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S 1Th~1ARY

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

dev elop ing a be tt er unders tanding of the mech anisms whereb y the methods

of powder prep ara t ion , processing and sintering control the micro structure

of lead zirconate titanate (LZT) ceramics as well as their electric and

piezoelectric properties. The effort was primarily direc ted toward

developing a molten salt synthesis method for producing homogeneous ,

f ull y reacted LZT powders including all important property modif y ing

additives such as Sr , Fe and Nb. The method involves reacting a mixture

of powders of the components together with a eutectic NaCl—KC1 mixture at

a temperature where the salt is molten . A detailed procedure for LZT

synthes is by this method is given .
Powders over a w ide range of composi tion were successfully

synthesized . Their X—ray diffraction characteristics and par ticle size

distribution are discussed .

Ceramics were made from the powders using a common procedure for all.

Their properties were compared to values obtained from the literature and

f ound to be generally similar excep t tha t ceramics made f r om the mol ten

salt synthesized powder characteristically showed a sign if i c antly lower

d issipa tion fac tor and higher mechan ical Q.
Powder for a repor ted slow aging composi tion con taining Ca and Mg

was prepared . The results indicated tha t Ca was soluble to < 1/10 and

Mg to < 1/2 of the values specified in the nominal composition formula .

; I
V
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LEAI ) Z 1RC ONA ’r E ‘I I ’I’ A N A TI-l (LZT) CERAMICS

J. 11. Rosulowski , R . H. Arend t and J. W . Szymaszek

I .  INTRODUCTION

This repor t covers the first year ’s work on a program aimed at deve1op in~’

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

para tion , processing and sintering control the microstructure of lead zir—

conate titanate (LZT) ceramics as well as their electrical and p iezoelectric

proper ties. The technological motivation for undertaking such a stud y arises

from the difficulties manufacturers of LZT ceramics experience in producing

transducers to rigid specifications , as f or Navy app lications. These dif-

ficulties result from the sensitivity of final proper ties to the sin ter ing

conditions coupled with the fact that each lot of powder generally behav es

in a different manner . The scientific motivation for the study comes f r om

its anticipated contribution to knowledge about powder characterization and

the phenomenology of sintering in general.

Commercial LZT powders are prepared by calcining a mixture of the com-

ponent oxides , or compounds such as the carbonates that decompose to oxides

on heating in air. The for mat ion of the compound LZT under these conditions

is controlled by solid state diffusion across inter—particle contacts. Inter—

mediate compounds are known to form during this process~~~~. The degree to

which the reaction goes to comp let ion locally in a given time depends intrin—

sically on the particle size and calcination temperature. These factors , as

well as the perf ection -~f the m i t  [dl m i ix ing  of the reactants , also cont ro l

the homogeneity of the product powder .

The observation tha t c era mic s  having d ifferent properties are obtained

when d ifferent powder lots are processed and fired under nominally identical

conditions suggests tha t incomp lete reaction and inhomogeneity are indeed

common properties of commercial powders. Evidence in support of this view

is also available in the form of the common observation that calcined powders

contain up to several weight per cent of unreacted Zr02
; also , in a con trol led

experimen t it was found that the density of ceramics depended on the tempera—
(2)

ture at which the powder from which they were pressed was calcined

i i
I
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Since the attainment of the obj ectives of the proposed program of

investigation depends to a great degree on having available LZT powders

that behave reproducibl y when processed into ceramics , the first task

undertaken was to develop a technique for producing such powders having

compositions of technolog ical interest. The technique chosen for develop-

ment was that of molten salt synthesis. It is described in detail in the

next section of this report.

The work during the first year was primarily devo ted to develop ing

the vario us steps in the powder syn thesis so as to a ttain repr oducib le ,

homogeneous powders of vary ing Zr/Ti ratios and containing many of the

dopant elements which are known to modify LZT proper ties . Throughou t ,

it was attempted to develop the process along practical lines in the sense

of allowing the possibility of scale—up f rom labora tory to commer cial pow—

der production. This report describes the powder synthesis technique as

well as some of the physical characteristics of the powders that were made

and the characteristics of the ceramics made from the powders.

Since the initial investigation was concentrated on the powder , no

great effort was made to optimize the firing conditions to produce the

$ 
best ceramic either from the point of view of density or of electrical pro—

perties. Rather , a standard method of prod ucing samp les was even tually
adopted after some trials and these samples were compared with each other

and to those reported in the literature. During the course of the

work , however , cer tain aspe cts of powder processing and f iri ng were seen

to have an important effect on properties and these will be mentioned

when appropriate.

0 ~- 
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TilE ’ oh ) l ’ t iV e  ot  Ilte mo l t i n  s a l t  tet hinjc1uc I or synthesizing LZT is

to i’f i i ’ ct  a m en ’ comp lete ri-action be tween  t h e  reactants and to produce

a more C t t f l l 1) O s f  t i on a l l y homogeneous p r o d u c t  powder by c aus ing  those

r e a c t  an t s  to be coated by a liq u i d  in which  the r eac t i on  to LZT occurs

and from which the powder formed precipitate’s. This liquid medium ,

in which atoms diffuse rapidly, in effect brings large numbers of pa r t i -

cles of t he  r e a c t a n t s  in to  c o n t a c t  wi th  each o ther  so that they can

react rapid ly and completely. The homogeneity of the product is still

dependent in the perfection with which the reactant powders are mixed

but the dependence is much less than in the case of calcination where

the reaction takes place at the contacts between particles. In addition ,

homogeneity is improved by the fact that in the molten salt the most

thermod ynamically stable compound forms directly instead of the end of

a series of intermediates as in the case of calcination .

The development of this technique for LZT synthesis required several

problems to be solved . The first was to choose the proper liquid composi—

tion. Although it is known that oxide reactions of the kind required can

occur in molten ionic salts , the specific salt chosen must be such that

the desired compound forms in it either alone or in combination with other

compounds which may be easily removed later. After some trials , the

choice was made to use an approximately eutec tic mixture of NaCl and KCI.

A fluorid e melt (KF—KC1) was tried but a difficult—to—remove lead fluoride

was formed with the excess lead introduced into the reactant mixture.

The other problem s addressed were: to develop an effective way of

mix ing the reactants and the salts homogeneously; to develop a method

for efficientl y removing the excess unreacted PbO from the product powder ;

- $ -
- to develop a rap id method of separating the fine product powder from the

water used to remove the salt. In addition , it was desired to develop the

techni que in such a way that it might be adopted for coimnerical use if

the powder so made was eventually f ound to hav e desir abl y uni que properties .

The recipe developed for prod ucing LZT powder by the molten salt method

follows . It can be scaled to make any des ir ed quantity of product. The

standard batch used in this work yield ed 1 K g of powder .

1. Prepare a reactant mixture containing the oxides of Pb , Ti ,

Z r , and any other desired cationic species which may be

introduced as compounds that decompose to the oxides on

4 .

- 
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ire,i I in 1 ’, ( e . g .  c m  r I> ,t n. It  I ’;; , I m y d  t c iht ’~~, u I I r .i t ‘s el  . ) . 1 1 1 € ’

( ‘ I s n p t a l - n t  5 ( I I  t I t t -  t i - , t ,~~t - c i t rII i:- I IF -c s l i o t i l d  h I ’  in  s I n  i i’Iii 0—

I l I t ’ t I ’ IC proport ions i - x c ep t  I or Pb , w h ich 5 l I O Ul d  In- in eX C e S S

(2  w/ o has h ’t.’i r used ) I l l  ma ki ’ up  for v;ip~ I r  Za I l i  Il 1( 1551’S

and t o  dri~- ’ t i te ri- it t ion toward t i t i -  fo rma tion of  I , Z T .  Tu e

ri -d c  t a nt  p t w d  ~
- rs s h o u l d  a l s o  hi’ f r i - c  of l a r g t - , hard ;t~~; r  1’~~

gal i-s which might survive the mixing process.

