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.
THE EFFECTS OF SOME FABRICATIpN CONDITIONS ON THE
PROPERTIES OF LEAD ZIRCONATE-TITANATE CERAMICS

by

A. Hubert Webster
*

SUMMARY OF RESULTS

Lead zirconate,titanate ceramic disks suitable for electro-
mechanical testing have been fabricated from two lots of mixed lead-
zirconium-titanium hydroxide precipitate. The disks were made by
cold-pressing and sintering, and the effects of variations in calcination
procedure, forming pressure, sintering temperature, a.ad sintering timé
were investigated. It was found that most of the important variations in
electromechanical properties correlated with the densities of the ceramics.
The radial coupling factor and the elastic (Young's) modulus increased
with increasing density. It appears probable that the die].ectric constant
and piezoe].ectric strain coefficient also increase with increasing density.
The average properties of ceramic disks produced under the most
favourable fabrication conditions were comparable to those properties

reported in the literature for similar compositions.

^x
Senior Scientific Officer, Physical Chemistry Section, 1liiinerà.l Sciences

Division, Mines Branch, Department of Mines and Technical Surveys,
Ottawa, Canada.
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INTRODUCTION 

The properties of a ferroelectric ceramic are determined 
principally by its chemical composition and crystal structure. The 
properties of the ceramic may, however, also be affected by such 
parameters as the bulk density and the microstructure, an.d,hence,by the 
fabrication procedures that determine these parameters. The present 
investigation was u.ndertaken, therefore, to stu.dy the effects of variations 
in fabrication procedure on certain electromechanical properties of 
polycrystalline lead zirconate-tita.nate containing a minimum of impurities 
and without the addition of ndopia-n g agents that are kn.own to modify its 
properties. This stu.dy is a necessary preliminary to the investigation of 
the effects of variations of chemical composition, since it is important to 
know what effect necessary or accidental variations in fabrication procedures, 
bulk density, or grain  aise  will have on the measured properties of the 
ceramics. 

In the lead' zirconate-titan.ate solid solution series there is a 
rnorphotropic bou.n.dary at about 50 to 55 mol per cent lead zirconate (1, 2,3). 
At room temperature the crystal structure near this boundary is of the . 
perovskite type, slightly distorted to rhornbohedral syrnrrietry on the 
PbZrO l  side of the boundary, and slightly distorted to tetragonal symmetry 
on the 15bTiO

3 
side. The optimum electromechanical properties are found 

near this boundary, althou.gh the extreme values of different properties 
do not all occur at exactly the same composition (3).. 

Jaffe et al. (1), in their study of the lea.d zirconate-lead 
tita.nate solid solution, have reported that maximum densities yielded 
the highest values of radial coupling factor. There appears to be little fu.rther 
definite information available on the relationship between fabrication 
conditions and the propertiea of lead zirconate -titanate ceramics formed by 
the cold-pressing and sintering procedure. 



EXPERIMENTAL PROCEDURES - 

Two lots of coprecipitated hydroxides of lead, zirconium, 
and ;titanium, of similar chemical composition, were used as atarting . 
rn.aterials. The ceramic disks were made by éold-pressin.g and entering. 
On the first lot (17-57) the effects on the properties of the final Cerarnics 
of the following variables were investigated: calcination terriperature of 
the précip.itate, sintering temperature, and sintering tim.e.  On thé second 
Lot (17-62) the effects of calcination terriperature an.d forrnin.g Pressure were 
investigated together with a .brief study of the effect of sintering time. 
Evaluation of the electromechanical properties of the ceramics was limited 
to those parameters m.ost readily Measured on samples in the form of 
circular disks. Selected disks were subjected to chemical analysis, and 
grain size measurements were made on certain other disks. 

(1) Ma,terials 

The coprecipitated hydroxides were prepared by Mr. V.M. 
McNamara of the Extraction Metallurgy Division, Mines Branch. he 
methods of preparation. have  been  described fully ( l). The Compositions 
of the precipitates, are included in Table  Z  along with the chemical 
analyses of the sintered disks. 

