




• TABLE 1 

Compositions and Ranges in Density and in Weight Change 
During Sintering of the Materials Studied 

Range in Percentage 
Composition 	Range in Densities 	Weight Change 

mole % zirconate 	(g/ cm') 	 during Sintering 

7.83 to 7.97 
7.72 to 7.96 
7.61 to 7.98 
7.59 to 7.97 

Designation 

T-1 
T-2 
R-1 
R-2 

49.5 
51.8 
53.6 
55.9 

0.84 
0.34 
0.5 
0.2 

The grain-size dependence of the electromechanical 

properties in lead zirconate 	titanate ceramics 

by A. H. Webster and T. B. Weston, 
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• Abstract 
The dependence of the electro-
mechanical properties of un-
modified lead zirconate-titanate 
ceramics on the grain size of the 
ceramic has been determined for 
materials with compositions on 
both sides of the rhombohedral/ 
tetragonal boundary. High-den-
sity ceramics with average grain 
diameters from about 1.5gm to 
8p,m were examined. It was 
found that the dielectric con-
stant before poling, and the di-
electric and mechanical losses all 
decreased with increasing grain 
size. The coercive field was 
found to be largely independent 
of grain size in the range 
examined. 

Introduction 
The properties of ceramics and, in 

particular, those properties of interest 
for electrical and electronic applica-
tions, depend not only on their chemi-
cal  composition but also on such as-
pects of their physical structure as the 
degree of porosity and grain, or 
crystallite, size. It has been shown, for 
example, that the electrochemical 
coupling factor and dielectric constant 
of lead zirconate-titanate piezoelectric 
ceramics increase with decreasing 
porosity (1) . Studies on barium titan-
ate piezoelectric ceramics have in-
dicated that very fine-grained mate-
rials have higher dielectric constants 
and lower piezoelectric activity than 
materials with larger grain sizes (2,3, 
4). A few investigations of the effects 
of grain size in lead zirconate-titanate 
materials have also been reported. 

Haertling (5) , in a study of the 
effect of hot-pressing conditions on the 
properties of lead zirconate-titanate 
ceramics with added Bi203, found that 
the dielectric constant and coercive 
field both decreased with increasing 
grain size of the ceramic. Further in-
vestigations by Haertling and Zimmer 
(6) on another Bi203-doped lead zircon-
ate-titanate composition confirmed the 
earlier observations and indicated also 
that the dielectric constant and reman-
ent polarization decrease with increas-
ing porosity of the ceramic. 

Jonker (7) has quoted results on the 
composition PbTin.4uZro.(403 that show 
an increase in electromechanical coup-
ling factor with increasing crystallite 
size in the range 3 to 12 ,u,m. 

Another investigation (8) indicated 
that, with increasing grain size in lead 
zirconate-titanate ceramics, there is 
an increase in remanent Polarization 
and radial coupling factor; on the other  

hand, a lowering of the depolarization 
field was noted with increasing grain 
size. 

Because of the important effects that 
the grain size has upon the piezo-
electric properties of lead zirconate-
titanate ceramics, the present invesi-
gation was undertaken to extend the 
previously reported work. Two com-
positions on each side of the rhom-
bohedral/tetragonal boundary were 
studied. The investigated properties in-
cluded dielectric and mechanical losses 
and frequency constànt, as well as di-
electric constant, radial coupling fac-
tor, remanent polarization and co-
ercive field. Care was taken to ensure, 
as far as possible, that variations in 
density, and changes in stoichiometry 
with respect to the lead oxide content 
of the material were minimized, since 
it is known that such variations will 
affect the observed properties of the 
materials (9) . 

Experimental Procedures 

Ceramic disks were fabricated from 
co-precipitated hydroxides ( or hydrated 
oxides) of lead, zirconium and titan-
ium, produced by the method described 
by McNamara (10). The precipitates 
were calcined and cold-pressed into 
disks that were sintered at three differ-
ent temperatures (1190°C, 1240°C and 
1290°C) for three different times (one 
hour, three hours, and five hours) to 
give ceramics with a range of grain 
sizes. Disks with densities lower than 
7.59 g/cma (cf.theoretical density 8.0 
g/cma) were discarded. The composi-
tions of the materials used, expressed 
as mole percent zirconate, are given 
in Table 1, together with the range of 
densities of the ceramics. No modifiers 
were added to these compositions. 

