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SUMMARY —

1

This report covers the second year’s work on a program aimed at

developing a better understanding of the mechanisms whereby the methods

of powder preparation, processing and sintering control the microstructure
of lead zirconate titanate(LZT)ceramics as well as their electric and

piezoelectric properties. The work is based on the use of the technique

of molten salt synthesis to produce homogeneous, fully reacted LZT powders

from which the ceramics investigated are made.

A test of the batch—to—batch reproducibility of the powder, made by

measuring the properties of ceramics made from it, showed that the post—

poling dielectric constants and planar coupling coefficients of the individual

samples lay within ±4% and ±7%, respectively, of the average for all samples
fired in the same way. Striking similarities in the aging behavior of the

relative dielectric constant, specifically the rates of aging and the times

when sudden changes in aging rate occurred, were observed in all samples

from all batches that were fired in the same way. These characteristics

changed with firing method. No such similarities were observed in the aging 
V

of the planar coupling coefficient or the piezoelectric strain constant, d33.
An unusual, previously unreported aging behavior of the relative

dielectric constant of Cr containing compositions was observed. This parameter

decreased by about 1% in about the f irst 120 days af ter poling, af ter which
a rapid increase of sometimes more than 100% occurred, followed by a general
decrease with time interrupted by smaller , rapid increases. The loss tangent

behaved in much the same way,but no unusual aging of the planar coupling

coefficient or d33 was observed.

Tests of ceramic properties achieved when poling at different temperatures,

and/or dif fer ent poling f ields, and/or dif fer ent methods of applying the
field were made. There was evidence that the magnitude of the relative

dielectric constant achieved on poling depends on the previous history of

the sample, even if it had previously been completely depoled.
Tests of the effec t of cyclic hydrostatic compression up to 69 MPa of

samples of a number of compositions indicate little effect on the properties
measured at atmospheric pressure or on the aging rate.

-~~ V
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LEAD ZIRCOMATE TITANATE (LZT) CERAMICS

J. H. Rosolowski, R. H. Arendt and J. W. Szymaszek

I. INTRODUCTION

- :

This report covers the second year’s work on a program aimed at developing

a better understanding of the mechanisms by which the methods of powder pre—

paration, processing and sintering control the microstructure of lead zirconate
titanate (LZT) ceramics as well as their electrical and piezoelectric properties.

The first objective of the program was to develop a method, of potentially

commercial practicability, by which homogeneous powders of controlled stoichio—

metry could be produced, and whose sintering behavior as determined by measuring
ceramic properties would be highly reproducible from lot to lot. This objective

was deemed necessary since one of the practical problems encountered when making
piezoelectric LZT ceramic bodies to rigid specifications is the variability in

results obtained from dif ferent lots of powder made by the conventional method
of calcining a mixture of the constituent oxides. Since no reliable method

now exists for characterizing an LZT powder so as to accurately predict the
properties of the ceramic fired from it, obtaining powders that behave

reproducibly is necessary for a study of the effects of powder processing
and sintering.

The method chosen for development was that of molten salt synthesis. In

this technique, reaction of the constituent oxides (or precursor compounds

that decompose to the oxides on heating) takes place while they are dissolved

in a molten salt, rather than by solid—state diffusion between contacting oxide

particles as in conventional calcination. This technique holds out the

possibility of producing a more homogeneous and more fully reacted LZT powder
than that obtainable by conventional calcination because of the effec tively
greater area of mutual contact between particles and greater reaction rate

that it provides .
The first Annual Summary Report of work on this contract~~~ contains a

detailed account of the development work done on the molten salt synthesis

technique. Briefly, it was shown that reactive powders could be so made over

a wide range of Zr/Ti ratio, and a large number of different dopants could be 
V

incorporated into the basic compositions both singly and in combination. For

convenience, the Appendix to this report also gives step—by—step instructions 
V
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for making an LZT powder by the molten salt synthesi, technique.

During the first year ’s work , the attainment of good ceramic properties

when using a standardized .intering procedure was used as a guide to

developing the powder synthesis technique . Although the results obtained

towards the end of the reporting period indicated that powders synthesized

by the same procedure would produce ceramics having closely similar properties , I
no controlled test of this had been made. This report of the second year’s

work will be principally concerned with giving the results of such tests as

well as showing the effects of some different firing conditions on ceramic

1 - proper ties , and reporting observations on aging behavior .
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II. POWDER REPRODUCIBILITY TESTS

A. Comments On Analysis For Pb In LZT

Lead is a volatile constituent in LZT and it is well known that V

its content in the powder and ceramic must be controlled if the desired

properties are to be attained. This is usually accomplished in commercial

practice by firing the ceramic in closed containers containing pellets - 
- 

-

~

of PbZrO or of a PbO—PbZrO mixture to establish a PbO vapor pressure

and thus prevent loss of PbO ‘ . In the work reported here, the pressed

discs were buried in a powder of their own composition and fired in closed

containers. Discs weighing 5 grams fired this way typically showed a

weight loss of around 0.6 percent, part of which was due to slight chipping

that occurred when the adhering powder which had hardened somewhat was

scraped away.

The possibility of making high precision, threct analyses for Pb in

LZT was looked into. Discussions with analytical chemists yielded the

information that the available wet chemical techniques could probably be

developed to yield an uncertainty of ±0.3 percent. An inquiry directed

to the analytical department of a major commercial LZT powder supplier~
4
~

produced the information that they had developed a proprietary wet chemical

technique which gave an uncertainty of about ±0.1 percent.

The possibility of measuring Pb contents using X—ray fluorescence was

also looked into. Differences in the lead content of different specimens

accurate to 1 part in 2 or 3 thousand could probably be measured but the

large number of counts required for such accuracy would require tying up

the equipment for 2 or 3 days for each specimen . Determination of the

absolute Pb content would , of course , require that highly precise standards

be made.

In the light of the foregoing, it was decided that the probable value

of precise information on the lead content of LZT powders and ceramics
would not at this t ime just ify the effor t  and expense required to obtain it.

Accordingly , control of the lead content was effected through standardizing
the excess lead used in powder synthesis and by firing the same number of

pressed discs along with a constant quantity of powder of the same composition

in each closed , stabilized zirconia firing crucible. The crucibles were

V “seasoned” before use by firing LZT powder in them.

—3—
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B. Description Of Powders

Experiments designed to show the degree of reproducibility of

ceramic properties were made using 5 different batches of powder.

The identifying letter and coiunents on the powder synthesis method

used are given below. In all batches, the constituents were mixed

in the proportions to produce the composition, Pb 94 
Sr

06 
(Zr 53 Ti 47)997

Fe 003 °2 9985

1. Batch A

A 2 kg batch made according to the method outlined in
the Appendix except that the use of a blender to break up

agglomerates as described in step 1 was omitted .