2. Slurry the reactio n mixture in H
2
0 at L i i i ’  rate of I 11

2
0/ I . ~c-

reaction mixtur e . ! 2u ~ 
stirring should be emp lcy~ d to

obtain a comp lete suspension. Settled material will . ner .tll y

not  react comp letel y.

3. When a we l l  mixed slurry is attained , continue stirring and

add O .-~i54 kg/I. kg ri’;Ic tants of both N a C i  and KC1 (0.908 kg

total) as tim e sol ids.

‘ . Continue stirring until the mixture gels due to hydratio n

(or carbonation) of the reactants. This gel will retain its

homogeneity during subsequent processing .

- I 5. Remove water by evaporation at 200°C using suitable vessels ,

T e f l o n  lined being best.

6. React the dried c~ kc 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

$ 
- 

I 

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/c of water at room temperature. Glass vessels and

a motor driven stirrer are adequate to use. The brick—like

cake will disintegrate into a fine powder that contains no

p e r c e p t i bl y aggr ega ted  m a t e r i a l .

8. The s u p e r n a tan t  so lu t ion  w i l l  have a hi g h ionic s t r e n g t h

wh i t -h w i l l , cause t h e  p r o d u c t  powder  to f l o c c u l a t e  and s e t t l e

when m i x i n g  is s topped . The s u p e r na t an t  can t h e r e f o re  be

- 
- .. . nea r l y qu an t i t a t i v ely  decan ted  to a l low r e p e a t e d  wash ings  w i t h

d i s t i l l e d  w a t e r .  Washing should be repea ted  u n t i l  a s t age

is reached where the  s u pcr n a t a n t  w i l l  remain  m i l k y w h i t e

- - 
- . 
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i f  It -F ; i h o t t t  10 m m .  f i t t - L I  I i i t ~, ,  In di t it ing - t - s -s ; L  ion  of

I I t l t ’ t, O I - I t l Of l .  ‘i i  t h i s  1 1 ) 1 1 1 1  L i i i -  r t c i d u a l t - t i l t i r i n i ’  ion con—

t - i ’ I l L r : I t i L ) n  i~~ low t - lf 0 ( l g h  S O  i ;  n ot  I t -  i n t e r f e r e  w i t h  t h e  i t t - x t

- ; t e p.

1) - Add enoug h c o n ce n t r a t e d  ;I t - e t  ii ’ ;m c id to  m ake  the  s l u r  rv  abou t

0. It ~ (4 i ~ , 1M CII 3COOH/ l  kg p r o d u c t )  . C o n t i n u e  m i x i n g  f o r  30 t o

60 r u i n .  The color  of t he  pr odu i - t shou ld  I ig li t i ’n du i-  t o  d i s s o —

i ut i o n  of the excess Pb added i n i t i a l l y .  Add an anionic

I lo ecu l an t  (0 .  1 w/ o  aqueous s o l u t i o n  of I l e r c - a f l oc  821 , D u p o n t

C l i e n t i c ;m I  C o . ) ,  a l l o w  the powder to s e t t l e  and decan t  the

l i q u i d .

10. R e p e a t  the  acid  t r e a t m e n t — f l o c c u l at i o n — d e c a n t a t i o n  tw ice .

11. wash two more times using d i l u t e  I ce t i c  acid (1 x l0 3M)

Use the minimum amount  of f l o c c u l a n t  neces sa ry  in s teps  9 , 10

and 11.

12. Dry the s lu r ry  by h e a t i n g  at 150° C .

13. The dr ied powder should be heated in air to abou t 500° C

for  about  20 mm to remove any remaining  wate r , a c e t i c  acid

and f l o c c u l a n t .  A f t e r  th i s  t r e a t m e n t  i t  is read y to u se .

This  procedure  was fo l lowed wi th  al l  the LZT compos i t ions  d iscussed  in

th i s  r e p o r t .

The objec t ive  of the work on powder  syn thes i s  was to produce  homo-’

geneous powders of con t ro l l ed  s t o i c hiome t r y  whose s i n t e r i ng  behavior , as

d e t e r m i n e d  by measur ing  ceramic p rope r t i e s , was r ep roduc ib l e  f ront  lot  to

lo t .  In p u r s u i t  of th i s  o b j e c t i v e  a number of powder composi t ions  were

prepared by t h i s  t echn i que .  The f i r s t  of these  was a ser ies  having

vary ing Zr/Ti ra t ios  around and i nc lud ing  the  c o m p o s i t i o n  Pb 9,  Sr 06
(Zr

53Ti 47
)

997 Fe 003 02 9985 . This compos i t ion  is one used to make

p iezoe lec t r i c  ceramics  which  are  to be d r i v e n  a t  h i g h vol tages , such as

in sonar a p p l i c a t i o n s . N ost  of the e x p e r im e n t ; - ’:-n powder s y n t h e s i s  and

s ir .t e r ing  technique deve lopment  were  made us ing  these  powders .

I t  was also necessary  to d e t e r m i n e  if many of the  o t h e r  dopan t s

found  to be u s e f u l  in modif y ing LZT p r o p e r t i e s  could be i n t r o d u c e d

