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FOREWORD
by

I. F. Wright*

B I ——

Polycrystalline ceramics for electronic applications have convential-
ly been made by the blending of various oxides, calcining and grinding this
mixture to a fine powder, and pressing and sintering this powder into .the
desired shape. The electrical and electronic properties of the final shape
are primarily dependent on the chemical composition of the material, but
may be modified to a degree, either unfavourably or favourably, by the
presence, respectively,either of unwanted impurities or of minor deliber-
ate additives. The electrical properties of the shape are also dependent on
other physical properties such as density and grain size. In manufacture
and in the majority of research work that has been done on such materials,
neither the initial mixing nor the calcining is ever complete, nor have the
problems of optimizing the sintered density and of controlling the grain
growth during sintering been thoroughly investigated. Consequently, much
of the published information concerning such ceramics may be as much a
function of the manufacturing technique as of the basic chemical composi-
tion itself. Such a state of affairs results not only in a lack of reproduci-
bility on the production line, but presents an expensive and often inadequate
method of evaluating the individual oxides for use in the manufacture of any
particular ceramic composition or shape.

In the investigations described in this series of papers, which have
been partly supported by the Canadian Defence Research Board under
E.C.R.D.C. Research Project C-73, the solid-solution series lead
zirconate-lead titanate, such as is used in transducer applications, was
selected for consideration. The feasibility of producing intimate mixtures
of oxides by wet chemical techniques has been demonstrated. The repro-
ducibility of these mixtures with their compositions lying within the limits
of accuracy of present analytical techniques has been shown. These
analytical procedures are described, as are also the results of a phase
study of the PbO-ZrOZ-TiOZ system at 1100°C. The effects of certain
common impurities and of certain fabrication parameters are also

described.

*Co-ordinator of Mines Branch Electronic Ceramics Programme, Senior
Scientific Officer, Ceramics Section, Mineral Processing Divisiony.

Mines Branch;. Department-of Mirnés and Technical Surveys;~Ottawa, Canada.













and co-workersd after preliminary work in this
investigation had begun. Since (a), the system
is of considerable technical interest, (b), some-
what different procedures in sample prepara-
tion were used, and (), certain discrepancies
were found with the published work, it was
decided to continue the investigation. The
present paper represents the results of these
studies.

Experimental procedures

Compositions for study were prepared by
co-precipitation from mixed solutions of the
constituents, lead, zirconium,; and titanium, in
nitric acid solution. Aqueous ammonia, to-
gether with a small quantity of ammonium
bicarbonate, was used as the precipitating
agent. Using the co-precipitated material, it
was possible to achieve reactions without the
prolonged firing times that would have been
required, in certain instances, had the con-
stituents used been mixed powders of the
component oxides. Solutions were prepared by
dissolving lead oxide (Fisher Certified Reagent)
and zirconyl nitrate (Anachemia CR): in
nitric acid. Titanium dioxide (Baker’s Ana-
lysed Reagent) was dissolved in concentrated
sulphuric acid with added ammonium sulph-
ate, and the hydroxide precipitated with
ammonia, and redissolved in nitric acid.
Hydrogen peroxide was added to complex the
titanium and to stabilize the stock solution.
The solutions were standardized, and mixed as
required.

The precipitates were calcined at 650°C,
crushed, pressed to half-inch diameter pellets,
heated to 1100°C in air and held at this
temperature for one hour. The pellets were
then withdrawn from the furnace and air-
cooled to room temperature. Each sample
pellet sat upon a thin disk of its own composi-
tion. Another disk, also of the same Composi-
tion, was placed on top of the sample pellet.
This procedure was adopted to minimize loss
of lead oxide from the samples. The pellets so
protected were held in an alumina sagger.

Each sample was examined by X-ray
diffraction using a 114.7 mm diameter Debye-

Scherrer camera with Cu Ka radiation.
Selected samples were also examined by
chemical analysis, by differential thermal

analysis, or by optical microscopy. Semi-
quantitative spectrographic analysis indicated
that the principal impurities were Mg, Ca and
Si, associated with the zirconium, and Al, asso-
ciated with the titanium, at levels of about 0.1
t0 0.3%.

TABLE 1

Comparison of nominal compositions of selected
samples with compositions after firing,
as determined by chemical analysis

Mole %

Component PbO ZrO, (1) TiO.
Nominal 30.0 21.0 49.0
By Analysis (2) 30.0 21.4 48.6
Nominal 50.0 25.0 25.0
By Analysis (2) 50.5 24.9 246
Nominal 53.0 24.4 226
By Analysis (2) 51.8 25.0 23.2
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(1) Any HfO. present included with ZrO,: (2)
Normalized to (PbO + ZrO: + TiO.) equals
100%.

Experimental results

() Compositions examined:
nominal compositions with the results of
chemical analysis are shown in Table 1.

As indicated in this table, the nominal
compositions agreed with the analytically
determined compositions to within 0.5 mole
o or better in those samples that had PbO
contents of 50 mole % or less. Hence, for
samples with 50 mole % PbO or less, it was
assumed that the final compositions were the
same as the nominal compositions, Samples
that were prepared to contain over 50 mole
% PbO were found by analysis to be deficient
in PbO after firing. The lead oxide was
probably lost as vapour or as liquid that
drained from the pellet during firing at
1100°C. All samples nominally containing
over 50 mole % PbO that are reported in this
investigation, were analysed chemically to
determine their true compositions.

The phases found by X-ray diffraction
examination, at room temperature after air
cooling, are indicated in Figure 1. The pro-
posed sub-solidus phase relationships, de-
duced from these determinations are also
shown in Figure 1. Tt will be noted that the
structures indicated for the lead titanate-lead
zirconate solid - solution series, tetragonal,

A comparison of

rhombohedral, and orthorhombic, are room-
temperature = structures. Above the Curie
temperature,  this  solid-solution series ex-

hibits cubic symmetry over the whole range of

composition.

(ii) The lead titanate-lead zirconate solid-
solution series: The boundary between the
tetragonal lead titanate-rich solid solution and













The manner in which the excess lead oxide
enters the perovskite structure is subject to
some conjecture. Possibly Pb'+, which has an
ionic radius close to that of Zr'+, enters the
lattice on the B sites.

Figure 1 indicates that solid solutions of
PbTiOs-PbZrO; near the tetragonal-rhombo-
hedral boundary are in equilibrium with
zirconium dioxide, This equilibrium is con-
sistent with the common use of zirconia as a
setter material for the firing of lead zirconate-
titanate ceramics.

Acknowledgements

The authors wish to thank Mr. R. R. Craig for the
chemical analyses, Mr. E. J. Murray for preparing
the X-ray difiraction patterns, and Mr. R. H. Lake
for the differential thermal analysis. Spectrographic
analyses were done by Miss E. M. Kranck and Mr.
D. P. Palombo. The above-named persons are or
were all members of the staff of the Mineral Sciences
Division, Mines Branch.

This investigation has been conducted as part of a
Defence Research Board contract E.C.R.D.C. C-73.

References

1. E. Sawaguchi, “Ferroelectricity versus Antiferro-
electricity in the Solid Solutions of PbZrOs and

102

PbTiOs”, Journ. Phys. Soc., Jap., 8, 615 (1953).

. B. Jaffe, R. S. Roth and S. Marzullo, “Properties

of Piezolectric Ceramics in the Solid Solution
Series Lead Titanate — Lead Zirconate — Lead
Oxide: Tin Oxide and Lead Titanate — Lead
Hafnate”, Journ. Res. Nat. Bur. Stds., 55, 239
(1955).

. D. A. Berlincourt, C. Cmolik and H. Jaffe, “Piezo-

electric Properties of Polycrystalline Lead Titan-
ate Zirconate Compositions”, Proc. IRE., 48, 220
(1960). :

. R. H. Dungan, H. M. Barnett and A. H. Stark,

“Phase Relations and Electrical Parameters in
the Ferroelectric-Antiferroelectric Region of the
System PbZrOs-PbTiOs-PbNb20s’’, Journ. Amer.
Ceram. Soc. 45 382 (1962).

. T. Ikeda, T. Okano and M. Watanabe, “A

Ternary System PbO-TiO:-ZrOs”, Jap. Journ.
Appl. Phys., 1 218 (1962).

. F. H. Brown and P. Duwez, “The Zirconia-

Titania System”, Journ. Amer. Ceram. Soc., 37,
129 (1954).

. G. M. Wolten, “Diffusionless Phase Transforma-

tions in Zirconia and Hafnia”, Journ. Amer.
Ceram. Soc. 46, 418 (1963).

. L. W. Coughanour, R. S. Roth and V. A.

DeProsse, “Phase Equilibrium Relations in the
System Lime - Titania and Zirconia - Titania”,
Journ. Res. Nat. Bur, Stds., 52, 37 (1954).

. R. S. Roth, “Classification of Perovskite and

Other ABOs-Type Compounds”, Journ. Res. Nat.
Bur. Stds., 58, 75 (1957).







re

R R

.

| 232

A R L R R R R O

to be met were developed at the Mines Branch
and are described and evaluated by J. C. Ingles
et al.2

Experimental procedures

Overall process: The preparation of mixed
oxide compositions by the wet chemical
method began with the selection of suitable
high purity source chemicals. Quantities were
weighed out to yield sufficient product for
adequate evaluation. The eight steps required
in the preparation of the dry ceramic powder
are as follows:

1. Preparation of clarified nitrate stock solu-
tions of each of the metals that were involved
in the ceramic compositions, and determina-
tion of metal content.

2. Blending of a composite nitrate solution
containing the major components in the
desired stoichiometric relationships, which
were verified by analysis. If lesser quantities
of certain metal oxides were to be incorpor-
ated into the ceramic in order to modify the
properties of the material, the soluble nitrate
salts of these metal oxides could be added to
the composite solution.

3. Precipitation of the components by neutral-
ization of the blended metal nitrate solution
using controlled addition of ammonia, or
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alternatively, ammonia and carbon dioxide
dispersed separately. The metals were quanti-
tatively precipitated as hydrated oxides,
hydroxides or basic carbonates3.

4. Washing of the precipitate, batchwise, with
demineralized water made slightly ammoniacal.

5. Dewatering the precipitate slurry by settling
and decantation (thickener), partial filtration
and repulping, or centrifuging.

6. Production of a dry homogeneous powder
by means of spray drying the thickened pre-
cipitate slurry, or filtration of the thickened
precipitate and drying the filter cake under
vacuum. The spray dryer used in this work
was a Nerco-Niro “Utility Unit” rated 2t 100
pounds of water evaporated per hour and
fired by propane gas. The dry precipitate was
sampled for chemical analysis to confirm
stoichiometry, and for semi-quantitative spec-
trographic analysis to determine the approxim-
ate degree of purity. Figure 1 indicates the
above procedural steps for the preparation of
lead zirconate-titanate precipitates.

Two further steps were required in order to
process this material to the point at which it
could be fabricated into components. These
two operations were not part of the investiga-
tion performed by the author but are listed for
continuity as:
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Figure 1. General flowsheet
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Figure 2. Batch co-precipitation equipment.

7. Calcination of the dry powder at a
temperature sufficient to achieve the desired
reaction to form the solid solution.

8. Comminution of the calcine in a Trost Jet
Mill to a submicron particle size required for
subsequent fabrication of high density ceramic
components.

