agglomerates formed during processing (calcining) by the supplier , two
deagglonieration techniques ~ ve been chosen in an attemp t to modif y this cha rac-

teristic. The first is high energy milling using a 4’ jet mill (Fluid Energy

Products Co., Hatfield , Pa.).

Fi gures 3 and 4 show schematic diagrams of the jet mill operati on. In principle ,

hi gh velocity manifold air keeps the largest particles near the outside of the mill

causing particle-particle impact. Fine particles mi grate to the center of the mill

and exit with the ~ffluent air stream into a cloth filter bag. The fi neness of

the product is controlled by the m anifold pressure and feed rate of the material.

A comparatively narrow size range can be obtained with minimal contamination.

Some of the data given in Table 1 and Figures 1 and 2 is from jet milled Zr02.

From the average particle size as well as the particle distribution data it

appears that jet milling effectivel y reduces the larger sizes (agglomerates).

The surface area data confirms this assumption. If the agglome rates were actuall y

sing le crystallite particles there would be a dramatic increase in surface area .

However , since the agglomerates are made up of many smaller particles, surface area

as measured by the BET technique is not greatly increased even if they are corn-

pletel y broken apart.

Additiona l support of this theory is derived from jet milling results on a
commerc ially calcined PZT powder , Ultrasonics SO1A. Size reduction of the larger

classes (see Figure 5 and Table 2) was associated with a near three-fold increase

in surface area . Assuming that these larger particle s are initiall y typical single

L
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Table 1 . Pata on Zr0 2 Powders From Automated SCM Il ~ rie Analysis
and Surface Area Analysis.

Average Diainete ’ M ir i/M ax Surface Area (BET)
7~!P_2 Samp le: M e n ( m ~~~~~~ Meiin ( m ) o  

- ~m’~/gm )

Harshaw Lot 5-76

As-Received 0.80 0.5 0.44 0.18 14.6

3 Jet Mills 0.69 0.4 0.51 0.17 15.5

Harshaw Lot 1-75

As-Received 0.72 0.5 0.53 0.17 13.5

3 Jet Mills 0.62 0.3 0.49 0.17 l4.h

TIZO N 367m
As -Received 0.69 0.5 0.47 0.17 18.4

3 Jet Mills 0.59 0.5 0.50 0.10 18.7 

- ,.~~~— - -  -— —---- _
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crystallite particles, a r educt io n  in s i ze  would sut sequ€ nt l J he associ ited with
an increase in surface area.

Table II. Data on PZT 50 1A from Automated SEM Image Ana lys is
and Surface Area Analys es .

Average Dia m eter Mm / Max Surface Area (BET)
Sau~pje Mean (1 pm) a Mea n (pm) — (m 2/gm )

PZT-501A

As-Received 1.66 1.0 0.58 0.15 0.71

3 Jet Mi l ls  0.89 0 .3 0.57 0.15 1.92

The second deagglomeration techniq ue used was an ‘ a t t r i to r ’ type mill that con-
s i s ts  of a stat ionary polyurethane l ined jar mill in which rotating impeller imncl rts
energy to the ball charge. Currently, ~ork is underway for optimizing milling
conditions and minimizing contamination. Zirconia balls , 3/8 inch in diameter , are

being used exclusivel y in the Zr02 powder deagg l omeration study . Figure 6 shows a
schematic drawing of the “Attri tor ” type mill.

2.2.3. Fir in~
To prepare ceramic spe cinien ~ for microstructural and electrical

measurements it is absolutel y essenti al to have close control of the firing proces s .
The impor ta nt  f i r ing  va n ables ire ti me , t i’riperature and atmosphere. W i t,h todays
electronics it is a re l a t i v e l y  easy iat ter  to reproduce any reasonable furnace
c r of i l e . ~ i th a few simple excepti ons it is not an easy matter to control  t oo

f urnace a tmosphere . PZT c e r a r s i  cs are a good exa m ple  of systems that should be pro-
cessed in a ca re fu l i~ c o n t ro l l e d  at cs sphere be caus e any loss or gain of Pbfl , the
only vo la t i l e  species,  w i l l  lead to creat ion of defect s  and/or new c hases wh ich

can have a de let or iuus et i€c t on p iezoe lec t r i c  pro pert ies .

I deal l / , the PZT ceram ics c iclul d he formulated exactly on s r oic h ic ~’e t ry and

processed in an a trco’~ obes e t Ha t has Fin equ ii i bn i ur’ 
~~~~ 

for tr io -a rt i CU 1 ar com-
position. This practice is ‘-~e1dom f o l l o w e d  e i ther in th~ l a t o s ’ a t o r - v er on a
commercial scale. The ty p ical firing processes ar~ based on con t ro l  of the k i n e t i c s
i t  PbO loss or gain whi ch is usuall y difficult to oh~ I 1 n and presu ’sahl v leads t n

variations in properties because of I ’t f - s tc ich i on l e tnr c compos li i  “is .

-~ -.. _--- ~~~~~~~~~~~~~~~~~~~~~~~~~~ _  -
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Fi gure 6. ATIRITOR MILLING: SHOWING IMPELLER AND UNIFORM
DISTRIBUTION OF MEDIA ALONG MILL CIRCUMFERENCE.



One common technique is to batch the composition with a PbO excess to mak e up

for vaporization during firing. The PbO excess compositions are calcined , fo —runi
into parts and fired in closed containers w ith little free volume .

Variations of this method use a packing powder of the same (or sorreti ;nes

different) composition or pressed pellets of PbZrO 3 which will have a higher 0PbO
than any PZT composition.

In the past six months we have been conducting firing experiments to dcterniine

the best method of reproducibly firing the large number of discs that are to be

use d i n the Zr0 2 reactivity studies . The technique that we have developed uses a

source pellet that has a composition in the liquid-PZT region as shown in the

ternary isothermal section (Figure 7A). This diagram was constructed using the

l ower temperature work of Fushimi and Ikeda ( 7 ). The liquid in equilibrium with

a PZ 55T ~ 
has the composition (in terms of the psuedoternary ) of:

PbZrO 3 
- .067 m/o

PbTiO 3 
- .553 nb

PbO - .380 mb

Source pellets were made by mixing pre-reacted oxides of the calculated liquid

composition and the mixed oxides of the 55/45 Zn,’Ti PZT composition . X-ray

diffraction studies of the pre-reacted liquid composition showed presence of PbO

and PbTIO 3. It was presumed that pre-reacting the liquid compositions would promote

formation of proper liquid and provide a better distribution of the liquid phase

during firing . Firing tests at 1330°C for 1 .5 hours showed that 91 w/o PZT - 9 w/o

liquid was a workable combination of components . Less liquid lead to entrance into

the single phase region and variable 
~pbO 

and more liquid caused phase separation

and refractory attack.

The specific fin in q procedure developed from this work is as follows :

PbZr 55Ti 45O3 is pressed into 40 gm . 2-inch diameter discs. These discs are

sintered in an alumina crucible at l33O~C. These P7T pellets (5/8” diameter) are

weighed and placed on the sintered two -inch discs. ZT pieces are used as separators

between the two-inch setters so that the sette—s Can he stacked. After mixing of

the PZT and pre-re actin g, two , forty gram , two-inch pellets are  pressed at the

source composition. A source pellet is placed both on top of ~‘snd on the hntto - i o~
the stack of setters. The entire stack of pellets is set upon an a1ur~ina p lat o ,

‘in alumina tube is slipp ed over the stack of setters and an alu m ina plate is set on

- 5’.’--- -- -5 _ ‘
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Fig. 7A. Proposed ternary for 1330°C. Tie line is
shown for PbZr 55

Ti 45O3.
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S ~~~~~~~~~~~~~~~~~~~~~ Pre-sinterod PZT setter

Source pellet ~~~ 
PZT pellet to be s intered

— —- Pre—sintered PZT s~~icor

Fig. 73. Stacking Lc’chnique for firing PZT pel le ts.
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top. The length of the alumina tube is such that there is as little free space as
possible between the top plate and the top source pellet. A schematic of this
arrangement is shown in Fi gure 7B.

If the source pellets are large and free volume of the container is smal l

and if the container is tightl y seale d , the discs should sinter in a 
~PbO 

that is
of the equilibrium value. The results to date are most encouraging - 1-1/2 hour
firings at 1 330°C, we have produced ceramics with minimal weight gains (“e .2 Wo/o)
and good densities (> 7.6).

2.2.4. Ca lcining Studies

It is our present belief that calcining operation may compound

the non-reproducibility in the PZT processing sequence. The work of Matsuo and

Sasaki (8) clearly shows that there are several possible combinations of phases

that can be present after calcining. Sli ght changes in reactivity of any of the

oxide phase could produce a calcine wi th a different phase assemblage (both in

relative amounts and specific phases present). It is quite possible that these

differences would then affect the sinte ning and fi nal properties of the ceramic.

In order to test this hypothesis we are preparing “calcining snaps ” of the

t”oe shown in Figure 8 (taken from Matsuo and Sasaki (9)), as part of the Zr02
reactivity study . We have selected two specific compositions for this work

PbZr 055 Ti 04503 and Pb 0~~91 Nb 0 018Z1-0~~390Ti 0 0491
O3 (10 ,11) . These two composi-

tions were chosen as being representative of the range of commercial PZTs. Large

batches of these compositions are being prepared using the 6 as-received lots of

zirconia already listed. Additional batches of powders are being prepared using

the jet milled and 5 ttnitor ” milled powders. A majority of the powders are being

pressed into discs for use in the studies to determine microstructura l and piezo-

electric property differences. A portion of each batch will be used to determine

the calcining maps.

The experimental procedure that we are u s i ng  e n t a i l s  c a l ci n i n g  10 - 15  gms

of each powder contained in small 99.9 alumina crucibles at tempe ratures between
550’ - 950° and times of 0 - 16 hours . A large resistance hea ted programmable
f urnace w ith controlled air circulation is being used for the calcinin o .

All of the sample lots are being calcin ed together for edch set of ca lcining
conditions.

The phases present after calcini ng are determined by x-ray diffraction and

the amounts of unreacted PbO and Zr02 + Ti0 2 by a wet chemical technique developed

- ~~~~~~~~~~. .~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _
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by Robinson and Joyce (8 ). (The method is described in more detail in the section
on chemical preparation of powders).

~ith completion of the calc ining maps we will select the most interesting cal-
cinin g conditions for t’urther study . Larger batches of powders will be calcined

and the results of the initial work will be checked. Di sc samples of the calcined
powders will be prepared and mi crostr uctural and piezoelectric properties checked
ns ing techniques dt~vc1oped during the m O 2 reactivity studies.

