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THE EFFECTS OF SOME ADDITIVES ON THE PROPERTIES
OF LEAD ZIRCONATE-TITANATE CERAMICS

by
A. H., Webster®* and T. B. Weston*

SUMMARY OF RESULTS

Ten different oxides were added, generally at the 0.5 wt % level,
to lead zirconate-titanate of two compositions, and the effects on the
electromechanical properties of the lead zirconate-titanate ceramics were
determined. Calcium oxide produced effects that could be interpreted as
being due to a shift of the tetragonal/ rhombohedral boundary to a higher
zirconate/ titanate ratio. Nickel oxide and CrzO3 decreased the dielectric
constant and high-field loss;, and increased the mechanical quality factor.
Niobium pentoxide increased the poled dielectric constant in the higher~
titanate material. The site at which the added cation substituted (Pb site
or Ti, Zr site) could generally be inferred from the loss or gain of lead
oxide during the reaction of the additive. Interpretation of the results was
complicated by variations in density and in grain size among samples with

different additives.
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*Research Scientists, Mineral Sciences Division and Mineral Processing
Division, respectively, Mines Branch, Department of Energy, Mines
and Resources, Ottawa, Canada.
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INTRODUCTION

The effects of the addition of small quantities of various oxides to
lead zirconate-titanate ceramics have been extensively studied during the
past ten years. These studies have been fairly intensive for some additives
while, for others, the reported studies are incomplete for one or
more of a number of reasons. For example, in some cases, results on
control samples without additions were not reported, additions were made
at only one level, additives were not made to compositions on both sides
of the thombohedral/ tetragonal boundary, or densities and grain sizes were
not reported.

The purpose of the present rather cursory investigation was to
review the effects of ten additives, studies on many of which have already
been reported in the literature. In particular, a comparison of the effects
of additions made to tetragonal and to rhombohedral materials was desired.
If an additive changes the zirconate/titanate ratio of the rhombohedral/ -
tetragonal boundary, then opposite effects on both the dielectrlc constants
and the coupling factor would, in general, be expected when the addition is
made to materials that lie on opposite sides of the boundary. Such behaviour
is anticipated since both the dielectric constants and the coupling factor have
maximum values at or very close to the tetragonal/ rhombohedral boundary
in unmodified 'materials( b 2). If the additive has an effect other than
simply changing the position of the rhombohedral/ tetragonal boundary,
then the changes in properties should be qualitatively the same whether the
addition is made to either a tetragonal or rhombohedral material,

It should be noted that the cursory examinations made during the
course of the present investigation are not likely to lead to definitive
conclusions, but should indicate phenomena that are worth investigating
in greater detail, A fairly intensive investigation of the effects of Fe O

23
additions on the properties of lead zirconate~titanate ceramics was undertaken

and has been reported separately(:”.




EXPERIMENTAL PROCEDURES

Two calcined lots of spray-dried, co-precipitated mixed hydroxides
(or vhydrated oxides) of lead, zirconium and titanium weré selected for use
as the materials to which the additions were made. The precipitates had

been prepared by Mr. V. M, McNamara, Extraction Metallurgy Division,
(4)

Mines Bfanch,‘ by procedures described previously’ . These materials

. . 1
were known from previous work

51. 8 mole % szro3'/48. 2 mole % PbTIO

PbZ rO3/46. 3 mole % Pb'I‘iO3 (rhombohedral). The spray-
dried powders had been calcined at 700°C for 30 min. and for 1 hour,

% o o , _ :
respectively . The appropriate quantity of additive was mixed with the

to give ceramics with the compositions

(tetragonal) and 53.7 mole %

calcined powder in an agate mortar, and the mixed. powder was pressed-
into three 1—inch~d;1arrietef disks. Th_esediéks were sintered'alohg with

a control disk Withoﬁt.addiﬁve. Two lead zirconate disks were

included to provide alead oxide atmosphere in the furnace. The samples
were heated at 250 deg c per hr to 1260°C and held at this temperature for
2 hours (53.7 % PbZr03 material) or 3 hours (51.8 % P‘bZrO3 material),
Any weight change that took place during sintering was noted. The sintered
disks were lapped to a standard size and electroded by sputtering with gold.