Preparation of the precipitation feed solution:

In the. preparation of stock solutions of the
individual components, it is desirable to utilize
compounds that are readily soluble in water
or dilute acid. Each of the solutions of metal
salts then must be converted into one system
that is stable and relatively non-corrosive. In
this work the nitrate system was chosen, al-
though the chloride system was considered and
discarded for the following reasons.

(a) The susceptibility of stainless steel equip-
ment to chloride attack.

(b) The appreciable loss of lead into discarded
solutions when washing precipitates free of
chloride ion.

(c) The necessity of eliminating chloride ion
from the precipitates. When a nitrate system is
employed, the precipitates need not be washed
free of nitrate ion.

(d) The low solubility of lead chloride. A
typical composite chloride precipitation feed
solution contained 3 grams per litre total oxide
equivalent at ambient temperature or 12 grams
per litre at 60°C. A composite nitrate pre-
cipitation feed solution, by comparison, con-
tained approximately 60 grams per litre total
oxide equivalent at ambient temperature.

Lead oxide was readily converted to soluble

lead nitrate with diluted nitric acid. The
oxides of Zr'+ and Ti'+, however, are most
difficult to solubilize and are not useful as
source material for this process. Consequently,
in most of this work zirconium oxychloride
and titanium tetrachloride were used as source
chemicals of these metals. The conversion of
zirconium oxychloride to the nitrate form, as
shown in Figure 1, was accomplished by pre-
cipitating hydrated zirconium oxide, with
ammonia, from a water solution of the salt,
washing the slurry free of chloride ion by
multiple decantations with demineralized water
and redissolving the hydrated oxide in nitric
acid. A zirconyl nitrate (Hf<100 ppm) is
now available commercially.

Titanium tetrachloride was the most suit-
able source of titanium, although titanium
sulphate nonahydrate was used extensively in
early stages of this investigation. Water
soluble titanyl salts were not available com-
mercially. Titanium tetrachloride, if handled
with caution, was readily soluble in dilute
hydrochloric acid 2% w/v) and was subse-
quently converted to a dilute solution of
titanium nitrate in a manner similar to that
used to prepare zirconium nitrate solution.

Clarification of the solution was required
whenever a source chemical was dissolved.
This rapid step removed small but significant
quantities of insoluble impurities.

Pure titanium solutions are unstable and
hydrolyze readily. It was found beneficial
to add H.0. (1 ml/g Ti) to the clarified
titanium nitrate solution and to store this
solution at about 35°F. Furthermore, the
lower the concentrations of titanium, and of
free nitric acid, the longer the titanium nitrate
solution could be stored without hydrolysis.

It was found that if the major portions of
titanium and zirconium were prepared as a
composite solution and stored at ambient tem-
perature the titanium did not hydrolyze as
readily. However, it was noted that prepara-
tions of composite solutions containing more
than 50 mole per cent titanium dioxide equiva-
lent had limited stability as compared to a
similarly prepared and stored solution of
greater than 50 mole per cent zirconium di-
oxide equivalent. The method of preparing
the composite zirconium-titanium solution is
shown in Figure 1 (B). The titanium tetra-
chloride was carefully dissolved in 2% (w/v)
hydrochloric acid, with cooling of the mixture
to ambient temperature, or lower. The zir-
conium oxychloride was then dissolved in the
dilute titanium tetrachloride and the resulting
solution was clarified by filtration. The two .
components were co-precipitated as hydrated
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TABLE 2

Metal Oxide Equivalent in Process Stock Solutions and in o Blended Precipitation Feed Solution

Blended Solution of
Max. Conc. Process Stock Solutions Composition Pb(Zro.:z Tin.4s)Os
Metal Oxide Obtained in
Stock Soln
(g/1) (g/1) NOs(g/1) (g/1) NOs(g/1)
PO 300 170 65 38.4
ZrO; 50 30* 50 113
TiO: 27 17+ - 100 6.8
Total 56.5 73

* Alternative Composite Stock Solution contoined 14.6 g ZrO:/1; 8.8 g TiOz/1.

an activated carbon filter followed by a mixed-

" bed resin demineralizer.

Two variations in procedure for obtaining a
de-watered filter cake were tried experiment-
ally. They were:

(a) Removal of the water in the filter cake
with repeated displacements of acetone or,
alternatively, methyl hydrate which was in
turn displaced by ether.

(b) Displacement of a large portion of lhe‘

water in the filter cake with methyl hydrate
followed by azeotropic distillation of the
remaining water with benzene at 80°C.

The precipitate filter cake, when oven-dried

at 110°C, became very hard and brittle, re-
quiring extensive mortaring to reduce it in size
to, pass a 20 mesh Tyler screen. Drying of
the precipitate under low vacuum at 35°C
resulted in a more readily pulverized material
but was time consuming. Alternatively, spray
drying of the settled and decanted precipitate
slurry was rapid and resulted in uniform free-

-flowing spherical particles.

Tables 2, 3, 4, and 5 are presented to give
specific examples of operating procedures and
conditions. Table 2 shows the metal nitrate
concentrations of typical stock solutions that
were used to prepare the precipitation feed
solution. The values shown as maxima are

TABLE 3

Operating Conditions for the Co-precipitation Method

Batch Number ,
Ib Oxides

Batch Size
Precipitation Tank Data
Initial Volume* Litres
Temperature °cC
pH
Siphon Withdrawal Rate mi/min
Total Precipitation Time hrs

Precipitate Wash
Total Volume of Water** Imp. Gal.
Number of Decantations

Feed to Spray Dryer
Solids Per Cent
NO, Content in Water g/1

D3 D4
5.86 3.49
130 65
55 55
8 7
240 270
2.83 1.75
310 180
4 3
3.1 4.2
0.26 0.21

*Demineralized water containing an added quantity of NH,NOs (1/2 g/1) to facilitate pH control at

start up.

**Demineralized water adjusted to same pH value used in precipitation control.
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the highest concentrations prepared in this-

study. Also shown is the composition of a
blended precipitation feed solution, which was
prepared from the process stock solutions.

Tables 3 and 4 show operating conditions
and co-precipitation data for the production of
two specific lots of precipitate. Batch D3,
amounting to 5.86 pounds total oxides, repre-
sented a composition of 54 mole per cent lead
zirconate, 46 mole per cent lead titanate.
Precipitation of the three components was
accomplished using ammonia gas, diluted with
nitrogen, to maintain pH8 in the reaction
vessel. Batch D4, amounting to 3.49 pounds
of total oxides at the same nominal composi-
tion as Batch D3, was precipitated at pH7
by using similarly diluted ammonia gas. In
Test D4 a- measured quantity of ammonium
carbonate solution was titrated continuously
into the vessel as an additional precipitant for
the lead.

Table 5 shows the importance of pH control
on the efficiency of ammonia precipitation of
the three major constituents and on the sub-
sequent washing of precipitates. Clearly in-
dicated is the necessity of controlling the pH
at a sufficiently high value to prevent loss of
lead to the discarded filtrate or to wash
~ solutions. However, when carbonate is present
as an additional precipitant as in Batch D4,
the lead is completely precipitated at pH7.
The precipitate may then be washed with
water at pH7. The data given in Table 5 were
obtained from preliminary bench work.
Losses of lead to discard solutions in the
preparation of larger batch lots such as D3 and

D4 were of the order of <0.0001 grams per

litre, Zirconium and titanium were not detected
by chemical methods in any of the discard =

solutions.

Results

Chemical reproducibility — MR and R Series:
There are three important requirements, from
a chemical point of view, that should be met
by the co-precipitation method:

1. A carefully blended precipitation feed solu-
tion must have an accurately known stoichi-
ometry and this depends on the availability of
precise analytical procedures.

2. The stoichiometry of this feed solution
must report unchanged in the final product.

3. The process should be sufficiently flexible
that some variations in the method could be
tolerated without affecting reproducibility.

The key indications of the stoichiometry
attained in the feed solution, or in the precipi-
tate, are shown by two ratios. The ratio
zirconia to zirconia plus titania indicates the
proportion of the mixture that will ultimately
become lead zirconate in the solid solution
formed upon calcination. Therefore, one
minus this ratio is the proportion representing
lead titanate. The ratio lead oxide to zirconia
plus titania indicates whether or not the lead
contained in the mixture meets the stoichi-
ometric requirement for the particular com-
position. Normally this relationship should
equal exactly one.

TABLE 4

T
1
|
|
|
i

Co-precipitation of the Hydrated Oxides of Pb++,
Zr'+ and Ti*+ from an Acidic Nitrate Solution
Stoichiometry-Pb (Zro.s; Tio.1s) Os

Batch Number
Precipitation Feed Solution
Volume . Litres
Analysis g oxides/|
Flow Rate ml/min
Precipitant
NHa:N2 at 1:1 |/ min
(NH,);CO,* ml/ min
Reagent Consumption — N
Ib/Ib oxides NH,
' (NH,): CO;

D3 D4
40.80 23.75
65.13 66.63
240 225
28.0 148
Nil C45%*
1.14 0.62
0.69 0.38
— 0.26

*B.6% solution.

*+1.25 times.the amount required to precipitate basic lead carbonate.
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Table 6 presents a comparison of the
stoichiometric ratios, based upon chemical
analysis, for a series of lots wherein the com-
positions of the feed solutions ranged, nomin-
ally, from 50 mole per cent lead zirconate to
70 mole per cent lead zirconate. The lot sizes
were constant and the feed solutions were of
essentially constant metal content (21 to 24
grams total oxide equivalent per litre). The
solution feed rate to precipitation was 120 ml
per minute, Tap water was used to wash the
~ precipitate slurry by batch decantation, prior
to filtration and vacuum drying. This group of
lots gave evidence that the stoichiometry of
the feed solution did report in the final product
to a satisfactory extent. This was observed
from the percentage differences in the molar
- ratios, which were between 0.4 mole per
cent for the ratio Zr0,/ZrO. 4 TiO,, and
between —0.4 and 0.8 mole per cent for the
ratio PbO/ZrO. 4 TiO.. However, in this
MR Series there was a large discrepancy,
observed for all lots, in the computed values
for the ratio lead oxide to zirconia plus
titania compared to the nominal stoichiometry,
which was expected to be PbO/ZrO. + TiO.
= 1.000. The average values were 0.976 for
the feed solution and 0.978 for the precipitate,
which represents approximately a 2.3 per cent
deficiency in PbO. Furthermore, better repro-
ducibility, as indicated by the standard devia-
tions, calculated for the seven batches, would
be desirable. This MR Series represented the
first attempt to determine stoichiometric reli-
ability and the results indicated a requirement
for improving the accuracy obtained in the
compositing of the feed solutions by utilizing a
more extensve system of adjustments, analysis,
and re-adjustments, as well as improving upon
the accuracy of the available methods of
analysis for both solutions and precipitates.