2.2.5. Microstructural and Piezoelect nic Evaluation

The 7r02 reactivity study will require the evaluation of a large
nu;sber of ceramic samples. Our ini tial characterization of the matrix of samples

will be desi gned as to c reen  out the in tererst ing va r i a t i ons  (if any ) for m m
detailed study . To accomplish this task we will make the followi ng measurements

on representative numbers of discs ( 10) from all the process variations.

pstructural ioperdes

Density - Geometrical and mercury displacement

Grain s ize  - intercept  techniques using opt ica l  and SEM
Phases present - X-ray diffraction , optical microscopy and SEM

S 
Piezoelect nic ~rop~rties

Perm i t t i v i t y  — 1 KHz weak field as a function of temperature

Hysteresis behavior - 60 Hz room temperature

Poling characteristics

d33 - room temperature

In addition for 95/5 compositions: Rem anant polarization and hydrostatic depo lin a .

2.3. Tape Ca stiny

Tape casti ri r or’ doctor bladin g has long been used o fab ricate thin

ceramic sheets (13). It is possible to manipulate these sheets in different ways

to produce devi ce~ w i t h  different configurations i.e.. multilayers with internal

electrodes , rn ulti lay e r s wi th different. compositions et~ . . which cannot be achieved
by pressing or other more common fon n in q methods. In addition to the ability to

fabricate unusual configuration s, it is also likel y (using mnu ltilayer capacitor

dielectrics as a case in point) that the ceramic produced from the tapes will have

somewha t different fi ring temperatures and as a resul t , different micros truc tures

- -- - ----- - - - -~~~~~---- S — —  ,~~~~_ -—-—5 -’ —S —
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and electr ical  properties when compared to ceramics produced by pressing.

In the past s ix month period , we have constructed a small continuous tape

caster diagramed in Figure 9. The tape is cast on tempered glass plates

3” x 6” x 0.25 ’ . A variable speed drive moves the plates past a hopper and
doctor blade based on a descript ion by Runk and Andrej co ( 14). This design mini-
mi zes casting difficulties due to sl’p head variations and surface tension.

In initial work with the new caster we have elected to use a commercial

organic system (Cladan B62) and four commercial PZT formulations (UP1 , 401 ,
401 - 888, JSh32 and SOlA). Casting slips were prepared by techniques described

in the last report. Typical viscosities and densities for different organic/powder

ratios are shown in Table 4. For casting a rate of s •4 in/sec was used . The

doctor blade set height was 0.025 ’ . The room coutaining the casting unit was main-

tained at 22 ± 1°C during casting . Tapes prepared in this way were used in two

studies described be l ow .

Table 4

Viscosity (cps)
Organic/Powder Ratio 22°C, 100 jpg

~,,, 
Green p - 

~/cc

26/74 2250 cps 4.1

35/65 330 4.05

50/50 175 3.5

66/34 115 2.7

*26/74 1010 3.7

*used jet milled 135-401 with specific surface = 1 . 2 3  m 1g.

2.3.1. Densification of Green Tapes

The green density of untreated cast tapes depends markedly on

the organic/powder ratio ‘in the starting sli p, but to maintain correct viscosit’

for casting this ratio is limi ted by the characteristics of the powder , primaril y

its surface area . Finding the l owest organic/powder ratio which will give prope r

reproducible casting can be most time consuming . Since in the present program a

wide range of powders with very different characteristics must be processed , a

technique for pressure densif ying the green tape after casting has been investi gated .
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For these tape compacting studies UP1 401 PZT formulation was used with the
Cladan 662 binder system . In the initial study the following organic/40l powder
ratios were used:

PZT 401 26 wt t  662 : 74 wt ~ powder

PZT 401 (jet milled ) 26 wt B62 : 74 wt~ powder

PZT 401 35 w t .  662 : 65 wt~ powder

PZT 401 50 wt t  662 : 50 wt ’t powder
PZT 401 66 wt~ B62 : 34 wtt powder

After casting, one-inch squares cut from the tapes were pressed at loads rang-

ing from 1 500 lbs - 40,000 lbs on a Carver Press. Thickness change was measured

using a sheet thickness guage and the data are shown in Figures 10-14.

The graphs show a rapid decrease in thickness up to pressures ~10 ,0O0 lbs/sq in.

then a leveling off. The measured changes in green density up to the maximum

pressure were :

PZT 401 26 : 74 wt . 4.1 - 5.3 gm/cc
Jet Mi l led 26 : 74 wt ,~ 3.7 - 5.3 gm/cc

35 : 65 wt .~ 4.05 - 5.2 gm/cc
50 : 50 wt . 3.5 - 4.3 gm/cc
66 : 34 wt~ 2.7 - 3.3 gm/cc

It was also found that additional pressings could further increase density by a

few percent.

Micrographs of the PZT 401 - 74 wt ’ powder tapes after pressing to different

pressures are shown in Figure 15 , and clearly indicate the compaction of the micro-

structure .

The effects of pre-pressing on the final sintering are now being studied . Pre-

liminary data (Figure 16) wi th the PZT 401 - 74 wt powder indicate that den sifica-

tion l owers the required firing temperature so that satisfactory final density can

be achieved at 1 220°C compared to 1 300 - 1 340 C for norma l pressed powder samples.

2.4. Multij~yer Con figurations

For the initial study of the hete rogeneous m u lt ilayer preparation , the

configurations l is ted in Table 5 were fabricated . Green tape was cut into ono -inc h
square blanks , stacked in the appropriate sequence in a one-inch square die mounted

—aL — - --5 , _ _ _ - —‘-‘- -_—.‘-- - ..‘
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on two large hot plates. For adequate adhesion between the green sheets a pressure
of 5 - 10 ,000 psi was requ ired with a temperature 50°C.

Ta b le 5

~t ion5’ ~~~ 
FOrmul ti

(1)  .. .AAA , BBB. . . A-5OlA B-40l

A-4 01 B-USH-32
A-401-888 6-USH-32
A-40l -888 B-5OlA

(2) . . .ABABAB. ..

The current binder burn -out temperature: time profiles were determined f rom
TGA and DTA analysis of the green structures. Final firing was in a closed alumina
vessel using a suitable source of PbO to prevent ex cess lr ac~ loss or gain. The
samples were supported u’-~ ceramic discs of s i rri l ar comp osition , and to avo id
warping due to differences in the fir m ; condi t ions a disc ~ similar com-
position was placed on top of the sample.

Init i al m icrostructures taken using the SEM are shown in Figure 17. It is
ev ident from these and similar studies that ~ur these initi a l samples the PZT tape
layers of ty:ie 5r.’IA and type USH-32 are considerably les s dense than the type

-~~1 and 401- -~ i; l ayers. ~e r~elieve that thi s s t e ~’s primaril y fro~ ee difference
in green den sities between ~ie ori ginal tapes and this was i major reason Ic— n
ini t ia tin (’ the S t~- s y  u t  pressure d e n s i f i c a t i u n  in t he  green s t a t e .

Addi ’i .rn al mul t i l s v r  ‘ structures a r e  now being ~~bricated ~rnr tne rir e— ~u’essed

tapes fur - ‘ieta il ed prop er ty evaluation.

Preliminary diel - , t n r c ,ts.lsurer .ents on the PZT 50l:P T 401 lur’~ella r composite
are snows’ jr Figur e 18. ~t is evi os nt that the harder ~ 1l composition , wh rsh (lives
tsi’ characteristic nun ’,trus ted hys t s r’-ssis loop a t 6 Hz (F i o u re  19 ) is h e q inning
to eAe rcise cont rel over t ’sf’ pol lee proce ss in the softer 501 composition

(u i gure 20). Thc ’ rathe r - poor densit y of the 501 ~avers , how-
ever , limit the utility of further experimental study . This will be taken up
when denser sample s have been fabricated.

L ~~~~~~~~~~~~~ — --- -~~~~~
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2.5 Preparation of Hj,~h Surface Area Powders

2 . 5 l  Introduction

In the conventional processing of PZT ceramics, t ee s ta r t ine
nraterial is often a mixture of the oxide of lead (PbO designated P), titanium

(Ti02 designated T) and z irconium (Zr0 2 designated Z). The intir ately mixed

oxides are subjected to a calcining step and go through a sequence of reac t ions

500-600”C 600-700°C 700-800°C

P + T + Z - -— —-—  PT + ~ + T ± Z — PZT + PT + P 4 Z PZT + PT

Lead titanate is the first product to form , then there are subsequent reactions

eventua l ly  forming PZT and lead t i tanate . It is very diff i cult with commercial

oxides to obtain a single phase PZT for ca lcininç temperatures below the me lting

temperature of PbO (88O~C).

In the first of these studies , the role of a chemicall y prepared Zr02, generated

from the hydrolysis of zirconium alkoxide , in moaif y ’ing the ca l cining behavior has

been examined. In the second short study , the prepar e t ion  from lead acetate or
lead oxide and zirconium and titanium tetra- n-butoxides has been examined .

2.5.2 Pr~paration of PZT from Chemi i :o1],~ Prepared Zr02

The zirconia powder was ~r’epared by t1’e hydrolysis o6 zirconiu m -n-

butoxide (28.66 wt ’ Zr02) in the liquid phase. In this stud ’, 200 ml batches of the

butoA ide was added in a very s low s t r e a r ’  to 500 nil of de io n ized w ate r ~-o hi ch was kept
agi tated in a Waring ble nde r u s i n q  a s t a in less steel paddle in a po lypr o Pylene

vessel . An exothermic reaction occurs producing a very f i n e  prec ip i ta te  of hydrated

Zr02, in a thick slurry . After dry ing at 120’ C for i -~ nour s , the dried cak~ was ball

milled i t’ . a polyurethene jar using zirc onia balls (1:2 by weirh t) ~n ethu nol. Th C

milled powder was again dried and wos then ready for use (flow sheet . Fi g. 21).

Semiqua ntitati ve spectroscopic analysis , Table 6, revealed that the major
impurities were Ti02 and Si02 (100 ppm). The powder was amornhous to x-rays. bu~
after heatin e to 500°C for 2 hours the diffraction spectr a revealed a n ix tur -r of
monoc li nic and pseudocubic phases. BET method showed a surface area of 154 n2/qur .
Table 7 gives the surface area data of the different zir conia prepared i~d the
Harshaw Zr02 lot 6-76. SEM pictures of the vir q in powder showed strong agg lur ’oc ”r’ a-
tion , but after ultras onic dispersion in ethanol TEM studies showed a parti cle size
°100A in good agreement with the surface area values obtained .  