(2) Qutlin.e of Experiments  

Three groups of disks were studied. The fabrication r . , 
variables examined with each grou.p are in.dicated in Table 1. Group A 
form.ed a 3 x 3 x 2 factorial eXperim.ent with 2 replication.s, and Group B 
fermed a 3 x 2 factorial experiment, also with 2 replications. In Group C 
certain cornbination.s of variables were examined on Z disks, and other 
dombinaticin.s of Variables were exarnin.ed on only one disk. 

(3) .Fabrication of Disks 

Each precipitate was diVideçl into three portidn.s, and each 
portion was Calcined as indicated in Table 1. The precipitates' were 
held at the calcination tem.perature for 30 minutes in ah. alurnin.uxn oxide 
container, Subsequ.ently each portion of the preeipitate was passed 
separately through. a Trost jet MW. in order to redu.ce the imrticle size. 
It will be noted that the effects of differences in calcination procedure 
cannot be separated from the effects of  possible  differences in. milling 
precedure. Separate experixnents, howev'er, have indicated that batches 
Of identical Material pasSed separately through the jét . Mill will sinter 
to the sarné density, to within experim.ental uncertainty. 



TABLE 1 

Fabrication Conditions Used for Making Ceramic Disks  

Precipitate Lot No. 	 17-57 	 17-.62  
Group 	 A 	 13 	 C  

Fabrication Variables 	1) Calcination temperature: 	1) Calcination temperature: 	1) Calcination temperature: 
a) Ppte. not calcined 	 a) Ppte. not calcined 	 a) Ppte. not calcin.ed 
b) 500°C 	 b) 650°C 	 b) 650°C 
c) 650°C 	 c) 750°C 	 c) 750°C 

2) Sinterin.g temperature: 	2) Sintering time: 	 2) Forming pressure: 
a) 1175°C 	 a) 20 min 	 a) 1.4 x 10 3  kg/cm 2  
b) 1200°C 	 b) 60 min 	 b) 2.8 x 10 3  kg/crn 2  
c) 1225°C 	 c) 4.2 x 10 3  kg/cm 2  

d) 5.6 x 103  kg/cm 2  
3) Sintering tim.e: 

a) 20 min 
b) 60 min  

Fabrication Constants 	Forming pressure: 	 1) Forming pressure: 	 1) Sintering temperature: 
2 .8 x 103  kg/cm 2 	 2.8 x 10 3  kg/cm2 	 1225°C 

2) Sintering temperature: 	2) Sintering time: 

	

1200°C 	 30 min  

Number of Disks 	 36 	 12 	 18 
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Disks wei•e pressed, without bin.der or other added liquid, frem 
the milled Material at the forming pressures quoted in Table 1.. An alcohol 
solution of stearic acid was used as mould lubricant. The disks were set 
in a zircon.ia rack with lead zirconate disks on eaCh end of the row. The 
lead zirconate disks were used to suppress the possible loss of lead okidei 
The zirconia rack was placed in an aluminum oxide (Morgan "Puroxi') tube 
set  in  an electrically heated furnace. The disks were heated at Z50 11hr 
in an oxidizing atmosphere to the temperatu.re indicated in Table 1 and 
held at this temperatu.re for the indicated sin.terin.g time. The disks • 
were cooJ.ed overnight at.the natural cooling rate of the furn.ace. 

The sintered ceramic disks were lapped to give plane parallel 
faces. Gen.eraily the dimensions of the lapped disks were 1.845 cm 
diameter by 0.150 cm thick, althotigh it was necessary to make a feW Of the 
disks smaller than this size. Densities were determ.in.ed on the lapped 
disk's by weighing and dim.ensional rneasu.rement. Gold electrodes were 
applied to the faces of the disks by sputtering. In addition, a layer of 
conductive silver paste was put on top of the gold. 