Table 7 indicates the chemical reproduci-
bility obtained in a series of seven similar
batch precipitations (R1 to R7) when pro-
cedures had been improved mainly through the
use of more precise analytical methods2 and a
more extensive sampling procedure. The com-
posite solutions were prepared to represent
52.0 mole per cent lead zirconate, 48.0 mole
per cent lead titanate. Test variations existed
in respect to lot size (1 to 2V4 pounds), the
oxide concentration in the composite feed
solutions (15.6 to 26.4 g oxides per litre), and
the rate of feed to the precipitation tank (R1
to RS at 205 ml/min; R6 500 ml/min, R7
440 ml/min). Precipitate washing was done
by batch decantation with demineralized water
(pH 8) until the nitrate concentration in the

TABLE 5
Effect of pH in the Co-precipitation of Pb++
Zr'+ and Ti*+ from Acidic Nitrate
Solution with Ammonia
Chemical analyses:
Control g/ of discard soln.
PH | po | z0, | TiOs
70 | 0055 | <.02 | <.002
Filtrate 7.5 0.010 | <.02 | <.002
80 |< .001 | <.02 | <.002
70 | 023 | <.02 | <.002
Filter
Cake 75 | 012 | <02 | <.002
Wash
8.0 0.03 <.02 <.002

wash solution was lowered to about one half
gram per litre.

In this R Series good agreement was ob-
tained between the stoichiometry of the feed
solution and that of the dry powder, as shown
by a comparison of the average values for the
composition ratios (Table 7). Batchwise repro-
ducibility is also acceptable as evidenced by
the standard deviations from the means for
the same four ratios. The closer relationships
obtained in this series indicates the importance
of precise chemical analysis.

Lot numbers 57 and 62 (Table 7) were
produced to determine if similar process con-
trol was obtained where significant processing
variations prevailed. The nominal composi-
tions were chosen as 56.0 mole per cent lead
zirconate and 54.0 mole per cent lead zirconate
respectively, The variations were:

(a) The feed solution oxide contents for Lots
57-and 62 were from 12 to 2 times the con-
centrations involved in the R Series feed
solutions.

(b) The feed solutions for Lots 57 and 62 were
dispersed into the precipitation tank via a
laboratory-made pneumatic nozzle. The feed
solutions for the R Series were dispersed via
an industrial hydraulic nozzle (full cone spray _
pattern).

(c) The precipitates obtained in tests Number
57 and 62 were filtered, washed on the Buchner
funnel, and vacuum dried, whereas for the R
Series the washed precipitate slurries were
spray dried. ,

(d) In Tests 57 and 62 the precipitation vessel
contained all of the precipitate until comple-
tion of the neutralization of the batch of.feed
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solution, whereas the slurry in Lots R1 to R7
was continuously siphoned from the bottom of
the tank to maintain a constant liquid level in
the reaction vessel.

It can be seen from Table 7 that the repro-
ducibility obtained in Tests 57 and 62 was
as good as that obtained in the R Series. This
indicates that the previously described process
variations could be tolerated.

An evaluation of the fabrication and electro-
mechanical properties of powder from Lots 57
and 62 has been reported by Weston (4). In
general, it was found that the ceramic bodies
produced from the two lots had electro-
mechanical properties that were considered to
be very good.

Comparison of some precipitation techniques
and the effect of precipitate dewatering, wash-
ing and drying variables on reproducibility —
D Series: The objectives in the preparation of
this group of precipitate lots, designated the D
Series, were:

1. To determine the effect on the final product
composition and on the homogeneity of some
variations in the precipitation method. The
variables were (a) the separate precipitation of
each component, followed by a mechanical
mixing of the precipitates; (b) co-precipitation

of the components with an ammonia-nitrogen
gas mixture as was done in the previous series;
and (c) co-precipitation of the components
using ammonia-nitrogen mixture plus am-
monium carbonate.

2. To compare, within each precipitation
method, the effect on stoichiometry of spray
drying the precipitate slurry versus vacuum
drying of the precipitate filter cake.

3. To determine the effect on stoichiometry
and the feasibility of using centrifuging or
other means to thicken the precipitate slurry
prior to spray drying.

Tables 8 and 9 show the test conditions and
results for this series of precipitates. The
stoichiometry for the series was,- nominally,
54.0 mole per cent lead zirconate, 46.0 mole
per cent lead titanate.

Procedures for the D Series: The first batch
(D1) of precipitate was obtained by precipi-
tating separately, at pH 8 and ambient
temperature, carefully measured quantities of
each of the stock solutions of the three com-
ponents. The precipitations were simple -batch
neutralizations using ammonia. The three pre-
cipitates were transferred as slurries to one
drum, thoroughly mixed by mechanical
agitation, and a 0.05 per cent solution of a

TABLE &6

Co-precipitated Hydrated Oxides: Stoichiometry Pb(Zro.s Ti o.5) Os
to Pb(Zro.-, T‘.D-J) O:

Feed Soln: 21 to 24 g oxides/ litre
Lot Size: 1% Ib oxides

Wcshihg: Decantation
Drying: Vacuum (Filter Cake)

ZrO./ZrO; - TiO: Difference PbO ZrO. - TiO: Difference
Mole % Mole %
Lot No. Nitrate Feed Soln Precipitate Nitrate Feed Soln| Precipitate
Nominal Calculated from Calculated from Analyses
Analyses
MR1 0.500 0.502 0.499 —0.3 0.989 0.997 +o0.8
MR2 0.510 | 0.507 0.511 +0.4 0.961 0.957 —0.4
MR3 0.530 0.527 0.523 —0.4 0.953 0.955 +0.2
MR4 0.550 | 0.554 0.553 —0.1 0.979 0.985 +0.6
MRS 0.600 0.596 0.592 —0.4 0.971 0.977 +40.6
MRé6 0.650 0.540 0.643 +4-0.3 0.989 0.987 —0.2
MR7 0.700 0.690 0.693 +40.3 0.990 0.989 —0.1
Average 0.97% 0.978 -
Std. Dev. +0.015 +0.016
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TABLE 7
Reproducibility of Dry Precipitate Stoichiometry
Co-precipitation Process ) ) .
Analyses (g/1) Stoichiometry
Feed Solution Feed Solution Dried Precipitate
Oxide Precipitate
Lot [|RecoveryHanding Method|| PbO | ZrO. | TiO: |{ZrO./ZrO:| PbO/ ZrO:||ZrOs/ ZrO:| PbO/ ZrO;
No. (Ib) +Ti0; | 4 Ti0: || +Ti0: | +Ti0.
57 1.03 Filter, wash, || 26.82 { 8.25 | 4.24 0.558 1.001 0.556 0.999
Vac. dry
62 1.10 | Decant. wash, {[ 24.45 | 7.32 | 4.04 | 054 1.000 0.534 1.000
Filter, Vac. dry
R1 1.09 Decant. wash, || 10.72 | 3.07 | 1.83 0.520 1.003 0.524 1.005
Spray dry
R2 1.02 " 10.77 | 3.09 | 1.85 0.520 | 1.000 0.525 1.014
R3 1.10 ” 10.75 | 3.10 | 1.83 0.523 1.001 . 0.526 1.011
R4 218 ” 11.87 | 3.42 1.98 0.524 1.003 0.526 1.003
R5 2.20 " 18.18 | 5.17 | 3.09 0.521 1.005 0.526 0.999
R6 2.20 “ 10.74 | 3.06 | .1.83 0.520 1.005 0.524 0.998
R7 2.22 “ 13.52 | 3.85 | 2.32 0.520 1.001 0.525 1.004
Mean *+ 0.521 = | 1.002 + || 0.525 *= | 1.004 =
Std. Dev. .002 0.002 0.001 0.006

flocculating agent (Separan) was added. The
precipitate was washed by decantation, free
settled to a slurry containing 10 per cent
solids, and the settled slurry divided into por-
tions for spray drying, and for filtration
followed by vacuum drying.

The second batch (D2) of precipitate was
obtained by the co-precipitation method used
to produce the MR and R Series precipitates.
A blended nitrate solution containing 63.58
grams total oxides per litre was fed at the rate
of 240 ml per minute through the spray nozzle.
Precipitation was carried out at pH 8 and
55°C. The precipitate slurry was washed with
water in an amount of 44 gallons per pound of
total oxides and was initially divided into two
portions representing one third and two thirds
of the batch. The smaller portion (Lot D2-1)
was centrifuged in a modified De Laval con-
tinuous unit operating at 12000 RPM and at a
feed rate of two litres of slurry per minute.
The centrifuge did not operate satisfactorily
with this material, and produced an underflow
discharge of only 7 per cent solids from a feed
slurry containing 3 per cent solids. The larger
portion of slurry was more extensively washed

with an additional 76 gallons of water per
pound of oxides and divided into two equal
lots. One lot (D2-2) was centrifuged as above.
Both centrifuged lots were spray dried. The
remaining lot (D2-3) was filtered and vacuum
dried.

The third (D3) precipitate batch was pro-
duced by the identical method and conditions
used for the D2 preparation, which were
detailed in Tables 3 and 4. The composite
nitrate feed solution contained 65.13 grams
total oxides per litre. This slurry was divided
into three lots after precipitate washing by
decantation. One portion of the washed, settled
slurry was spray dried. The remainder was de-
watered to 22 per cent solids by partial filtra-
tion and repulping; at this point the slurry:
was just fluid while being agitated mechanic-
ally. This thickened slurry was split into two -
portions, one spray dried, the other filtered,
washed with methyl hydrate, and heated at
80°C under refluxing benzene until no further
water was collected,

The final precipitate batch (D4) was co-
precipitated under conditions specified in
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Tables 3 and 4. The feed solution contained
66.63 grams total oxides per litre and was
fed to the precipitation tank at the rate of 225
ml per minute. The addition of nitrogen-
diluted ammonia enabled neutralization to pro-
ceed at pH7, while an 8.6 per cent solution
of ammonium carbonate was added at the rate
of 45 ml per minute. The precipitate was
washed by decantation and divided into two
equal lots in order to compare the effect of
spray drying versus filtration and vacuum
drying.

Results of the D Series: It may be observed
(Table 8) that Lot DI1-1 made by combining
separately precipitated hydroxides, when spray
dried, did not reflect the stoichiometry in all
respects of the original mixture. The ratio
PbO/ZrO: 4 TiO. was 0.978 compared to the
value 0.999 expected. The portion (D1-2)
which was vacuum dried did retain complete
stoichiometric similarity with respect to the
feed solution. The probable explanation is
that these physically mixed precipitates segre-
gated easily. There was, therefore, a problem

sistent 5 to 8% stack loss. The values marked
F represented the composition of material

recovered on a stack filter. This two per cent -

of the total lot shows very different stoichi-
ometry from that of the main dryer product.
Furthermore, the spherical shape and the
density differences of the spray dried particles
cause sampling difficulties.