. Electromechanical 'pfopertieS'Were détermined before poling and,

subsequently, 24 hours after poling in an oil bath at 1{00°C. The methods
used have been described previouslly( 6) and are in accordance with accepted

(7).

procedures Dielectric constants (K before poling and K after poling)

33
and dissipation factor (tan ©) at low field were determined at 1 kHz using a
General Radio capacitance bridge, Model 716C. The radial coupling factor

(kp) was determined from measurements of the resonance and antiresonance

*Powders calcined under these conditions would be expected to have specific
surface areas of about Tm /g.




Table 1

Additions Made to Lead Zirconate-Titanate Powders

Form of

Add.ﬂf:re Level Addition Source
CaO 0.3 wt% CaCO3 Mallinckrodt reagent
SrO 0.5 wt % SrCO3 Ppt from SrCl2 solution
BaO 0.5 wt % BaCO3 B and A reagent
NiO 0.5 wt % Nickel carbonate¥ B and A reagent
O B. D, H.
Cr,0, 0.5 wt % Cr,0, |
CoO 0.5wt%  Cobaltous carbonate* B and A reagent
LaZO3 0. 43 wt % Lanthanum oxide* Fairmont Chemical CP
BlZO 0.5 wt % B1203 B. D. H.
TaZO 0.5 wt % PbhO + Ta205*>1< Fansteel Metallurgical Corp.
NbZOS -0.5wt%  PbO + NbZOS** Ppt from nitrate solution
Notes: #*Conversion factor to oxide determined by loss on ignition or

by analysis.
hydrated.

The lanthanum oxide was found to be partially

*%{ mole PbO added for each mole of oxide.




frequencies. The change in capacitance with field,

C. -C ,
AC = -—Ila—-—éew-x 100%,

A

where Ch = capacitance at a field of 2 kV/ cm (rms)
(i& = capacitance at low field (10 V/cm),

and dissipatibn factor under a 2 kV/cm rms field, were determined using

a specially constructed bridge. The mechanicél quality factor (Qm) wa s
calculated from the resonanze résistance, capacitance, énd resonance and
antiresonance frequencies. Mean grain diameters were determined on |
etched polished sections by the intercept method, and were taken as equal

to 1. S/Z , where/z- = (length of arbitrary line)/(number of grains intersec-

ted),(8)

Twenty lines, each intersecting 10 grains were measured.
The ten oxide additions made to each lead zlrconate~titanate powder
are listed in Table 1, together with the level, form, and gource of the

additive,
EXPERIMENTAIL RESULTS

(1) Weight Changes During Sintering ,

For disks with non-velatile additives, any difference in the weight
change during sintering from the weight change found for the control disks
may be attributed to loss or gain of lead oxide, If the added element
substitutes in the lead site of the perov'skite‘—-type lattice, a loss of PbO
should occur. If, on the other hand, substitution in the titaniumezirconium
site takes place, an accrétion of PbO should occur, Other mechanisms of
PbO loss or gain are also possible and, in some caseé, the situation may
be too complek to draw meaningful conclusions.

The weight changes attributable to loss or gain of lead oxide are
shown in Table 2. The observed weight changes were adjusted to corréct

for the weight changes found with the control samples and for any known

volatile constituents in the added material (e. g., CO2 in carbonates).