- -‘-5 - ’ .- - - -  -,:‘~~~~~~~-~~~~~~~ _ _
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E~~~ o~~u r nT  F~~~~ nize~1Butoxide W ater

Blender

Dr i er ~l2OC
l2hr

Ball Mil l  Stabi l ized Zr0 2 Media
Ethanol; l2hrs

Ca lc i ne 300C
l2hr

Fig. 21. Flow Sheet - Preparation of Alkoxy Derived
Zi rconia
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Table 6

Sample No. Zl .l 71.2 (7.6)

Ti 100 100

Al 20 
‘ 

20

Si 100 100

Ca .5 
‘ 

-5

Not detected in both: Fe , V . Mg, Mn , B , Be , Sr , Ba , Mo
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Table 7

Sam ple No . Process Deta i l Surface A rea

Z 1 .1 2(ZBT)*s~ 5(H20) 188.0

7 1.2 Z 1 .1 calcined 500/2 hr 162.0

Z 2.1 l ( ZBT ) *~ 3(H20) 148.0

7 2.2 2.1 calcined 500/2 hr 142.0

7 4.1 5(H20 )-  2(ZBT) 115.0

Z 6 2 (ZBT) * . 5(H20) 1 54.0

Z.H , Harshaw. Lot 6/76 15.0

*sequence of addit ion

‘ .5—--  - 5-’
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Differential  therma l anal ysis (Fi g.22 ) showed a strong ex ot her ’ s i c  peak at 3~
’;5° which

has been identified as the development of the crystallized 7r02 phase in a~ reet ser t
w ith earlier studies by Cypres et al . ( 17), Bha~~acharya C ’., al (l2 ) and

Komissarova et al. (13 ) .  bu sed on t i e  DTA data , the as-prepared powder was cal-

cined at 300°C for 12 hours before use in the c a l c i n i ng  s tud ies .

2.5.3 Calcin ’ing_ Studies

Four compositions of PZT with zirconia /titania ratios of 40/60,

52/48, 60/40 and 90/10 were studied . the oxides were mixed in a polyethylene jar in

ethanol and milled for 12 hours with zirconia media , then dried at 120°C for 12

hours and stored for use. For compar ison rurposes similar batches were made using

the same PbO and Ti0~, powders and ZrCL, fr-em a Harshaw Batch 6-76 . This Harshaw
C- C-

zi rconia was monoclinic and was found by BET to have a su ,’~ oce  area of 15 m 4’/gm.

Calcinat ion studies were done on both types of PZT5. The temperatures we re
500, 600 and 800°C, for 3, 6 and 9 hours. The powders were calcined in a muffle

furnace in closed sintered alumina crucibles. The pe rcent weight loss was recorded

in each case and A-ray diffraction analysis was done for phase identification (Fiq . 23).

Chemical analysis for the uncombined PbO was done by leaching out the free Iead

ox ide  as aceta te  with 6N ace t i c  acid and ti trating the so lu t i on  against  s tandard

EDTA . The procedure is s imi lar  to that described by Robinson ( 8 ). A 1 gni samp le

was weighed accura tel y into a volumetr ic f lask and 10 cc of 1 :3 g lac ia l  acet i c ac i d
(6N) was added. The flask was kept for digestion for hal f an hour- with occassional

stirring. The slurry was then filtered and the fi ltrate washed with distilled

water. The filtrant solut ion was then made up to 250 cc in a volumetric fla r .

Twenty-five ml of the solution was then ti t .roted against a standard EDTA (0.01 M °

solution with xylenol orange as the indicator . The pH of the solution was adjusted

between 5-6 by the addition of tJH~Cl - NH4OH hu t fer so that the colo r of t he solu-

tion before is deep red which turned to straw yellow at the end point. The amount

of uncombined lead oxide was calculated as:

- 4.1386 250 100 223.19

(1 ml of the standard EDIA = 4.1386 mgni tb) 

~~~~~~~ - -
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The weight losses on calcining revealed a 5-7 times higher weight loss i i

the mater ia l  with chemicall y prepared zirconia , probably due to adsorbed ethanol
and moisture on the large surface a~ea powder. Some PbO loss was also recorded
for the 800°C calcines. X-ray analysis gave consistently l ower free PhO in all

chemically prepared zirconia mixtures. For these samples only PZT and PT were
detected after 600°C/6 hour calcine and onl y PZT for the 800°C/3 hour and 800°C/
6 hour calcines , respectively. Chen rical anal ysis after the 600°C/3 hour calcine
gave values of 42/, for Z-4 (PZ09 T0 1  - chemically prepared Zr02) and 55d for
MO-4 (PZ Q 9 T1 Q 1  - Harshaw Zr02) (Fig. 24).

Clearly the high surface area fine powder character of the chemically pre-
pared Zr02 greatly increases the reactivi ty with PT , P and T even at these low
calcining temperatures .

2 . 5. 4 Chemica 1l,,y Pr~p~~~d P7Ts

Starting materials for this study were lead acetate (or lead
ox ide ), z i rcon ium tet ra - n-butox ide (28.66 wt Zr02) and titanium tetr a—n-butoxide
(Tyzor TBT - 23.71 wt Ti02). In the preparation procedure used here , lead
acetate corresponding to the required PbO content is dissolved in deionized water
to a 25 wt - solution . This is then slowly added to the mixture of ZBT and TBT ,

and kept agitated in a Waring blender. The water of the acetate solution hydrolyses ,

the ZRT and TBT ani t h e  resulting precipitate is a complex P71 hydrate and acetate

ri ixture . The tota l mixing time was about 20 minutes. The resulting viscous slip
was dried overnight in an oven at ‘ 120’C. The dried cake was then ball milled for
12 hours usin’ ; an equal weight of Zr02 balls H ethanol in a polyethylene jar. The

ball milled powder was then dried in an oven.

The different comp ositions had vary ing Zr02/1i02 ratios of 52/48, 60/40, 70/30,

~0/2O and 40/60. Some of the compositi ons were also pr epared by adding deionized
water to an agitated mixtu re of PbO powder , ZBT and TBT solutions. The procedure
we s just the same as above. The flow sheet is given in Figure 25.

The cor-’p os itions were calcined in alumina crucibles a 500. 600, 800 and 1 000°C
for 2, 4, 6. 8, 10 , 12 and 16 hours as given in Table 8 . The wei ght lossec dur-

ing calcininq were determined and XRD data were obtained to detect , the ‘~~P~ ’ hise’~
pre sent.  Fi gure 26 shows the DTA and TGA data for the 5i’ ’-~’- - rcwder .

From Tabl e 6 the percent weigh t losses at 500 and 600 C indicated the t the

co-precipitated gel is a mixture of lead acetate and zirconium titanium hydroxide

complex. The DTA and TGA diagrams confirmed this; DTA g iving an endot he ro: ic peak

-5 ’ ‘ -“ -5---- -5-- - -- ‘ — 5 - -  _ — ---.5 ‘— -- ‘ . 5
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Zirconium Lead Acetate Titanium -n-

Butoxide Butoxide
Solution Solution

- Blender J.c~

120°C
Drying l2hr

Polyethylene jar , ethanol
Ball M i ll l2 hr s

120°CDrying 6hr

1 
500°CI Calc ine j

~~~~~~~~~ 1 M  ill

PZT Pow der

Fig. 25 Flow Sheet for Chemical ly Prepared PZT
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Table 8

—5-- _5-o____

Com os i t ion Calcinat ion Percentp Temp/T ime wt loss

PbZr 52Ti 48O3 5000C/2hr 20.44

5000C/4hr 20.61

5000C/6hr 21.33

- 5000C/8hr 22.02

5000C/ l0hr

5000C/ l2hr 21.81

500°C/ l6hr 21 .85

6000C/2hr 22.73

- 600°C/8hr 22.74

8000C/2hr 22.62

l0000C/2hr 22.47

PbZr 521i4083
(PbO +ZBT-fTBT+H20 ) 8000C/ 2hr 

, 
6.67

PbZr 6Ti4O3 6000C/2hr 19.35

PbZr 6Ti 4O3 1 0000C/2hr 17.53

(PbO +ZBT+TBT+H20) 6000C/2hr A .43

PbZr 7Ti 3O3 l 0000C/2hr 17.62

PbZr 8Ti 2O3 l0000C/2hr 18.18

_ - , - -_ , - - 
_
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at 290 C corresponding to lead acetate to lead oxide conversion. IGA showed that

e jor weight loss continued up until 500°C. The loss due to lead oxide evaporation

0 cu rs around 800°C.

The x-ray data showed the sequence of reactions occurring at var io us ca lc ina—
tion cycles. Figure 27 gives the XRD data for the PbZr 52Ti 48O3.

In the 500°C calcination the amount of lead oxide decreased and that of P71

increased as the time of soak was increased from 2 to 16 hours. The amount of
PbT iO 3 also decreased.

The final product after 16 hours at 500’C and 2 hours at 800 and 1 000°C con-

sisted of PZT and PT as the major phases. There was no evidence of PbO in the XRD

pa tterns. PbZrO 3 showed up distinctly only at the 800°C/2 hour calcine.

The initial 52/48 PZTs on calc ining at 500°C for 2, 4 and 6 hours became green

on t he  s u r f a ce probably due to formation of lead.

The as-prepared and dried samples were amorphous to x-rays . The BET surface

area of the PZT (52/48) was found to be 28.5 m2/gm and the SEM pictures revealed

ear t i c le  s izes  of the order of 0.5 em.

It has been shown by several workers ( 3,18 ~that PZT forms only at temperatures

9re a ter than 700°C from mixed oxides whereas the alkoxy derived precipita tes reacted

at 500°C to form P’ZT and the reaction was complete at 600°C for a soaking period

of 8 hours . Brown (19) and Haert ling and Land (20) showed that PLZTs from akoxides
reacted at 500”C to form a single phase PLZT. In fact , Brown had found that

the co-precipitate is a s ingle compound of PLZT .

In this work we have shown that by the hydro l ysis of the alkoxides of zirconiu ll

and t i tan ium w i t h  an aqueous so lut ion of a lead s a l t , a chemical ly homogeneous sub-
o i c r r j n  powder could be prepared which would react at the low temperatures of 600- C
to forts PZT.