Chemical reproducibility within the eight
co-precipitated Jots comprising Batches ‘D2,
D3 and D4 was essentially equal to that
observed in the R Series. For the ratio zir-
conia to zirconia plus titania, standard
deviations from the mean of +0.1 mole per
cent for the R Series were obtained compared
to +0.4 mole per cent for this D Series. For
the ratio lead oxide to zirconia plus titania
standard deviations of #+0.6 mole per cent in
each series was observed. It was expected that,
in this D Series, the solution stoichiometry
would reflect precisely in the product. That
this was not accomplished is shown in the
following comparison of the average values
for the ratio ZrO./Zr0O. + TiO. resulting from

in recovering material of the true composition the R and D Series of precipitates, which were
from the spray dryer where there was a con-  designed to test this requirement.
TABLE 8 i
Slurry Dewatering and Precipitate Drying — Effect on Stoichiometry ' ‘ 1
Washing of Precipitate by Batch Decantation
Precipitate Slurry F;recipitate Results of Analysis
Oxides Feed Solution Precipitate
Batch |Recovered| Lot [DewateringPer cent | Drying |Per cent*
No. (ib) Method | Solids |Method | of Batch |ZrO2/ZrO:{PbO/ ZrQ. | ZrO:/ ZrO,| PbO/ ZrO»
+ TiO. + TiO: 4+ Ti0: | + TiO;
1 Spray 53 0.540 0.978
D1 5.23 Settle | 10 0.539 0.997 | 0.533(F) | 0.870(F) '
2 Vac. 43 0.539 0.999 ,
1 Centrifuge} 7 Sproy 34 0.529 0.972
D2 5.16 2 |Centrifuge| 8 Spray 28 0.541 1.004 0.530 0.969
3 Settle 3.1 Vac. 29 0.526 0.970
1 Settle 3.1 Spray 32 0.531 0.977
D3 5.35 2 Partial Spray 48 0.543 0.995 0.531 0.981
Filtration | 22
3  [ond Repulp Distil. 20 0.531 0.980
1 Spray 46 0.522 0.986 1
D4 3.29 Settle 4.2 0.534 0.998 |
2 Vac. | 46 : 0.523 | 0980 ‘ |
l
*Percentage totals for D1, D2, and D4 do not Average 0.539 0.999 0.528 0.977
equal 100 since some precipitate slurry was with- Std. Dev. #+0.005 | *£0.005 |+ 0.004 [+ 0.006

drawn for settling and batch centrifuge tests, i

113




T T S o e A o ot oo e s

Cdeal

@": e pr—
SR

Zr0:/Zr0, + TiO.
Solution Precipitate Av. Difference

R Series 0.521 0.525
D Series 0.539 0.528

0.4 mole %
1.1 mole %

The relationship lead oxide to zirconia plus
titania was essentially equal to one for the
R Series products. For the D Series precipi-
tates the same ratio averaged 0.977, indicating
a'lead oxide deficiency of 2.3 mole per cent.
There was no indication that the differences
observed between feed solution and product
stoichiometry, for the D Series, could be
attributed to soluble losses. This deficiency
can only be explained by assuming the feed
solution analysis to be slightly in error. The
precipitates were extensively analysed.

The results show that there was no signifi-
cant effect on chemical reproducibility attribut-
able to any of the three mehtods employed to
dewater the precipitate, or to any of the three
precipitate drying methods that were compared.

This was to be expected if the precipitates were
truly homogeneous and non-segregating.

Visual observations of spray dryer operation
with slurry feeds ranging from 3 per cent
solids to 22 per cent solids resulted in a request
for particle size measurements on the dry
products. It has been determined by optical
microscopy that the volume-mean diameters
were 9 =+ 4 microns for dry particles resulting
from a spray dryer feed at 3 per cent solids
and 15 =+ 7 microns for dry particles resulting
from a spray dryer feed at 22 per cent solidsl,

The end point for adequate precipitate
washing was arbitrarily chosen as approxi-
mately 0.3 grams soluble nitrate per litre of
decant solution. As shown in Table 9 this
quantity of wash amounted to about 50
Imperial gallons of water per pound of dry
oxides and resulted in a nitrate content of
about 3 per cent in the dry precipitate. Am-
monia content of the dry precipitates was
determined as less than 0.01%.

The portion of Batch D2 that was washed
to the point at which the discarded decant

TABLE ¢

Precipitate Wash by Batch Decantation
Demineralized Water: 0.05% w/w NH;

Wash Water Nitrate Content
Total Oxide
Batch Contentin Slurry | Lot Volume Lead Final Slurry Method
Ibs No. [lmp. Gaol./| Content | (Sup. lig.) Dry Ppt. of
Ib Oxide g Pb/1 g NO:/1 | % NO, Drying
D1 1 3.2 Spray
Combined precipitates 5.51 49 0.00015 0.34
2 2.9 Vac.
D2 2.38 1 44 < .0001 0.46 3.6 Spray
Co-ppt. oxide hydrates ‘ '
3.22 2 120 0.0005* 0.02 0.65 Spray
3 0.60 Yac.
D3 1 3.0 Spray
Co-ppt. oxide hydrates 5.86 .
2 - 54 0.0001 0.26 27 Spray
3 0.85 Distil.
D4 1 3.2 Spray
Co-ppt. oxide hydrates 3.49 52** (Z .0001 0.31
& basic lead carbonate 2 2.9 Vac.

*The additional 76 Imp. Gal. of water averaging 0.0005 grams lead per litre represents a loss

" equivalent to 0.06 mole % PbO,
**D4 wash water was adjusted to pH 7.
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TABLE 10

Precipitate Slurry: Settling and Centrifuging Tests
Results of analysis on precipitate dried ot 110°C,
Precipitate obtained from D-Series batches (decant washed)
Free Settling (Flocculant added*) Centrifuging (2000 R.P.M.)
Batch Partion % |ZrO2/ZrOs| PO/ Zr0;|CO:, %|| % |ZrO2/ZrO.| PbO/ZrO;
+Ti0: | + TiO2 + Ti0; | + TiOs

D1 Top 26 0.540 0.652 27 0.501 0.744
Combined precipitates | Centre 27 0.562 0.822 40 0.552 0.791
Bottom 47 0.531 1.366 33 0.570 1.672
100 0.542 1.034 . 100 0.544 1.059
D2 T 30 0.535 0.965 35 0.532 0.957
Co-ppt. oxide hydrates C 32 0.534 0.958 50 0.532 0.968
. B 38 0.532 0.958 15 0.531 0.963
100 0.534 0.961 100 0.532 0.963

D2 T 27 0.534 0.958 4.04

Co-ppt. oxide hydrates C 36 0.528 0.967 414

adjusted to pH 7 B 37 0.530 0.965 4.12

bubbled with CO:(2%)

100 0.530 0.964 4,11
D4 T 26 0.523 0.978 8.70 45 0.525 0.877
Co-ppt. oxide hydrates C 34 0.526 0.975 8.76 27 0.525 1.054
& basic lead carbonatef. B 40 0.525 0.975 8.83 28 0.525 1.052
100 |, 0.525 0.976 8.77 100 0.525 0.974

*Separan

" water analysed 0.02 grams soluble nitrate per
litre contained 0.65 per cent NO; as a spray
dried powder. The resulting loss of lead in
the decant solutions was determined as
approximately 0.06 mole per cent and this loss
would appear to reflect in the value 0.969 for
the ratio PbO/Zr0O; + TiO. (Table 8, D2-2)
as compared to the mean value for this ratio
of 0.977. There was no detectable loss of
zirconium or titanium to any wash water.
Analysis of all precipitation barren solutions
showed them to be devoid of metal values. Lot
D3-3 dry precipitate. (Table 9) also contained
a relatively small amount of nitrate. This was
probably the result of the very slow water
displacement wash with methyl hydrate that
preceded azeotropic distillation.

Table 10 shows the results of an investiga-
tion designed to determine the degree of homo-
geneity of the precipitates obtained in the D
Series test lots. Portions of precipitate were
withdrawn from the washed slurries. Some
portions were subjected to free settling while

other portions were batch centrifuged. If
segregation of components resulted from such
treatment, then homogeneity would not
itecessarily be maintained throughout the
processing steps leading to the dry product.

The free-settled slurry was siphoned off into
three portions representing the top, centre, and
bottom layers, which were filtered, dried and
pulverized. The centrifuged precipitate was
decanted free of solution, dried in the bottle,
and the dry cake split into three portions (top,
centre, bottom), which were pulverized.

The co-precipitated hydrated oxides (Tatle
10 D-2) showed no evidence of segregation.
The ratios indicating stoichiometry were con-
stant for all portions of settled or centrifuged
slurry. Co-precipitated compositions containing
basic lead carbonate (D4) did not exhibit a
tendency to segregate upon free settling. The
lead component did, however, preferentially
settle when the precipitate was centrifuged, as
observed from the variations in the lead oxide
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to zirconia plus titania ratios. The zirconia-
titania relationships were not altered. The
mixtures of precipitates (D1) segregated under
all conditions and all compositional relation-
ships were affected. Precipitates that do not
readily segregate are less susceptible to un-
predictable changes in stoichiometry during
the processing.

Since it was known that basic lead carbon-
ate had better settling characteristics than lead
hydroxide, a second portion of co-precipitated
hydrated oxide slurry (D2) was adjusted to pH
7 while CO: gas (diluted to 2 per cent with
air) was bubbled through a vertical tube con-
taining the slurry. After two days the slurry
was allowed to settle freely and portions were
analysed as described above. Although there
was appreciable conversion of lead hydroxide
to basic lead carbonate, there was neither
improved settling of the precipitate nor any
effect on stoichiometry.

Discussion

There are a number of advantages that are
inherent in the co-precipitation process that
has been discussed in this paper. The pre-
cipitate particle consisted of a chemically-
bound mixture of metal oxide hydrates when
the only precipitant was ammonia, and con-
sisted of a somewhat less tightly bound mixture
of zirconium and titanium oxide hydrates and
basic lead carbonate when the additional pre-
cipitant carbon dioxide was used. The
components of the simultaneously co-precipi-
tated material did not segregate during subse-
quent operations such as washing, settling and
spray drying. Therefore the homogeneity and
stoichiometry of the product were maintained.
This was more desirable than the readily
segregated physical blend of individually pre-
cipitated metal oxide hydrates.

- The intimacy of the mix, resulting from the
co-precipitation procedure, and the unusually
reactive form of the dried precipitate cnabled
the calcining operation to be done at a con-
siderably lower temperature than that required
for the present commercial process. Because
of the lower temperature used in calcining, it
was possible to obtain more easily the required
submicron particle size in the grinding step
prior to sintering. The net result was that
complete reaction and solid solution formation
occurred at substantially lower temperatures
and in less time than were required for finely
ground mixtures of oxide powdersl.

The process should be readily amenable to
continuous operation with control analysis
performed on feed solutions, dry precipitates

and calcined ceramic, Within the limits tested,
neither the concentration of the components in
the feed solution nor the flow rate of this
solution to the precipitation tank had any
effect upon the nature of the product. The
concentrations in solution were limited by
solubilities, optimum precipitate slurry densi-
ties, and by the instability of solutions con-
taining titanium. Solution flow rates to the
precipitation tank were subject to the capacity
limitations of the equipment available. The
retention time in the precipitation step and in
the precipitate washing stages was varied over
a wide range, but there was no evidence, from
subsequent product evaluation, that the varia-
tions had an effect on the product.