2. Batch E

A 1 kg batch whose preparation included the use of the i —

blender only for the Zr02 slurry. A small , stainless steel

blender Jar was used only for this batch and a slight dis—

coloration of the slurry indicated that some wear occurred .

3. Batches, C, D, E -j
All made as described in the Appendix including use of

blender on a slurry of all the constituents mixed together.

A larger blender jar was used and no discoloration of the

slurry was observed .

Two weight percent of stearic acid was incorporated into the

as—prepared powders in order to achieve better particle packing and

green strength during pressing. The stearic acid was dissolved in

benzene, added to the powder and the resulting slurry milled in a

polyethylene jar for 24 hours using zirconia balls. The milling time

used happened to be convenient, a shorter time would have served as

well. The milling procedure also serves to further break—up any

aggregates in the powder.

The milled powder slurry was poured into an open beaker and the

benzene evaporated by applying heat. The powder was stirred constantly

during drying to prevent stratification or segregation of the stearic

acid as the benzene evaporated. The dry powder was then passed through

a 60 mesh nylon screen after which it was ready for pressing. . 
-

—4—
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Sample ’s were pressed in a .. ~~ cm d iame ’t or C.irbo I ov d i e .

About S g of powder was l oaded and pr e ssed at 69 MPa (10 Kps I t ..t

abou t 1 minu te’. This  yie lded d i scs  ot shout .~~. S mm thickness. in

order to insure’ nut  form dens ! t y ,  t host’ discs  were then 
~ 

laced in a

rubber bag, i imsersed In oil, and (sost at a liv pressed at around

340 KPa (50 Kpsfl . The greets elcns It  It’s ot bodies pressed in t h i s

way were around 5 .7 x 10~ Kg/m i .

The’ pressed d iscs  we’EC t trod in . ttr  tot one’ hour at t~00° C to

burn of f the’ h m d c ’ r . ‘l~ o cii f I e’ rent  k inds  of t I r I n~s we~ r e t hen made’

to determine’ powder reproduc ibi l it v. In  t he  I r at kind  • S discs ot

e’a.’h batch were’ stacked in se’pa r . t t  e stab ! I Ir e’d i rconta cruc tb les

wi th  po~aier .‘ t t he’ same compos i t  on around and be’ t ween the’ di sos

The same amount o t powde’r Wa S used in each .‘ru.’ I hi e. 1’he’ crue ib lea

were’ abou t 4 cm in i nt e’rn a I d tame’tor and dep th  and had been “seasone’cl”

by previously hay I n~ been t I rod w I t h  121 powder In t he’m. The

e’rucibles were’ hen .‘ove’re’d w I t h  se’asone’d alumina discs placed so

as to leave ’ a ama L i  gap so tha t the ’ oxvgt’n t urnacc atmosphere would

more’ e’asi iv permeate the’ contents. :~li S crucible’s wer~’ placed

ins ide’ a covered , seaso ned , at ah (IL sod z irconia hex which had a gas

in Let port . Tb is box was f lushed  w i t h  oxygen .incl then p1 aced tnt o

a box ty pe ’ furnace’ heated by t I ohars . An c~xvgcn t Low was maI n tained

through the z i rcon  La box at  about ‘~~. 1 x 1 0 in /h .0. 1 c fh” t hrou~ hout

the run. The oxygen f low in to  the’ fu rnace ’ was kept at  around 0. ~$

(~ .‘IhL

The’ t e’mpe’ra tur e ’—t tnt’ se’h eelti Ii’ t or the’ f i r s t  k ind  ot t’ ir ing

was; a temper.it tue I ucro.,s,’ rate’ oi 8YC/h from room t emperature  to  V

850°C, then 1 10°C/h up to he’ I ir Lug t emperature of 1 3~YC, which

was held for one hour. The powe’r to the’ furn ace was t hen cut and

the temperature dropped 3IOG C in tht’ first hour, tht’t~ 1 l0”C, 100°C

and 80°C in the next three hours respect (ve ’lv and more’ slowly

thereafter . liii ’ hex ct’nta in tng t ht ’ c ruc ib le ’s  was removed from the’

furnace  when it s t emperature was around ~00°C . Furn . e te ’mpe ’ratur e’s
were measured w i t  h a t he rmocoupl ~‘ p1 aced near the zircon I a box.

in the second t ype ’ ot firing, d I S c ’S from each powder hatch were’

placed In crue’ihles as previously de’scrihe’d, but each crucible’ was

fired separate Iv in .i spec t a l l  ~‘ b u i l t  , ci ose’d—end tube’ furnace’. At  t or

- - - ______________________________________________________
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V f l ushing, the oxygen f low rate through the furnace was maintained around

0.028 m3/h (0.3 cfh). The furnace temperature, as measured by thermo — V -

couples located near the crucible, went up at the rate of about 200°C/h

from room temperature to 1260°C, where it was held for 1 hour, then

reduced at a rate of about 200°C/h down to where the controller was

turned off (about 200°C) and the furnace allowed to cool naturally.

The firings in the tube furnace could be done much more rapid ly than

in the box furnace because of its smaller thermal mass.

D. Post—Firing, Sample Preparation And Measurement

After firing, the powder surrounding the samples formed a weakly

bonded mass which was removed from the crucible in one piece. Figure 1

shows one of these pieces with some of the powder scraped away to show

the encapsulated , sintered discs. The surrounding powder was scraped

away from the discs and their density determined by water displacement .

They were then ground flat on both sides on 600 grit silicon carbide

paper and silver electrodes (Dupont 7713 conductor composition) painted V

on and fired for 1 hour at 600°C.

The capacitance of each disc was then measured at 1000 Hz using a

General Radio Co. ibiS Capacitance Bridge. The samples were then poled

while tnznersed in a bath of Fluorinert (3M Company) at 120°C by applying

a field of 2.36 MV/rn (60V/mil) for 3 periods of 5 minutes each with

reversal of di rect ion between the periods. The capacitance was again
measured at various t imes a f t e r  poling along with  the p lanar coupling

coe ff icient , which was determined by the resonance technique~
5
~~. The

relative dielectric constant was calculated from the sample dimensions

and the measured capacitance. After the instrument was obtained , the

piezoelectric strain constant , d33, was inessured with the Berlincourt

d33 Meter (Channel Pi oducts, Lnc). Some samples were also examined in

the optical microscope to determine the grain size and general micro—

structural charat t eristics.

E. Results And Discussion

The values obtained from measurements made on ceramics fired in

the two different ways are shown in Tables I and II. The tabulated

—6—
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values are the pro—poling relative dielectric constant at 1 Ku : (K)

and the 1 day post—poling values of relat ive’ dielectric const ant

(K~
’
3 
) and loss tangent (Tan ~) at  the same’ frequenc y , the planar cou—

pling coefficient (k ), and the p t ez oe l e ct r l c  st r a i n  e on s r an t s  d 31 and d 33
.

d31 
was calculated from the resonance frequency and the other data.