2.6 Hot Isostatic Pres sinq

Geo isost atic hot pre ssing has been used in a wide va r iety of technologies

to enhance densif i cat i on. The parts may be formed to or near the final shape from
el’ her the powder state using a crush oble container (2 1)  or front a presintered

S~~~tr- (22) with closed porosity acting as the gas seal to transmit pressu re to the
1 k

-~~~~~~~~~~ _~~~~~~~ - -5- ---- - ‘ —- — - S ’ ~~~~~~~~~~ - - —-- -—--’~~~--- 
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In this study we are interested in the densif ication of oxide ceramics ,
par ticularly ones based on PZT and BaTiO 3. Because of the high sintering range
(1200 — 1400°C) and the reactivity of the ,erami c with most contai ne r materials,
the primary thrust of this study will be to enhance the density of presintered
parts . The initial objective will be to achieve near theoretical density in

the PZT based composites and the honeycomb structured BaTiO 3 supplied by Corning .

In both these materials reduced density greatly limits the electric field
levels and mechanical strength in their present form . Additional dens if icat ion
to nea r theoretical density should a l l ow complete eva luation of these mater ia ls
without expending the time necessary to optimize conventional sintering procedures

for each trial composition . HIP also should allow densifi cation of composites
composed of ma terials that sinter together although they do not achieve maximum
density under the same condi t ions.

The advantage of HIP is i l lustrated in Figure 28 for a typical oxide
material of 1 micron particle size at 0 and 5000 psi . This figure shows the

variation of di fferent chemical potent ial gradients (driving force) as a function
of relativ E dens i t y  for convent ional  and HIP s inter ing.  The driving force de-
creases very rapidl y in the initial stage of sinteri ng . At low densities , the

surface free energy contribution domina tes; but with inc reasing density this term
becomes extremely low , which is why the final stage of sinter ’ing always requires

a l ong time in the solid state. At even 90 theoretical density , the sintering

rate is extremely low due to the weak driving force. To obtain near theoretical

density a long t irie would be required which would favor grain growth. At this

stage the porosity should be closed which would allow the application of gas

pressure to the bulk. If tho sampl e is subjec ted to 5000 psi at the s ante tempera -
ture , the dr iv ing force is raised about an orde r of nlaqni tude and dens- ill ca t ion
proceeds toward theoreti cal at a much hi gher rate (c o mpa rable to the in i t ia l
stages of s in ter ing) .

Construction of a gas isostat ic hot press h is oroceeded along ~hç ‘.~esign out-

lined in the initial proposal. The pressure vessel is a relat Loly ~nex
’pensi ve

(material  and machining less than $1500) const ruct ion j t i l i z inn  s teel  pi pe w i th
bolted end plates . During the furnace development work which we a r e  j u s t com-

plet ing , this construct ion has proven to be ve rsa t i l e  and easy to cain access
to the hot zone.

Application of gas pressure is accomplished by using normal and high pressure
gas tanks rather than expen sive intensif iers . The use of tanks es tab l i s hes  a

J
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working maxim um pressure of about 5000 psi (6000 psi maximum tank pressure).
About 6 norma l HIP runs of 3000 psi can be obtained from each high pressure tank
when the chamber is fir st charged f rom a standard tank to 3bout 1500 psi .

The actual furnace design has consumed a major portion of the in-house ef~ort
on HIP to date . Industrial sources familiar with the HIP process warn of
“convection controlled heat transfer ” and ‘hurricanino ’ . These terms received
additional emphasis when our first desi gn , a conventiona l tube furnace which
could run easily to 1 400°C with 1 KVA at 1 atmosphere of argon , could not make
900°C wi th 6 KVA at 3000 psi .  Industrial units normally utilize concentric
mol ybdenum cans to break convection currents. This was initially tried , but

lack of proper fabrication techniques made these systems very lossy and the

danger of shorting furnace leads was always present. During the initial tri als

it also become evident that convect ion caused l ayering of the hot gas in the

sample tube with gradients of several hundred degrees per inch .

In the present furnace design (Figure 29) we ha ve returned to ceramic tubes

which can be sealed with cement and do not require special techni ques to protect

furnace leads. We have also inst alled a hearth heater which utilizes the con-

vection to transfer heat within the sample chamber and to sti r the dense gas to

reduce the gradients.

Reduction of the overall density of the gas has shown to be a si gnificant

factor in reducing the hea t loss from the hot zone. Table 9 shows the relation

between the gas pres sure , power consumption and temperature distribution (thernro-

couple location given in Fi gure 29). The first column shows wha t little power iS
needed to drive ~ basic two inch tube furnace it one atmosphere . The earlier
desiqn was wi th out 4lnd ing C which is fixed at about 1 KVA and add additional
cor, ’~E r t i on ‘~e~~ing . .~inding ~ is powered from the cont -oller through a variac

end cat be ‘~~ed ~ adjust the temperature prof i le. For most of the runs, this
small (l-l/- ~ inch diameter 4 inch length) tube was driven between 2 and 2.5 KVA.

~1~~~’~ ut win di n g A t o  temperature profile becomes very steep and ore powe r is
r ’P q j i  red to a i nt i i  temperature. The decrease in hea t loss  w i t h  gas mi x i n g  ‘a ~’

ret a~ 2~U~ p sig. For all argon it requires 6.8 KVA to maintain a portion

o’ •he zone a 1 300 ’C and not enough power was available to raise TC 2 to 1 300°C.
-: , t u si n o 1 500 psig helium and enough argon to make 2500 psi g, the power con-

i n  ~‘.e reduced to 5 .4 KVA to s tab i l i ze  TC 2 at 1300°C .
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3. COMPOSITE MATERIALS FOR ELECTRONIC COMPONENT S

3.1 . Genera l

If one considers , in the most genera l way , an operating electronic
device , there are usually severa l phases involved and a number of material para-
meters to be optimized. An electromechanical transducer for example may require
for a specific application a combination of properties such as large piezoe lectric

coefficient (d or g), low density and mechanical flexibility . A pyroelectric

detector might require large pyroelectri c coef ficient , low therma l capacity , and

low dielectric constant . Acousto-optic devices should require large refractive
index , large elastic compliance and large photo-elastic coefficients. In general ,

the task of the materials design may be considerably simplified if it is possible

to devise a “figure of merit” which combines the most sensitive parameters in a

form allowing simple intercomparison of the possible ‘trade offs ’ in these

different coefficients. In certain acousto-optic systems for example a useful

figure of merit is n 7- 2/ov 2, where n is the refractive index , i~ the photo-elastic

constant , v the acoustic velocity , and p the density .

In general , the fi gure of merit for an application involves several property

coefficients which are sometimes conflicting in nature . To make a flexible

electromechanical transducer it would be desirable to use the large piezoelectric

effects in a poled c e r a m i c  piezoelectric , however , ceramics are brittle and stiff

lacking the required flexibility whilst pol~~iers which have the desired mechanical

properties are very weak piezoelectrics. Thus , for such an application a composite

material combining the desirable proportion of both separate phases m ay be vastl y

superior. The basic important problem is to effect the combination in such a

manner as to exploit the desira~~e features of both components and thus maxi mize

the required figure of merit. S

Combining materials means not only choosing componem t phases with the rig ht

pro~er tie s but also coupling them in the best manner. Connectivity of each

individual phase is of major importance , since this controls the fluxes in each.
— imr - et r . is a second i - r orta r l t consideration , since symmetry and properties go

‘hand in hand ’ . There are several levels of symmetry to he considered : the

crystallographic symmetry of each phase , the symmetry after orocessin g , the com-

bined symmetry of the composite , and the environment impact on the tota l symmetry

(electrodes , c lam ps , etc.). 

~~~~~~~~~~~~~~~~~~ - -- 5-- - - - 5 - - - 55-- - - - - -— - — - — -- ~~~~~~~~~~~~
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The points of interest are schemati call y ~~. rmal i zed in Figure 30, for a simo le
two-phase system . It is interesting to mote tndt in ~o;’e compos ites , as well as
the m i  tial modi fication of the individual cro c k- C -ties of the separate phases (cu;

properties) the composite may exhibit compl te ly r o w  coupling s (produce properties)
impossible in either separated phase. T o il luct rate , consider a composite of bari~4 : .

t i tanate and cobalt ferrite . The s i n g l e  c m - ’ -.’ o r ,il monodo main point symmetries are
4mm fo r BaT i O3 and m m ’ foe CoFe 2~L. Wh ’n prepared as polycrystals the

symmetries revert to spherical - n ; . Tf ,‘oied . however , the ferroelectric ceramic

becomes °nn and the ferriniagnetic ceram ic , m ’ . If the poling fields are applied

in the same direct ion , the net symmetry of the composite is ~~ . This point

symmetry exhibits the magnetoelectric effe t , even though neither BaTiO 3 nor CoF e2O4
alone are magnetoelectric !

To illustra te the major modifications in ensemble properties which can be

effected even in simp le linear syste ms , one dimensional solution has been obtained

for the piezoelectric and pyroe lectric properties of lamel lar heterogeneous two-

phase structures .

3.2. Lame llar Diphasic _ Composites

3.2.1. Piezoe lectr ic  Properties

(a) Series_ Connection : The longitudinal piezoelectric response

d33 has been derived for a diphasic p iezoelectric with the constit-c °nt phases

arranged in alternating l ayers norma l to the 3-direction (Figure (31)).

Designating phase 1 with a superscri pt 1 , and phase 2 wi th superscript 2, the

phase 1 has a volume fraction 1 v , piezoelectric ‘d 33 and perm itt iv ity 1 c 33, and
phase 2 has ~v , 

2d33 and respectivel y.

Solving for the converse effect g iven by

S3 
= d33 £ 3 (l~

and as a check , for the airect effect which is given by

P3 
- d33 4

3

S 

_. 
5 —C __—__ —5-—-- — 5— — s s
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gives

1 1  2 2 2  1
- 

- 

v d 33 L33  
+ v d33 ~~d33 

- 

~~~~~~ 

--

~

-

~~~~~~~ 
(3 )

V 0 33 V L 33

and using the relation

g33 = 2 33/~ 33 (4)

yie lu~ 11,e simple relation

1 1  2 2v d ~~ v d
g33 

= —
~
----