The nitrate in the precipitate is believed
to be represented as basic lead nitrate, 5 Pb-
(OH)..Pb(NOs)-3. Since the nitrate is readily
decomposed upon calcination of the precipitate
and appeared to cause no problems in
fabricating the ceramic, it was decided that,
for the present work, the ammonium nitrate
should be washed out of the precipitate and
that the resulting level of 2 to 5 per cent
precipitate-bound nitrate would be quite
acceptable for present evaluations. The quan-
tity of water used to achieve this desired degree
of washing had no adverse effect on the pre-
cipitate if the water was passed through an
activated carbon filter and demineralizer
before use. This water-treatment step was
necessary to remove contaminants such as
silica, iron, aluminum, magnesium and cal-
cium, which would otherwise be precipitated
with, or adsorbed on, the precipitate. A pro-
cess disadvantage was the amount of washing
required to remove the ammonium nitrate from
the slurry. A small number of large slurry
dilutions was required. The use of a larger
number of smaller decantation washes was not
beneficial because of the very slow settling
rates for the precipitate, and the larger settled
slurry volumes obtained in a tank of small
cross-sectional area. When decanting wash
solutions in which the concentration of nitrate
is less than 0.2 gram per litre, settling diffi-
culties increase and there is a possibility that
discarded water may carry colloidal particles
of all components as well as the soluble loss
of lead reported in this paper (precipitate Lots
D2-2 and D2-3). The use of a continuous
centrifuge or, alternatively, continuous partial
filtration equipment may allow efficient de-
‘watering of the precipitate without permitting
formation of caked material and with a
reduced requirement for wash water.

In attempting to obtain a dry powder from
gelatinous hydroxide-type precipitates, two
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TABLE 11

Semi-Quantitative Spectrographic Analysis
Impurities in blended nitrate solutions & co-precipitated oxide hydrates
(Pb++, Zr* +, Ti*+)
Elements (ppm)
Precipitation Test Series Si Fe Al Mg'| Ca Mn Cu
Evaporated Nitrate Feed Soln — Residue i

MR 1TtoMR7 70 60 50 Tr 200 Tr Tr

R1toR8 300 50 80 | 600 | 500 Tr 300
Dry Precipitates No. 57 300 Tr Tr Tr Tr ND 30
No. 62 300 | Tr 20 Tr ND Tr 50
MR 1to MR7 Max. 2000 | 200 100 | 500 | 1000 Tr 40
' Min, 600 | Tr 40 | 300 | 400 Tr 20
R1toR8 Moy, 300} 100 | 100 | 100 Tr 10 300

Min. 20 20 80 Tr ND 5 Tr
D Series (10 lots) Max. 300 | 300 | 20 | 100 | 40 | 10 | 400

Min, ND Tr ND ND ND ND 40

ND = not detected: Tr = truce

facters must be considered. If the precipitate
is filtered, washed and dried at 110°C, it will
become very hard and brittle, requiring.exten-
sive grinding. However, removal of the water

contained in the precipitate by displacements -

with alcohol or acetone was not practical be-
cause the precipitate cake contained 70-75 per
cent water by weight. The cake also cracked
readily when filtered on any type of Buchner
funnel or pan filter and packing of the filter
cake resulted in very low filtration rates. Ace-
tone displacement washing on small lots did
produce a readily pulverized dry material.
Vacuum drying of the filter cake at low
temperature was very time-consuming due to
the large amount of, water to be evaporated,
but it did result in a friable dry precipitate.
Both drying methods described above yielded
material that was non-uniform in both size
and shape.

As previously stated, spray drying the

precipitate slurry yielded a product of very
uniform size and shape, Spray dryer operation,
with a single cyclone collector, resulted in a
92-95 per cent recovery of the oxides. All
products that were either spray dried, or
vacuum dried, contained from 88 to 93 per
cent total oxides. The 12 to 7 per cent re-
mainder was water of hydration plus ecither
nitrate or carbonate in combination with the

lead hydroxide. These diluents were volatilized
during calcination of the precipitate. Spray
drying of the precipitate slurry is rapid and
represents a very satisfactory precipitate
drying method.

The use of carbonate as an additional
precipitant is relevant to the co-precipitation
of strontium as a partial substitution for lead
in future studies. This slurry settled more
rapidly and to a somewhat higher slurry
density than the slurries in which carbonate
was not involved. The precipitate was less
gelatinous, easier to filter and, when dried
under vacuum, was more readily pulverized
than were the precipitates containing no basic
lead carbonate.

The precipitation of lead as basic lead car-
bonate in the work reported here has involved
the addition of ammonium carbonate solution
as a precipitant (Batch D4). In more recent
development work the dispersion of carbon di-
oxide gas, diluted with nitrogen, has proven
to be a very satisfactory method for producing
the basic lead carbonate.

In order to set specific stoichiometric rela-
tionships for the precipitate, the precipitation
feed solutions must be very accurately com-
posited. "Assurance of a precise composition is
obtained at the expense of considerable time
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“coupled with solution metal - concentration

adjustments, are usually required. This dis-
advantage is gradually being reduced in
severity by the development of more rapid
methods of analysis.

The compositional ratio ZrO./ZrO. +
TiO: of the ultimate fired ceramic is fixed by
the relationship actually established in the pre-
paration of the precipitate. The value for the
ratio PbO/ZrO; +4 TiO, of the ceramic may be
changed slightly from the value obtained in the
precipitate by control of the lead atmosphere
above the ceramic body when it is fired.

" Product purily: Table 11 shows the results of

semi - quantitative spectrographic analysis of

- evaporated residues of two composite feed

solutions, and also records the maximum and
mipimum impurity levels for the three series
of precipitates.

Indications are that lead zirconate-titanate
compositions prepared by the precipitation
method from reagent grade source chemicals
are three nines pure or better.

The very appreciable contaminaticn of the
MR Series precipitates was attributable to the

use of Ottawa tap water for precipitate wash-
ing. Consequently, demineralized water was
used throughout the process for all subsequent
production of precipitates.

For the R and the D Series precipitates,
most of the individual lot spectrographic
analyses were very close to the minimum
values recorded in Table 11.

"Reagent consumption: Table 12 presents a

record of the materials that were consumed to
produce one pound of lead zirconate-titanate
dry poewder by the co-precipitation method.
The costs of the reagents are applicable to the
purchase of source chemicals in 100 pound
lots. The process is at the earliest siagz of
pilot plant development and minor economies
are possible in some areas, particularly in
respect to the quantity of diluent gas used
during precipitation, and also in the method
of washing and dewatering the precipitates.
The lead, zirconium and titanium source
chemicals accounted for $1.26 in the total cost
of $3.00 per pound. Cheaper sources of the
three major components would not result in
any great economy. Estimates to cover costs

TABLE 12
Reagent Consumption in the Production of Dry Co-precipitated Oxide Hydrates
Basis: 1 Ib Pb(Zro.s¢ Tio.46)Os
Pounds of Reagent

Preparation of Nitrate Solutions Reagent

Water Ppt. Wash| Total || Cost, per |Cost per

Reagent Sub- || Treatment |Precipi-| and Reagent ||Ib, reagent| {b, Cpd.

PbO | ZrO; | TiO: || Total ||Demineral-} tation | Spray Dry [Consump. $ $
ization) :
Final Product 0.684 | 0.204 | 0.113 || 100 || - — — — — — —
PbO 0684 | — — 0.684 0.684 || 0.65 0.445
ZrOCl; . 8KH:0 — | 0.534 0.534 0534 ((0.75 0.401
Ticl — | — o268 || 0.268 0.268 |[1.56 0.418
HCl — — 10.027 || 0.027 0.704 073 0.175 0.128
HNO; | 0.677 | 0.410 | 0.677 || 1.764 1.764 1] 0.380 0.670
NHs ‘ — ] 0.082 § 0.174 || 0.256 0.6%90 0.066 1.012. |} 0.215 0.218
Ns — —_ — — 1.140 1.140 || 0.344 0.392
NH.NO, — | — |o535] 0535 0.535 ||0.350 0.187
Caustic (Aake) — — —_ —_ 0.323 ) 0.323 |{0.05 0.002
Liq. Propane — —_ — — 2.7 2.7 0.038 0.103
Water (Imp. Gal.)|| 0.5 19 | 18 |75 53.5 91 ||0.034/100| 0.031
Total $3.00
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involved in process labour and analytical
requirements have not been prepared in this
work. Such expenditures, particularly for
analysis, would considerably affect the total
cost per pound of lead zirconate-titanate.

Conclusions

This investigation has dealt with the de-
velopment of a chemical co-precipitation
method for the production of powders having
compositions that are applicable to the fabri-
cation of lead zirconate-titanate electronic
ceramics. Sufficient quantities of material were
produced, batchwise, to allow evaluation of
the process and the product. The results
indicated that:

(@) The feed solution stoichiometry reported
accurately in the product. This capability was
established as being within the order of +0.4
mole per cent for the proportion of lead zir-
conate in the mixture, and within about 0.8
mole per cent for the stoichiometric require-
ment for 1zad oxide.

(b) Batches of powder were reproduced
chemically at a particular stoichiometry. The
results indicated that such reproducibility is
possible to within +0.2 mole per cent for the
ratio lead zirconate to total lead zirconate-
titanate, and to within 0.6 mole per cent for
the ratio of lead oxide to total zirconia plus
titania.

(c) Chemical reproducibility of the product
was achieved when variations in the processing
steps were introduced. It was established that
the following variables had no appreciable
effect on reproducibility and production of a
desired stoichiometry by co-precipitation with
ammonia:
1. Batch size
2. Feed scolution flow rate to the precipita-
tion tank
3. Method used to de-water the precipitate
4. Quantity of wash water, up to 50 Imp.
gal. per pound of oxides
5. Ageing of the precipitate (retention
time at any step)
6. Precipitate drying method.

(d) Precipitate homogeneity was amply demon-
strated for the co-precipitated oxide hydrates.
Co-precipitated material containing basic lead
carbonate remained homogeneous under all
processing conditions except batch centrifuging.

(e) Most of the precipitates, when process
water was demineralized, were considerably
higher than three nines chemically pure PbO.
Zr0;. Ti0..xH.0. )’NO'l zCO:..

(H During the course of the investigation, the
analysts achieved a high degree of confidence
in the appropriate analytical methods applic-

able to control of composition throughout the
process2,

(g) Material from certain lots sintered to
near-theoretical densify and showed electro-
mechanical properties that were considered
very good!.

This method for co-precipitating composi-
tions suitable for electronic ceramic manufac-
ture is considered to be amenable to, and
undoubtedly useful in, the study of other oxide
systems such as the various ferrite compositions
and the barium titanates.
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Introduction

The fabrication of piezoelectric ceramic pieces
from co-precipitated lead-zirconium-titanium
hydroxides has been shown to be feasible, as
reported previously!. In this earlier report, the
effects of some fabrication conditions on the
properties of lead zirconate-titanate ceramics
were discussed. It was shown that the densities
of the sintered ceramics increased with increas-
ing sintering temperature and sintering time,
and: that the electromechanical properties of
the ceramics improved with increasing density.
The various lots of co-precipitated lead-
zirconium-titanium hydroxides, described by
McNamara2, provided an opportunity to in-
vestigate the effects of variations in precipita-
tion and drying procedures on the electro-
mechanical properties of ceramic disks fabri-
cated from these powders.

Outline of Investigations

This paper comprises a description of two
main investigations: (1) a comparison of a
number of lots of powder, known as the D
series, prepared to give nominally identical
lead zirconate-titanate compositions, but differ-
ing in precipitation and drying procedures, and
(2) an examination of the effects of a number
of impurities added to one member of the pre-
ceding series, Lot D1. As a preamble, however,
a short account is also given of an investigation
of an earlier series of powders, the R series.