(4) Electromechanical Tests 

The disks in Group A were poled under a field of 40 kVicrn 
for 16 minutes at 100°C; however, because of higher con.ductiviiieS, the 
poling of the disks in Groups B and C was limited to a field of 30 kV/Cm 
for 7 minutes at 100°C. The measu.rements of  capacitance,  dielectric 
loss, reson.ance frequency, and antireson.an.ce frequency u.p9F3.. »4ci çp4qt.gmg 
the electrom.echanical properties were made about 24 hourà after poling. 
The dielectric constant at 1 kc, the planar coupling factor, Young' s 
m.odulus, the piezoelectric  constants d

31 
and g31,,  and the dissipation 

factors under low field at 1 kc and un.der 1.5 kV/cm. at 60  cycle,  were 
deterrnined by standard m.ethods(5) described in detail in referen.ce 6. 
The value 0.31 was assumed for Poisson' s ratio in the calculation. of 
Young' s modulus and the piezoelectric constants. 

(5) Chemical Analysis  

Chem.ical analyses for Pb, Zr, and Ti were made on. selected 
disks a.fter removal of the electrodes. Lead was determined graiiirnetrically 
as the sulphate, zirconium was precipitated with mandelic a,cid and ignited 
to 

Zr02' 
and Ti was determ.in.ed spectrophotometrically with H 0 . • 

Z 
Hafnium present was determined and reported with the zircen.ium.. Minox' 
constituents were determined by spectrographic an.alysis. 
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(6) Microscopic Examination 

Photomicrographs of sections of selected disks were taken at 
1000X magnification. Grain sizes were estimated by drawin.g two straight 
lines across each photomicrograph and measuring the diameter of all 
grains intersected by the lines. Two fields from each section were examined. 

(7) X-ray.  Exam in.ation 

X-ray powder diffraction patterns were taken  on material 
sampled from two disks, one from Group A and one  from Group B. 
Copper Ka  radiation was used with a 114.7 nun diameter camera. 

EXPERIMENTAL RESULTS 

(1) Chemical Composition of Sintered Disks  

The results of chemical analyses on. selected disks from 
Groups A and B (Table Z) indicate that, within the experimental uncertainty 
indicated by the standard deviations, no systematic changes in composition 
occur with changes in fabrication conditions over the range of conditions 
stu.died. It will be noted that the uncertainties in the analyses of the 
precipitates, as indicated by the differences between the results for the 
precipitates "as received" and the results taken from reference 4, are 
quite large. However, within this uncertainty, the molar ratios of the major 
constituents in the precipitates are the sanie as the molar ratios in the 
sintered disks. 

The results of the semi-quantitative spectrographic deter-
minations (Table 3) indicate that the disks were reason.ably free from the 
extraneou.s elements for which analyses were made. 
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TABLE Z 

* 
Mole Ratios Calculated from Chemical Analyses of Steered Disks and Precipitates 

) Group A (lot 17-57) 

Sintering Pb0 	 Zr,Oz 	,  
Calcination. 	 Mole ratio 	 Mole ratip 

Time 	 Zr0 	+ TiO 	 ZrO z  + TIO 
Temperature 	 Z 	2 

xriin Sinterin.g  Temperature - °C 	Sintering Temperature  - -  
1175 	1 225 	 1175 	1225  

Notealcined 	20 	 0.974 	0.980 	 0.530 	0.528 
60 	 0.976 	0.978 	0.527 	0.530  

500 ° C 	20 	 0.975 	0.975 	 0.531 	0.526 
60 	 0.981 	0.975 	 0.528 	0.529  

650°C 	20 	 0.983 	0.973 	 0.528 	0.530 
60 	 0.982 	0.980 	 0.530 	0,530  

Pb0 	 ZrOz  
Zr0 	+ TiO 	Zr0 + TiO2  

Mean ratio for disks 	 0.978 	 0.529 
•Standard  deviation 	 0.003 4 	0.001 5 
Precipitate (as reeeived) 	0.974 	0525 
Precipitate (ref. 4) 	 0.999 	6.556 

b) Group 13 (lot 17-62) 