Table 2

Weight Changes Due to Loss or Gain of Lead Oxide During Sintering

Weight Change Attributable

Added to PbO Loss {-) or Gain (+) Expzscted Weight Change
Oxide _ %) . N (%)
51. 8 mole % PbZrO 53.7 mole % PbZrO3 Substitution Substitution
_ material material on Pb Site on Ti, Zr Site
CaO -1.2 -1.4 -1.2 . -
SrO -1.0 -1.2 -1.1 -
BaO -0.7 -0,7 -0.7 -
NiO +0.5 +0.9 - +1.5 (1PbO21Ni0O)
+ - =
Cr203 +2.3 3.0 +1.5 {2PbO 1Cr203)
+2.2 (3PbOZ1C
{(3PbO=1 r203)
CoO +1.8 +2.8 - +1.5 (1PbOZ1Co0)
. +2.3 (3PbO:1Con3)
La203 -0.7 -0,7 -0.6 (1La203:2PbO) -
- O =
0.9 (1La2 3 3Pb0O) B
Ble3 -0.4 ~0.5 -0.5 (1B1203=2Pb0) -
-0.7 (1B1203:3Pb0) )
- =T
Ta205 +0, 1 +0, 2 0 (1PbO=1 aZOS)
+0. 25 (ZPb051TaZOS)
+ - =
szO5 0.2 +0.5 0 (1PbO 1Nb205)
+0.4 (ZPbO':'iNb,)O5

!
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In the presence of the alkaline earth oxides (CaD, SrO, BaO) it was
apparent that lead oxide had been expelled during sintering. It may be safely
concluded, therefore, that the added divalent iops had entered the lead site,
as would be expected. '

The addition of NiO induces a Welg"lt gain attributable to accretion
of PbO. It would appear that Ni enters principally into the Ti, Zr sites
However, the welght increase is only about one half of that eXpected There
may have been some Volatilizatlon of NiO or the solubility of NiO in the
zirconate~-titanate lattice may have been exceeded. o

Chromium oxide definitely was volatile under the sintering‘
conditions used, since the ‘p'roper’cies'of the control samples were not as
expected, but were iﬁtermediate between the expected properties and the
properties of the Cr O ~doped disks. It was evident, therefore, that
chromium oxide had been transferred to the control samples through the
vapour phase. The weight increase on s1nter1ng indicates that the Cr
probably enters the Ti, Zr sites, ‘but the magnitude of the increase is 'gr:eater
than expected. The explanation for this is not 'clea:i".

| ‘The pre sence of cobalt oxide also causes a weight increase. There
is evide'nce, however, from microexamination of a poiished Sectiqn, that
a molten intergranular phase had been present at the sinterlng temperature,
and it may be assumed that this intergranular phase was a PbO-rich liquid
for which PbO had been drawn from the furnace atmosphere.

The weight loss observed for samples with added LéiZO3 clearly
indicates that the lanthanum replaced lead, but it is not certain whether 1 La
replaces 1 Pb or whether 2 La replaces 3 Pb or whether both mechanisms
of substitution were operative. Bismuth, also, appears to repiace Pb but,
in this case, there is also the possibility of Bi O, volatilization. The

3
marked effects of the B1 O, on the electromechanical properties of the

3
materials indicate, however, that an appreciable amount of bismuth must
have remained in the ceramic. |
Tantalum and niobium oxides were added with 1 mole of PbO for

each mole of pentoxide. However, there appears to have been a further




Table 3

Mean Grain Diameters of Lead Zirconate~Titanate Ceramics

(51.8 mole % Zirconate) with Various Additives
- D) -
Addition Mean Grain Diameter Remarks
— ( )
None 5.4

Ca0 0.3 wt % 6.2

SrO 0.5 wt % 6. 5

BaO 0.5 wt % 6.,

NiO 0.5 wt % 3. 3

y 0. .

01203 5 wt % 5

Co0O 0.5 wt % 4, { Intergranular phase present

LaZO3 0.43 wt % 17. { Large pores; some pores ''trapped"
inside grains

BiZO3 0.5 wt % 11.4 Large pores; some pores ''trapped"
inside grains

Ta,ZO5 0.5 wt % 16. 6 Large pores; some pores ''trapped"
inside grains

@) . L
sz 5 0.5 wt % 8. ¢ arge pores
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increase in weight, indicating that perhaps more than one mole of PbO was
required for each mole of pentoxide. It is clear that Nb and Ta enter the

Ti, Zr sites of the lattice, as expected.