During the sintering of the ceramics, 
a small change in weight takes place, 
part of which may be due to loss or 
gain of lead oxide by exchange with 
the furnace atmosphere, in which a 
partial pressure of lead oxide vapour 
is maintained by the inclusion of lead 
zirconate disks. Variations in this 
weight change reflect variations in the  

amount of lead oxide exchanged with 
the atmosphere. The ranges of ob-
served percentage weight changes 
during sintering are also given in 
Table 1. It was considered that, in 
general, the effects on the electro-
mechanical properties of these varia-
tions in density and lead oxide content 
of the ceramic would be negligible by 
comparison with those due to varia-
tions in grain size. In a few cases, the 
effects of differences in density and in 
lead oxide content have been estimated 
from previously obtained results (1, 9), 
and these estimates support the fore-
going assumption. 

The ceramics designated in Table 1 
as T-1 and T-2 are tetragonal, while 
those designated as R-1 and R-2 are 
rhombohedral. Characterization of the 
powders used to produce these ceram-
ics and of the ceramics fabricated from 
them under a standard set of condi-
tions have been reported previously 
( 9 ). 

The electrical measurements for 
determining the properties of interest 
were carried out using electroded disks, 
both before poling and 24 hours after 
poling at 100°C under a field of 
35 kV/cm. Most of the methods used 
have been described previously (11) 
and are in accordance with the appro-
priate standards (12). Values of the 
coercive field (E,) and of the remanent 
polarization (Pr) were derived from 
slow hysteresis loops (approx. 0.25 
cps) plotted a 100 °C with a maximum 
applied field of 50 kV/cm. A balanced 
d-c power supply, manually reversible 
from maximum positive to maximum 
negative voltages, was employed as 
the source for a Sawyer-Tower circuit 
incorporating the sample; the current 
through the sample was integrated by 
a lihF capacitor and applied to the Y-
axis of an X-Y recorder, while a signal 
proportional to the applied voltage was 
applied to the other axis through a 
voltage divider. 

Average grain diameters were deter-
mined on etched polished sections by 
the intercept method, that is, by deter-
mining /, the length of a straight line 
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across a portion of the section, divided 
by the number of grains intersected by 
that line. In general, twenty lines, each 
intersecting 10 grains, were measured 
in various parts of the section. The 
mean grain diameter• was taken a s 
1.5 l, as suggested by Fullman (13). 

Experimental Results 

The microstructures of some ceramics 
with composition T-1 are shown in F ig. 
1. A range in mean grain diameter 
from 1.9 µ,m to 8.1 µ,m is illustrated. 
The ferroelectric domain structure is 
visible in the larger-sized grains, and 
it is seen that the domain size is of the 
same order of magnitude as the grain 
size in the finest-grained ceramic. 

The dielectric constant (K) and dis
sipation factor (tan 5) , both measured 
before poling, are shown as functions 
of the mean grain diameter, in Fig. 2. 
It is evident that both t he dielectric 
constant and dissipation factor de
crease with increasing grain size and, 
in general, appear to approach a limit 
at larger grain diameters. For com
positions T-1 and R-1, corrections have 
been estimated to adjust the values of 
the dielectric constant to an arbitrary 
density (7.9 g/cm') and to an arbitrary 
percentage weight change during 
sintering. The adjusted values, also 
plotted in Fig. 2, indicate that varia
t ions in density and in lead oxide con
tent of the ceramic do not significantly 
al ter the principal features of the re
sults. 

The radial coupling factor (k,,) and 
dielectric constant after poling (K .. T) 
are plotted as functions of mean grain 
diameter in Fig. 3. The coupling factor 
increases with increasing grain dia
meter and appears to approach a limit
ing value for grain diameters above 
5µ,m. The dielectric constant K,..,T in
creasei; with increasing grain size for 
the tetragonal materials and decreases 
with increasing grain size for the 
rhombohedral materials. 