during molten salt synthesis. According ly, a slow ag ing “driv i-r ” type

I
5

~~~~~ ~~~~~~~Tfl1 f~~~
’
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‘l ire I ItC lus ions t h a t  may i-i t- drawn from t h e  work done up to t hti- tim e



i i i  c t l f l t j t i ~ i t I ot  d i v  I $ I op& ’d hi ’ . i . i  I f~ va - c t i p  . ‘I’l l1 s we ; , n on I n a l  I y

F h ~~~, ( I
•p 5  ~l g~ 01 ~~~~~~~~ )2 ~~~~ .48~ .97 ~

L O] 
Cr 011 0 7 9 8 5. A l s o , a

5,- r u ’ s ~ ‘ I
’ ‘‘hiv d tt t ~’ii ’ ue ’ I ’ o n t p t ’ s i  ions were m~d - . ‘J ’h t -ci ’  had Z r / T i  r a t  j o ;

around and in c  1 ud ing ~~ Sr 
.05 

(Zr -~~~ 
‘
~
‘
~~ 

. 46-~~3 
+ ~ w/ o Nh 2o~ . ‘I l i e

same composit ions w e re  also made with ‘la , Bi , Sb , As and V rep lacing Nb

on an atomfor—atom basis . The propert ies of the ceramics made from all

ot~ the above mentioned powders are g iven ic Section IV of this report.

The chemicals used in the syn th eses and their ccnlrces ar e  listed in the

append ix.
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Thit ’ charal - t I .’ri stics of molten salt. syii tl esizi’d powders front thit ’

compos i t i on  sequence ,

Pb 94 Sr 06 (Zr Ti
1
)997 Ui ’

003 02.9985 
; 0 .46  — x 0.58

w i l l  be described . Tlies,’ :-~ wdcri; were all l ig h t  y e l l o w  in color  and

darkened  readily on exposure to light. They wi re ;iggregated as seen in

Fig. 1. The individual powdi’c grains are rounded in shape and range in

size up to about 0.7gm as seen in Fig . 2. The powder lggregatm -s art-

friable and readily break down during pressing except , apparen tly, in

rare exceptions to be described in Section IV A. Fig. 3 shows a typ ical

particle size distribution obtained by measurement with a Coultc’r Counter.

The “particles” are , of course , almost all aggregates.

Chemical analysis for Na and K revealed that the powder contained

about 680 ppm Na and about 170 ppm K in solution. These values are i

be compared to the figures obtained on a commercial LZT produced by

calcination , which were about 115 pp m Na and 30 ppm K. The analyses

were performed by atomic absorption after dissolving the powder in hit ,

concentrated 1-IC1.

$ The amount of unrc’acted zirconia was determined by weighing the

residue remaining after I N c  powder was dissolved in hot , concentrated

HC1. Following the s’~andard recipe for the synthesis resulted in an

unreacted zirconia content of abou t 0.4 weight percent. If the zirconia

was mixed with waLer and then whipped in a blender for about 10 minutes

before being added to the other components of the reaction mixture the

unreacted zirconia in the f inal powder dropped to about 0 .02  wei ght

t I p e rcen t .  This resu l t  c lear ly ind ica tes  tha t  large , hard Zr0 2 aggregates

in the reaction mix ture  have to be broken down if comp lete react ion is

to take place in the molten salt. This could also be accomp lished by

milling the react ion mixture.

The presence of large aggregates in the reaction mixture should be

even more troublesome in the case of powders made by calcination. An

ana l ysis  of a ‘ good° cotnuercial LZT powder~~~ showed a zirconia content

of about  1.3 we igh t  p e r c e n t .  In commercial  p r a c t i c e  i t  has been f o u n d

t h a t  such a l evel of unreacted zirconia is generally not associated

with p t -o r sintering behavior or difficulty in pol1ng~
5
~~.

Tb - - results of examining the as—produced powders with X—rays
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ca in he i-iIc: Iu ,mr j , ‘ t -~ ! at ;  I o h  I t t w

N - - 1) 11.1 O t  I I I  li e n ’ I i i  i i  I , , i d  Z i i  ( ‘ t ) l  l i t  4 ’  t I t  $ i t  Wa ~. I V I

Ob s I ’ i i !  - I I

‘Fine peaks in  t h e  l I o w t h i -r  p a t t i - n u t ;  , m r ~~- not sharp, m d  ica t iog

tha t in’ ~~I ‘wd ci’ s ,ire not ‘‘we! 1 er .- - t  a l i i  z1- i ’ . I in add t ion ,

judging fro nt t h i ~- n- 4 ’ l , i t  i’:i i n t e ’ n s i t  i i ’ S  cnf t h u , - r i - I  Je i t ion

pea ks , t h e  X — r a y  m Inim I yst c u e  I uded that di sordi’r cx i ~ts on

the  (hk O , I~~0) p l,lIli-5 in  tire t e l  r agona l p h i i st- (hut I I ; - i

th i ’r t ’  j O  ; t t I t t t I  t - r d ~~- r  iii ’ a 1 I l n I ’  t i n e  C axis.

3. Judgin.~ ft’ t t- ; t i n e  w i d t h  and strui’ture oh’ t h e  r~ t i~~c I icc ,

t h e  N—ray an ;ilvs t concluded t h a t  b o t h  t h e  l et r i ,  ~~ and

rhomboh edr ; i  1 p h t ; i s e s  wi -r e  p r i -~~ ’ i I in  the  ~~ I ~s-d ir s h ; , i v  i u i ~ t

c o r n p t i s i  t i i ’us a t  and , round Zr/ ’~
’i = .530 /.-~+70 , whi ch i - ;

verY n e a r  li ft - ~~-rp 1no tr op ii- r h o m b o h e d r -m  I — l e t  r . i ’. ’ i ’ uma  I i t ’  i i  - rv

on the phase diagram for PbTiU 1—PbZr03~~ 
. The fact than

the X—r ,mv r e f  li-c t i~ nt, of the r lionhohedra 1 and t i- I r,igona I

phases overlap to ;n ions iLl i -r i b I ~
- di’~ n’ t-c o t ij i  I ~-d i t h i  t lie

t a c t  that tL~ s n n g l e  phase r~- fl ,,,’c t j ,,tns th ir st . LVI ire not

sharp -~ ide  i t  i r cp o s s i b l e  to . -  - u r a t c i v  dt -ter: .iae the

~‘i d t i i  of t h e  two—p i:lse h e l d  -“r  t I l e  l , t L ~~j c e  par t r . e t ~~~r s  01

t h e phases

Differences in t i l e  l i n e  shapi-s of the n I h  c tions ’,-:t ’ re

observed when powders w h i c h  v - c r c  ;tr i-n -i re d in a nominal ly

ide nt i t t  I aanacr S i N  - 1 : 1t ’~ I ned .

The unc-crta ;ntc- in t b ; .  m t  tice paraner crs - ‘b - L am ed from mi-as ;ire:’t& -ntet

on the is—m ,~dt. powdi r ; c;nn he i l i - ~~raii-d by  the fob 1 ‘win ~’ re stul ts .

samples fret ’: 3 :‘ .o. c h -  of p t ’ s ’ b - c r  h - t v  inc Zn i = .53/. -~T whi ch wi-ri sv nt b ;e—

sized in esc~ ch i l l y  Lh e  s:ntc e wa’i w er e  ; t n a l v r t . -d , t h e  I- , Lr ;;, ’tt n u l  a and

c i - i t  t i t ’ i p ;ir ;l :- i-t ’-r s obtain ed I - - Y e  ~~~~~ and 0. - . i  I , 0. -.05 and 0..13 ,

and 0. .OC and 0. -~ 
-
. n;- , rcspic t lvi i v

I )
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I V .  I ’ b t t t l T h ’ t ’ !  i i-:s ~)i- ’ t

Pi - t on ,~ I i , i t  i nY, tint ’ u t  i 1 m I v  i l l  I l i e  ‘~ wi ii -r M iii, lt~’ I lii’ 111011 c - n i  sa l t

i’chi~i q u e  r t ’qu I is-s t l n , i t t h i t - v  i n -  p r l g i  n a - t i  I ~ u pressin~’, , p ri - ;seti and tin_ -n

ir i d into ii- r , i r : i & ’s.  S i n l e t  liii ’ I r ’ I t ; t ’ r t  i i t ~ ot a ~-~ - r , n - t i c  depend ( s u t i t i - t i m i ’s

i’ r i t ; c i h l y) on how t h i s ,  ott-ps Sr t a r r i e d  out as w e l l  as on the  i ’ ou i i p i t o l —

t ion oh t h e  powih t. -r  , t h e  t ;n o k  of  demons t r ;n  t Iii - tine reproduc ihi Ii ty  of ii

~t,twd i-r as well as ,mnl v ft-lu -I it s th n ct t mi ght accrue fri-u its n t iti t: i pate d

homogenei ty  i s  mad e  d i i i  i c u l t  . ~n the work  r e p o r t e d  here , ii uinn;i,t- r

of powder  p r e p a r a t i o n  and f i r i ng  t e ch n i qu es wi-re t r i ed  as t h e -  p owdt - r