Comparisons were* made by fabricating
sample disks by cold pressing and sintering,
and by evaluating the properties of these
disks. The most significant properties of the
materials prepared in this investigation are con-
sidered to be the dielectric constants and the
planar electromechanical coupling factors of
the disks after poling in a suitable d-c electric
field, and the chemical composition, with spe-
cial emphasis on the zirconate-titanate ratio
and the excess or deficiency of lead. Informa-

Co-precipitated lead-zirconium-titanium
hydroxides, with and without the pres-
ence of carbonate, have been success-
fully fabricated into lead zirconate-
titanate ceramic test pieces. The effects
of certain processing variables during
the precipitation and drying stages on
the structural, chemical and electrical
properties of the ceramic bodies are de-
scribed. Some difficulties, encountered
during preliminary work in this inves-
tigation and found to be caused by the
presence of impurities, led to an exami-
nation of the effects of various constitu-
ents when added to the calcined precipi-
tates prior to sintering. In particular, the
presence of small amounts of fluorine
and of alumina were found to be very
detrimental to the electro-mechanical
properties of the sintered ceramic body.

tion is also given on the density, grain size

and structure of sample disks, and on the effec-
tive dielectric breakdown strength of the cera-
mics under the conditions encountered in

poling.

Experimental procedures

1. Treatment of powders: The powders ex-
amined in this investigation have been de-
scribed by McNamara2, Those powders that
had been spray-dried consisted of small dis-
crete spherical particles whose volume-mean
diameters, as determined by optical micro-
scopy, lay between 9 and 15 microns, depend-
ing upon the percentage of solids in the slurry
fed to the spray drier; the standard deviations
of the particle size distributions lay between
+4 and +7 microns. The vacuum-dried
precipitates had been crushed to pass a 20
mesh screen. The powders were amorphous to
X-ray diffraction.

Part of each lot of powder was calcined at
700°C for %2 hour and the remainder left
uncalcined. Differential thermal analysis in-
dicated that all detectable reactions were com-
pleted by 650°C; X-ray diffraction indicated
that only the lead zirconate-lead titanate solid
solution was present in samples heated above
this temperature.
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TABLE 2

Some non-electrical properties of lead zirconate-titanate ceramics
sintered from D Series lots of powder
Mole Ratios Mean Grain
Sintered Density PbO ZrO: Diameter |Principal
Lot No. | Powder Preparation | % Theor. (8.0 g/cm®) |ZrO; - TiOs|ZrOs —+ TiO:| (microns) | Phase

D2-1 |slurry 7% solids 99.3 1.007 0.527 2., Tetrag
spray dried

D2-2 | siurry 8% solids 98.0 0.986 0.528 1o Tetrag
spray dried

D2-3 | filtered and vacuum 99., 0.989 0.527 2.0 Tetrag
dried

D3-1 | slurry 3% solids 99.5 1.004 0.528 To Tetrag
spray dried

D3-2 | slurry 22% solids 99.6 0.993 0.528 le Tetrag
spray dried

D4-1 | carbonate ppt, slurry 99.0 1.013 0.523 2, Tetrag
4% solids, spray dried ;

D42 | carbonate ppt, filtered 98.0 0.996 0.522 ls Tetrag
& vacuum dried

Mean 99.. - 0.998 0.526 le

Std. Dev. +0.4 *+0.010 =+.003

D1-1 | combined ppts, slurry 99.4 0.998 0.536 24 Tetrag
10% solids, spray dried

D1-2 | combined ppts, filtered 99.s 1.002 0.533 ls Rhombo
& vacuum dried

D3-3 | filtered & dried by dis- 99.4 1.009 0.528 2.5 Tetrag
tillation under benzene

Samples pressed at 40,000 psi, sintered at 1240°C for 2 hours.

those at fields of 1 kV/cm or more, for which
a special arrangement of the bridge was em-
ployed. The planar coupling factor was deter-
mined by resonance-antiresonance measure-
ments in accordance with the appropriate IRE
Standards3. Sample resistivity was determined
from two-terminal measurements with a meg-
ohmmeter, after two-minute electrification at
500 volts.

4. Chemical analysis: One sintered disk from
each lot was analyzed for PbO, ZrO. and
TiOs by the following method. A two-gram
sample of the crushed disk was fumed with
concentrated sulphuric acid and ammonium
sulphate until decomposition was complete.
The solution was diluted to 10% * H.SO. con-

*All acid concentrations are in per cent by volume,

centration, boiled to dissolve the zirconium
and titanium, cooled, and filtered to collect the
PbSO.. The sulphate residue was retreated to
dissolve entrapped zirconium and titanium
salts, and the filtrates were combined and made
to a volume of 200 ml.

Zirconium was determined by taking an ali-
quot of the filtrate to dryness, dissolving the
salts in 15% HCI, and following the standard
mandelic acid procedure.

Titanium was determined by adding 30%
H:O: to a suitable aliquot of the filtrate solu-
tion and making up to volume while adjusting
acidity to 10% H.SO.. The titanium concen-
tration was measured colorimetrically by a
differential technique.

The lead sulphate collected was decom-
posed with ammonium acetate and the lead
precipitated as lead chromate. The lead chro-
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mate was filtered through a Gooch crucible
and weighed. .

5. Microscopical and X-ray examinations:
Grain sizes were estimated on selected disks,
two from each lot in the case of the D series.
Polished sections were etched with 0.2% HCI
to which a trace of HF had been added. They
were examined with a micrometer eyepiece,
and the diameters of all grains intersected by
the scale base line in each of three fields were
measured.

X-ray powder diffraction patterns were
taken on one disk from each lot. Copper Ka
radiation was used with a 114.7 mm diameter
Debye-Scherrer camera.

Comparison of powder lots
of the R series
1. Introduction: The powder lots ‘of the R

R

scries were nominally of the same composition
and were precipitated and dried by uniform
procedures. Spray-drying was carried out from
a slurry containing 3% solids, as indicated by
McNamara.?

When the first ceramic samples were made
from these powder lots, the planar coupling
factors were found to be much lower than ex-
pected for samples of this composition and
density. At that time parts of Teflon were
present in the Trost Jet Mill used for commi-
nuting the powders, and preliminary studies -
of the effect of certain impurities indicated that
these parts might constitute a source of
fluorine contamination that was detrimental
to the properties. When these parts were re-
moved and replaced by polyurethane, the
properties of ceramics made from the milled

TABLE 3

Some electromechanical properties of lead zirconate-titanate ceramics
sintered from D Series lots of powder

Poling Field  30kV/em. Poling Field 40kV/cm.
T .
Lot No. Powder Preparation kp Kss kp % breakdown

D2-1 slurry 7% solids 0.43 1181 0.56 . 0
spray dried

D2-2 slurry 8% solids 0.38 1146 0.49 83
spray dried .

D23 filtered and 037 1189 0.49 50
vacuum dried

D3-1 slurry 3% solids 0.47 1149 0.54 a3
spray dried

D3-2 slurry 22% solids 0.46 1160 0.53 0
spray dried

D441 carbonate ppt, slurry 0.50 1182 0.¢0 50
4% solids, spray dried

D4-2 carbonate ppt, filtered 0.40 1209 055 33
& vacuum dried

Mean 0.43 174 0.54 —

~ Std. Dev. . among lots *+0.05 +23 #+0.04
Std. Dev. within lots #+0.03 *+43 *+0.02

D11 combined pits, slurry 0.42 906 0.49 17
10% solids, spray dried '

D1-2 - | combined ppts, filtered 0.52 8G9 0.55 17
& vacuum dried

D3-3 filtered & dried by dis- 0.38 1023 0.46 0

- tillation under benzene

Samples poled at 100°C; 10 minutes at 30kV/cm, 5 minutes at 40kV/cm.
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TABLE 4

Some effects of silica additions on properties
of lead zirconate-titanate ceramics

Lead
Zirconate with 0.5
Titanate wt%
Property Lot No. |- Control Silica

Coupling D12} 0.53 0.38
foctor ky,
(poled at 17-62 0.55 0.38
40kV/cm)
Average D1-1 1., 3.
grain
diameter 17-62 9 23
(microns)
Weight D11 —0.7 +1.5
change on
sintering 17-62 —0.6 +3.2
(per cent) I

Lot D1-1, sintered 1240°C for 1 hour.
Lot 17-62 sintered 1225°C for i hour.

powders improved to the level indicated in
Table 1.

2. Procedure: Preparation and testing of
samples were in accord with the general pro-
cedures already described; all samples wére
fired at 1280°C for 2 hours. Both calcined
and uncalcined powders were used in pre-
paring the disks.

3. Results and discussion: As the lot numbers
given in Table 1 indicate, there were originally
seven members of the R series, but, because
of the initial difficulties with fluorine contam-
ination already mentioned, only four of these
were evaluated completely. The figures given
are averages based on the results from both
calcined and uncalcined powders, since there
scemed to be no systematic differences in the
properties of disks fabricated from each. It
is clear that satisfactory results were obtained
from Lots R4, RS and R6, after solving the
problem of fluorine -contamination. which
will be discussed in greater detail later. The
properties of Lot R7 are significantly poorer
than those of the others, however, and the
reasons for this are not yet clear.

Comparison of powder lots
of the D series

1. Introduction: The powder lots of the D
series were of nominally identical composition,

but differed in the precipitation and drying
procedures employed. Lots D2 and D3 were
co-precipitated with ammonia, then subjected
to various drying procedures as indicated in
Table 2, including spray drying with various
densities of slurry, vacuum drying, and azeo-
tropic distillation under benzene. In the D4
lots, ammonium carbonate as well as ammonia
was employed in the co-precipitation proce-
dure, so that the lead was brought down as
a basic lead carbonate rather than as the
hydroxide. In the D1 lots, the three metal
hydroxides were precipitated separately in
different vessels, and then combined in the
proper proportions to yield the desired stoi-
chiometric ratios, as has already been de-
scribed.? The main purpose of this investigation
was to determine whether these differences in
procedure had an appreciable effect on the
properties of ceramics made from the powders.

2. Procedure: The preparation and testing of
ceramic specimens was in accord with the
general procedures described earlier in the
paper. As indicated in Figure 1, a portion of
each powder lot was calcined at 700°C, and
the remainder uncalcined. Sintering was done
at 1240°C for 2 hours. For each lot, 3 samples
prepared from calcined powder and 3 from
uncalcined powder were evaluated. The test
specimens from a given lot were sintered in
pairs, one calcined and one uncalcined, in
three differeat cycles. The position of disks
from a given lot was varied from cycle to
cycle. Sample breakage, particularly among
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Figure 2. Effect of SiO: on planar coupling co-
efficient and dielectric constant (Lot
D1-1, sintered at 1240°C for 1 hr., poled
36 kv/cm).
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those made from uncalcined powder, neces-
sitated some variations in this procedure.

3. Results and discussion: It is clear from
Table 2 that ceramics of high density could
be sintered from all of the powders. Except
for higher breakage and increased shrinkage
on firing, samples made from uncalcined
powder exhibited no significant differences in
'properties from the others; the property values
quoted in the tables are therefore averaged
over all samples for each lot.