The results presented in Fig. 4 show 
that the remanent polarization P,, 
after application of a field of 50 kV I 
cm, increases with increasing grain 
size and approaches a limit at large 
grain diameters. The coercive field ap
pears to be largely independent of 
grain size, although a slight drop at 
small grain diameters is suggested for 
the tetragonal materials. The mechan
ical quality factor increases with in
creasing grain size, but the form of the 
dependence is uncertain. 

The frequency constant (resonance 
frequency X disk diameter) of the 
disks remained fairly constant, for a 
given composition, over the range of 
grain sizes examined, as indicated in 
Fig. 5 for two compositions. There 
appears to be a slight trend towards 
a lower frequency constant as the grain 

• The method of eslh1tolln9 the meon groin 
diameter uHd her• Is different from that 
uHd in previous reports (9 , 111. The 
previous resulh may be converted lo values 
comparable with lhoH uHd here by multi
plying by an empirically determined factor 
of 1.2 . 

>Clll 

(al (bi 

(cl (di 

Fig . 1 : Micro1tructure1 of ceramics of composition T-1. Average grain diameters : (al 1 .9 u,m , 
(bi 2.5 IJ,trf, (cl 4.7 u,m, (di 8 .1 u,m. Etched with 0 .2 % HCl: 0 .02 % HF. 
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Fig . 2 : Variation of dielectric constant and low-fleld dissipation factor al 1 kHz with ceramic 
grain-size, prior lo poling. 

size decreases. This trend persists, even ·Discussion 
after the results have been adjusted It is generally assumed , as, for ex
for variations in density and weight ample, by Jonker(7). that the re-orien
change during sintering. However, the tation of the fenoelectric domains be
effect is small and, over the range comes difficult when the grain or 
examined, is of the order of magnitude crystallite size of a ferroelectric cer
of the adjustments. amic is of the order of, or smaller 

The dissipation factor determined than, the ferroelectric domain size. The 
under a high field (2 kV/ cm r.m.s.), micrographs of the ceramics used in 
measured on poled ceramics, decreases the present investigation indicate that 
with increasing g<ain size, as shown the domain size, as seen in the large
in Fig. 5. This is the same general grained ceramic, is of the same order 
behaviour as was found for the low- as the grain size in the fine-grained 
field dissipation factor measured be- ceramic. Hence it would appear that 
fo r e poling. A similar dependency was domain re-orientation in the fine-grain
also shown by the low-field dissipation ed ceramic would be difficult. Such a 
factor after poling (not plotted), but, difficulty in re-orienting the domains 
in all instances, the dissipation factor would lead to a lower i·emanent polar
after poling was greater than it was ization in the fine-grained ceramics, 
before poling. which , in turn, would be reflected in 
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Fig. 3: Variation of dielectric constant after poling and radial electromechanical coupling 
factor with ceramic grain-size. 
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Fig. 4: Variation of remanent polarisation, coercive field, and mechanical quality factor with 
ceramic grain-size. 
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lower piezoelectric activity, that is, in 
a decrease in radial coupling factor 
with decreasing grain size. The observ-
ed decrease in remanent polarization 
with decreasing grain size is in accord 
with Haertling's results on a composi-
tion Pb(Zr0.63Tio.47)03 with 2 atom % 
of added Bi203(5). Also, the observed 
decrease in coupling factor with de-
creasing grain size is in accord with 
the results reported by Jonker(7) for 
the composition Pb(Zr..54Tio.i8)03. A 
similar decrease in piezoelectric activ-
ity with decreasing grain size has been 
observed for pure BaTiO3 by Egerton 
and Koonce(2), and by Henry and 
Illyn(3). 

The increase in dielectric constant 
with decreasing grain size observed in 
BaTiO3(2,4) has been attributed by 
Buessem, Cross and Goswami(14) to  

internal stresses developed in the cer-
amic when it is cooled through the 
Curie temperature. For large-grained 
ceramics, the stresses can be relieved 
by the development of a pattern of 90 0  
domains within the grain but, when the 
domain size is of the order of the 
grain size, this is not possible. 