Some samp les were broken during hand l ing or showed strong multipl e

resonances after po l ing and therefore were not included in the  measure-

men t s .
Figures 2a , 2h and 2~’ ite’ mlcrogriiphs of a ceramic specimen from

batch C f i r ed in th e’ box f u rn a ~ Fi gure 2a is a low m a g n i f i cat i o n

p icture of a polished s u r fac e  showing targe pores in the  ceramic. The

presence of such large pores , w h i c h  account  for a si g n i f i can t  f rac t i o n

of t he to ta l  poro s i ty  of the p iece,  is typ i c a l  of al l  cera mics made from

molte n salt synthesized powders. I t  i s  a l so  typ i c a l  ot
V 
ceramics made

f rom calcined powders tha t  have been examined .

Figure 2b is a higher m a g n i f i c at i o n  view of a polished section .

The rounded precip itate particles visible there are 1r0 1 which is present

to the extent  of about 0.4 volume p erc en t , as determined from a micrograph .

This is cons~ de’rah1v more than th e ’ approximately 0.03 volume percent present

In an as—made powder prepared w i t h  the  in clu sion  of the step of passing

a slurry of th e  reactant powders through .i blender~~~. The additiona l

.trconfa was undoubtedly picked up f rom wear of the zirconia balls used

to  mix in the s tearic  acid by m i l l i n g . For comparison , Fi gure 1 shows a

polished section of a c cr a r n i c  f rom hatch A for which  the omission of the

b lend ing  step would lead to  the’ expec tat i on  of a zi r con ia  content  of about

0.5 volume percent  in the’ powder before milling . It would therefore appear

tha t  there  is a significant amount of ba il  wear occu r r ing  in the’ m i l l i n g

step.

Figure 2c shows the grain  boundaries revealed on a polished sect ion

after treatment with a boiling. S’~ MCi solution containing a few drops of

HF. The average grain sizes of ceramics  from al l  ~ hatches in t h i s  f i r i n g

lie in the range 3.7 ± 0 .2  tim . The average grain size was obtained by

determining the average dis tance’ between successive points where’ grain

boundaries cross a strai ght line drawn on a micrograph . and then multi ply ing

the result by 1.5~~~.

Figures 4a . 4b and 4c are the analogues of Fi gu res 2a , 2b and 2c for

ceramics fired from batch C powder in the tube furnace .  The average grain

si zes of ceramics from batches B th rough  F f i red in that  furnace lie’ in

—7—
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the range 2.6 ± 0.2 pm. The average grain size of the ceramic from

batch A is 1.6 pm but the grain size distribution is distinctly •

bimodal.

Turning again to Tables I and II , one readily noticeable result

is the difference in ceramic density obtained by the two different

firing methods. This can be attributed to the different amount of

grain growth that occurred during the firings. The more rapid heat—up

and lower peak firing temperature experienced during firing in the V

tube furnace tended to suppress grain growth during the critical,
intermediate stage of sintering. Thus, the amount of sweeping—up

and coalescence of pores by moving grain boundaries was less than
for firings in the box furnace. This resulted in the pores remaining

small and thus being more quickly removable by the diffusion processes

of sintering~’
6
~ . The result is graphically evident In the different

pore distributions seen in Figures 2a and 4 a. Compa:ison of the

other properties of ceramics from the same powder batch in Tables I

and II reveals no obvious systematic difference that may be ascribed

to the grain size and/or density difference in this range, in

accord with the findings of Webster , et al~
8
~ .

The density achieved in both types of firings, however , is dependent
to some degree on the fact that the atmosphere in the furnace was oxygen ,
which can more easily diffuse out of closed pores then can air. To

illustrate, four samples made from batch A powder were fired as described

above in the tube furnace using flowing air instead of oxygen. The

densities of these four samples lay in the range 7.620 ± 10 Kg/rn3, which

is less than achieved in oxygen. This effect had been noted before In

other firings of molten salt synthesized LZT of various compositions made

during the experiments performed during the first year’s work on this

contract. It has also been observed during commercial fabrication of
V (9)

LZT ceramics

Another readily noticeable result in Tables I and II is that
ceramics from powder batch A have uniquely low dielectric constants,
coupling coefficients and piezoelectric constants. This is very likely

V 
due to the higher unreacted zirconia content in this batch due to the

omission of the blending step during powder preparation. To check this

hypothesis, 1 weight percent of Zr02 powder was added to a quantity of
as—made LZT powder from batch E. It was then put through all subsequent
preparation steps, starting with the addition of stearic acid by milling,
and discs pressed from it were fired in oxygen in the tube furnace.

—8—
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Figure Sa is a low magnification photograph of a polished section

of ceramic which shows the pore structure, and Fig. Sb Is taken at

V higher mangiftcation to show the distribution of the’ Zr02 phase in the

ceramic. The grain size was 2.6 pm. The pre—poling and 1 day post—

poling properties of the S discs fired from this powder are given in

Table III. These properties are similar to those of bati’~i A ceramics

V given in Table IL and indicate that a considerable degrad.it ion of batch 
V

E powder has occurred .

One can speculate on the possibility of a differene’i in powder

homogeneity ar is ing from zirconin aggregates that  do not f u l l y  react

V 
during synthesis in the molten salt as opposed to inhomogenelt Los due

to zirconia particles introduced into a well reacted powder. However,

such subtleties arc beyond definitive ’ verification by analytical techniques.

The results obtain do , however , indicate the poss ib i l i t y  that , on a weight

for weight basis , zir conia which is present as a result of incomplete

reaction during synthesis is more deleterious to ceramic properties than

zirconia introduced into a well reacted powder . This is indicated by

the fact that the’ ceramics made from powder batch F wIth 1 w/o added
zirconia have about the same properties as those made’ from batch A, but

they contain about twice the  amount of unreacted zirconia .

Finally , the principa l objective of the experiments from which the

data in Tables I and II were obtained was to demonstrate the batch to

hatch reproducibility of molten salt synthesized powder. The results

are’ equivocal. Considering the cecamics from hatches H , C , D and F.,

the reproducibility of dens i ty  and ceramic microst r u c t e ir e ’  for each type

of firing is excellent. Also , In each f i r i n g ,  the variation of the

averages of the dielectri c constants and coupling c o e f f i c i ents fo r samp les ‘

from each batch as compared to the grand average for  n i l  batches in

within ±4 1 and ±7 1, respectively . These values also represent good

reproducibi l i ty  as compared to what cou ld have been expected from a

random group of commercial powders a coup le of years ago~~~ .

However , except for those made from batch E, it is apparent that

samples from the same powder batch did not achieve the same absolute,

or relat ive , degree of poling a f te r  the two kind s of f i r i n g . For instance ,

samples from batches B and D poled well  a f te r  f i r i n g  in the box furnace ,

but relatively poorly after firing in the tube furnace.  The converse

is true for samples from batch C.