The mole ratios given indicate that the
zirconate-titanate ratios agree well with the
analyses on powders given by McNamara?
and, with the exception of the D1 lots, are
quite uniform. The ratio of lead oxide to
zirconta plus titania indicates that the lead
oxide content increased slightly on sintering.
This -could be the result of pick-up from the
lead oxide atmosphere provided by the lead
zirconate disks; the lead content appeared to
be affected slightly by proximity to these disks.
There are no significant differences in grain
size or structure; all lots except D1-2 showed
a preponderance of the tetragonal phase, but
all of the compositions are very close to the
rhombohedral-tetragenal phase boundary.

In Table 3, it is indicated that the average
dielectric constant and the coupling factor at
40 kV/cm for the first seven lots are slightly
hxgher than the best values previously pub-
lished for an unmodified 52/48 composition
(KT, =730, kp=0.53).' There are significant
differences between lots in coupling factor,
though not in dielectric constant. Lots D1-1,
D1-2 and D3-3 are separated from the others
in Table 3 because of the wider differences
exhibited; particularly significant are the lower
values of dielectric constant for the D1 lots
and the low coupling factor of D3-3.

The variations in breakdown strength, ex-
pressed as the percentage of samples breaking
down by the end of the 40 kV/cm poling
process, are especially noteworthy, particular]y
in view of the close similarity in processing
between Lots D2-1 and D2-2, for example.

Despite the variations in properties discussed
above, however, it should be emphasized that
none of thess variations can be related in any
systematic way to whether spray or vacuum
drying was used, to the density of the slurry,
or to the presence or absence of carbonate in
the precipitate.

Effects of certain impurities

on the properties of lead
zirconate-titanate ceramics

1. Introduction: A study was undertaken to
determine the effects of small amounts of

TABLE 5
Some effects of fluorine additions on properties
of lead zirconate-titanate ceramics
with
Property Addition | Control | Fluorine
PbF, (0.05
Coupling wt% F) 0.53 0.18
factor kp CaF2 (0.1 .
{poled at wt% F) 0.49 0.01
40kV/cm) Teflon (0.1
wit%%) 0.49 0.05
Dielectric PbF, 1164 1179
: CaF. 1162 (920)
Constant Kas Teflon 1162 1007
Electrical PbF. 6x10-" | 12x10-%
Conductivity CaF: 2x10-" 5x107"
ohm=' metre=*|{ Teflon 2x10-* | 14x10-°M
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Lot D1-1, sintered 1240° for 1 hour.

added impurities on the electromechanical
properties of lead zirconate-titanate ceramics.
The impurities chosen for study were those
that. might be expected to enter the material
from the initial reagents or during the pro-
cessing. It was hoped to determine which of
these impurities must be controlled most
rigorously and at approximately what levels
they might be tolerated. It is known that there

are certain additives, such as Nb.O;* and
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Figure 3. Effect of Fluoride (added as PbFz) on

planar coupling coefficient (lot D1-1 sin-
tered ot 1240°C for 1 hr. poled 36
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Bi;O; %, that improve some of the electrical
properties of lead zirconate-titanate ceramics,
but the present investigation was not speci-
ficially designed to find other additives with
beneficial effects.

The importance of a knowledge of the

effects of impurities can be illustrated by con-.

sidering certain difficulties encountered during
examination of various lots of co-precipitated
lead-zirconium-titanium hydroxides. One series
of powders, described as the MR series by
McNamara? had a high impurity content and
showed almost negligible planar coupling co-
efficients after poling. All the impurities found
in two lots from this series are included in the

" present study. Another series of powders, pre-
viously referred to as the R series, was first
comminuted in a mill lined with Teflon; these
samples also exhibited rather low planar coup-
ling coefficients. When portions of the same
lots were comminuted in a mill lined with
polyurethane, the better properties quoted
earlier, in Table 1, were obtained.

2. Procedure: The impurities to be studied
were added to Lot D1-1 after it had been cal-

cined at 700°C and milled. Silica was also
added to a sample of Lot 17-62, after calcining
at 650°C and milling. Mixing was carried out
in an agate mortar. Most of the impurities
were added either as the oxides or as the car-
bonates; sulphate, chloride, and phosphate
were added in the form of . standardized
solutions of the respective acids. Fluorine was
added as lead fluoride, and also, to a separately
milled batch of powder, as calcium fluoride
and as Teflon. '

Sample disks were prepared and tested in the
manner indicated previously; they were fired
at 1240°C for 1 hour. In order vo permit a
study of dielectric breakdown during poling,
the poling field was increased in 2 kV/cm
steps, starting at 30 kV/cm, the voltage being
applied for 5 minutes and turned off for 10
minutes before going on to the next step. The
samples were withdrawn for evaluation at the
30, 36 and 40 kV/cm levels.

3. Results and discussion: From Figure 2 it
can be seen that silica depresses both the di-
electric constant and the planar coupling factor
of the lead zirconate-titanate ceramics; the

TABLE 6
Effects of some odditions on electromechanical properties
of lead zirconate-titanate ceramics
T Dissip. Factor | Breakdown Field
Addition Wt % Kes kp (at 1 kV/cm, 1 ke) (kV/ cm)
None : — 1164 0.53 0.044 43
ALO, 0.25 1093 0.22 0.032 43
CaO 0.25 1180 0.55 0.034 42
Na:0 0.25 736 0.54 0.040 45
Sulphate 0.25 SO: nm 0.52 0.045 4
Chloride 0.25 Cl 1202 0.54 0.041 41
Phos;:haie : 0.25 P.Os 1147 0.46 0.039 42
MnO; 0.1 1174 0.53 0.044 42
V205 A 1037 0.44 0.040 42
CvOo 0.1 958 0.53 0.034 42
NiO 0.1 832 0.56 0.034 42
None —_ 1150* 0.50* 0.044 4
Mgo 0.25 769* 0.43* 0.038 39

Lot D11, sintered 1240°C for 1 hqur, poled 5 minutes at 40kV/cm and 100°C, except * poled at

36kV/em,

Changes that appear significant are in italics.
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effect' seemes to be non-linear with con-
centration. Examination of polished sections
of disks with added. silica indicated the pres-
. ence of an intergranular phase that appeared
to have been molten at high temperature.

Probably the silica formed a lead silicate flux;

some of the lead oxide for this flux could
have been drawn from the lead oxide atmos-

phere in the furnace, since the disks gained’

weight in sintering (Table 4). The grain growth

indicated in Table 4 was probably facilitated -

by the flux. It is also likely that the presence
of the intergranular phase is significant with
regard to- the reduction in planar coupling
-factor. The effect of silica is the same in the
two lots of powder to which it was added.

The addition of'lead fluoride produces a
marked decrease in planar coupling coefficient;
as shown in Figure 3, this decrease is pro-
portional to the weight of additive, The results
shown in Table 5 indicate that the addition
of calcium fluoride or Teflon also produces

“a lowering -of the coupling coefficient. It
was -observed. that control samples, sintered
together with disks to which fluoride had been
added, also exhibited a deterioration in prop-
erties. Transfer of volatile fluoride in the
furnace is indicated. The increase in electrical
conductivity observed with increasing fluorine
content may give an indication of the nature
_of the mechanism involved. The ionic radius
'of F— (1.36A, Pauling’s value) is very closs
to that of the O* ion (1.40A°). A substitution
of F- for O* would require a compensating
valence change in one or more of the cations,
probably titanjum. The presence of a small
content of Ti*®'** jons would be expected to

increase the electrical conductivity by cation-

cation electron transfer between Ti**'** and
Ti“"n..

The effects of the other impurities are
summarized in Table 6. It will be noted that
the oxides* of sodium, copper, nickel and
magnesium reduce the dielectric constant,
whereas the presence of alumina, phosphate,
vanadium pentoxide or magnesium oxide was
detrimental to the planar coupling factor, the
effect of alumina being particularly severe.
Phosphate additions also appeared to produce
a slight amount of grain growth and some
increase in specimen weight during sintering;
probably some lead phosphate was formed
by reaction with lead oxide in the furnace
atmosphere.

Calcium oxide, manganese oxide, sulphate
and chloride appear to produce insignificant

*]t is assumed that the carbonates had decomposed
to the oxides during sintering.

E:h:fnges in propertfes at the levels indicated;
it is probable that the latter two were vola-

_ tilized at the sintering temperature.

The only additive having a significant effect . .
on dielectric breakdown was magnesium oxide.
Since none of the samples containing this
additive survived to 40 kV/cm, property values
after poling at 36 kV/cm are given in the table.

. Since thermal breakdown effects are significant

under the conditions to which the samples are
subjected during poling, the results of the
breakdown tests will depend to a considerable
extent on the method of mounting of the
samples and the effectiveness of cooling. In
this experiment, the samples were poled in
groups of 16, and it is believed that the
differences " in treatment between individual _
samples were negligible. It would be difficult,

" however, to-compare the results directly with

those of other workers.

Summary

The electromechanical properties of cera-
mics fabricated from lots of co-precipitated
powder did not appear to vary systematically
with the following changes introduced in the
co-precipitation and powder drying proce-
dures:

(a) changes in pulp density of the slurry fed to
the spray drier,

(b) changing from spray drying to filtering
and vacuum drying,

(c) the use of carbonate as well as hydroxide
as the precipitating agent.

The successful fabrication of disks from the
carbonate precipitate is significant since certain
common additives, such as strontium, would
be most conveniently co-precipitated in the
form of the carbonate. There were, however,
variations in electromechanical properties from
lot to lot that have not been correlated with
changes in chemical composition, crystal
structure, or grain size of the ceramic. On the
other hand, certain powder preparation pro-
cedures did appear to affect adversely the
electromechanical properties of the ceramics.
These procedures were separate precipitation
of the hydroxides, followed by mixing of these
precipitates, and drying the precipitate by
azeotropic distillation under benzene.

The presence of fluoride, alumina, silica,
vanadium pentoxide or phosphate was shown
to lower the planar coupling coefficient of
the lead zirconate-titanate ceramics. The
oxides of magnesium, copper, nickel, and
sodium were shown to decrease the dielectric
constant.
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3-Gram Sample, Dissolved and Diluted to 500 ml at 20°C

20 ml aliquot

Separate lead by
solvent extraction
from tartrate medium

Solvent Layer:

Destroy organic Destroy

Aqueous Layer:
organic

50 ml aliquot

Remove lead by
precipitation as
sulphate

Fume off
excess sulphate

Adjust acid
Dissolve in buffer concentration
Precipitate
zirconium
Develop peroxytitanate as zirconium
colour mandelate

Titrate with EDTA;
Xylenol Orange
indicator

Calculate as PbO

Lead

lead titanate precipitates.

was expected to be present in the powders to
be analysed, it was not considered necessary
to take any special steps on this account.

Zirconium: Zirconium is determined by a
conventional mandelic acid gravimetric pro-
cedure*. The solution is first fumed down with
sulphuric acid to precipitate the bulk of the
lead and the silica, which are filtered off. Zir-
conium is then precipitated from the filtrate
with mandelic acid. The original precipitate
is redissolved and the zirconium is precipitated
again with mandelic acid to ensure complete
removal of lead and silica.

Titanium: The aqueous extract resulting from
the solvent extraction removal of lead, which
contains all the titanium and zirconium present
in the original aliquot, is treated with sulphuric
and perchloric acids to remove the tartrate it
contains. The colour of the titanium-hydrogen

Titanium

Figure 1. Analytical scheme for the determination of lead, titanium and zirconium in lead zirconate-
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Measure absorbance
~ differentially
with a spectrophotometer

Ignite,
weigh
as ZrO,

Calculate as TiO.