s vn th cs i s  t e c h n ique w;is being developed . The object iv e  was to o f t t a  l i t

some knowledge of the  b e hav i o r  of t N t ’ powd er , im p r ov e t i m e  s V n t 1 ; c - ~~ s

technique , and to establish a procedur e for producing ceramics oh ri- , m s , t u i ; , h t l e

d e n s i t y  that could be compared to each other and to ceramics produced rt

other powders. No i n t e n s i v e  e f f o r t  was made to o p t i m i ze  t h e  p r op i -r t  i t ’ s  ‘I

the ceramics  of any p a r t i c u l a r  composi t ion as it was jtnd ged that such an

e f f o r t  shou ld  more p roper l y he made l a t e r  a f t e r  the  more g e n e r a l  h eb ; ,n v i  r

of the powder during fir ii -i,-, was known . As was mentioned previousl y (Sect ion

II) most of the work  on ceramic preparaticn techni ques was done , 11:1m g

powders having Zr/Ti ratios around th,it of t h i e  c ; ’cj os I U i  t in Pb Sr

(Zr
3 
Ti

7) ~~~~ 
Fe 003 0 2 9985 •

A .  Po wder  P r e p a r a t i o n  and P res s i n~
In order that w; rpage not occur wi’ti’n a green body made of

pressed powder is fired the body must , in general , have a h igh and

u n i f o r m  green d e n s i t y  so t h a t  the shrinkage is isotrop ic and re-lot iv clv

small. The green body must also have sufficient streng th to withstand

any necessary handling . The pr~’~ essing steps required to achieve

such -i green state d ep e n d  on the nature of the powder , i.e. the size

distrib intion of the r-clrt Ic 1-s mu d particle agg i ’i’g;ites and their

mechan ica l  stren gth , and t i l e  size and sNipe of the body . The latter

a f f e c t s  the \-lav t h a t  the  p r i - s s in g  p r e s s u re  is d i s t r i b u t e d  th roughou t

the bod y.

Samp les f o r  t h i s  i n v e - s t i n i t i o n  were pressed in a Carboloy die

of 2.Y+ cm di atri- ter. Ab - -a t 5g of powder  were loaded and pressed at

69 MPa (10 Kps i )  h ol ’ Iing 1 minute - I t  p r e s s u r e .  This  y i e l d e d  a green

body of abou t 2.5 ur- thic knt. -ss. In  o r d e r  to i n s u r e  u n i f o r m  d e n s i ty ,

the-sc di scs - wi-re then p l a c i d  in a rubber hag, i rt;’;i-rscd in oil , and

- . ~~~~~~~~~~~~~~~~~~~~ T —
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i ;tt s t a t ic ,mhlv p r e ; s i -d it ari-in n n d 3 - () Mi ’ ;i ( ‘ill 
~~1 ’ ’ t  ) . i~lt ’ - n i  a s — i t t i de

wins pri’ssi’tl in n t i lL ;  manner it was etico’t ’v~ d t hi; t  l i i i -  i i  151 5

wi-ri - s , ’ m n - w l t , i t  f r o g  i h i ’  and I hi - it even th no i n ghm th ~ I m a !  d~-nt , i t  v of

t i ne  f i ri ’d d iscs was hi gh (> 7 . 6  ~l~- , / ; ; i  
1
) t I n - v  c o n t a i n e d  a f ew  v e r y

larg e p o r e s .  These  j t o r i ’ s  had the app i-arance i i i  h n ; t v i n g  o r i t ’  i n c i t e d

front large a g g r e g a ti ’s  of p a r t i c l e s  w h i c h  d i d  not break down during

the pressing .

A c c o r d i n gly  the  procedure was adopted to i n c o r p o r a t e  - -, t -  sr i  c

acid as a pressin g lubricant i n t o  the  as—made powd er to  u-i; he- ’e

b i t t e r  p a r t i c l e  p a c k i n g .  Two wei ght  per ct-n t was chosen as tine

near minimum amount that ri-suited in a green bod y havine ;u h e q i i ~i t e

strength. Tine stearic acid wi s incorpora ted  in to  the powder by

dissolving it in benzene , adding to the’ powder , then m illing t h e
‘ mixture for about 24 hours in a pol yethylene jar using staT ilized

zirconia balls. This procedure broke down any hard a g g r e g a t es .

The nnilling tinne used happened to be convenient . A shorter t ime

would serve as well.

The mixture was then poured into an open beaker and the henzenc

evaporated by app lying h-etm t. The powder was stirred constant lv

during dry ing to prevent stratification or segregation of t h e  stearie

acid in the pcwd i-r as its solvent evaporated . The dry powder was

tl tt~ passed th rough a 60 mesh ncl , on screen after which it was rc-ad~’

for pressing . The densities of green bodies pressed from such

powder were found to be around 5.7 Mg/rn3. The f ina l densities of

f ired bod ies wer e not significantl y greater than those pressed from

ar— made psvder but they were free of any large pores.

Stearic acid was chosen as the lubricant because it can be

comp letely burned out of tine pressed body at low temperature before

final firing at high temperatur e . gater soluble lubricants such

as pol yviny lalcohol and r;ethvl cellulose leave residues after burn-

out that are rich in sodium and we-re therefore avoided in this

work.

As a result of a considerable number of powder processing and

pressing variations that were tried it was concluded that , in order

to consis t en t l y achit.-ve high density and a uniform microstruct ure

in LZT bodies rode from molten si lt synthesized powder , a pressing- - 1
L 10
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hn m b t ’ i cant sh ot, Id iii- used along wn tin tin h h i  m i  I t )  h ) r e ’ a k  up a r m y  h a r d

tig~’, rt.-gi t es of part it Ii’s. The s h i p  s in ou  hd h i- drii -d as not t i t

si t rei’,,itt ’ thit ’ l u i b r i e ; n n i t  . (Rt ’~~ldes t h i i ’  rn-I hod indi cated ; i l t t t v i -  a

i r i - i -Si - d ry in g  pri l i ’ i-ss has a iso he-c-n s i n , - t e - s s f n i  1 l y used to

i i ’ conn p l bib this. ‘rime-re is no reason to t h i n k  t h a t  sp r ay  h r v  i ng

woul ’-i not also work sath sf,ii ’tori l y) . It is important to press

tht.’ powder hard enoin gh to get a high gre- i -ni density. Al ti n- ugh

routinel y usi-d in tine work reported inc- ri’ to insure urnifor m ity,

the is -s tatic pressing step is probabl y not an absolute- requi ni- —

ment to produce satisfactory ceramics.

B. ~~~~ n’

Aft er pressing, the binder was burned out of the disks Lv

lay ing them on a powder of their own composition spread on a

stabilized zirconia plaque and firing uncovered in air for 1 hour

at 600°C. The fractional weight loss during this step w;is always

within the experimental uncertainty of the amount of lubricant

added to the powder.

The final firings were done in a box type furnace Is ted by

‘ Clobt irs and having a working space of dimensions ib’pro :- :imatt lv

10 x 13 x 25 cm. The samples were heated at a rate of 125°C/h r

to 1325°C , held there for one hour , then the power was c u t — i f

F and the samp les allowed to furnace cool (overnight). Oxygen was

bled into the furnace during the entire firing cycle since i t

is well known that higher dens tties are achieved when LZT is fir -~ii

in oxygen than in air. Typical densities achieved were around

7 . 5  to 7 . 6  Mg/n3 . Separate firings of samp les in a sr-all t u b e

furnace where- the atmosp here was def inat elv established at lOO~
oxygen gave densit ies around 7.7 >1gm . It appears , th erefore ,

that the atmosp here in the box furnace during firing probabl y