Calcination 	Sintering 	 Pb0 	 . 	ZrOg  

	

Mole ratio ,_,.., 	... ,„, 02  Mole ratio Iro 	+ T102' 	Z Temperature 	Time 	 L' E `i 2 ' 	" min  

Not calcin.ed 	20 	 0.995 	 0.512 
60, 	 0.992 	 0.515 

750°C 	 0 20 	 1.000 	 .512 
• 60 	 0.998 	 0 . 5 1 6  • 

PbO 	 ZrOz  
ZrO z  + 110 	Zr0 + 'no z . 	. 	2 

Man  ratio for disks 	 0.998 	0.514 
Standard deviation 	 0.001 	 0.001 1 	 1 
PreCipitate (as received) 	0.976 	 0.511 
Precipitate (ref. 4) 	 1.000 	 0.534 

* 
From Internal Reports MS-AC-63-387 and MS-AC-63-421 by IL Craig. 



TABLE 3 

Semi-Quantitative Ssectrographic Analyses of Sintered Disks 

Group A: Lot 17-57  

Sintered 20 minutes at 1200°C) 
Elements - Per cent  

Calcination Temp of Precipitate 	Si 	Mg 	Fe 	Ca 	Cu. 	Al 	Mn  

Not calcined 	 0.008 	Tr? 	0.01 	0.02 	Tr? 	0.007 	ND 

500°C 	 0.009 	Tr? 	0.01 	0.02 	Tr? 	0.009 	Tr 

• 

	

650 °C0.006 	Tr? 	0.004 	0.02 	Tr? 	0.009 	ND 

Group C: Lot 17-62  

(Sintered 30 minutes at 1225°C 
Elements - Per cent  

Calcination Temp of Precipitate 	Si 	Mg 	Fe 	Ca 	Cu 	Al 	Mn  

Not calcined 	 0.04 	Tr? 	0.02 	0.02 	Tr? 	0.01 	0.004 

650*C 	 0.04 	Tr? 	0.02 	0.02 	Tr? 	0.01 	Tr 

750°C 	 0.03 	Tr? 	0.02 	0.02 	Tr? 	0.01 	Tr 

ND = none detected 	• 

Tr trace: Mg <0.03, Cu <0.005 

From. Internal Report MS-AC-63-453 by E.M. Kranck. 
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(2) Densities and Structu.res of the Sintered Disks 

The variations in density of the ceramic disks with Variations 
in fabrication conditions are shown in .Figures 1 and Z. In accord 
with previous results (7), it was fou.nd that the sintered density in.creased 
with increasing sintering temperature and forming pressure. The 
steered density also in.creased with longer sintering times« Calcination 
of the precipitate 17-62 prior to milling appeared to have Little  effect 
on the sintered densities attained. This is in agreement with previous 
studies on comminuted powders (7). However, calcinatiba appeared to 
'decrease the sintered densities attained from precipitate 17-57; the 
lowest densities were shown by disks made from Precipitate calcined 
at 500°C* . It should be noted that there' was a;tendency for disks 
preised from uncalcin.ed powder tà crack during sintering. 	• 

Two microstructures are, shown in Figure 3. The average 
grain diameter, as repOrtsid in. Table 4, did not vary great» -ivith 
fabrication  conditions. Thé resets for Gràup A indicate that the grains 
in pellets fabricated from uncaLcined'powders are slightly' larger than 
the grains in pellets fabricated from calcined powder', and that the 
graiù size increases slightly with longer shatering.time. , There  18 sérne 
indication that grain grrowth is greater in disks fabricated from preCipitate 
17-62 than in disks fabricated from Precipitate 17-57. • 

X,:-ray diffraction studies in.dicà.ted that the crystal structures 
of the lead zirconate - lead'titanaté solid : solutions formed from bOth 
precipitates were rhombohedral. The folloWin.g lattice 'parameters, 
identical within experimental uncertainty' were calcUlated, 

• 
Disk from Grou.p A 	a

o 4.07 z  a 8:1 89'34' 	 • 

B a = 4.07 	a st 89 63e o 	1 
3 T'he Crystal density calculat. e'd irbm these parameters is 8.0 1  g/cm . 