A similar explanation probably ac-
counts for the observed increase of the 
dielectric constant K, with decreasing 
grain size in the lead zirconate-titan-
ate ceramics. A similar increase in 
dielectric constant with decreasing 
grain size has been reported by Haert-
ling and Zimmer(6) for a ceramic with 
the composition Pb(Zro...Tio.85)0. con-
taining 2 atom % of added Bi208. 

The behaviour of the dielectric con-
stant after poling can be explained on 
the basis of the variation with grain  

size of the remanent polarization and 
of the dielectric constant before poling. 
The dielectric constants (Kaar ) of the 
tetragonal materials increase on pol-
ing(9,15). This increase will be smaller 
when the remanent polarization is 
smaller. Thus, on poling, the dielectric 
constant of the large-grained material 
increases so much more than the dielec-
tric constant of the fine-grained mater-
ial that the overall behaviour is revers-
ed, and the  dielectric constant after 
poling increases with increasing grain 
size. On the other hancl, it is observed 
that the dielectric constants of the 
rhombohedral materials decrease on 
poling; hence, for the rhornbohedral 
compositions, the decrease in dielectric 
constant with increasing grain size is 
accentuated by poling. 

The present results indicate that the 
coercive field is largely independent 
of grain size. However, the results of 
Haertling(5), and Haertling and Zim-
mer(6) indicate a marked increase in 
coercive field with decreasing grain 
size. The reason for this discrepancy 
is not understood; possibly it may be 
related to the presence of Bi,,08 in the 
compositions used by Haertling. 

The dielectric losses, as indicated by 
the dissipation factor, increase as the 

•grain size is decreased. A similar in-
crease in dielectric loss with decreas-
ing grain size is indicated in the re-
sults obtained by Egerton and Koonce 
(2) on barium titanate ceramics. Pos-
sibly one of the mechanisms contribut-
ing to the dielectric loss in the unpoled 
ceramic involves the internal stresses 
set up within the ceramic due to piezo-
electric distortion of the single-domain 
crystallite grains. 

In such small grains, the stresses 
cannot be relieved by changing the 
domain configuration. During the 
stress cycle accompanying the cycle 
in the electric field, there will be energy 
loss due to stress-strain hysteresis and 
this loss will contribute to the dissipa-
tion factor. In the poled piezoelectric 
ceramic, the energy loss will be aug-
mented by the mechanical loss during 
the vibration cycle of the disk, and, 
hence, the dissipation factor will be 
higher in the poled ceramic. 

It would thus appear that the dielec-
tric loss is to a considerable extent, 
dependent on the mechanical loss (as 
indicated by Qm-1 ). As an example, it 
has been observed(9,15) that, in mov-
ing from the tetragonal side to the 
rhombohedral side of the tetragonal/ 
rhombohedral boundary, both the elec-
trical loss (tan 8) and the mechanical 
loss (Q.') increase. Also, it has been 
noted that some additives, such as 
N11405(16), which increase the dielec-
tric loss in lead zirconate-titanate cer-
amics, also decrease the mechanical 
quality factor, while other additives, 
such as 1%203(17), which decrease the 
dielectric loss, also increase the mech-
anical quality factor. 

The reason for the decrease in the 
mechanical quality factor with decreas-
ing grain size (and, hence, specific 
grain-boundary area) is not clear. Pos-
sibly this decrease may be due to vis- 
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cous  flow in the grain boundaries 
(grain-boundary relaxation), which is 
one of the mechanisms postulated to 
account for mechanical losses in cer-
amics(18). The lack of a significant 
grain-size effect on the frequency con-
stant is consistant with the observation 
that, in general, grain size has little 
effect ort the elastic moduli of cer-
amics(-19)'. 

.The  variations in electromechanical 
prdperties of the lead zirconate-titan-
ate ceramics with variations in grain 
Size  -are,.  at least qualitatively, the 
Same for both.tetragonal and rhombo-
hedral materials. The principal excep- 

tion is the behaviour of the pdled 
dielectric constant, K.T. The variations 
of the electromechanical properties 
with grain size indicate the importance 
of  this  parameter. If maximum electro-
mechanical coupling and minimum 
dielectric and mechanical • losses • are 
desired, the sintering conditions should 
be such as-to allow for adequate grain 
growth. • 
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