contained a s i g n i f i c a n t  amoun t  of n i t r ~’gi- n f r o m  a i r  l e ak i n g

into i t .  The average  grain size in ;tl l s;nmp les was ~b t’ut ~~ ,

For firing, t u e  pressed dis t. s t -f ;i singl e- composition wi-re

p laced in a stack of 5 to 6 in a s t - i h i l  I ze i l  zirconia crucible.

Loose powder of t h e  s;lr ;c compt’si tion was p i m t .  id under , around

and over the stack as well as hetwi - i - ii liii’ individua l discs. The

crucible’ was then covered with an alumina disc. Al I of the a l u m i n a

11
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m id zirc - ni , i wart ’ was “~~i , i s i ’ n e t h ’  bi t I t ti’ f i r s t  h e ’ i n t ’  used t o

Ii r~- s iI : l p ) ~-s Lv he’ ing used t o  I i re ’  loose powd er  onl y .  S~m mp i t - i ;

I i red i n n  tim e nti,Inner tvp ica I ly experienced a weight h iss uI

around 0.3’ , part of whni i’hi c-on be attributed to a sli ght c’l ni pp ii; ,-

of tin e c&hgi ’s win e--n adhering powder was scraped ;iw;mv zif U-n fir iii--

Sonic f i r i n g s  w e r e  made  w i t h  the  s t a c k  of d i sc s  p l o t  i d  on

a bed of p owder spread on a s t a b i l i z e d  z i rconia  p l a q u e .  t h i s  W - i s

ti nt - n cttv e-ri -d w i t h  a z i rconia  c r u c i b l e .  A d d i t i o n a l  c o n t r o l of t h e

atn n osp here  of v o l a t i l e  PbO was e f f e c t e d  b y s o m e t i m e - s  i n c l u d i n g

“d o n o r  b l o c k s ” made of pressed , unreac ted  powders  of PhO and /ro ,

i n  t h e  we i gh t  r a t i o  2 . 3/ 1 .  This is e s s e n t i a l ly the  S,ITni: i~s

method used comrnerc’ iai h v to cont ro l  t~ie lead con ten t  of LZT ~~- r - s : b s

dun log firing . It was found in these experiments that the prescn -

of donor blo cks did reduce s-sight loss , indeed a weight gain was

sometimes observed , but th ere still remained a top—to—bottom vari-

ation in the weight  ch an g e s  of the discs in the stack. It was the’r~-—

fore in the i n t e r e s t s  of sample uniformity that the pri-vious lv des-

cribed method of f i r i ng  the  discs  wh i l e  bur ied in powd er  was ; i d op t  c d .

C. Ceramic Properties

1. Pb 9 ,  Sr 06 (Zr  Ti
1

) 99 7 Fe 003 02 9985

A number of c e ramic s  s-crc made  f r o m  powders having compositions g iven

- -
. 

b y the  genera l f o r m u La Ph 94 Sr 06 ( Z r  Tl
l x

) 997 Fe 0030 7 Q985~
- . I I ron en te r s  LZT in t h e  trivalent s t a t e  and occupies the B sites in

the ABO
3 

p e r o v s k i t e  s t ru c t u r e~~
7
~~ . Table I l i s t s  t h e  X — r a y  l a t t i ce

parameters of ceramics with increasing x in the general composition

formula. The X—ray diffraction patterns of powder samp les pni -p ani -t h

from these ceramics show sharp lines m d  ic ;it in~z homogeneous , w e l l

c r y s t a l l i z e d  m a t e r i a l s .  In t h i s  respec t t h e y  d i f f ~~r markedl y f r o m

the d i f f r a c t i o n  p a t t e r n s  o b t a i n e d  f r o m  t i c  as—prep ared pctwth t-r wh i c h ,

as p rev ious l y d e s c r i b e d  ( S e c t i o n  I I I ) ,  indic ate s the p r e s e n c e  of

a considerable degree of crystal d i s o r d t - r i n g .

The p r o g re s s i o n s  of the- lattice par -mmt -ter s with x shown in

T ; m l - 1  to I show an ab r u p t  change ’ a t  x = .530 , w h e r e  the h e r e t o f o r e

purel y tetr co t i n i l X—r ay patterns T i e - g i n  t o  show the  presence  of a

m i n o r  lmrr t u n n t of n i t  -:h t t hii-d r i I ;ib15 ~ . The relative a m o u n t  of

12
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rh ,oiimbohii ’dm ’,m I i l l - i -  p r i - sen t  could m t  be d c - t e r m  in ned  i n  i r n y  Ut t i m e

c i l m i t l i ot i t t i m  ;hmi l su h i n t  i t  l i-i ap p a r e n t  tha t ti me ’ phase’ hormindary

i t  t i n t ’  t i - t r i g - u - i l  I i t - i d  h i ~ s he’twe’e’nm x = . 520 and .530. ‘J ’in ls i s

at  s - n i t - v i t i i n i i ’i ’ wi thn what i- ,In be’ deduced front inform ;mt ion ,mv;i i 3—

l i i ’ fri-n ; t i n e  ! i t  e ’r , m t m ire- , hut there is consid t ’rah i t ’ di sagrei-rtien

between di ii i -r i -ut investi gat ors.

‘Jo i l l u s t ra t e , i t  w i l l  be- assumed t h a t  the small amount of

iron pres ent Inas a neg lig ible effect on tine phase diagram in the

composition reg ion in question. Ikeda~
8
~ determined the room

temperature phase diagram for the system PbTiO3
—PbZrO3—SrTiO3—

SrZrO
3 - When no strontium was present he p laced the “phase

boundary ” between tiii- t e t ragonal  and rhomboh edral  phases ( the

composition at which the phases were present in equal amounts ,

and called the “nnorphotrop ic phase boundary ” in LZT because of

its near independence of temperature) at about x = .570. For

6 a/o strontium the boundary was at about x .585. However ,

in a late version of the phase diagram for the system PbTiO 3—

PbZrO3, the morphotrop ic phase boundary is put at x .535~
6
~ . In

still more recent work~
9
~ on this same system it was determined

- - tha t the two phase field extended front x= .49 to .61 with the

lever law appl y ing and thus onl y the r e l a t i v e  p r o p o r t i o n s  of the

phases but not their lattice parameters changing in this range.

This would put the morphotrop ic phase boundary at x= .S5. This
(10)

work was st r ong ly at t a c k e d  by Isupo v who argued f rom his

experimental results that no true two—p hase region exists in this

- 
. 

system but that there is an overlap reg ion between the tetragonal

and rhombohedral fields , consequentl y the lattice parameters

measured for the phases in this region depend on tine composition .

- 
- In his rep ly, Bengui gui~~~~ argues that Isupov is incorrect in

princi p le and tha t his (Isupov ’s) experimental results may be

due to the presence of non—equilibrium , metastable phases arising

from too rapid cooling of samp les.

This brief discussion illustrat es that there is still conside-

rable uncertainty about the details of the phase diagrams for the

PbZ rO3—PbTiO 3 + dopant systems. Some of the differences between

observera may arise from different methods of making the powder

and/or firing the ci-r ;mm ic; -t . The data shown in Table I ire not ,

of course , sufficient to resolve any of tine questions . It would

13
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i j t ’ l i ~ , h ic u wi -ve -r , t i  l i t -  a v ;m l u a u ] i -  c -xe - r i ’ j o e -  t o  o h t , m i n  more-

sue - h i  d a t , m  t in  cc r ; Inmm it ;; im iad e I rom timo It en s , m l  t syn tilt-i -_ I zed piiw—

ih~-rs . Sut - h i d i  t i  t or sp it ’ m ile-us i n  t ime  r ange  b e t w e e n  x= . 560

and . 600 is ne iw i)e- ing  01) 10 m e d  to es tab  1 ish t i m e -  upp c- r hound-i ry

of t i n e  two p h m . m o e -  t ii’ld

A - c o r e i  ing tel tine ’ l i t e r a t u r e’ , a l l  of the  e l e c t r i c a l  and

pie’zoelectric prop ertic-s of LZT show a variation with c om p o s i t io n .