There was evidence of a slight trace of mon,oclinic Zr0 2  in both these 
samPles • 

._ *At   At 500°C calcination was not complete, i.e., some volatile Material 
remained in the powder. 
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(a) Group A. Disk made from uncalcined precipitate 17-57 and sintered 
at 1225°C for 60 minutes. Forming pressure 2.8 x 10 3  kg/cm 2 . 

(b) Group C. Disk made from uncalcined precipitate 17-62. Forming 
pressure 5.6 x 10 3  kg/cm 2 . Sintered at 1225 ° C for 30 minutes. 

Figure 3. Microstructures of lead zirconate-titanate ceramics. 
Magnification 1000X. Etched with 1% HC1:0.1% HF. 
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TABLE 4 

Grain Sizes in entered Ceram.ic Disks  

(Average  graiu diain.eters  Lu  microns) 

a) Disks from Precipitate Lot 17-57 (Grox.P A) 

Sintering Time 	Sintering Temp 	'Calcinaticia ikenipéritture."  
xnin. 	 *C. . 	7 	NOt 'Calcined . . 	. 500*C 	• -'650•C 

	

4.
2 	

2. 	 2. 0  20- • 	/175 	. 	 7 
1225 4 	 3. : 	-1« 8 	. 

	

2' 	 2  
- 	. 

60 	 1175 	, 4. 5 	 34 6 
1225 	 4. . 	 34 	. 

•  b) Disks frornierecipitaté Lot 17-62 (Group -  d),  
(Sintered at 1225•C for 30 minutes) 

. 	, 
Calcination 	 eorniin 	Pitiliiniti .- k 	Cie' 

iromperatnre 	1 4 x 10  

Not caicined 	 6. 8 	 6. 1  
650•C 	 5. 6 	 6 0 
750•C 	 5. Z 	 6. 0 

. 	

, 
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(3) Electromechanical Properties 

(i) Radial ,Coupling Factor 

It was found that the radial coupling factor, k , of the ceramic 
disks increased with in.creasing density, as Is indicated in Figure 4. Most 
of the va,riation in  k 	fabrication conditions could be acconn.ted for by 
this relationship.  The  equ.ations of the regression  Unes  plotted in Figure 4 
are 

k rg 0.45 6  + 0.12 3  (p 7. • 33 5 ) Group A; 

= 0.51 9  + 0.10 3 	- 7.58) Groups B and C; 

where /am density in gicrn 3 . 

The 95% confidence limits on the regression coefficients (the slopes of 
the above lines) are ± 0.023 (Group A) and ± 0.039 (Groups B and C). 
The deviation.s of observed values of k from the above lines did not appear 
to be a function of grain diameter. 

The square of the radial couplisig factor is a measure of the 
efficiency of the conversion of electrical to mechanical energy, or vice 
versa,  when  the poled ferroelectric material is used as an electro-
mechanical transducer. 

(ii) Dielectric Constant 

The dielectric constants at constant stress, K33, of the poled 

	

disks, rneasu.red in the polar direction at 1 kc, are plotted in Figure  .5 as 	, 
a fu.nction of density. In Group A the dielectric constant appeared to 
increase with increasing density for a given sinterin.g temperatu.re. However, 
for a given density, an increase in sintering temperature a.ppeared to 
produce a decrease in the dielectric constant. The equ.ations of the three 
regression lines, one for each sintering temperature., were found to be 

K 33 rg 482 + 129 (p- 7.10) Grou.p A, sintering texriperature 1175 ° C; 

K T 	
482 + 129 (P- 7.37) 	st 	 tt 	1200°C; 

33 

	

c 476 + 129 (,,e- 7.54) 	u it 	tt 	1225°C. 
33 
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The 95% confidence limits on the regression coefficient are ± 47* . For 
clarity, only two of these lines are plotted in Figure 5. 