S 
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There is ev idence tha t these var iat ions  are related to  the

d i f fe ren t  f i rin g  temperatures used In t he  two runs.

During the development of the tube f i r i n g  furnace , a f i r i n g

technique was use’d in which the furnace  tube was horizontal  and

contained a short section of a l u m i n a  tub ing  which was loosely

capped with alumina discs at each end . Thea LZT discs we’re set

one—high on a z t r conia  sagger inside t he’ tube wi th  powder of the  —

same 1,ZT e’OIfl~ OMtt tOfl piled loosely und erneath  and over them. This

technique’ was abandoned because it  became appa r en t t hat lead loss

from this set—up was e r rat i c  and the density var m t  Ions in the ceramics

were Lrnn ceept ably large . However , ~i number ~f firings were made of

samples from hat ch C in which the firing temperature was 1320° C, 1 . e.

t hat of th e samples  shown In Table I , while the ’ f ir in g schedule was

the same as that  for  the samp les in Table T I  . Firings were made in oxygen

and in air. —

The results of measurements ot the  ceramics math’ i.n 8 di f fe cen t  runs

are ’ given in Table IV. it Is to he noted t h a t  the d i e lect r i c  constants 
V

~iiid coupi t ug coeff t c I t ~nt s  are s tmt  I ~r te) those for the  box fu rnace  f i r i n g

of t hi s powder h at c h  shown In  Table 1 , r ather  than to those in Table i i .

This resul t  implies  that  the diffcre’nt pci lug behavior revealed in those

Tables are ’ caused by the e l t f  fer en t  f i r i n g  t emperature used . However,

so far  no t’er relat  Ion has been observed between the sma l l  var t a t  ions in

powder synthesis , powder pr ep ar at  ‘ion , pressing or f i r i n g  of these samples

and the ot her bate’ h—to—bate ’ h and sa m p le — t o— samp Ic var t a t  ton s described

above. It  won 1(1 appear that  add it tona l dat  a from severa l f i r i n g s  of

samp les mndt ’ f rom the ’ same ’ b at ch ot powder as w el l  as data on p o s t — p o l i n g

propert ies  versus f i r i n g  temperature ’  w i l l  he required to he lp  develop an

und er standing  ot
V 

what is goi ng on •

I
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I I I .  AG INC BEHAVIOR

A. Samples From Powder Batches j3~j~~j~ji

The aging behavior of the dielectric constant  of samples made

from powder batch C is shown In Figs. 6a and 6h for  f i r i n g  in the

box and tube furnaces , respect ively .  Straight  l inen  were drawn

between successi ve da ta poi n ts , which are not shown , but whose

positions in t ime’ are indicated by asterisks . The s i m i l a r i t y  in

aging behavior of samples from the same f i r i n g  Is to be noted .

Furthermore, t he’ simi la r i ty  extends to samp les f rom a l l  the other

powder batches that were fired in the same way. That Is , for  a l l

samples f i red  the same way and regardless ot batch , the p o i n t s  in

t ime (on the logarithmic scale) where the s lop es  t~ t the lines

change are closel y similar to those. shown in Fig.  6 , as are the

slopes of the l i nes bet ween those points. The plots of k versus

log ( t )  fo r samp les f rom t he same f i r ing and made from the same

batch of powder show only a general similarity to each other . On

the other hand , no d i s t inc t ive  change in curve cha rac te r i s t i c s

occurs at the t imes when the curves for change slope . The
curves for samp les made from different powders hut fired in the

same way also show only a general, nondistincttve similarity to

each other .  No curve fea ture  peculiar to samp les fired in the same

way is apparent . Also , no sign i f i can t  change In  loss tangent w i t h

t ime at 1 KHz was observed in any samp le.

Inc iden t a l l y ,  all  property measurements on LZT discs are routinely

preceded by measurements on two standard d iscs , made f r om commercial

powder , which had been poled 4 years ago . These standards have shown

a random var iat ion  of k and KT w i t h i n  ± 11 over the period of t imep 33
covered by the measurements now being discussed .

These results indicate a strong similarity between samples made

from the same powder when f i red in the same’ way,  w i t h  r espect to t he

operation of those spec i f i c  factor s  t h a t  c o n t r o l the ag i ng of the

dielectr ic  constant.  It is a l so  apparent that , for these samples , the

details of the aging process for d i e l ec t r i c  constant depend s t rongly
on the f i r ing  schedule used to make the ceramic , hut very l i t t l e ’  on the
magnitude of the dielectr ic  const ant  or on the degree of po l ing  achieved

~as indicated by the magnitude of k ) .  The results  also indicate ’  that
the factors control l ing the ag ing of k~ operate in a general ly s i m i l a r

— i i —
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way in all the samples, regardless of the powder batch they were made
from or how they were fired.

Poling is the process of preferentially orienting ferroelectric

domains in the LZT crystallites, which results in a change in the

dielectric constant and planar coupling coefficient of a ceramic body .

The post—poling relaxation of those properties toward their pre—poling

values (aging) is thought due to the process of re—randomizing the

domain structure. This process is thought to be influenced by the

specific domain structure obtained and its associated inter—domain

stresses , and on the build—up of trapped charge at, or near , grain
(10)

boundaries .
Because of the observations described above , and those to be

described in the next section, we believe that the magnitude of the

post—poling dielectric constant of LZT and its time behavior is strongly

influenced by some factor or factors besides domain reorientation. j

B. Other Powders

During the f i rs t  year of work on this contract , a considerable

number of powder compositions were made and ceramics fired from them .

These samples have since been routinely measured to monitor aging behavior. 
V

Among those compositions were two that had been reported in the literature 
V

to have low aging rates. These are:
Composition 1; Pb(Zr 52Ti 48~ 97 Fe 01Cr 02O3, and

Composition 2; Pb 94Ca 05Mg 01(Zr 52Ti 48)97Fe 01Cr 02O3.

(In the first Annual Report 0) 
~~ was pointed out that the solubility

of Ca and Mg is actually much less than that shown in the formula for

V 
Composition 2, which is written for the batch composition of the
reactants.)

Tables V , VI , VII and VIII show data obtained from two d i f fe ren t
firings made in a box furnace with an oxygen atmosphere . The f i r ing

schedule was as described for tha t furnace in Section lI—C except
that the samples were held for 3 hours at 1225°C in one run and at

1275°C in the other . The samples were fired in covered crucibles

as described in Section Il—C. They were electroded , poled and measured
as described in Section II—D. The behavior of the data shown in these
Table. is typical of that obtained on all samples of these compositions

—12— 
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examined , i.e. three of composition I and six of composition 2.