That  of t he  p o s t — p o l i n g  d i e l e c t r i c  c o n s t a n t  (K
33

) and tine- p l a n a r

coupl ing  e o e ’f f i c i i - n t  ( k )  is p a r t i c u l a r l y d r a m a t i c , w i t i n  b o t h

peaking sharp Ly close to the tetragona l sid e of the mnorphotrop ic

phase boundary at room temperature~~
2
~~. Fig . 4 sh ows t ine values

— obtained for these properties on’n the ceramics made during this

investigation. Reasoning by analogy , the morphotrop ic phase

boundary of LZT made from the molten salt synthesized powd er s

should lie at around x .545. Fig. 5 shnows the composition varia-

tion of the piezoelectric coefficient d31.

The poling procedure used in this investigation was to app ly

fired—on silver paste electrodes to the discs and to pole the -n

at 120°C in a bath of Fluorinert (Minnesota Mining and Manufact uring

Company) using a field of 2.36 MV/rn (60 V/mil). The field was

app lied for 3 periods of 5 minutes each with a reversal of direction

after each of the first 2 periods. Dielectric constant and dis-

sipation factor (loss tangent) at 1 KHz were measured using a

General Radio Co. 1615 Capacitance Bridge. The piezoelectric pro-

perties were measured using the resonance technique~~
3
~

The ability of different batches of molten salt synthesized

powders to be fired into ceramics having properties lying in a

narrow range was investigated simultaneousl y with the work on

the development of the syntiit -~ is techni que and the investigation

of pressing and firing . This was necessary because reproducibility

of ceramic properties was one of the indicators of good synthesis

and processing techni que. Table II lists data op the one hour

post—poling dielectric constant and planar coup ling coefficient

which illustrate hi s  state- of deve lopmen t  of the  r e p r o d u c i b i l i t y

p r o p e r t y  over abou t t he  second h a l f  of the  c o n t r a c t  per iod . These

da ta  were ob ta ined  on samp les f r o m  5 batches of powder hav ing the

c o m p o s i t i o n  Pb 94 Sr 06 (Zr  
~~ 

Ti , 7 ) 997 Fe 003 °2 9985~ 
Thc syn thesi s

1-1
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t e c h n i qu e ’s use - d c h i l l  c - r e d  in  nnnino r m - ‘ p t - i t s  t i - m  t i m e ’  d i f t  c - r e - n t

ht , mti ’Iie ’S. ‘I ’hit ’ s iliq) i c’s We ’ r e  0 1 5 1 )  not all I ine ’d  u n d e r t i m e ’  ; ; , m t ; l ( ’

e-on d i t  j o ins  c ml  ;itiim osp i nere i’oflt ri m 1 in  t i m e  t ’ m m n n n : m i - c ’ o r i n n  t ime ’  met hod

used t o  c-; ; t ab  1 ish t i n e ’  P1)0 ;mt ni e ) sp in er e ’  in  t i ’ e ’  I u s e d  i -r u e  ib Ic con UI U I  ng

tine s;inmp le’s . Th ey were ,mi I , howeve ’ r , f i re’d a c c o r d i n g  to  th e ’  same

t empera  t u r e—  t irm ne schedu le  and had the  s m ut ’  poling t ri-at nieinn t . These

samp les therefore enmbod y more a var  j ; n b i  I ity tima n wi l l he

allowed in  batch reproducibility exper i ments t h a t  w i l l  be conduc ted

us ing  s t anda rd i zed  synthesis , pressing and firing t ec ht ni qui-s which

are  now b e t t e r  developed .

The connpo s i t i on  of these b a t c h e s is t h a t  of a “im ; m r d”  LZT whose

properties are expected to lie between those of Military Stand rd

Type I and Type I I I  ( Ver n i t r o n ’s PZT—4 and I’ZT— 8) because of t i m e

relatively small iron content. Table III shows tine average results
( 14)

of measurements made on 3 discs of this composition about 10

days after poling . (The aging rates represent values taken over

abou t 40 days). These results indicate that this composition made’

very good piezoelectric ceramic , particularl y notable for very low

losses at  bot h h igh and low d r i v i n g  f i e l d s , hi gh m e c h a n i c a l  Q and

re la t ive ly small change in d i e l e c t r i c  cons tan t  at hi gh d r i v i n g

field . In general these ceramics , whose Fe content is about one—

half  t h a t  usually added to the base compos it ion to redu ce losses

under high driving voltage , have the higher K 33 and d 33 associated

wi th Type I ceramic s along w i t h  the low Tan ~ under hi gh drive

associated wi th  Type I I I t s.

2. Slow Ag ing Composition
Another  powder compos i t ion  whose syn thes i s  by the molten salt

techni que was u n d e r t a k e n  was t h a t  of a slow aging Type I m a t er i a l

reported by Jaffe~
3
~ to he

Pb 94 Ca 05 Hg 01 (Zr 52 Ti ,8)97 Fe 01 Cr 02 02 985 .

Chemical ana l yse’s of the resultant powder indicated the presence

of Fe and Cr in about the right amount. TIne Ca and M g,  however ,

wer e found to be pr e’i - ;e- nt only t o  - m leve l abou t 1/16 and 1/2.8 of

that indicated by the’ formula. Substantiall y tin e- same content

l u

~~:iP2’ -
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_
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c i  ( I m m m c i  “t :.~ e n s  a l s o  I ound w hi e ’n  t ime ’ s y n t h e s i s  imf a powder having

lii ’ i lOtt t  in t O ! l c l mt p i ms i t  I e On

Pb Cm Mg 
.01 

(Zr  .52  ~
‘j 

. 48~~~’3

was attempted . I ,oadiug t i n e  r eac t ion n n ix t u r e  w i t l n  an e x ce s s  of

C~mC 0 3 and MgOH ,) to a leve l  10 t m imes tha t given in the; fornula re’—

suited in more Mg and Ca b e i n g  found  in tine ’ powder b y c h e m i c a l

anal ysis  but  the Xray d i f f r a c t i o n  p a t t e r n s  also showed the presence’

of new phase’s , one of which  was i d e n t i f i e d  as CaTiO 3 .

The r e - s u i t s  imp ly t lna t  t he  s olu b i l it y  l i m i t  of Ca and Mg in

this eoimnpound is substantially less than indicated by the nominal

formula. The composition formula for the slow aging ceramic is

ther efore probabl y closer to

Pb 994 Ca 003 Mg 003 (Zr 52 Ti 48)97 Fe 01 Cr 02 02 985 .

These indications of limited solinbility are in accord with ob-

servations nnade at NRL~
15
~ indicating tine presence of Ca in the

grain boundaries of slow aging ceramics of the nominal composition .

The ceramics made f rom the mol ten  salt synthesized powder had

to be fired at 1225°C to avoid all the samp les in th e stack being
welded together along with the surrounding powder . The properties

of the ceramics differed considerably from those reported by J af f e

for his. Whereas Jaffe gave 1200 and —0.5%/decade for K33 and its

aging rate , and sim ilarly 0.47 and —0.27/decade for k , the values

obtained on ceramics made from the molten salt synthesized powders

were 900 and 1%/d ecade f or K 33, and .35 and 0.27/decade for k .

These differences may be caused by the different total Ca and Mg

contents and their distribution in tine ceramic .

3. Pb 95 Sr 05 (Zr~ Ti’ i_:,:)0
3 

+ additives

A number of elements which commonly exhibit valence states of

+3 and +5 were incorporated into three base compositions of LZT.

The base compositions were:

Composition A; Ph 95 Sr 05 (Zr~~~ Ti 48)03,

Composition B; Pb 95 Sr 05 (Zr 54 Ti ,6)03,

Composition C; Pb 95 Sr 05 (Zr 56 Ti ,)0
3
.

( 1 )