Groups B and C in.volve  a  smaller number of samples and a 
more restricted range of densities than Grou.p A. Hen.ce, it 18 n.cit 
surprising, considering the relatively-  large scatter in the results, that 

little information can  be gained  on. the  relationship between. KT .  and .  33 
detisity,for th.ese two grou.ps. 

• 
The grain diameters in. cèramics of Group A did not appea.r 

to be related to the deviations of individual observations of .1‹.  from 
the regression lin.es given above. 

The dielectric constants, K, of the disksi,  as detérmin.ed 
before poling, showed the same depen.dence upon sintered density  as the 
dielectric constants,  K, 	after poling. Comparative Values 
quoted in Table 5 in.dicate that K is greater than KL by about  3To for 

 the compositions wider investigation.. 

Ela.stic Modulus 

The elastic modulus 	(Young' s modulu.$), at constant 	• 
field and in a direction perpén.dicular to the polar  direction,  increased 
with increasing sintered density of the ceramic, as in.dicated in Figure 6. 
The regression lines were calculated to be 

E 	-10 
Y 	x 10 	7.83+2.78 	- 

335) 
7. 	ne wton/m.

2 
 , Group A; 

11  
- 

	

Y 	10
10 

 c." 7.79 + 2.90 (,O—  7.58) 	st 	GroUps B and C. 

The 95% confidence limits for the regression coefficients are 4-0.24 
(Group A) and ± 0.47 (Groups B and C). 

The results of an analysis of Covariance indicated that the regression 
ébefficients were not significantly different (at the 95% ievel); 
therefore, the coramon regression coefficient, 129, is u,sed  for the 
three regréssion equations. 
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TABLE 5

I

.

4

Some Electromechanical Properties of Lead Zirconate-Titanate
Ceramics Produced from Precipitate Lots 17-57 and 17-62

Note: ( 1) Uncertainties quoted are standard deviations or standard errors of estimate,

(2) All measurements made at room temperature.
(3) When the density (p) is specified, the value for the property i s taken from

the regression equation. When no density is specified, the value is the

mean for all disks in the group.

(4) 5intering temperatures (T) are indicated only for dielectric constants.

Group A B C

Precipitate Lot No. 17-57 17-62 17-62

Radial Coupling Factor
k

0.49 + 0.02 3
(P = 7.6 g/cm )

0.51 ± 0.01 3
(P= 7.6 g/cm )

0.52 t 0.01 3
(P= 7.6 g/cm

Dielectric Constant (poled)
T

547 (T = 1175°C)
1200°C '

556 * 28 (T = 1200°C)
/cm3)6(P= 7

554 t 43 (T = 1225°C)

K
33

)511 (T z:
°

. g
485 (T = 1225 C)

(P = 7.6 g/cm3)
(S-±28

Dielectric Constant (unpoled) 751 (T = 1175°C)
K 687 (T n 1200C)

669 (T @ 1Z25°C) not determined 754 ± 43 (T o 12Z5'C)

(P= 7.6 g/cm3) (p= 7.6 g/cm3)
s-+.4o

Elastic Modulus (8.6 * 0.Z) x 1010 (7.9 * 0.2) x 1010 (7.9±0.2)x1010

E
Y

(A= 7.6 g/cm3) (P= 7.6 g/cm3) (P= 7.6 g/cm3)
11

(newton/meter2)

Piezoelectric Constant (64 ^ 2) x 10-12 (77 ± 4) x 10-12 (76 t 5) x 10-12

d31 (P = 7.6 g/cm3) (P= 7.6 g/cm3)

(coulomb/newtôn)