These data show a small decrease’ in dielectric constant occurring

out to around 100 days after poling, after which it starts to increase

at an increasing rate to reach a high peak value sometime between 200 and

2 50 days . The d i elect r i c  constant then tends to decrease with t ime , but
sudden increases to values less than that  achieved in the first peak

occur .  The onset of the increase in d ie lec t r ic  constant appears to be

preceded by the beginning of a large increase in the loss tangent .

Subsequent changes in the value of the loss tangent occur in time

phase with the changes in dielectr ic  constant .
While the changes are occurring , the  planar coupling coef f i c ien t

changes little until the time of the first dielectric constant peak, when

a decr ease of a few percent occurs. Subsequent ly, small positive and

negative changes occur at times which are not strongly ccrrelated with

those at wh ich the dielectric constant changes.

Such aging behavior has not previously been reported for LZT, or any

other piezoelectric ceramic . Its cause’ is unknown but it is suspected

to  be related to changes occurring near or at grain boundaries rather than
I

in the bulk ~ the crystalli tes  of the ceramic.  Also , it is thought that

the  presence of chromium in these compositions is important since only

ch romium conta in ing  compositions have shown the e f f e c t .  Chromium is

commonly added to  LZT if  low ag ing proper t ies  are desired 0
~~~.

Figures 7a and 7b are mlcrographs of a polished section of ceramic

of composition 1. The average grain size of this samp le is 3.2 tim .

Besides t he large, rounded precipitates of Zr02, there are also some

large , elongated prec i p i t at e s  present. Analysis with a microprobe produced

no detectible Fe or Cr signa l In the bulk of the grains or at the grain

boundaries, but large signals from these elements were obtained from the’

elongated precip itates.

These aging results lend strong support to the hypothesis given

previously that the aging behavior of the dielectric constant in these

specimens is not just due to the relaxation of a preferred domain

orientation. This concept may also app ly to LZT ceramics produced from

other than molten salt synthesized powders, since erratic aging of the V

dielectric constant is frequent ly observed , as are uncorrelated changes

• in dielectric constant and planar coupling both during aging and poling .

Thus the effects seen in ceramics made from composition 1 and 2 powders

• may differ only in degree, hut not In kind , from those seen in LZT

—1 1—
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ceramics made from different powders and having different compositions. *

Further investigations of this phenomenon are being pursued, but

a supply of samples must be assured . Therefore, more powder of corn—

position 1 has been made and ceramics have been f ired to see if the
effect will reproduce. In addition, an attempt is being made to 

V

accelerate the onset of the increase in dielectric constant by aging

at elevated temperature.

—14—
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IV. POLING BEHAVIOR

The erratic behavior of the dielectric constant of LZT ceramics during

aging was also ev ident in the early results obtained in an investigation of

poling behavior which was begun in this contract period . The study was done

on a simple ceramic disc made from Lhe batch E powder described in Section lI-B

and which was fired in the tube furnace as part of the reproducib i l i ty  study
V 

discussed in that section. The densi ty of the sample was 7.77 x l0~ Kg/rn
3

and its dielectric’ constant , after firing—on the silver electrodes but

before poling, was 1042. In t he cou r se of the subsequen t wor k th i s

sample was depolarized S times by slow heating to 625° C , holding for 1
hour , followed by slow cooling . The value of d33 was always zero after

this treatment but the successive dielectr ic  constants obtained were

839 , 900, 906 , 918 and 928. Clearl y ,  then , th e specimen could not have

been restored to its original condition.

Two bath temperatures were used in the poling study. They were

120°C and 140°C. For the test at 120° C t he depo led sample was repo led

in t he same di rect ion along the disc axis at successive ly increasing
V 

f i e ld  strength by 3, 5 minute app l icat ions of the f ie ld  wi th  reversal of

di rection between each application. The propert ies  were measured 20

minutes a f te r  poling. The sample was not depoled until after being

poled with the highest field . The results are shown in Figs. 8, 9 and

10.

The poling at 140° C was done by 15 minute appl ica t ions  of the f ield

in one direction only. These results are also shown in Fi gs. 8, 9 and

10. They show , as expected , t hat po l ing at higher f i e ld  s t rengths

produces higher values of k , and d 13 . Also , at high IL e l d s , a

larger value of k~ and d 33 is achieved when the f ield is reversed dur ing

poling instead of being maintained in one direction. The higher t emperature

of poling increased the change in k and K~3 
at the lower f i e ld st rengths

but was not as e f fec t ive  as field reversal at the higher fields. For

K~3 , on the other hand , a higher poling temperature resulted in a

greater change at all fields.

In neither case, however, did the change in dielectric constant

from the pre—poling value equal that obtained one hour after the f i r ~
I poling of this sample (281) as described in Section Il—1~. Neither did the

S
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values of k and d reach those f i r s t  values , which were .539 and 279 ,p 33
respectively . Furthermore, some data (not shown in the figures) was

obtained from this sample by poling at 120°C with no field reversal up

to a field of around 1.6 MV/rn. This data shows the dielectric constant

start ing at 906 and generally following the curve shown for poling at
140° C. The data for d and k , on the other hand , follow the curves33 p
f or the 120°C poling up to around 1.2 MV/rn where a rapid increase occurs

so tha t at around 1.4 MV/rn the data follows the 140° C poling curves .

It therefore appears that depoling did not bring this sample back

to the condition it was in before the first poling in spite of the

complete disappearance piezoelectric activity. There also, as noted

before , does not appear to be a strict  correlation between changes in

K~3 
and change in k and d33. Accordingly a more thorough study of

poling behavior will be undertaken with the initial objective of uncovering

any systematic correlation in the observed changes of those properties

with poling.
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V. RESPONSE TO HYDROSTATIC COMPRESSiON 
V 

V

A number of ceramic discs of various compositions were subjected to

hydrostatic pressure to determine its e f fec t  on their properties . The

samples had aged for various times between 20 and 500 days before being

subjected to compression. The samples were placed in closed rubber

tubes, without having c ontact with each other, and stressed in an oil

hydrostatic press. The pressure—time sequence used was the following: 
V 

-

13.79 MPa 2000 PSI I mm

27.S8 4000 1

41.36 6000 1

55.15 8000 1

68.94 10,000 5
55.15 8000 1

41.36 6000 1

27.58 4000 1

13.79 2000 1

0 0 2

where the times were those for which the given pressure was maintained .

Pressures were changed manually in only a few seconds. This cycle was

repeated 5 times.

The composition of the samples was as follows :
Composition Formula

H—4 Pb 95Sr 05 (Zr 54Ti 46)03 + 2.4  a/o Nb

H—7 Pb 95Sr 05 (Zr 52Ti 48
)0
3 + 2.4 a/o Sb

H—8 Pb 95Sr 05
(Zr 54Ti 46 )0

3 + 2.4 a/o Sb

11—9 Pb 95Sr 05 (Zr 56Ti 44 )0
3 
+ 2.4 a/o Sb

11-19 Ph~ 95Sr 05 (Zr~ 52 Ti ,48 )0 3 + 2 .4  a/o Ta

11—20 Pb 95Sr 05 (Zr 54Ti 46)03 
+ 2.4 a/o Ta

11—21 Pb 95Sr 05 (Zr 56Ti 44 )0
3 
+ 2.4 a/o Ta

29 Fh 94Sr 06 (Zr 53Ti 47)997 Fe 003 °2.9985
E Pb 94Sr 06 (Zr 53Ti 47)997 Fe 001 02.9985

Pb 94Sr 06 (Zr 53Ti 47)997 Fe 003 02 9985 + 1 w/o Zr02

—17—