~~~~~~~

-- 
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Coi mi 1 m , -- ;it i o nm A is ant t i n e ’ te-t riig i m nn ,m I citie u i  t i ne  n n o r i ihitm t ropi  i’ phase

houmndar v and e’x i m i b i t s  itt Jincrea se- in n d ie’ l t-e - t l i t  conist ant on po i  i n g

Tht ’ o t ine ’ r two c o m p o s i t i o n s  a r e ’  on t i n e  r i no mm n boi i ed r a l  s ide  of tine

b o u m n d z m r y  ~ in eh e x p e r i e n c e  a dc-c l ease inn die’ I ci - t r  ic constant on poling

Time ei l e ’nmme n t s added we-re i n t roduced  i n to  time ’  r e a c t i o n  m i x t u r e ’

as the- following oxides ; Nb 205, 
Sb

2
03, Ta2

05, Bi 2
03, V2

0
5 

and As 203 .

The amount of Nb
2
0
5 

added was 1 w’~o of the base composition , which

is equivalent to 2.4 -i/o substitution of Nb for Zr and Ti. All t~~e-

other oxides were introduced in quantities which , for the cations ,

were atom—for— atom identical to the Nb
2
0
5 

additions.

The ceramics made from the powders fell into two classes . Tile

first class , which included all of the compositions made with added

Bi , As and V , quickly arced over when an attempt was made to pole

them at a field of 2.36 MV/rn (60 v/nil) at 120°C. The highest poling

field these spec imens could withstand at 120°C (which was the only

temperature tried ) was 1.18 MV/rn (30 V/nil). The values of k

achieved were small , typ ically less than 0.1. In the case of the

As and Bi additions , tile change in dielectric constant on poling

was positive for base compositions A and B , and negative for base

composition C. In the case of the V addition the change was negativ e

for all base compositions . Also , the samples with added As and V

had to be fired at 1250°C because at the usual 1325°C the stack of

discs and the surrounding powder in the crucible sintered into a

hard , nearly inseparable mass.

The second class of ceramics was composed of all the compositions

made using Nb , Sb and Ta ,-is additives. These all could be poled at

2.36  MV / rn a nd 120° C in the usual w,iv. Table IV lists some of the

- 

- 
properties of these ceranics one hour after poling . In all cases

the ceramics based on compositions A and B showed an increase in

dielectric constant on poling while tile ceramics based on composition

C showed ,i decrease.

The results for t h e  Nb a d d i t i o n  are-  in genera l  agreement  wi t h

thos of Ku1car~~
6
~ who found the - beneficial effects of this additive

on K 33, k and d 31 to be greatest at the B composition. In comparing

Kulcar ’s results for Nb and Ta added to composition B with thle ones in

Tabl e IV , and taking account of the fact that Kulcar ’s values are f r

17
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I imo em i aLe-r pc i1 i n l g , i t  ~ is ccii tin - it t h u  K
33 

v a l ue ’s  a r e -  abou t a l i k e ,

K u l i - i r ’ s k ’s we -re ’ 20 t o  30 ~ e ’r c t - m i t  higher , h i s  d , 1 f o r  Ta a d d i t i o n

was , i h t i t m t  50 pe r  cen t i m i ghe’r , m i s  dissi jtat ion fac tor (Tan A) was abou t

t w i ce  ,ms bi g and Im is m e c han i c a l  Q (Qrn)  was about  l/ !4 as b i g .  I t s h e i m i l d

be ’ noted t i m a t  K i m i c a r  po led  a t  a f i e l d  of 4 MV/rn , bu t  no t e m p e r a t u r e  is

g i v en so i t  is not  poss ib le-  to  j u d g e  if this can account for the

difference k and d . Over all , it can be stated that the ceramics
p 31

wade’ f rom time molten salt synthesized powder appear to be appreciably

0 less lossy than those made by Kulcar .

From the data in Table IV is apparent tha t Sb has the same general

effec t on til e properties of the base compositions as do the additives

Nb and Ta. No data was found in the literature to compare with these

results. Nor could any data be found to compare with the observations

on the ceramics doped with V and As. Haert1ing~~
7
~ reports on hot

pressed samples of a composition containing 2 a/o Bi, namely
Pb 99 ( Z r 53 Ti 47 ) 98 Bi 02 03. in which he assumed that the Bi went

into the structure as a pentavalent ion replacing Zr or Ti. He reports

kp ’s of around 0.6 and a decrease in dielectric constant on poling , but

gives no information on the poling conditions . Atkin et ai
(18) 

have

shown tha t Bi enters LZT of this base composition as a trivalent ion

rep la ci ng Pb , while Nb goes in pentavalentl y for Zr or Ti.

18
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V. CONCLUSIONS

‘line conic lus ions tinat may be drawn f ronn  t i m e  work  done up to til e time

of t i n  is  r e p o r t  i r e  as f o l l o w s :

1. The nmo l tenn  sa lt  syn tines i s  t e chn i que f o r  p roduc ing  LZT p owde r s

has been developed , it has been de-monstrated that powders of

all the technolog icall y important compositions can be made by

th i s  n mn e thod . The powders can be’ made so as to contain unreacted

material on the level of a few hundreths of a per c e n t .  Tim e

size distribution and strength of the particle aggregates in

tine powders is such tha t they are easily pre pa r ed fo r  pre ssi ng
and firing into bodies having high density.

2. Ceramics made from molten salt powders generally have smaller
loss tangents and higher mechanical Q values than those reported

fo r  ceramics made from calcined powders.