~~~
-

~~ 
+ —

~~~~
----

~~
-
~~ 

= 
1v 1g33 + 2v 2g33 (5 )

£33 033

It is interesting to note that for this case (neglecting transverse coupling )
the elast ic cons~ ant o do not enter equations (3) or (5). To obtain some ‘ feel’
for what t he  equations mean conside m - two simple extreme examples.

A strong piezoelec ni c e.g., PZT , interleaved with a small vo l ume fraction of

a low per m ittivity non-piezoelectric polynmer or glass dielectric.

2 
Taking 1 d33 

= s lo~~ rim /V . 
2d33 = 0, 1

33 
= 2OOOL

~
. 
2 

= 
2 1 v = 0.99 ,

V = 0.01 gives

d 33 0.09 d33
- (6)g 33 - g33

Thu’T, ~en a very thin low pern h ittivity layer rapidly l owers the d-coefficient
hu t has little effect upon the corresponding q-coe fficient.

As an opposi t ’ extreme example , consider a norma l low pe nrim ittivit ’ - ~iezoelectric
such as quartz, interleaved with a high pern iittiv ity rmon-piezoe lectric aritifer no-
electric like NaNbO 3.

Ta k in~ - 

~ 
2
~ 5,000c0, 2d 33 = 0 and 1 v = 

2v = gives

d 33 d33
— 1 (7)933

_ _ _  - -  -5-5  — -~~ --5 -- — —-— 



53

In this case, the d-coefficient is not signifi cantly changed , whilst the

g-coef ficient has been significantl y reduced.

It may also be shown in general from equation (3) if 1 d ~d then
1 1a 33 d33 and if d33 >> “d33

1 2
- v c

33 3 3 1 2  2 1
V E 33 + V F 33

Thus since the expression in parentheses is always less than 1 it is not

possible WITH LINEAR MATERIALS to obtain d33 greater than 1d33 by this mode of

in i xi ng

(b) Para llel Connection: If the two phases run ‘in stripes

perpendicular to the electrode (Figure 32). again for the one-dimensional case

(neglecting transverse coupling)

1v 1 d 2s + 2v2d l~
— 33 33 33 33

U 33 1 2  2 1
V ~~~ 

t- v 5 )~)

where ‘s 33 and 2s 33 
are the elast ic compliances for stresses norma l to the elect-

rodes (in the 3-direction), and for the voltage coefficient

1 1 2 2 2  1
- 

- 

v 1 d33 s 33 + v d 33 s33g 33 
- 

~~~~~~~~~~~~~ 
- ~1o J

( v s 33 + v s 33 )( v 33 
+ 

~ ~~3)

The case which is of most interest here is that of an elastically comp liant

non-piezoelectric in parallel with a stiff piezoelectric

In this case 1d33 - - -  2d33 = 0

1 2 (11)
S 33 ~ 5 33

l~ = 0.5

- 5 ’
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then d 33 
1 d33

- 1 2
if 

~33 ~

then g33 -- 2’g33 ( 1 2)

and for smaller ~uIunr e fractions of the piezoe lectric phase , the y-coe fficient is

corres~~nd in~jy amp lifie d .

It is this case which accounts for the very highly successful performance of

the replanr ineform transducer structure .

To evaluate the effective hydrostatic sensitivit y for the series connection ,

it is necessa’-y to evaluate the transverse piezoe lectric coefficient d 31 since

P3 
= - (d3~ + 2d 31 ) ‘i 

( 13 )

wher e o is the appl ied h,’drost at ic ines s ure . It c a n  he ~~iowr i  ‘~Oit

d 31 = 
I v~ d31 + ~~

Ld (l~ )

so that

1 1 2 ? 1v d  s + v d  S - ,

= d33 + 2d31 = 
1 2 2  1 

+ 2( v d 31 
+ 

L v~ d31 ) ( 1 5 )
V 533 

+ V 5 33

A crrhl em for using P/T type materials in sin ol e phase ‘ ‘ d  ro—hoi;roqeneous hydrc-

s 3t ic sensors is that d 33 -2d 31 yielding a very low valu e for hydrostatic

sensit i~ i t ? .

S - - -
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Suppose for the composite we chose equal volumes of a piezoelectr ic PZT and
a soft elastomer 2v l v = 0.5. 1 d33 ~~> 

2d33, 
1s 33 

2s 33 and 
1 d33 -21 d 31 .

Then for the composite d31 ~d31 a 33 d33

~ 
1d33 (16)

which is a very considerabl e improvement over the single phase performance. Since

also the hydrophones used under hydrostati c conditions are voltage generators then

the further favorable ‘~nhancement ,of the 
~h 

can be exploited.

3.2.2. f~~~~ e~t!Tics

The corresponding series and parallel connected diphasic systems

have also been studied for their pure pyroelectric response. In this case the
results of themselves are not of very special interest , however , the comparison

to the corresponding piezoel ectric solutions is quite informative . Wha t is of

much more pract ical  interest is the next step which is to include the elast ic
interactions due to therma l expansion .

It is well known that all pyroelectric crystals are also piezoelectric. Tha t

the therm~.i expansion generated on heating gives rise to a strain which operates

throu bh the piezoelectri c coefficients to give an additional seconda ry pyroelectric

effect. If the crysta l is free to expand , what is normally measured is the sum of

primary and secondary effects , and in many materials both components are of the

same order of magnitude.

It must be remembered , however , that in many crystals (poled PZT is a good

example) the hydrostatic piezoelectric effect is small , due to cancellation between

coefficients wi th opposite sign. Clearly if the negative part of the piezoe lectric

response could be removed by suitabl e clamp ina , the secondary contri bution to the

pyroelectric effect could be strongl y enhanced . For this reason it is important

to beg in the study of connectivity in di phasic pyroel ectrics.

(a ) S i p~1e Senies Connecti on: Consider the response of a multi-
layer 2-phase pyroel ectric (Figure 31) made up from-: a volume fraction 1 v of phase
wi th pe rm ittivity 1

33 and pyroelectric coefficient 1 p3. interleaved along the
3-direction with a phase of volume fraction 2v , pe rm ittiv i ty 2 33 and ovroe lectric

coefficient 2p3. 

-- 
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Subjected to a uniform temperature change , the mean pyroelectric coefficient

P3 is g iven by

1 1 2  2 2 1  5
- 

- 

v p3 L 33 
+ v p3 0 33

- - 

1 2 2 l~~~~~ 
(17)

v 1 3 3 + v c 33

Identical in form to Equation ( 3) for the piezo—response in series conne ction.

A crude figure of merit for a pyr oelectric is given by p3 (comparable to

33

the piezoelectric g33) which yields

= + ~~3 + 
2 ,~ ~3 = + 2v 2A (18)

5-33 L
3~~ 0 33

Clearly though the pyroelectric coefficient i tself wil l be rapidly reduced by
interleaving a phase of l ower oerr ;itt iv ity , the figure of meri t is little affected .

(b) Parallel Connecti on: For the arrangement shown in
F iq u re (32), using again the same symbols

- 1 1  2 -p3 = v p 3 V P3

~
.,ri ch is V t ’ , much different from equation (9 ) for the correspondi nc ,’ t a r a l l e l
connection in the ci o zo- le ctric.

For this case

p v p + ~v p
— 

— 1 1 ~) 5 )
33 v £ 33 + V
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~ow one notes that the figure of merit cannot be raised above the fi gure of

:;enit for the single phase (contrary to the 933 in the piezoelectric case).

3 .2 .2 .1 .  P iezoe lect r ic  Contributions

(a) Series_ Connection: To sim plif y the calculation

we assunre again the structure of Figure 31 , but now each phase is presumed to

have conical  symmetry ( ‘=ni) with the polar 3-axis perpend icular to the plane of

the interleaving sheets.

Taking close transverse connection of thin sheets

1 2 1 2
S 1 

= S
1 

= S
2 

= S
2

and assuming no surface tractions so that

2
3 = 0

3
0

For a uniform temperature change ,T.

1 1 2  2 2 1
— 

— 

V p
3 33 + V 

~~ ~~ +p3 
- 

- 

-

V — 33 + V c 33

21 v2v(2c33
1 d 31 

- 
1 33 2d 31 ) ( 2 

1 - 

2
~~~~~~ c ) [ v ( s 1 ~ ~~~~~ 

~~~
1
S~7 ~ 

( 1 )

and for the figure of merit

— 1 1  2 2  1 2 ( 2 , 1 ) 1 2

~~ 
2 V v

_~~~~
-

_~ __ ( _ ~J~~~ .~i) (2 2 )

~33 l~ 2
~ [1v( 2 s 11 + 2~~~) + 2 v( 1s 11 + s f l  

2
~ 

-- -- - - 
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(b) Parallel Connection: For the system shown in
Figure (32 ) assuming that the only const raint is in the x 3 direction and that the
material is free to expan d in x 1 and x2

1 2 1 2  2 1
— 1 1 ( d  — d ) v v ( i  -
P3 p 3 v ~3

V i~~~~
’” 2 l

V S 33
+ v s 33

3.3. ~~piamineform_Transducers

3.3.1 . Re,p,]jcation on a ~atural Coral Template

The replam ineform process has been used to produce diphasic
PZT:s iuicone rubber composite transducers. This process which was originally
developed in the Materials Researc h Laboratory at Penn State for prosthetic materials

utilizes the calcium carbonate skeleton structure of natura l coral as a micro -
structural template with complete connectivity (3:3) i.e., in coral both the car-

~ ;nate phase and the pore space are continuousl y connected between each surface.

The advantage in duplicating a PZT with the coral microstructure is that the
three—d im en sional • :onnect iv i ty  ensures a continuou s d ie lect r ic  f lux path between
-~urfaces , so that the P T  phase can be ele ctrically poled to a saturation remanence
by norma l external electrodes.

The first step of the rep l ar ;imi e process is to shape the coral , which is quite
easil y machinable , to the desired geometry . The cora l is then vacuum impregnated
.‘~i t h  cas t in o  wax m nd the ~+ox allowed to harden. The calcium carbonate skelet on of
b rie co ra  is then leached iwo~ i n  weak hydrochlor ic  acid leaving a wax negat ive

the original template structure .

T n is n e - a t i i~ is  t h n  re— impregn ated ~,ith a PZT s l i p  of suitable composit ion .
~i hicfl co nt u ins a small additi on o~ a PVA cinder. The impregnated wax te ionl at e is
then ubjoc t- d to hea t t reat:rnn to bu m r - ou t ~he w r y . After  burnout. n o  F’ZT

p o s i t i v e  is then sintered under p r o  r a~;opher e control to yield a porous PZT

o~o l ica of t’ u original cora l stew ture . The replica is then again bac k -filled
j nder vacuun r with a silicone rubtu r or another suitable polymer. The surfaces ‘-e

~hen cleaned and p ol ish d to expose the ceramic phase. electroded and poled under
-ium ~ma l poling conditions.