(2) __l\li_iérost_ructures

The mean grain diaﬁeters, as determined from one disk for each
additive, are presented in Table 3, together with some qualitative remarks
on the microstructures. The microstructures appear to fall into three main
~ groups. The alkaline'eai'th oxide additions (CaO, SrO, BaO) may have
increased the mean grain diameter slightly. The fourth-period transition-
metal oxides (NiO, Cr203, Co0) decreased the mean grain diameter. On |
the other hand, metal oxides in which the valence of the added cation is one
greater than the valence of the ion for which it substitutes, greatly increased

the grain size. These oxides include La.O, and Bi_O_, the cations of which

23 23’

substitute in Pb sites, and Nb 05 and Ta.zO5 the cations of which substitute
in Ti, Zr sites. The sample to which CoO had been added showed an inter-

granular phase that appeared to have been molten at the sintering temperature.

(3) Electromechanical Properties

The results of measurements of the electromechanical properties
of the dlSkS, both with and without additions, are presented in Table 4 for the

composition with 51. 8 mole % PbZrO, and in Table 5 for the composition with

3
53.7 mole % PbZ rOS. The minimum differences considered significant were

(9)

estimated at the 95% confidence level, using the "q" test’ "’ with a pooled
standard devlatlon calculated from all groups of samples being considered.
In cases Where the standard deviation of the measurements of a property on
a group of samples with a given additive was abnormally large, a separate
test for significance was made. |

In Table 5, the results for Nb 05 additions are considered
separately. This group of samples was sintered later than the others of
the series, and some differences beﬁveen the control disks for this group

and the control samples for the rnain group were noted; the reason for these

differences is not clear. Significant differences in this case were estimated




Table 4

Properties of Lead Zirconate-Titanate (51.8 mole % PbZrO _-48.2 mole % PbTiO )
Ceramics Modified with Small Additions of Various Odee g%

Before Poling After Poling at 30kV/ cm for 10 minutes N
Addition Densit; K tan 6 kp KT tan & tand ¥k ACHE Q. £ dioRE
_ L (glem”) __ {low field) 33 (low field) (2kV/cm) (%) _ (kHz -m)

No addition 7.92 1158 0.0035 0.51 1418 0.0060 0.0513 22.6 291 2,14
CaO 0.3 wt % 7.83 1022 0.0020 0.44 1262 0.0045 0.0166 9.0 473 2.2§.
SrO 0.5wt % 7.90 1167 0.0029 0.53 1506 0.0057 0.0528 24.2 304 2.17
BaO 0.5wt % 7.88 1174 0.0030 0.53 1477 0.0063 0.0444 20.3 288 2,13
NiO 0.5wt % 7.95 1090 0.0063 0.58 1157 0.0089 0.0493 21.2 353 2,15
Cr O

(% 5wt % 7.94 833 0.0090 0.49 879 0.0410 0.0175 6.3 522 2,32
CoD 0.5wt % 7.8% 658 0.083 0.36 613 0.045 0.0763 25.2 62 2.20

43 wt % 7.56 1185 0.0112  0.37 1353 0.0432 0.1227 40.0 105 2.10

8 53Wt % 7.52 1216 0.0i0% 0.34 1276 0,0105 0.1292 47.5 117 2,03
Ta O

& 55W’C % 6.91 1008 0.0074 0.31 1040 0.0105 0.1279 54,6 67 1.85

&. 55W’C % 7.28 1098 0.0146 0.50 1548 0,014%6 0.1208 41.9 70 1.92
Minimum Difference 58 0.0014 0.08 120 0.0018 0.01456 7.6 46 0.04

Considered Significant
Notes: *Results are averages of measurements on 14 control disks and 3 disks for each addition.

Results considered significantly different from results on control samples are

underlined,
*%Determined after disks had been subjected to a field of 35kV/cm for 5 minutes.
*%%(Resonance frequency x disk diameter).