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The compositions identified by the letter H are of the type used in
hydrophones and were discussed in the f irst Annual Summary Repor t~

1
~~.

Composition 29 was made without putting the reactant powders through a

blender. Powder E is the one described in Section Il—B and E+ is

powder E with zirconia added after the synthesis step.

The pre and post—compression data obtained are given in Table IX. 
V

They indicate that negligible changes occurred as a result of the
compression. Also, data obtained at still later times shows that the

compression treatment produced no discernable change in the aging rates

of K~3 or k at the time of its application.p 
(9’These results are in agreement with those obtained by Palmer ‘,

who subjected samples of 15 types of LZT (that differed either in the

commercial supplier of the powder or sample, or In the composition)

to ten cycles of compression up to 68.98 MPa (10,000 PSI) and made
measurements after the 1st, 3rd, 6th and 10th compression. He found

changes of about the magnitude reported here , with most of the change

occurring during the first compression. He concluded that LZT ceramics

are quite stable to this type of compression test , which simulates deep
submergence.

—18—
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VI. CONCLUSIONS AND FUTURE WORK

It is generally believed by commercial manufacturers of LZT piezo—

electric ceramics that a “good” powder is required to make a “good”

ceramic. The methods used to decide whether a powder is “good”, and the

specific powder preparation and firing techniques used are regarded as

proprietary information. From information obtained by the Navy, however,

it is known that the very same powder can be regarded as good by one

manufacturer and bad by another~~
2
~ . This argues strongly that other

factors besides the powder itself can have a profound effect on determining

ceramic properties.

There is no way to characterize a powder as “good” or “bad” except

by making a ceramic from it. This investigation has therefore been

based on the development of a technique for making LZT powder which, by
its nature, allows the presumption that the powder produced is both reacted

and homogeneous to a high degree and therefore reproducible in its

properties. The powder is still, however, primarily being judged on the

basis of the behavior of ceramics made from it. This situation necessarily

makes it difficult to draw firm conclusions about cause and effec t

relationships to ceramic properties. The following, however, represent

the hypotheses on which future work will be based .

1. Powders made by the molten salt synthesis process are highly
reacted and have excellent batch—to—batch reproducibility

of their intrinsic properties. —

2. The presence of zirconia in LZT powder , either as a result

of incomp lete reaction or introduced by ball wear during V

mi lling of the powder during its processing, has a

deleterious e f fec t  on the dielectric constant and

polarizability of ceramic fired from it.

3. The values of K~3, k and d
33 obtained on poling a sample

depend on its previous poling history as well as on the method

used to produce the ceramic from the powder.

T4. The aging of K33 Is strongly influenced by other, presently
unknown , factors besides domain randomization.

5. Cyclic application of hydrostatic pressure up to 69 MPa has

little effect on the properties measured at atmospheric pressure

or on the aging rate. V
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Further investigations under this contract will be directed primarily

to studying the effect of various poling conaitions and sample histories

on the post—poling properties obtained in various compositions; and to

studying the unusual aging behavior of K~3 
observed in the Cr containing

compositions.
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APPENDIX

The recipe developed for producing LZT powder by the molten salt

method follows. It can be scaled to make any desired quantity of product.

The standard batch used in this work yielded 1 Kg of powder.

1. First , an aqueous slurry of the reactant compounds, typically oxides,

hydrox ides and carbonates, is prepared . Although the molten salt

solvent provides an enhanced reaction condition , it is not able to

completely overcome the inhomogeneities in a reaction mixture

containing large, dense agglomerates of reactant material. To

alleviate this problem, it has been found necessary to pass those

reactants which contain these agglomerates through a brief , intense

comminution process. It has been found that stirring an aqueous

• slurry of the powders for 60 seconds in a stainless steel food

processing blender greatly alleviates this problem. The product

• of this comininution, usually the Tb 2, Zr02 and any desired dopants ,

is added to the PbO. The quantity of PbO present is generally 2—10 wt.%

in excess of that required for stoichiometry. Since PbO is soluble in

dilute aqueous acetic acid, the excess PbO in the final product can be

removed with an acid wash following the removal of the molten salt

solvent by water washing.

2. Slurry the reaction mixture in H2
0 at the rate of 1 ~ H2

0/l kg reaction

mixture. Vigorous stirring should be employed to obtain a complete

suspension. Settled material will generally not react completely .

3. When a well mixed slurry is attained , continue stirring and add

0.454 kg/l kg reactants of both NaC1 and KC1 (0.908 kg total) as

the solids.

4. Continue stirring until the mixture gels due to hydration (or carbo-

nation) of the reactants. This gel will retain its homogeneity during - j

subsequent processing.

5. Remove water by evaporation at 200°C using suitable vessels, Tefl on
lined being best.
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6. React the dried cake in either Pt, Pt lined or stabilized zirconia

crucibles (covered) at 1000°C for 30 mm to 1 hr in an air

atmosphere, then cool at any convenient rate to room temperature.

7. Dissolve the NaC1—KC1 from the reacted cake using distilled or

deionized water. The solubility of the salt mixture is 0.5 kg/i

of water at room temperature. Class vessels and a motor driven

stirrer are adequate to use. The brick—like cake will disintegrate 
V

into a fine powder that contains no perceptibly aggregated material.

8. The supernatant solution will have a high ionic strength which will

cause the product powder to flocculate and settle when mixing is
stopped . The supernatant can therefore be nearly quantitatively
decanted to allow repeated washings with distilled water . Washing

should be repeated until a stage is reached where the supernatant

will remain milky white after about 10 m m .  of settling, indicating

cessation of flocculation. At this point the residual chlorine

ion concentration is low enough so as not to interfere with the next

step.

9. Add enough concentrated acetic acid to make the slurry about 0.1M

(4t, lM CH3COOH/l kg product). Continue mixing for 30 to 60 m m .

The color of the product should lighten due to dissolution of the

excess Pb added initially. Add an anionic flocculant (0.1 w/o

aqueous solution of Hercafloc 821, Dupont Chemical Co.) ,  allow

the powder to settle and decant the liquid .

10. Repeat the ac id treatment—flocculat ion—decantat ion twice .

ii. Wash two more t imes during di lute acetic acid (1 x 10 3M).  Use

the minimum amount of f locculant necessary in steps 9, 10 and 11.

12. Dry the slurry by heating at 150°C.

13. The dried powder should be heated in air to about 500°C for about

20 mm to remove any remaining water, acetic acid and flocculant .

After this treatment it is ready to use.
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TABLE I

PROPERTIES OF CERAMICS MADE FROM DIFFERENT POWDER BATCHES AND

FIRED AT THE SAME TIME IN A LARGE BOX FURNACE. POST—POLIN G VALUES
TAKEN AFTER 1 DAY. COMPOSITION OF CERAMICS :

Pb 94Sr 06 (Zr 53Ti 47 ) 997 Fe 00302 9985

Powder Density K~ 3 Tan a k~
Batch kg/rn3 (1 KRz) (1 KUz) 10 C/N

A 7.57 x 1O3 931 1079 .0022 .350 —66

7. 57 x l0~ 939 1084 .0021 .350 —66