Piezoelectric Constant (14.7 ± 0.9) x 10-3 (15.6 ± 0.3) x 10-3 (15.6 + 0.4) x 10-3

g31
(meter-volt/newton

Dissipation Factor 0.107 ± 0.022 (not 0.034 ± 0.003 0.035 ± 0.003

tan 6 calcined)

(1.5 kV/cm; 60-) 0.071 -k 0.033 (50'0°C

(disks poled) calcined)
0.040 ± 0.008 (650 °C

calcined)

Dissipation Factor (79 t 13) x 10-4 (not (65 ± 5) x 10-4 (60 t 3) x 10-4

tan 6
(low field; 1 kc)

calcined)
(68 t 14) x 10-4 (500°

(disks poled) calcined)
(67 ± 13) x 10-4 (650°

calc ined)
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•
Fi guée 6. Relationship between elastic 

, 

 and sintered density. 
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(iv) Piezoelectric Constants  

The piezoelectric strain coefficient, d
31

, appeared to increase 

With increasing sintered density for disks of Group A, as indicated in 
Figure 7. The equation of the regression line plotted in Figure 7 is 

d
31 

x 10
12 

re. 62 + 10.9 (p- 7.33
5

) coulomb/newton., or meter/volt, 

and the 95% confidence limits on the regressio n  coefficient are  
As the num.ber of observations and range of densities available with Groups 
B and C are limited and the scatter of the results is relatively large, no 
conclusion regarding the variation of d 31  with density can be drawn for these 
two groups. Mean values of d31 for Groups B and C are quoted in Table 5. 
The piezoelectric strain coefficient is a measure of the change in polarization 

 produced in the poled ceramic per unit change in stress, or the change in 
strain produced per unit applied field. 

=d3i /E0K3T3  

-12  farad/meter) 

ircuit potential 

Mean values for the piezoelectric constant g 31  

(where E o dielectric perrnitivity of free space, 8.85 3c 10 
as quoted in. Table 5. The g3 1  constant indicates the open c 
gradient produced by a given applied stress. 

(v) Dissipation Factor 

The values of the dissipation factor, which indicates the 
magnitude of the dielectric loss, were determined under two sets of conditions, 
viz., under a rms field of 1.5 kV/cm. at 60 cycles and under low field 
conditions at 1 kc. The results are summarized in Table 5. It would appear, 
at least in the case of the high field m.easurem.ents, that the dissipation 
factor for Group A decreases with increasin.g calcination temperature. 
However, no such variation was observed with the disks produced from 
precipitate 17-62 (Groups B and C), and an examination of the standard 
deviations will show that an effect of the magnitude observed with Grou.p A 
should be clearly evident with Groups B and C also. It would appear, also, 
that whatever affected the dissipation factors of the disks in Group A did 
not produce any appreciable effect on the other properties examined. The 
results on Group A, therefore, are probably anomalous. 
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Figure 7. Relationship between piezoelectric strain constant 

d31  and sintered density for disks of Group A. 



DISCUSSION 

Much of the variation in electromechanical properties 
associated with variations in. fabrication conditions can  be attributed to  tue 
differences in densities attained under the different fabrication conditions. 
The residual scatter remaining after the effect of density has been taken 
into account is indicated by the standard errors of estimate quoted in 
Table 5. This residual scatter could not be cora:elated with changes in. grain 
size among the specimens. 

The Young' s modulus of a sintered ceramic.,material is known 
to decrease with in.creasing porosity of the ceramic (8 3 	. However, no 
simple quantitative treatrrient is applicable to this phenomenon, since the 
exact dependence of the elastic modulus on porosity  dan  vary with the type 
of material (9). Qualitatively, then, the increase in. the elastic modulus 
with increasing density reported in the present work is to be expected. 
Qualitatively, also, a decrease in dielectric constant with increasin.g 
porosity is to be expected, since, in. a given.  volume of sample, the solid 
of high dielectric constant is partially replaced, as the density decreases, 
by voids of 	A dependence of dielectric constant on the porosity of 
BaTiO

3 was noted by Egerton and Koonce (10). 