L ‘~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Replication experiments have been carried through using coral of the species
porites goniopera which has very well developed 3:3 connectivity (Figure 33) in

the microstructure and using the species porites -porites (Figure 34) which has
the connectivity better developed in one dimension.

From the linear models considered in the previ ous section it would appear

that the ideal connectivity would be of the 3:1 type (Figure 35) .  Unfortunately,
the porites -porites which most closely resembles this required structure , though

of wide natural abundance , is at present in short supply at the laboratory , and

most work has been carried through on the goniopera genus.

Figure 36 shows a typical microstru cture developed in a replamine replica of
coniopera using Ultrasonics PZT-5O1. It is evident by intercomparing Figur~ 33
and 36 that the ori ginal coral template has been quite faithfully reproduced in

the PZT by the replan m ine processing.

The ceramic body has a solid surface area which averages 37k- PZT. Samples

impregnated wi th silicon rubber and poled electrically yield values of d 33 as
measured on the Ber lincourt d 33 meter ‘ul6O x 10-12 C/N. The value obtained does

not depend on the point of contact of the d-meter and similar values are measured

if the sample is mounted between s t i f f  metal p lat tens.

As poled , the replamine replica is still a rigid structure because of the 3:3

connection of the ri gid ceramic phase. If , however , the body is ‘crus hed ’ to l ower

the transverse connectivity , an extremely flexible composite results (Figure 37). After

crushing, the d-va lues are slightly degraded , but g33 now becomes large

with values larger than 200 m2fC (x lO s) commonl y occurring. 5

To further improve the g 33 values , samples are now being fabricated using a

softer PZT (Ultrasonics 1 002). For improved poling we are also experimenting with
a more rigid matrix polymer which may facilitate cleaning of the composite surface
to be electroded .

Currentl y a flexible electrode material obtained from Tee nit Corp. , is being

used for measurements , but this is not entirel y satisfactor y and does show fatigue

effects under e las t i c  cycl ing. We are experimenting w i th  a number of di f ferent
approaches to produce a more sat is factory  electrode for the highl y flexible

s i l icone rubber composites.

Currentl y experiments are being planned and carried forward to ev aluate the
coupling efficiency of these flexible transducers in water , and then obtain more
precise measurements of the hydrostat ic sens i t iv i ty .

--- ---- 5 5’- - - — --- - SS --5----~~~~~~~~- — - ---- -.- ‘-- - --5 ’ -~ —-5 - - ---
~~ - — - 5 -- -
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3 .3.2. A i ternat iv~j~~plate_Struct ures

Over the past three months some effort has been directed towa rds
finding alternative template materials which mi ght have the required connectivity .

Studies of polymer foams have s hown somewha t s imi lar pore s truc tures , but, at
the level when continuous porosity is well developed , the solid phase only occupies

some 12 volume percent. Preliminary replication studies show that this is too

small for effective transducer performance.

The microstructures of some nionocotyledons appear promising and , in this family ,
corn stalks are being investigated . Various types of common hardwoods which have
been partially charred are being studied. Of the pyrolized wood structures , red
oak has the proper type and dimensions of channel structure (Figure 38).

The charcoal templotes which have been invested with PZT slip have to date

produced dominantly rod -like structures with very limited cross connection. The

problem is felt to be probably associated wi th the very hygroscopic nature of the
pyrol ized wood , which appears to be affecting the PZT slip. Experiments are now

proceeding to adjust the pH and cons t i tu t ion of the s l ip  to combat these problems .
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4 . ELECTROSTRICT ION TRANSDUCERS

4 .1. MuL t i l a ~en Monol i thic Structures

In the lJ7 e c o n t r a c t  year , the large electrostrictive defo rmation s which
could be realized in I r iol ithic mu l ti l ayer bodies fabricated fiom conven tional high
K capacitor d ie lec t r ics  were documented . The e lec t ros t r ic t ive  origin for the
observed behavi o r  was confir med and the concomm i tant absence of ag ing and deaging
phenomena which occur ’ w hOm hi gh ampl i tud e DC f ie lds are appl ied to conventional
PZT ceramics documented .

Based on these studies , a jo i nt  progra: w i th Er ie Technological  Products was

~-orn u lated be fabr ica te  larger test  sa mples  wh ich  could be subjected to the more
detailed testing required for application in conu’nercial position control systems .
This joint proposal was funded in June 1977 and the necessary fabrication of a

range of laro er m ul t i layer structures is now proceeding under this contract.

To aid in the final choice of the precise co mposi t ion to be chosen for initial
f a b r i ~ at ion , a series of pilot tests were run on small comme rcial elements fab-
ricated from the r 5 ,500 dielectric but wi th different minor phase additives which

a re use d as pea~ sh ifti-rc in f ab r ica t in o  the d ie lec t r i c  from commercial powders.
The i u r o ~~~i p r 1  of t i e peak oP~fters ’ is to trim the Curie temperature maximum to
room temperat ure so as to cu ti sf y dielectric specifications. Since experience had
- oiowr~ that the ‘ s h i f t e r ’ add i t i ve  a lso modi f ies the gra in s i ze  of the resul tant

: I i ~~ -~u ite iar~ - : , it wa s thought des i rab le  to ascer ta in  the e f f e c t  of additive

dod ng upon the st - ri cti on beha v i r n  before enibarki m U  ur on large s cale fabrication.

In Ficure 39, -10 and 41 c vs. T curve s taken at 1 KHz. and static dilatation

incier f ie ld  are compa red for several  doping l e ve ls .  C lear ly  the proprietary addi-

tive tri m s Tc in the manner prescr ibed , howeve r , this is at si gnificant cost in the
oilatation leve ls which can he achieved under field. It say be noted that the

smal le r  a dditive level  does reduce the mi nor hyst e m ’ it i c  “espo nse on first po l in o

r:d th is  : ly  be useful for certain a p cli cations. On bal la n ce , howeve r’ , the i ’prove—

cu t is not dramatic and it was decid ed to fabricate initial larger sampl es using

tue unmodif ied m a t e r i a l .

It is anticipated that future studies on these syste m s w i l l  be carr ied fowa rd
on the new contract and thus will not be reported here. 
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4.2. Extruded Multiply Connected Electrostriction Transducers

4.2.1. Introduction

Dur i ng the earl y part of 197 7, fol low i ng con tac ts wi th ITEK ,
Boston and discussions upon some of the problems associated with the fabrication
of mul ti-element mi rror control systems based upon mono lithic PZT transducers ,
contact was established with Corning Research Center , Corn ing , NY upon the possi-
bility of fabricating extruded transducer arrays , based upon the technology whic h

Corning has developed for the extruded exhaust cata lyst structure.

By the Corn i ng process , a tubular low expansion silicate based ceramic is

extruded through a die set which establ ishes a closely space channel structure in
the body . (Figure 42). The channels can have a square , hexagonal or triangular

geometry and extent right through the tube . The channel s ize is of the order
of 1.5 mm with a *o11 thickness down to 0.1 mm.

Clearly if the catal yst support structure could be duplicated in an electro-

strictive ly active ceramic , by electroding the walls it should be possible by

apply ing an electrical bias , to operate through the electrostrictive Ql2 coefficient

and change the length of the interconnected wall norma l to the surface. For a

thin membrane attached to the surface this should cause a puckering of the surface

profi le which could be regulated by the applied f ield.

Based on our original discussions , Corning Research Center agreed to fabricate

several test specimens from their own K8 ,000 BaTiO 3 formulation , w h i c h  i s  a Curie
point suppressed ferroelectric.

4.2.2. Dielectric and Electrostriction Studies

Three sets of extruded samples have so far been supplied from

Corning . The total circular cross-section was in each case 4 cm. The samples
had a square grid channel structure with a wal l  spacing of - 1 .25 mm and a wal l
thickness of 0.25 mm. A typical cross section normal to the channel structure
is shown in Figure 43.

For preliminary evaluation of the dielectr ic properties , severa l of the less
wel l  formed pieces were diamond sawed longitudinally parallel to one wal l  orienta-
tion and a f la t  plate sample of one wa l l  thickness and of area sui table for capacitance

measurement prepared . After pol ishing to a f la t  surface and cleaning , gold e lect -
rodes were evaporated onto the surfaces through a suitable masking system .

- -- S—
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To evaluate t re ci ectro~ trict i ye r-~ s po nse . ~ t \  ~‘nu : s ort t S t  or C -n u of thy

best qual i ~ e x t r u c i o r s werr sawed ‘ - 1  ~o i he a :  le ’ q t m: , o n  pcr l ished to
flat square jrid u n to : c- . SiL , e l e i tr ies ~~~ J e t O ’ - i t ~ d o  fl i t -  le ngt h ~l

tue channels  w i  op ionq , t h in  w i m e  typ e wni dnr ’ bars ~nd tne end S i n ~~d CS W~ re

cleaned and repo l i shej  E l e c t r i c a l  con ’ r : 1  wa - , made to the uternal e lec t ro d e s
down each squa re ~r o ne1 us r nq air ’ dry inu silver . To inves t eat t n r -  bulk l co q i i jd~ ‘ma

e lec t r os t r i c t i on , - o nt i c t wan made te a l ternate diagonal r-nwo of channels so that

the E field coul d ~e a p p l i ed  to al l  inside walls sirnulta n eou l ,.

The f i r s t  resul ts  ten thn die lectric permittivit y as a functi on of ternper~ tu r e
for sect ions from ba t e r e ,  1 and 2 are sum m ar ized in Figures 4~ a nd 4~ and the DC dilation

behavior in Figure 41 . Obviousl y , the dielectric permitt ivit y in the batch 1

samples is i~uCh reduced f rom the level which should m e  reali ze m in the fon ’:ulation

used.

Two factors appear to contribute to t h i s  und c s i r - r b lc

- The dens i t y  of the fired extr uded samples wcs l ow c r  than the
norma l densi t ies achieved w i t n  t h e  d ie l ec t r i c  f ormu la t io n .

2. SEM pictures revealed w r i u t  a p p e a r s  to he a s i l i c a t e ~i~ b phase
at the qra i n boundaries in the e~ t raded s m im p es.

It would appea r from slow sweep Sawyer and Tower sea su mt-rr r :t s tak en on the
dielectr i c samp les that the resistivity of the grain boundar y phase is lower than

thdt of the b u lb grain and larger polarizat ion va l ues could be induced than would
be expected from the 1 KHz dielectric data .