Table 5

Properties of Lead Zirconate-Titanate (53.7 mole % PbZrO -46.3 mole % PbTiO )

Ceramics Modified with Small Additions of Varidus Oxides® 3
o Before Poling ____After Poling at 35kV/ cm for 5 minutes _
Addition Densit K " tan § k T tan § tan § AC Q f-d
. pr K . . m r
(g/ cm’) (low field) 33  (low field) (2kV/cm) (%) (kHz -m)
No addition 7.95 812 0.0059 0.52 679 0.01i56 0.i21 48 235  2.29
Ca0 0.3 wt % 7.87 1100 0.0029 0.57 1022 0.0080 0.050 20 352 = 2.17
SrO 0.5 wt % - 7.87 ~ 903 0.0053  0.55 702 - 0.0122 0.ii2 43 254 .2.26
BaO 0.5 wt % 7.94 “ 811 0.0064 0.49 699 0.0140 0.132 53 228 2.30
NiO 0.5 wt % 7.93 666 0.0065 0.44 652 0.0t07 0,102 36 330  2.36
-Cr. O .
: & 53W"|: % 7.92 632 . 0.0095%% (.47 4“5_@‘4}:_ 0.0106 0.029 14 - 644 2.37
CoO 0.5wt % 7.74 - 451 0,0337 0.26 438 0.0291 0.055 22 109 2.26

I.a O : .
6‘.433-wt% 7.86 - 928 0.0034 0.54 656 0.0078  0.109 52 297 . 2.23

Bi_O - ’
62wt %  7.82 735 0.0057 - 0.48 <610 0.0178 0.137 62 251  2.28 =

Ta_O ' ' '
F 2wt %  7.87 64 0.0058 0.48 640 0.0104 0.450 90 254  2.27

Minimum difference 43 0.0013 0.05 63 0.0054 0.018 25 37  0.04

considered significant

No Addition®¥* 7,96 896 0.0082 0.50 759 0.0224 0.131 55 213 2.28
Nb O5 : : : o :
0‘.?'5 wt Poxex 7,714 . 792 - 0.0086 0.44 677 0.0130 0.201 127 186 2.19
Notes: - *Results are averages of measurements on 7 control disks and 3 disks for each addition.
" Results considered significantly different from results on control samples are ‘
underlined. ~ .
#%Scatter in results for tan & (before poling) with Cr_O_ addition was abnormally high,

and the difference from the control group could nzot.3be considered significant.

*ikResults are averages of measurements on 3 disks. Poling conditions, 35kV/cm for
2 minutes.
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using the "t" test< 10). The results that are considered significantly different
from results on control samples have been underlined in Tables 4 and 5.

The mean values of the sintered densities are given in Tables 4
and 5, | The differences in density and in grain size between the control
samples and the samples with additives will give rise to effects in addition
to those produced by the presence of the additive. In general, a low density
will be accompanied by low values for dielectric constants, coupling factors,
and frequency constarits“i.). Also, larger grain diameters might be
expected to be accompanied by somewhat lower dielectric constants and
dielectric losses and by higher coupling factors and mechanical quality

12)

factors( Since the average grain diameters are, in most cases, above
4 pm, the grain-size effects should be relatively small.

Some comparisons indicated substantial, but not statistically
significant differences; significant differences might be detected if larger

additions were used or if more disks were examined.

DISCUSSION

(1) Alkaline Earth Oxides

The addition of SrO er BaO did not appear to make significant
changes in the properties of the lead zirconate~titanate ceramics, except
that the dielectric constant before poling was increased by SrO in the
rhombohedral (53. 7 mole % zirconate) material. This absence of significant
~effects is no doubt due to the relatively small quantities of the additives,
which, in the case of Sr additions, replaced i.6 at. % of the Pb and, in the
case of Ba additions, replaced 1.1 ate% of the Pb. It is known that the
replacement of P‘bz+ (ionic radius, .1. 32 A)x by Baz+ (lonic radius, 1.43 }x)
shifts the tetragonal/ rhombohedral boundary towards higher titanate

+ 2+
compositions( 13), while the replacement of sz by up to 15 aty% Sr~  (iomic

0 (14,15)
radius, 1.27 A) shifts the boundary towards higher zirconate compositions .