The radial coupling factor and piezoelectric strain constant 
are related by the expression, 

k
p 

d 31 
Z Y 11 

6 K T-7 -77ET 
o 33 

where cr. 
E 

= Poisson' s ratio (assumed to be constant). 

Hence, variations of k' d
31'  Y

E
and K

33  T
with density are interdependent. 

p 	11  
• 

It is not clear why there should be an apparent decrease in 
dielectric constant with an increase in. sinterin.g temperature for disks 
of a. given, density. This decrease does not seem to be related to a change in 
grain size or to a shift in chem.ical composition. 

If only one phase is present in the ceramic, % porosity p 	 x 100, 

where P°  crystal density. The proportion of second phase in the samples 
being con.sidered in. this report is very small. 
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The chemical compositions of the sintered disks,  as  given by 
the molar ratios of the major constituents, did not depend on the fabrrication 
eonditions used. The composition of the perovskite-type phase in the 
Grou.p A disks Was estimated, from the results of chemical analysis, to be 
Pb(Zr

0 518
711

0 482°3  with 0.023 mole zircoriia in excess per mole of 

perovskite-type
. 
 phase. The composition of Group B disks would be 

Pb(Z1.
0514

Ti
0486 )03' 

as in.dicated directly by the analysis. , .  

The variations in. grain. size in. the ceramics of Grorip A 
produced by variations in. the firin.g conditions were relatively small and 
did not appear to have an appreciable effect on the properties of the ceramics. 
Excessive grain growth, however, might produce nbticeable changes in 
properties. 

It should be noted that the conclusions drawu from this 
investigation apply only to the range of fabrication. conditions studied and 
to the type of precipitate used as starting material. 

It should also be noted that the present study was made on 
samples of "unrci.' odified" lead zirconate-titanate (i.e., lead zirconate-
titanaté without additions of other oxides such as Nb 2O n  or Srb). Also, 
although the compositions were near the rnorphotroec 'boundary, they 
may not  have included the compoSition givin.g the optimum electro-
m.echanical properties. 

A comparison. between. some of the preéent results and previously 
reported valu.es  of the electronneChanical properties of lead zircon.ate-
titanate solid solutions is presented in Table 6. 	The values . quoted for 
the investigations of Berlincourt et al. (3) and Weston. (11) were obtained 
by interpolation of the figures reported. It is seen that property values 
obtained in the present study are, in general, comparable to those given 
by Berlin.court, except that the values of K T

3 
 are sompWhat lower. The 3 

results quoted in. reference 11 are based on a comparatively small number 
of sax-n.ples made from pn.eurnatictilly-mill.ed oxides, .an.d it appeared that 
a shift in chemical composition tOwards lower zircon.ateititanate ratios 
occurred during processing. There is no -doubt thatbetter electromechanical 
properties and a higher degree of chemical stability were attained in the 
present investigation. 



TABLE 6 

Coraparison of Present Results  with  Previously Reported Properties  
of Lead Zirconate-Titanate  

x in Pb(Zr
x
ii

1-x
)03 	 0.51 4. 	 0.51

8  
In.vestigation 	 Present* 	Berlincourt et al. (3) 	Weston. (11) 	i 	Present* 	Berlincourt et al. (3) 	'Weston (11) 

K 
T3 	

555 	 790 	 900 	 500 	 730 	 950 3 

k 	 0.52 	 0.49 	 0.38 	 0.49 	 0.51 	 0.40 
P 

90 x 10
-12 	 _12 	 - 1 2 

70 x 10
-12 

64 x 10
-12 

d
31 

c oulornb/newton. 	76 x 10
-12 

96 x 10 	 76 x 10 

12.3 x 10
-3 

14.7 x 10
-3 

8.7 x 10
-3 

13.6 x 10
-3 

8.9 x 10
-3 

g m  meter-volts/ 	15.6 x 10
-3 

— 	newton. 

Data -taken. from Table 5. 
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