The s am p les  fro m batcu 2 exh ib i t  hi - he r Le r m i t t i v i  t ~
‘ , but v alue s which are still

in fer ior  to - i r  expected r-r’nponse l or  t h is  composi t ion For thes r samples , the

bulk den ci t , nas het n im p roved , but is still toe low , though the silica rich

boundar y phase has now been eliminated , and the Sawyer rnni Tower 5- r asur es ents  show
r enhanc es nt of low frequency re~ t o nse .

In t s r  DC dilatation measurements , Figure 46 the batch 1 saimip lec shuw better

~~~~~~~~~ pr obably due to the Maxwell-Wagner polarization. Clea rl y, however , to

ach ieve  full response the fabricati on procedure must be further improved. ~i d 0i t ir n al

woi~ is rim -~ in progress.

4 3 .  t~r w  Mdt e r ia ls  for E l e c t r o s t r i c t i o n  Transducers

T iic th r- u~t of our current studies is to develop ‘ mater ia ls  w i th  la m -ge ’

e l ec t r os t r i c t i ve  response for s ta t i c  of low frequency pos i t ion  control and to exp lore

son r e of t r i o  mater ia ls  systems in which an e lect r ic  f ie ld  induced phase c ua ’~ :r may

~

- --5- ’ - ---- - 5 - -  — -—- ------ - ----



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

72

L)
c°) (.•j

1/

-

L)

II
Li
. 5

C’)
4-’ 0,

EE a)S.. 4-i

4-’ v
_I

ci
ci
U_I

C Q.) ~)‘--5 S.-
C’C’ i:.,SI E

~~

(°)

-~~
UI—

a)

S..-

S.-)u_i _ _ _ _ _ _ _ _ _ _ _ _ _  —_ --5— --5-— ___________

-‘-I

F.-. u-I I’-)
S.C cc



--‘ 5 - - - -- - --5 - - - 5 . ’, - -- - - ---5 - - - -  5 -

/ 3

C., N-
NJ U)

ci

NJ ci
_ _ _ _ _ _ _ _ _ _ _ _ _ _  ____  -5--- -— -— --~~~~~~--

‘0

>

~~~~~~~~

/

//
//
/
/
/

U)

4-,

0 -’--

a)a)

I-)
0 NJ

_____ ____ — - - --5 —~~~~~~~~— _ _ _ _ _

~~ U
-I- I/

/ N- E
/  N~ a)

__--5 -4-i

/

H

L - 5 -



- - - 5  -5 - - 5 - - - -” —- - - -- -  - - - - -- - -~~~~~~~~~~~ -5 - -5 - - . - -

74

‘_ ‘
\

\
\
\

- N J

x

—

~

- - -~~~- -5- -- ---- -‘ 5- -- J



-5 - 5 -5.---- . - -~~~~~~~~~~~~~~~~~~~ .-- 
;- -

be used to generate and contro l a highl y non -linea r str ain response.

Two areas f approach whi J i  s uggest  the poss ib i l i t y  for major mod i f i ca t ion  of
the ‘ normal parae lectr ’ic elec no- tri o ti ye response invo lve  s y s te m ’ s w ni ch exhi bit
unusual time dependent dielectric response ii electric field which has pronounced
re laxat ion character.

4.3.1. Ferroelectric_Re l axors

Considerable information is av~’il able , mostly in the Soviet
literature , upon a large family of ferroelectrics whi ch exhibit strong relaxation
characte r in their dielectric response near to the ferroelectric Curie tempera-
ture (23, 24, 25). Lead-magnesium niobate (Pb3MgNb 2O9) is perhaps the best example ,
for which a wide spectrum of properties has been measured in both single and pol y-
crystal samples. In this crystal , the unusual response has been traced to a
statistical inhomogeneity in the distribution of the Mg 2” and Nb 5~ ions upon the
B-s i tes of the ABO 3 p e r o v s k i t e  structure. This inhomogeneous distribution leads to
a distribution of micro -vo lumes wi thin the sample which drove widel y different Curie
temperature . Thus a coo lirg from high temperature , there is a Curie range rather

than a distinct Curie point and within this Curie range the crystal exists as an

i n t imate  mixture of paraelectric and of ferroelectric volu re elements .

The point which is of major intere st for potential electrostriction applications

is that for temperatures wi thin this Curie range , the crystal can be poled into a

strongly ferroelectric form , but , on remova l of the poling field reverts back to a

random arrangement of microdomai n volum es with no net remanent moment. It is the
growth , reorientation and subsequent decay of the microdomains which gives rise to

the time dependent dispersive dielectric response over thr Curie rc gion.

High field dielectric measurement s of 60 Hz for temperatures just below the Curie
range show an apparant norma l hysteriti c response with large levels of induced

polarization ( 26). However , low frequency pyroelectric studies clearly indicate

that the apparent remanence is spurious (27 ) and is associated with the more slowl y
decaying domain component of the tota l polarization i.e., the pyroelectric measure-

ment shows only an S-shaped saturat ion curve without remanence. S

Clearl y, then in the ferroelectri relaxors the possibility ex ists for ti l i zing

the majo r’ poling strain for position control and for generating a high st r ain device

which would be a close dielec t ric anal ogue of the m agnetostrictive systems.

A critical initial datum required is a measure of the simple elec tro striction in

a relaxor ferroelectric for sonic tr s peratu re above the Curie range. If the ‘sac i t ad~ s

—-5 -i-- - - - - ~~~~--- - ---- ~~--,.----S- -5---—- . ---- ---5- - - -- - - -5 - -
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of the constants are  simi lar to those in more norma l perovski tes (e.g., BaT i O3),
then the hi gh induced pol an zat ions in the Curie range must give r ise to very high
st ra in leve ls  and these systems are obviously of cons iderab le  in terest  for further
study .

Dense ceramic samples of lead magnesi um niobate were fabricated from the mixed

ox ides .  Weak field dielectric measurements taken using the HP 427A automatic bridge
ar id a model De~ta Design 2300 environment control chamber are shown in Figure 47.

These data are closely similar to the ori ginal data published by Smo lensk i i  (23),
though the peak per m ittivit y values are slightly higher probably due to bette r
ceraniic preparation.

At room temperature , the ceramic is above the Curie range , so that static
d i la ta t ion  measurements under ’ DC fields should be dominated by the paraelectric phase.

Measurements of the e le c t r o s t r i c t i v e  constant Q 12 at room temperature were made

using the high sensi t iv i ty  di latometer described in our earl ier report. The se data
are s ummar iz ed in F igure  48. O”er the whole range of applied fields the quadratic

e lec t ros t n ic t i ve  behavior is c lear ly evident and the measurement y ie ld a val ue

=1.3 x 10-2 MKS

of the same order ~s the Q constants  for other simple perovs~: i tes .

Clearly in pure Pb 3MgNb 7 O9 the Curie range is too low in temperature to enable
a prac tical room tem perature device which could u t i l i z e  a large f rac t i on of the
poling strain.

In present s tudies pu—n Pb3 MqNb 2O9 will be used as a model material and our

dila to -- t s r is now be ing adapted for m easurements at low temperatures. For prac tical

systems we are a iso fabr icat ing ceramics in the sol id s o lu t io n sys tems Pb~Mc - , P - :
Pb 3Z’r Nb

:) , and Pb M:Nb ~: Pb 2(~
-1e~

’ O6 and Pb ~MqN b~)d2: PbTiO .

The Mg :Zn system s is h m o w r , to give relaxor behavior ove r - the w ecl e solid solution
ranni - within tne C~ oie range up to l40”C in pure Pb 3Zil ~b~flq- Unf ortunatel y, the Th
end - s: ht r is difficult to fabricate in t he perovs k i  te for ’ and high pressure

s~nthes is is roqu i red t m  suporess a pyroch lore struc r in ’ der ivative. Ph~M iN h 209,
nowever , sta b ilizes the a - n o v - k i t e  ton : : and compositions rth us eful Curio- rm iio e

should be accessible by norma l i n an l ic processing.

For the Ph 2(MgW)06 ~nd member , an ordered perovskite structure has been reported

and the properties are suggested to be antiferr oelectric . The interest in

- -  -- -‘ -~~~ ‘-. ~~~~~
- .
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this system is to exp lo”e the d i e l ec t r i c  and elastoel ectnic changes associated
with the transition fr oirm a dis or ’dered (ini omogeneous) cat on distribution to an

ordered (homogeneous) ph asn .

Samples necessary for’ these studie s are now being processed.

4.3.2. P fect~~~poie S~ st ems

S t u d i e s  of the Static electrostrictive effects in doped alkali
halides (28 ,29) show a very large contribution to the electrost nictive response
from the reorientation of polar defect centers . In these low temperature elasto-

electr i c st udi es , it was postul ated that the high local stress fields associated

with the defect became oriented by the poling process leading to a large defect
dipole ’ contribution to the measured electrostriction.

In alkali halides the dielec tric polarizabi lity is very low (ER 
u 10), so tha t

even though the measured electrostr iction coefficients are orders of magnitude

larger - than the corresponding coefficients in the perovskites, the total induc ed
strains are still small.

To exploit this ‘defect dipol e ’ concept in any pr actical manner, clearly one
should Seek an ‘ onientab le defect system which occurs in a base lattice of much
higher intrinsic pola ni zabi lity . Skanavi et al. (30 ,31) have demonstrated

the occurrence of a dipolar contribution to the dielectric response in Bi 3’
~:SrTi0 3

ce ram i cs , which provides a very significant enhancement of the low frequency weak
field permittivity . More recent work in this laboratory has confirmed the dipolar

nature of the response in (Bi 213 x Ti 1 ~
)S rO3 sol i d solu ti ons , and a similar even

l arger effect in (La213 Sr 1 ~
)T i 03 and in a number of rare earth SrTiO 3 ceramics.

~e are presently fabricating samples of a number of the doped strontium titana te

sa ’mlr ~s -dC ic h will be used to examine the possibility ~f enhancing the basic electro-
I ~e response by the defect dipole mechanism.

__ -
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5. P O L I N G  AND PROPERTY STUDIE S

Work in this area over the first months of thi s contract period has been limited

due to the need to focus effort onto the preparation and fabricati in studi es associated

with developing the suites of samples required in each of the three major areas
previously described .

For the i n itial poling studies under high hydrostati c pressure , a small
externally heated pressure cel l has been developed . Thi s has been designed to
accept samples up to one diameter , and is a liquid type pressure cell capable of

maximum pressures over 7 Kbar at a safe operating temperature of 200°C. The cell
is equipped with a compressed air intensifier and simple manual control system .
Feed throughs are provided for electrical leads whi ch can be used up to 1 Kvolt ,
arid for an internal thermocouple for temperature measurement. This equipment has

been assembled and tested over the whole temperature and pressure range , and work
will now proceed with the poling studies.