*Goldschmidt radii.
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: . A 2+ 2+ .
The replacement of 1,7 at.% of the Pb~ by Ca  (ionic radius,
1.06 A) also appears, from the data presented in Tables 4 and 5, to shift
the boundary towards higher zirconate concentrations, since the dielectric

constants (K and K ) decrease for the tetragonal rnaterial and increase for

33 _
the rhornbohedral material on the replacement of Pb by Ca2+. Results

reported by Kulesar' (15) for the substitution of Ca are also consistent with
this postulated shift in the tetragonal/ rhombohedral boundary, since it was

shown that the substitution of 5 and 8 at.% of Ca for Pb in Pb (Zr
‘ T
33
(K/K <1). It appears, moreover, that the smaller Ca ion has a mote

)O

0.53 0 47 3

appeared to change this material from rhombohedral(K/K. _ >1) to tetragonal
rnarked effect in producmg this boundary shift than does the Sr ion,

Further investigation of the effects of Ca 2 gsubstitution might be of interest
in order to confirm the existence of the shift and its effects on the electro-
mechanical properties of the lead zirconate~titanate ceramics. A'I‘he‘ sub sti-
tution of Ca for Pb also appears to increase the mechanical quality factor,

Qm’ and to dec'reas-e the high-field dis sipation factor (tah 5) and the change

of capacitance with field (AC), for both tetragonal and rhombohedral materials,

These effects are due, in part at least to the shift in the tetragonal/ rhombo-
hedralboundary to higher zirconate cornpositions, since Qm increases and
tan 6and AC decrease in passing from the rhombohedral to the tetragonal

compositions in unmodified lead zirconate-titanate

(2) Transition-Metal Oxides (NiO, Cr,0,, Co0)

.Nickel oxide, Cr203, CoD and FeZO3 have been classified as

"hardeners'by Thomana with regard to their effects on lead zirconate~titanate

(16)

ceramics The characteristic effects attrlbuted to "hardener" additions
include lowering the dielectric constant and dielectric loss and increasing
the mechanical quality factlor and the coercive field. The results shown in
Tables 4 and 5 indicate that, for NiO and Cr203 additions at the 0.5 wt %

level, there is a decrease in dielectric constant (bothK and KT ) and in high-

33
field dissipation factor and,also,an increase in mechanical quality factor. In

two cases (the effect of NiO on the tan 6 in the tetragonal material, and of
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NiO on K'§3 in the rhombohedral), the changes, however, were not large
enough to be considered significant on the basis of the present results. On
the other hand, increases in low-field dissipation factors were observed for
the tetragonal material on the addition of NiO and CrZO3. The presence of
CrZO3 appeared to increase the frequency constant (resonance frequency x
disk diameter).

The samples with added NiO and Cr had densities comparable

203
to those of the control samples, but smaller grain sizes. The smaller
grain size would tend to raise the unpoled dielectric constant and to lower
the mechanical quality factor, effects contrary to those observed. Thus
the changes can be attributed to the additives themselves rather than
to differences in microstructures. The classification of NiO and Cr203
as "hardener'' additions is supported by most of the results of the present
investigation, the behaviour of the low-field dissipation factor being an
exception.

The effect of CoO is anomalous, since this additive appeared
to decrease the coupling factor and mechanical quality factor. Also,
the decrease in dielectric constant was considerably greater than that
obtained with any of the other additives. These effects may be associated
with the presence of the intergranular second phase that appeared to have
been molten at the sintering temperature. Furthermore, when CoO was
added to the tetragonal material, it was found that the dielectric constant
after poling (KT

33
This behaviour is generally typical of a rhombohedral material, and, indeed,

) was less than the dielectric constant before poling (K).

powder X-ray diffraction results indicated that such a sample with added CoO had
a rhombohedral structure rather than a tetragonal one. It is possible that

the composition of the solid phase at the sintering temperature may have

been changed by solution in the molten phase. It was also observed that

the electrical conductivity increased greatly with the CoO addition. Possibly
this may be due to the formation of some trivalent cobalt, resulting in

increased conductivity due to electrons hopping between divalent and trivalent

"cobalt ion sites.
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(3) Other Additions (La203 B1203, TaZOS, NbZOS)
‘The weight changes observed during sintering indicate that La and
Bi substitute for Pb in the perovskite lattice, while Td and Nb appear to
substitute on the Ti, Zr sites. Such substitutions have generally been
(16,17)

assumed on the basis of a comparison of ionic radii . As a result of
these substitutions, a lattice site apparently becomes occupied by an ion
with a valency one greater than that of the ion that would normally occupy
the site. It has been suggested that Pb vacancies are also formed, for -
examﬁle by a reaction that could be represented thus: |