Zirconium

peroxide compound is then developed in the
solution without removal of the zirconium.
Colour development takes place in 20% sul-
phuric acid of closely controlled concentration;
aliquots of standard solutions are taken with
volumetric equipment that has been restan-
dardized for use with this medium; and the
colour of the sample is compared with that of
the standards, using the high-precision (dif-
ferential) absorptiometric technique of Neal®.
The diflerential technique theoretically permits
a tenfold increase in precision over methods
using direct spectrophotometric measurement.
The actual precision found (given later in this
report) represents about a fourfold increase
over that of the direct method.

Experiments to establish accuracy: The accu-
racy of an analytical method for a particular
type of material in the absence of similar




TABLE 1

" Recovery of lead from synthetic solutions by the solvent extroction-
EDTA titration procedure
Lead Other Mctals Present Extraction
Added, Zirconium, Titanium, Step Lead Found,
Test mg PbO mg ZrO; mg TiO: Used mg PbO
1 26.84 — — no 26.84
2 26.84 — — yes ’ 2684
3 26.84 20.0 33.4 yes 26.80
4 53.68 20.0 33.4 yes 33.60; 53.77
5 134.2 60.0 100.1 yes 134.3;135.2
6 151.4 40.0 250 yes 151.3; 1513
7 542.7 250 336 yes 542.8; 542.6

A S A

standard material of known composition, is
usually inferred from experiments on the
recovery of the elements in question from
synthetic mixtures in which they are present in
known amounts. Synthetic mixtures were
therefore prepared using lead metal of known
purity, NBS standard titanium dioxide, and
samples of commercial high-purity zirconium
dioxide. The purity of this latter material was
not known definitely but the specification
value was assumed to be correct. Each com-
ponent was weighed separately, the dry com-

ponents were combined, and the mixture was
taken completely into solution. In this way,
errors due to sampling of an incompletely
mixed material were avoided.

Experiments to ecstablish precision: To test
the precision of the methods, four actual
samples were used.. Three solutions were

* prepared from each sample, starting with a

separately weighed portion, and each solution
was analysed for each of the three com-
ponents. This gave twelve measurements for
each method, or thirty-six analyses in all. A

TABLE 2

Defermination of lead in intermediates used in the production of lead
zirconate-lead titanate ceramics: Comparison of the volumetric
procedure with conventional gravimetric procedures (Ref. 3)

Other Constituents

Lead Found, as PbO

Gravimetric Methods*

Present
Sample ZrO., TiO:, NOs, A, B, Present Method,
Solutions g/1 g/1 g/ g/1 g/ g/l
1937 567 | 1.50 30.3 15.05; 15.03 15.25; 15.30
1938 1.35 3.18 26.0 8.93; 8.84 8.88; 8.88
2455 5.55 1.93 — 15.20; 15.17 | 15.25; 15.25
2456 5.57 1.58 — 14.06; 14.07 | 14.12; 14.09
Solids % % % % % % %
2121 17.0 10.24 0.53 63.06; 62.89 63.61; 63.46
2667 15.9 10.36 0.33 57.59; 57.59 57.73; 57.79

* Gravimefric Methods:
A. Precipitation and weighing as lead sulphate.
B. Same as A, but with electrolytic recovery of lead passing thraugh into the filtrate.

|
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TABLE 3

Recovery of zireonium from synthetic lead-zirconium-titanium mixtures:
Comparison of solvent extraction with lead-sulphate precipitation for lead removal
- Zirconium Other Metals Present
Added, lead, Titanium, Lead Recovery,
Test mg ZrO- mg PbO mg TiO. Removed %
1 100.4 None 24.5 — 100.6
2 100.2 378.5 31.2 As PbSO, 98.1
3 100.9 340.0 24.6 As PbSO, 98.9
4 100.9 3400 24.6 By solvent 97.5
extraction

statistical analysis was then carried out on the
data obtained.

Results and discussion

Accuracy — Lead: Table 1 shows the results
of the tests on the recovery of lead from
synthetic mixtures containing varying amounts
of the three components. The average re-
covery of this set of tests was 100.04%.
Table 2 compares the recovery of the volu-
metric method with that of two modifications
of the gravimetric lead sulphate method
previously in use. The increase in recovery
using the new method is evident.

Zirconium: Table 3 shows typical results for
the recovery of zirconium from synthetic
samples. The slightly high result for Test 1
is probably due to incomplete removal of
silica in the absence of lead. The low results
in Tests 2 and 3 are due, at least in part, to
co-precipitation of zirconium by lead sulph-

ate. This was confirmed by analysis of
combined lead sulphate precipitates from a
large number of analyses, which indicated a
loss from this source of 0.5%. The other
source of loss appears to arise as a result of
the fuming with sulphuric acid. Untreated
zirconium solutions, even those containing
small amounts of sulphate ion, yield precipi-
tates which settle quickly and filter well.
Solutions that have undcrgone a fuming step
often yicld a fine precipitate which requires
up to 16 hours to approach quantitative de-
position and which tends to pass through the
finest filter papers. The cause of this behaviour
is not known, but it may be the formation of
hydrolyzed zirconium-bearing particles of
zero chargeb. Removal of lead by solvent
extraction docs not solve the problem, since

the nccessity of destroying the tartaric acid

also involves a fuming step. Furthermore,
silica must be removed, which requires a
fuming slep in any case. Work on alternative
methods is procecding, but in the meantime a

TABLE 4

Recovery of titanium from synthetic lead-zirconium-titanium mixtures:
Comparison of lead-sulphate precipitation with solvent extraction for lead separation

] Other Metals Present

Titanium -

Added, Lead, Zirconium, lead Recovery,

Test mg TiO; mg PbO " mg ZrO: Removed %
1 25.02 — — — 9975
2 24.50 — 100.4 — 99.70
3 24.82 3783 100.2 As PbSO, 99.40
4 24.60 340.0 100.9 By solvent 100.02
exlraction
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TABLE 5

Precision of the lead determination on lead zm:onoie-
lead titanate precipitote somples )
Llead os PbO, %
Sample
No. 1 2 3 Average
R4 ' 60.50 60.49 60.45 60.48
R5: 59.95 59.94 59.96 59.95
R6 60.08 60.09 60.11 60.09
R7 60.45 60.49 60.53 60.49
Sfcndord deviotion = = 0.026
Relative standard deviation = == 0.044% of the amount present
Confidence limits, Ly,
for the average of three determinations = == 0.066

rigidly standardized procedure is used, and
lack of quantitative recovery is corrected for,
_ assuming a constant loss of 1% of the amount
- indicated.by the analysis. .
Titanium: Table 4 shows typical values for
the recovery of titanium from synthetic mix-
- tures, and it will be seen that a slightly higher
recovery of titanium was obtained with the
solution from which the lead had been re-
.- moved by solvent extraction.
Precision: The data from the precision studles
were cvaluated statistically by the methods of
" Dean and Dixon?. The results of the analyses
and of the statistical calculations are given in
Tables 5to0 9.
Tables 5, 6 and 7 give the original analytical

results for lead, zirconium and titanium
respectively, and, in addition, the standard
deviation, the relative standard deviation, and
the 95% confidence limits for the reported
percentage values of each of the three
constituents.

The same statistical information, calculated
for the mole percentages of the three con-
stituents, is shown in Table 8. Table 9 shows
the corresponding values for the molar ratios.
It will be observed in these latter tables that
the standard deviations tend to approach each
other, This is due, of course, to the fact that
the results of all three determinations enter
into each calculation.

Finally, Tablc 10 compares the values

TABLE 6

Precision of the zirconium determination on lead zirconate-
lead titonate precipitate samples

Zirconium as ZrO:, %
Sample R et - .
No. ] ’ ) 2 3 Average
R4 17.50 17.49 17.47 17.49
R5 17.36 17.42 17.49 17.42
R6 17.46 17.43 17.44 17.44
R7 17.42 17.49 17.45 17.45
Standard deviation = == 0.039
Relative standard deviation = == 0.22% of the amount present
Confidence limits L.
for the average of three determinations — = 0.096
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TABLE 7

Precision of the titanium determinotion on Jead zirconate-

lead titanate precipitate sumples

Sample
No.

Titanium_as Ti0,, %

1

R4 10.24
R5 10.19
R6 10.22
R7 10.24
Standard deviation == =+

Relative standard deviation ==
Confidence limits, L.,
for the average of three determinations =

2

3

Average’

10.22
10.19
10.26
10.26

10.24
10.18
10.26
10.26

10.23
10.19
10.24
10.25

0.013

=+ 0.13% of the amount present

=+ 0.033

TABLE 8 .

Precision of the reported values of the elements, calculaled as mole percentages
for one lead zirconate-lead titanate precipitate sample (R4)

Element

Mo|e %'
Average of
Three
Determinations

Lead (as PbO)
Zirconium (as Zr0O,)

Titanium (as TiO.)

Standard
Deviation of
a Single
Determination

Confidence Limits,
L9S,
for the Average of
Three Determinations

50.089
26.235

23.700

* 0.036
* 0.045
=+ 0.032

* 0.09
* 0.1
+: 0.08

TABLE 9

Precision of the reporied values of the elements, calculated as molar ratios,
for one lead zirconate-lead titanate precipitate sample (R4)

Molar Ratio, Standard Confidence Limits,
Average of Deviation of L 95,
Three a Single for the Average of
Ratios of Oxides Determinations Determination Three Determinations
Pbo/ZrO:; + TiO: 1.0035 =+ 0.0015 =+ 0.0038
Zr0./ ZrO; + TiO: 0.52561 =+ 0.00056 =+ 0.0014
TiO2/ ZrO:  TiO- 0.47439 =+ C.00071 =+ 0.0018
obtained in this study by the Chemical Conclusions

Analysis Section for the percentage composi-
tion of the sample with the values obtained in
Sciences Division's analytical
chemistry laboratory. These values are also
the average of triplicate determinations.

the Mineral
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The methods described here have been
successfully applied to the determination of
the relative proportions of lead, zirconium
and titanium oxides in powders used for the
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TABLE 10

Interlaboratory comparison of the chemical analysis results for
typical lead zirconate-lead titanate precipitate samples

Mineral Sciences Division Extraction Metallurgy Division
Analytical Chemistry Laboratory* Chemical Analysis Laboratory
- lead Zirconium Titanium Lead Zirconium Titanium
Sample as PbO, as ZrOg, as TiO, as PbO, as ZrO., as TiOy,,
No. % % % % T % %
R4 60.41 17.37 10.22 ©60.48 17.49 10.23
RS 59.97 17.21 10.20 59.95 17.42 . 109
R6 60.21 17.37 10.31 60.09 17.44 10.25
R7 60.56 17.44 10.33 60.49 17.45 10.25

*From Internal Report MS-AC-2113 of the Mineral Sciences Division, dated December 1, 1964,

production of electronic ceramics. Studies of
accuracy and precision show that they are
adequate for. characterizing individual samples,
and for differentiating between samples that
vary only slightly in molecular composition.
Of the three methods used, only that for
zirconium appears to offer scope for signifi-
cant improvement; experimental studies to thls
end hre under way. ‘
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