To complement the high sensitivity dilatometer a new capacitance dilaton ieter
has been built up, to cover the very low strain ranges projected for our studies

on dim ensional aging in poled piezoelectrics. The sensitive system components

have all been constructed from super invar and the system is mounted on an air

mounting table for vibration isolation in a therm ostatically isolated room .

Preliminary st idles biv ~ snr-w ! that the  sy s tem ca n di scrim inate dimension

changes of less than 10 A jr a sample 1 cm long. ~houqh the system is assembled
in a low pressure glove box in dry nitrogen , the major limi tation upon the measured
stabilit ~ appear’s t come f n o ~: pressure and humidity changes and it is now planned
to put the whole y s te r s  in to  a vacuum enclosure.

4e are usin e tn orr~~c 5 nt  equ ipment to complete the low s t ra in  data for e lectro-
s t n ic t i on  t ransducers at low f ie ld  l eve l s ,  and  e v e n i n  p re s e n t  for’s it will be most
va luab le  for tk ~ - i niti a l characterization of the defect d ipo le  e lec t ros t r i c to rs .

r e  complete details of these studi es w i l l  be g iven in the Annual Report in
December 1977.
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6. BASI C PHENOME NOLOGY FOR PZT PER OV SKITES

Two top ics  have been the major subje cts of study over the past s ix  months

5 (1) The completion of the three-dimensional ana lys is  for the polariza tion

surfaces in a perovskite .

(2) Development of the graphics system to enable the automatic plott ing
of the ferroelectric phase diagram for any two component perovs kite

sol id  solut ion system .

Topic one above is now essentiall y completed . The programming has been corn-

S pleted to allow the three -dimensiona l presentation of the polarization surfaces

for any proper perovski t e ferroelectr ic for which the Elast ic  Gibbs Free Energy
may be expressed as a power series in the polarization and allows for the inclusi on

of al l  symmetry al lowed terms up to and includ ing al l  al lowed s ix th  power terms
in P. i .e., if

= A(P~ + P~ + P~) + B(P~ + P~ + P~ ) + C(P~P~ + P~P~ ~ P~P~)

+ D(P~ + P~ + P~) + E(P~ (P~ ÷ P~) + P~ (P~ + P~) + P~ (P~ + P~ ))

+ F P~P~P~

If the magnitudes of the A ,B ,C ,D ,E, F coe f f i c ien ts  and their temperature dependence
is known for the system of in terest ,  the P may be plotted at any chosen values of ‘G .

for temperatures anywhere w i th in  the known te mperature f ie ld .

The usefulness of the chosen forma t has been demonstrated by modeling the

cuhic : te t ragonal ,  the tetr aqonal :orthorho mbic and the orthorho mbic:nhombohedra l
uhase t ransi t ions in BaTiO 3. Parameters were chosen to model the G ‘ir-ction for

DaT iO 3. p lac ing  the phase changes at 120 , 0 anc -90°C r e s p e c t i v e l y .  The si mple S
f u r :c~~ion was so lved to g ive the :0 , val ues at  the transit ion poin ts , and the

pol ari za tion surfaces drawn f r  a small range of  G about the t ra ns ition value . and

‘or r i -  ; r r ’ tur ns just  above and jus t  below the spontaneous t ransi  ti e to mor- ra tunes

- - 5-5— - - -5 - - -- -- - --5— - -- -5---
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S Figure 49 reproduces several of the polarization surfaces of interest. Since
the surfaces are quantitatively correct (for the chosen ‘G parameters) behavior
in the inmiediate v i c i n i t y  of the t rans i t ions can be correct ly  modeled .

The focus of the second task was to develop f i rs t the parameters in the -‘C
function whi ch wou ld enable the descript ion of a morphotropic phase bounda ry bet-
ween tetragon al and rhombohedra l phases of the type known to occur in the P71

family of compositions and this was described in the previo us report. Working from
this basis, the task was then to chose the mode in which the parameters in :0 must

change so as to model the known phase diagram for PZTs.  For this purpose , the
orig inal program which placed the ,‘G parameters under dial control through the

analog feature of the Adage graphics system was modified so that under machine con-

trol , the parameters could be incremented over a prescribed range. In split screen

mode the Adage has been arranged to plot for each set of ‘G parameters the full

famil y of £ vs. T curves for all possible phases. To select the crossing points

between the curves representing the lowest energy s ta tes  (s tab le  phases)  and to
rlot corresponding points on a T vs composition diagram. Thus commencing with the

va lues of :G corresponding to one end member phase the program builds up the full

phase di a g r - amm - up to the second end rm enr ber phase plotting and  la be li ng the  s t ab le
phases and a l l o w i n g  d i rec t  inspect ion of the C 1 vs. T diagram at each incremental

coniposition .

Fixing the temperature and composition dependence of the A pa rameter from the

known d i e l e c t r i c  re s po n se in the cubic paraelect nic iu a se , and from the known

te m pe ratu re  dep mnrd ence of t i re cubic ferroel ectr i  c phase change , expeni eirce has

s iown that  on l y a ve~~ limi ted f a m i ly  of higher order parameters w i l l  e f f e c t i ve l y
mode l the sro r~d otropic tet raqonal  : ,- homrrh ohedra l phase. The best fitting so far

obtained is shown in Figure 50.

Usinq the model parameters chosen in this study , t iC full family of polarizatio n:

temo er-at ire and l rni tti v it v :t emnrp erature curves is be~nq developed for incremental

composi t ions across the phase diagram . If the assumption is made that the spon-
t a n e o u s strain in the ferroelect nic phases is electrostrictive in orig in , which is

most reasonable for a simple proper ferroe lectric , the calculated P vs. T curves

car be r ocmp ared to the x p n i r nta l ly deterrmn i ned P vs. I curves to justi f, the

5Ire~~1i n e calculations.
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When the family of ‘C parameters has been checked in this manner , the intrinsic
s ing le  domain d ie lectr ic , p iezoelect n ic  and e last ic  propert ies w i l l  be access ib le
for the unperturbed state. It is also then a relativel y straight forward step to
calculate the perturbation to the intrinsic prop erties from changes in the
elastic or electric boundary conditions , such as those which will occur from the
mutual contstraints between grains in the po lycry stall ine ceramic.

4
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7. FUNDAMENTAL STUDIES OF AMORPHOUS AND MICROCRYSTALLINE HIGH I
FERROELECTR ICS . c

These studies have been concentrated upon the developmen t of amorphous films

of the distorted pyrochlore ferroelectric Si 2Nb 2O7. Sputtering pyrochl ore

ferroe lectnic Si 2Nb 2O 7 . Sputtering was chosen as the method of preparation

and an extensive exploratory study has been carried throug h to establish the

conditions required to sputter unifo rm pinhole free film s .

This work was carried out on an MRC Model 8502 commercial sputtering unit

using argon , arqon:oxygen mixture s and pure oxygen as the gas phase. The system

can be diffusion punnped to a pressure of less than 10~~ torr be r-e back filling

wi th  the carrier gas.  So far about 100 sputtering runs have been carr ied through.

A number of different substrates were used including glass (microscope

cover g lasses) , pure fused s i l i ca , Al 203 (99.5°’ pure), ultra h i gh purity alumin a

and AL SI MAG 614. To provide a base contact for electrical measurements , Al ,

Cu, Pd and Pt fi lms were evaporated or sputtered onto the substrate before a

number of the sput ter ing runs.

Before each experiment the substrates were cleaned with li quid Nox , ace tone

and alcohol .

The initial sputtering runs to establish depositi on conditions were carried

through using a target prepared from sintered stoichiometric mixed oxides of

reagent grade purity .

In the Mod el 8502, the target substrate spacing is of order 3 cm and the

RF frequency is 13.5 MHz. Some typical conditi oi s and deposition rates onto

f u se d s i l i ca  are given in ~~hle 10.

Table 10. Deposition Conditions

Watts 1°/mm

Ru~~ Gas R F Power P
~ 

Depos itior Rate
— 

25 50 100 150 200 300

3 Ar 
- 

25 50 100 200 370 500

3 02:A r ’ 25 50 100 200 350 ~0O

-5



r 
----- - ----—- -, - - -- 

U

Excel lent  f~,lnis , fi rmly adhering to the substrate could he sputtered onto

all the oxides and onto aluminum , attennpts to sputter onto Cu , Pd , Pr were

unsuccessfu l apparently due to reaction or high surface strain breaking up the

film into isolated islands upon formation.

Preliminary measurements of the capacitance using aluminum counter e lect rodes

showed exerting properties , but  these were traced back to a thin hig hly resistive

A1 203 film at the electrode interface.

A study of the oxide stoich iometry was made using the JSMSOA JOEL scanning

electron microscope with energy dispers i ve secondary x-ray analysis. Probe data

were corrected for backscatter , ionization , penetration , absorption and fluores- 
-

cence using the MAGIC (microprobe analysis gener& intensity correction) program

from J.W. Colby at Bell Telephone Labo ratories , utilizing LINbO 3 and SrTiO 3.

For the stoichiometr ic target , f ilms sputtered in oxygen were found to he

slightly niobium rich.

Using a compound target the correct target composition was found to he be-

tween stoich ionretric and 2(SrO)1 05(Nb2O5), and new targets in this stoichion netry

region are being made up.

In one thick sputtered samp le (1-week sputtering time ) severa l large p i eces

of f i lm about nm dimensions ‘10 urn thick were found to have parted from the

substrate. Dielectric perm ittivit y was increased using evaporated Pd electrodes

and Delta Design environment control sample enclosure . Persittivity and tan

measured at 1kHz , 10 kHz , 100 kHz and 1 MHz over the temperature range -60°C to

+300°C are shown in Fi q . 51 and Fi g. 52.

The init ial heating curves show some s t r u c t u re , bu t after th i s anneal ing ,

the data became reproducible. The dispersive high near 300°C is associated

w ith a rapid r ise in tan ~ and may he a s s o c i a t e d  w i t h  wa ’ er c o nde r c a t i c ’  ar ound

the lead structure in the cooling chamber.

————-5- —____________
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Preliminary annealing studies suggest that the 5r2Nb 207 g lass (even

slightly off stoichio rnetry ) is highly stable. Films annealed at 1 000°C for

many hours exhibit no x-ray pattern. Studies to higher temperatures are now

progress ing. 
S 
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