7.57 x l0~ 934 1071 .0018 .334 —62

B 7.62 x ~~ 983 1209 .0022 .498 —102

7.58 x ~~ 1002 1230 .0022 .502 —104

C 7.59 x l0~ 97 1 1204 .0023 .483 —99
7.58 x lO~ 968 1209 .0024 .487 —100

• 7.58 x l0~ 971 1200 .0023 .478 —98
7.59 x l0~ 967 1198 .0026 .483 —99

D 7 .59  x 10~ 992 1243 .0024 .514 —109

7.57 x l0~ 989 1253 .0023 .518 —110

V 
7.57 x l0~ 1029 1252 .0025 .521 —112

7.59 x 10~ 1038 1254 .0023 .518 —110
7.59 x l0~ 1029 1239 .0023 .522 —111

E 7.60 x l0~ ifl5l 1265 .0024 .521 —111

7.60 x IO~ 1053 1258 .0024 .518 —110

7.55 x ~~ 1024 1253 .0024 .521 —111

7.60 x ~~ 1047 1260 .0026 .522 —111

7.60 x 10~ 1032 1274 .0025 .529 —114
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TABLE II

PROPERTIES OF CERAMICS MADE FROM DIFFERENT POWDER BATCHES AND FIRED

SEPARATELY IN A SMALL TUBE FURNACE. POST-POLING VALUES TAKEN AFTER
1 DAY . COMPOSITION OF CERAMICS: Pb 94Sr 06 (Zr 53T1 47 ) 997_

Fe 00302 9985
__—

Powder DensiLy K KT Tan A k d d33
V 3 o 33 p 31

Batch Kg/rn 1 KNa) (1 KlIz) 10 12 C/N io
_ 12 

C/N

A 7.74 x ~~~ 982 1093 .0023 .386 —72 192

7.74 x ~~~ 980 1087 .0024 .386 —72 189

7.75 x lO3 980 1076 .0021 .377 —69 181

7.73 x l0~ 989 1085 .0023 .372 —69 171

B 7.74 ,~ l0~ 1003 1113 .0025 .428 —82 216

7.76 x 1O3 1003 1131 .0024 .460 -.88 234

7.76 x l0~ 1022 1153 .0024 .472 —92 243

7.77  x 1D~ 1016 1152 .0025 .476 —92 244

7.76 x lO~ 1021 1135 .0024 .462 —89 235

C~ 7.77 x 1O 3 1038 1206 .0024 .498 —99 251

7.74 x 10~ 1034 1208 .0024 .505 —101 258

7.75 x 1O~ 1050 1229 .0023 .515 —104 264

7.73 x lO~ 1039 1233 .0022 .514 — 104 264

7.73 x l0~ 1041 1214 .0022 .511 —103 264

0 7.75 x l0~ 1030 1143 .0025 .439 —86 220

7.72 x ~~ 1034 1180 .0025 .483 —96 246

7.74 x 1O~ 1034 1169 .0025 .472 —93 239 V

7.71 x 1030 1168 .0025 .462 —91 227

E 7.78 x lO~ 1059 1229 .0023 .531 —108 270

7.77 x ~~~ 1050 1239 .0021 .524 —107 266

7.77 x lO~ 1042 1205 .0024 .521 —105 264

7.77 x ~~~ 1058 1243 .0023 .518 —106 265

*post_poling Measurements Made After 2 Days.
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TABLE III

PROPERTIES OF CERAMICS MADE FROM BATCH E POWDER TO WHICH
1 yb Zr02 POWDER WAS ADDED AFTER SYNTHESIS. POST—POLING VALUES 

- V

TAKEN AFTER 1 DAY

V DensIty K~, K~3 
Tan A k~ d33

Kg/m (1 KHz) (1 KHz) lO~~2 (‘IN

7.59 x 1O~ 966 1025 .0024 .338 177

7.60 x l0~ 972 1041 .0024 .344 178

7.64 x j O~ 976 1048 .0024 .357 188

7.60 x lO~ 975 1046 .0025 .353 187
7.62 x ~~ 975 1053 .0026 .362 195
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TABLE IV

PROPERTIES OF CERAMICS FIRED FROM BATCH C POWDER IN A TUBE

FURNACE AT 1320°C. POST-POLING VALUES TAKEN AFTER I DAY

Density K K~3 
k

Atmosphere Kg/rn (1 K}Lz) (1 KHz) -

02 
7.70 x lO~ 1000 1153 .485 

I

7.70 x 988 1173 .496 
I

02 7.40 x LO~ 950 1114 .464 ~
- 

-

V

x lO~ 964 1153 .477 -

02 7.58 x ~Ø3 960 1143 .478

Air 7.40 x lO~ 950 1114 .464 .

Air 7.58 x lO~ 960 1143 .478

Air 7.37 x lO~ 966 1155 .474
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TABLE V

AGING OF COMPOSITION 1. FIRED AT 1225°C.

SAMPLE DENSITY 7.50 x lO~ Kg/tn 3. 
V

PRE—POLING DIELECTRIC CONSTANT — 865.

Days After Poling K33 k~ Tan A

_ _ _ _ _ _ _ _ _  
(1 KHz~~~ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _

V 

1 1039 .425

4 1027 .428

6 1025 .424

• 11 1019 .421 .0044

18 1010 .418 .0042

25 lOll .418 .0042

29 1008 .418 .0041

141 1029 .419 .0184

258 1900 .412 .3310

300 1457 .412 .2766

307 1489 .412 .2864

316 1329 .409 .2359

326 1244 .412 .2057

365 1184 .404 .1722

386 1149 .406 .1524

515 1583 .409 .3187
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TABLE VI

AGING OF COMPOSITION 1. FIRED AT 1275°C.

SAMPLE DENSITY — 7 .4 3  x 1O~ Kg/rn
3

PRE—POL IN C DIELECTRIC CONSTANT — 838 .

Days After K~3 
k~, Tan A

Poling (1 KHz)

1 1025 .431 .0054

4 1017 .428 .0055

8 1009 .427 .0059

14 1008 .427 .0069

120 1159 .428 .1190

237 2457 .427 .5650

277 1399 .414 .2913

286 1564 .424 .3627

295 1349 .424 .2663

305 1261 .424 .2180 V

344 1177 .416 .1584

365 1138 .419 .1300
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TABLE VII
ACING OF COMPOSITION 2. FIRED AT 1225°C.

SAMPLE DENSITY — 7.40 x 1O3 Kg/m3.

PRE—POLING DIELECTRIC CONSTANT — 805.

Days After K~3 k Tan APol ing (1 KHz) p

1 908 .342 .0045

6 902 .341 .0038

11 901 .338 .0038

18 893 .337 .0036 
V

25 897 .337 .0037

29 895 .337 .0037

39 894 .337 .0037

57 894 .337 .0037

88 894 .337 .0037

141 898 .338 .0058

244 1149 .331 .1257

258 1119 .334 .1139

298 990 .334 .1058

307 1030 .331 .1232

316 1029 .331 .1029

326 1067 .331 .0884

365 948 .327 .0763

386 934 .327 .0700

515 1075 .331 .1400
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TABLE VIII

AGING OF COMPOSITION 2. FIRED AT 1275°C.

SAMPLE DENSITY — 7.40 x lO~ Kg/rn
3. I -

PRE-POLING DIELECTRIC CONSTANT — 7 42 .  . --

Days After K~3 k Tan A
Poling (1 KHz) p

1 846 .341 .0042

4 846 .344 .0039 V

8 843 .341 .0038

14 841 .341 .0038

120 850 .341 .0088

237 943 .338 .0724

277 877 .324 .0422

286 893 .332 .0504

295 871 .334 .0389

305 867 .334 .0349

344 880 .324 .0281

365 873 .331 .0247

494 914 .334 .0594
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TABLE IX

PROPERTIES OF CERAMICS OF VARIOUS COMPOSITIONS BEFORE AND AFTER BEING SUBJECTED
TO 5 CYCLES OF COMPRESSION TO 68.98 MPa . UNITS OF d 33 ARE lO

_ 12 
C/N .

DIELECTRIC CONSTANT S MEASURED AT 1 KHz .

Before Compressing 2 Hours After 2 Days Later
T T T

Composition d33 K33 k~ d33 K33 k d 33 K33 k

H—4 307 1628 .472 309 1657 .476 310 1635 .476

H— 4 294 1483 .474 293 1513 .479 296 1481 .478

H—4 299 1588 .504 302 1600 .502 304 1585 .504

H—7 170 1194 .300 170 1221 .303 171 1196 .303

11—8 259 1639 .380 263 1693 .386 264 1643 .383

11—9 140 901 .253 142 934 .248 143 903 .253

• H-19 144 1048 .262 144 1063 .262 145 1049 .262 
—

11—20 297 1452 .509 300 1472 .507 304 1451 .509

11—21 226 772 .452 223 787 .449 226 772 .452

29 246 1151 .495 247 1155 .504 250 1150 .504

E 246 1143 .498 248 1147 .498 248 1141 .498

166 966 .324 161 972 .324 165 957 .324 j -
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Figure 1. Sintered Sample Discs and Surrounding, Lightly Sintered
Powder as Removed from Crucible. 3.5X.
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Figure 2a. Polished Surface of Ceramic Made from Batch C
Powder Fired in Box Furnace . 50X.
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Figure 2b. Polished Surface of Ceramic Made from Batch C
V 

Powder Fired in Box Furnace. 500X.
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Figure 2c. Polished and Etched Surface of Ceramic Made
from Batch C Powder Fired in Box Furnace. 1000X.
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Figure 3. Polished Surface of Ceramic Made from Batch A

Powder and Fired in Box Furnace. 500X.
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Figure 4a. Polished Surface of Ceramic Made f rom Batch C
Powder and Fired in Tube Furnace. SOX.
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Figure 4b. Polished Surface of Ceramic Made from Batch C
Powder and Fired in Tube Furnace. 500X
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Figure 4c. Polished and Etched Surface of Ceramic Made
from Batch C Powder and Fired in Tube Furnace.
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Figure Sa. Polished Surface of Ceramic Made from Batch E
Powder +1 w/o Zr02 and Fired in Tube Furnace.
50X.
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Figure Sb. Polished Surface of Ceramic Made from Batch E
Powder +1 w/o Zr02 and Fired in Tube Furnace.
500X.

40

___ -



V V~~ _ V  ~~~~~~~~~~~~~~~~~~~~~ . ~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ _~-V*~VV~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —VU-- ---

-- VV V — V - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ,

111*• 
III *

,Ill~~
— 

V liii — 
- -

//fl~ *

-J
0V 

*
Lu

*
0

*• to — —

*

*

*

I I I .
~-____

1250 1200 1150 1100 1250 1200 1150 1100
DIELECTRIC CONSTANT - K~

Figure 6. Aging of Dielectric Constant of Samples Made from Powder Batch C
and Fired in : (a) , Box Furnace; (b), Tube Furnace

41

— • V -_ _ _ _ _ _ _  L ~A



V ~~~~~~~~~ V 
~~~~~~~~