La_ O, + 3Pb(Ti,Zr)O, - La_| | (Ti,Zr)_ O, + 3PbOt

273 3 2 379

Where'D‘ = a Pb- sitelvaca,nf'y.‘ The presence of such vacancies has been
1nvoked to eﬁmlam the "softening" eftect of theSe addltives on lead zirconate-
titanate ceramlcs( £, 17). .The cha,racLerJ.stlcs of the ”softemng” effect are
an increase in dielectric constant and in dielectric loss and a decrease in
mechanical quality fé,ctor These eharacteristic ché.nges, however, are not
" uniformly observed in the data of Ta,bles 4 and 5, The presence of lead site
vacancies ma.y lncrease diffusion rates in the solid and 86 contribute to the
rapid grain growth observed in materials with these additives.

Alternatives to the above mechanism of’ substitution are possible.
The example given above requires that 3 moles of PbO be displaced by each
mole of LaZOS’ but the results in Table 2 "a,lth«ough not conclusive, suggest

the displacement of less than 3 moles of PbO for each mole of La O3 added.

In the latter case, presumably, fewer Pb vacancies would be formed.

The sintered densities for samples with the additives La,?O3

B1203, Ta.ZO5 and NbZOS are all low; on the other hand, the grain sizes are

larger than those of the control samples. As a result, low dielectric constants
might be expected. In spite of this, the values of the dielectric constant

before poling (K) increased on the addition of Bi 03 to the tetragonal materlal,

2

and of La.ZO3 to the rhombohedral material, as would be expected for

"softener'' additives; but, for all other additions, the values of K

decreased or showed no significant change. It would requi’re
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further Investigation to determine whether the decreases in dielectric
constant (K) were due solely to the changes in density and microstructure.

The value of the poled dielectric constant K;’TS

of NbZOS to the tetragonal material. Since this increase occurred in spite

of low density and large grain-size, it probably represents a significant

increased only on the addition

effect.

The mechanical quality factor decreased when the "softener"
additions were made to the tetragonal material, but the addition of La203 to
the rhombohedral material appeared to increase the mechanical quality
factor, contrary to expectations. The high-field dissipation factor increased
with doping, as expected, except for those cases where the changes were
below the level considered significant. It is evident, therefore, that many
exceptions to the expected effects of '""softening' additions were observed.
Some of these exceptions may have been due, at least in part, to low densities
and perhaps to large grain-size. Another factor may have been an inhomo-

geneous distribution of the additive in the ceramic. Kulcsar\ig)

has reported
increases in dielectric constant and dissipation factor on the addition of

P
NbZOS’ TaZOS’ and La,ZO3 to Pb(Zr 54

7 T10.46)O3’ as expected for
"softening'' modifiers. Haertling has reported that the effects of B'1203

on lead zirconate-titanate ceramics are comparable to those of NbZOS'

The manner in which these additions were made may have had
an effect on the densities and grain sizes of the ceramics, If the additives
had been homogeneously mixed into the starting material, for example by

co-precipitation, densification might have been favoured over grain growth.

(4) Summary of Effects of Additives on Properties of Interest

The poled dielectric constant (K;[‘?)) Increased when NbZOS was

added to the tetragonal material and when CaO was added to the rhombohedral
material. The latter effect was probabiy the result of a shift in the
zirconate/ titanate ratio at which the rhombohedral/tetragonal boundary
occurs, The effect of the NbZOS’ however, was a specific effect of the
additive,
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The only significant increase in kp was observed on the substitution
of Ca for Pb in the rhombohedral material. This effect, also, was probably
due to a shift in' the rhombohedral/ tetragonal boundary. The high~field
dissipafion factor and the ch_é.nge in capacitance with field cohsisfently |
decreased, for both tetragonal and rhombohedral rﬁater{a;ls, on the additidn :
of CaO and Cr203. The mechanical qualitﬁr factor inc;e'as‘ed 'consistgntly

on the addition of CaO, NiO, and Cr,0,.
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