3. Tile degree of r eproduc ib i l i ty  of ceramic p roper t i e s  fo r  ident ica l

processing and firing of different lots of identically synthesized

powder remains to be definitively established .
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- 
Du rin g - , L i m e -  t e X t  pt- cl od 01 work und&’r thi s u - a t  n i -  t a h - i  i n n i t  i v m ,’

- ,is se-s s imme’mm I o1~ the i- c p r odtic lb il i t y  of ct ’ramn i i ;  i ; ; , l u l c - f r  i ,  m itt i t  c-m n s a l t

- a \-fl tine’S i ze’d powder s w ii 1 be’ made. Four b,i t c l ie - ; - i f  p0’ ‘~1 - r i i  i a t i p i m s  i t  ion

Pb 94 Sr 06 (Zr  
~~ 

Ti 47 ) 
~~~~~~~~ 

i t  .003 02 .9985  h~~vt ’ a lr c - m d y  be en sy n t h e s i z e d

u n d e r  identical - undltiorns . Samp le-s made f ron t  t i m e - s e  b a t c i m e s  w i l l  he

- p r e s s ed  amnd f i r e d  in var ious  combinat ions  under  i d e n t i c a l  c o n d i t i o n s  to

o b t a i n  the require’d information .

The’ effect of firing time , temperature and atmosphere on the-

microstructural , electrical and piezoelectric properties of LZT ceramics

will be investigated . Since it is well known that changes in lead

- content occur during firing and have a considerable effect on propertie s ,

a precise ana lytical method for lead analysis will be developed and
-
. app lied during this investigation. Samp les will be examined by optical

microscopy to characterize their nmicrostructures. Also, the electron

4 m icr o p r o b e  wi l l  be used to inves t igate  any compositional variations that

may occur near grain boundaries . The aging behavior of the ceramics

I 

wi l l  be of particular interest during the investigation .
- 

- The compos i t ions  inItially chosen for this continuing stud y are:

Pb 94 Sr 06 ( Z r 53 Ti 47 ) 997 Fe 003 °2 9985 ’

Pb 939 Sr 049 (Zr 54 Ti 46 ) 976 Nb 024 0
3~

and the slow ag ing compos i t ion  nominally given (Section IV C2) as

- 

Pb 994 Ca 003 Mg 003 (Zr 52 Ti 48)97 Fe 01 Cr 02 02 985 .

- Var ia t ions  of t hese  compos i t ions  will be investigated as seems appropriate.

- 
-
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APPENDIX

R e a c t a n t s  Used in LZT Syn these s

Antimony Tn iox ide — Sb
2
O
3 

— Mallinckrodt—Analytical Reagent

Arse nuie- Trioxide — As
2
O
3 

— Fisher Scientific Co. — Certified A—59

Bismuth Trioxide — B1
2
0
3 

— J. T. Baker Co. — Reagen t

Calcium Carbonate  — CaCO
3 — Mallinckrodt — Analytical Reagent 4072

Chromium Oxide — Cr203 — All ied Chem ical — Pur i f ied Code 1581

Ferric Oxide — Fe
2
0
3 

— Fisher Scientific Co. — Certified 1—116

Lead Oxide - PbO — Fisher Scientific — Certified L—7l

Magnesium Hy droxide — Mg (OH) 2 
— Mathewson , Coleman and Ball

Reag en t Powder

Niobium Pentoxide — Nb
2
0
5 

— Ciba — Optical Grade I (>99.9%)

Potassium Chloride — KC1 — J. T. Baker Co. — Reagent

Sod ium Chloride — NaC m J. T. Baker Co. — Reagen t

St ron t ium Carbonate — SrCO
3 

— Matheson Coleman and Ball

Reagent SXlOlO CB780

Tantalum Pentoxide — Ta205 
— Research Organic/Inorganic Chemical Corp. —

99. 99% pure — TA2O7

Titanium Dioxide — TiO
2 

— Fisher Scientific Co. — Certified T3l5

-
‘ 

Vanadium Pentoxide — V 2O5 
— Fisher Scientific Co. — Cer tif ied V7

: Zir conium Diox ide — ZrO
2 

— Reactive Metals Inc . — Rea ctor Grade

99.5% pure

— 
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1-l Ay I N G  TUE ( E N 1 - R \ h .  H ) R ,\ h LJI ~ -~
Pb 

~ 
Sr .o~ 

(Zr
~ 

‘
~~
‘
~ 1— X~ .997 ~~~~~ . 0 0 3

TETRACONAL LATTICE CONSTANTS

K a c Other Phases Present
nm nm 

___________________

.400 .3977 .4088

.470 .4030 .4125

.480 .4031 .4124

.490 .4040 .4128

.500 .4048 .4126

.510 .4051 .4126

.520 .4055 .4 127

.330 .4054 .4117 Minor Rhombohedra l

; .540 .4059 .4 12

.550 .4063 .4102

. 560 .4071 .4 101

.600 .5746 .7074 Samp le Rhombohedral--
- 

- Equiva len t  Hexagona l
- ‘ Parameters Given
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Table II

I’OST— POLIN ( ‘~A I~ t I -~S 01-’ i)IELECTRIC CONST,-\,\’l’ (N~3) .
-\\I) I’L,-\N,-\I{

(~( it PLING (‘0E1”l- ’ICIENT (kp) OF CERAf’,,lICS \lAh )I IR ( )\l

l) I l - ’l - ’i - I l f l - N T 13ATC 1h1- ~S 01” POWDER h A V I N G  TI lE  ( ‘OMPOSI T ION
Pb 94 Sr ,06 (Zr . ~ Ti P 47) .997 1-c 003 02 . 9985 -

SEE TEXT 1”OR DETAILS.

No. of K k
Batch Samples 33

29 24 1284±40 .537±.027

9 1211±64 .516±.030

30A 2 1124±9 .448±.015

30B 1 1201 .481

30C 3 1219±26 .492 ± .0l3

26
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Table 111

A ~ I ’ J ~ :\G I -~ V-\Lt ES 01” TIlE PH l’l- I(TJI- S

01-’ 3 SAMPLES 01-’ COM1’OSI’I’h( )N

l’b , ~ 
Sr , ~ (Z r  

~~~ 
I i  • 47)~ ~~ 

1”(’ 003 ~~~ ‘J IB: , -

De nsity 7.5 Mg/rn
3

K
33 

( I  K hlz)  1200

Tan ~ ( 1 KHz) 0.0002

k 0 .52
p

Mechanical Q 1700

d 33 
250 x ~~ _ l 2  c/ N

% change in K~3 —4 .0

per time decade

% change in k —1.6

per time decade

Tan ~l at 0.39 MV/tin 
0.01

% change in K33 at 
+4.5

0.39 MV/m
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I’~L l m l (’ 1 \

)N]- iiOUI-l h I)S’F—P ()IANG !‘R oi’i- :R’i’ii,S (ii SLVI’j (:\I. I
(‘ IMPo SITiONS 01-’ LZT \ \ I T I I  2 . 4  - \ ‘ I ’ ( )\ I  I’ I;RcI- :N’ I- :\1)I)l’I’1\, 1~S -

HASI (‘( ) :\ I  P( )S 1’E ’IONS A , I ’h , , St - Su ~~~~~ - 2 1 1 ,48) ( ~~
ft Pb ,, Sr’ _ 05  (7  r 4 I t .46 ) I ) , ; - I’ i m , , ~ 5r’ ,~~,, (/.i’, ,, 11 , 44 ) ~~3 

-

A~Ide’ ti i L i u t -  h ) t - n i ~~I t y  1< k ‘h urt _\ —d - - 
- i i  I) I I  -, \ t t n m ,  

~~ ~
) l x i i )

A 7 . 10 I - i  . i ,~~ .008

Nh Ii 1. 1 ,  1788 .468 .009 127

C 1.  i i  I 135 , 199 .0 ,’ ~-~l

-‘u ] .57 1260 .108 . 0 1 1  61 I 85

ii 7 . 55 1807 .3 85  .014 106 1 4 1

(1  7 . 6 1 988 .268 .023 Si

A 7. 55 1160 .287 .006 57 3 iu

‘ h - u  ii 7 . 6 1  1 534 .4  1 2 .008 ‘)a 27  ~
- - 

C 7.h4 962 .-‘~98 . 01 1  “5 h u h

r
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