—
~~~~~

--—
~ 

-
~~~

-- -,~..- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

V V 
- 

V V 

V 
a

- 
- 

V 
- - - - .. 

— -: V

— 
- . ~~~~~~ 

- . .
~~~

. ~~ ~a 
~~~~~~~~

• 
V V~5 

~
V 

-
- . -

-‘I •~ 
• 

~~~~~ - - V
. ‘ V~~~~~~ ~~~~ 

•.,,.~~~
‘

- . 8 . ’~ ~ ~ - .
V .- 

- q ~ •

• 
~~ * - a - V. ,  • V~~ —

‘- ‘ 

~~~~~~~~~~~ 
‘~~~~~ - -

I I - 
- 

~~~~~ -e 
-‘ 

V 
- - - , — -

4
- • V~~ - . ~~~~~~~~

- ~~~~~~~~~~~ •~~~~ V -~

- 
- 

~

-~ .I’~ I

-I • •~
V -~~~~ •~~~~ V I ~~~ V

• 
- I’-~ ,~~Øe - - ~~- •

- 

, 
- 

~

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

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

~~~~~~~~~~~~~~~~~~~~~~~ 
s

, ,

’

Figure 7a. Polished Surface of Ceramic of Composition,
Pb(Zr 52TI 48)97 Fe 01Cr 02O3. 500X.
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Figure 7b. Polished and Etched Surface of Ceramic of Composition
Pb(Zr 52Ti 48)97 Fe 01Cr 02O3. 1000X.
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