Lawrence Berkeley National Laboratory
Recent Work

Title

INTRINSIC NON-STOICHIOMETRY IN SINGLE-PHASE LEAD ZIRCONATE-TITANATE: I,
Fb(Ti.5Zr.5)03

Permalink

https://escholarship.org/uc/item/8cz5glgh

Authors

Holman, R.L.
Fulrath, R.M.

Publication Date
1971-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8cz5g1qh
https://escholarship.org
http://www.cdlib.org/

Subznitted to Journal of

American Ceramic Society

INTRINSIC NON-STOICHIOMETRY IN SINGLE-PHASE

LEAD ZIRCONATE-TITANATE: I, Pb(Ti 5Zr
R. L. Holman and R. M. Fulrath
August 1971
AEC Contract No. W-7405-eng-48

N

-

For Reference

Not to be taken from this room

)

5

LBL-147 o
Preprint. “.

)O

3

\

_ s

LYY =TT



DISCLAIMER

‘This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, -or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any

. information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product
process, or service by its trade name, trademark, manufactuter, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-iii- LBL-147
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Inorganic Materials Research Division, Lawrence Berkeley Laboratory
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ABSTRACT

Two-phase crucibles made of lead zirconate titanate with small

additions of either PbO or (Tier x)Oz can provide constant lead oxide

1-
"activities, and permit studies to be made of intrinsic non-stoichiometry
"by thermogravimetric analysis. Alternate eqﬁilibration of a.sampie with
high and low lead oxide activity crucible-atmbspheres allows a determina;
tion of the width of the single phase‘region. The width of the

05'
1100°cC.

Pb(Ti _Zr 5)03 single phase region'was found to be 2.48 mol% FbO at
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I; Introduction
The attainment of a single-phase lead zirconate titanate with con-
sistent dielectric properties requires a reproducible control of
stoichiometry. Webster et al.l have observed that degrees of PbO
deficiency effect the piezoelectric prqpertiest And more recently,
Atkin2 observed a stoichiometry effect on the sihterability of
O3 and-suggested the existence of a rather wide single<phase

PbTi  Zr

575
region relative to the PbO content on the basis of reaction weight changes.
To date, phase equilibriaiinvestigations in the lead zirconate-titanate
system have not determined the width of Pb(Tierl_x)Og sinéle—phése
regions.

3

It has.been shown recently~ that one can control the extrinsic
stoichiometry of lead zircecnate-titanate by controlling the. lead oxide
vapor pressure. This technique may be extended to determine the width

of any Pb(Tier x)03 single-phase region, utilizing thermogravimetric

1-
enalysis with atmosphere control. Thermbdynamically, when a single~phase
PZT sample ﬁas a different lead oxide aéti§ity than that provided by the
atmosphere, reaction will occur until the sample7;ﬂawéﬁgmé%ﬁﬁgﬁhéfé“haweg-~§;xw
Athe same PbO activity. ‘;f the sample is small, if will alter its
stoichiometry, by either gaining or 1osing‘Pb0, until an equilibrium
activity balance is attained. The sample's gompésition will then remain

fixed for as long as the atmosphere provides the constant lead oxide

activity5



II. Experimental Procedure

(1) Technique

A single-phase, high purity and porous Pb(Tierl_x)Os sample is
alternately "equilibrated" with the PbO vapor pressure established by
PZT crucibles fabricatedAiq givé fwo—phase compositions that'provide
different constant lead oxide acti#ities. | '

The_genéral form of the PbO éctivity-composition diagram at a con-
stant temperature (1100°C) is illustréted in Eig..l, and gpplicable to
analysis of all PbO-(Ti Zr,

two-phase mixture of PZT with excess PbO. Composition B refers to a two-

)02 "binaries." Composition A refers to a
phase mixture of PZT vith excess (Tierl_x)Oz. Composition C designates
the initial stoichiometry of a single-phase sample. The exact location
of C is dependent upon the material's processing history.

The sample, activity C, is first equilibratéd with the atmosphere
provided by a crucible of composition A. The activity difference Between
the sample and the crucibie, assisted by the high vapor pressure of PbO
at temperature,* causes ﬁhe sample to gain weight, PbO, until its -
activity is raised to eqﬁal that 6f the crucible of activity A. This is
shown in Fig. 2a. Weight gain wi}l stop at composition point D, fixing
~one side éf the single-pﬁase region. The sample will continue to main-
tain this weight for as long as the crucible is at“thewsamemconstﬁgﬁiﬁ_“
activity. | .

Next, this sample, now with activity D, is "equilibrated" with a

~ crucible of composition and activity B. The new activity difference.

¥The vapor pressure of PbO sbove PbTi SZr 503 + .02(Ti 5Zr 5)Oz'"is
approximately 5x10~" atm at 1100°¢. 4 7 2 IR

\‘.,_

e
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causés the sample to lose weight to the atmosphere, until as in_Fig. 2b,
point E is attained. This point defines the low activity side of the
single-phase region. HKence, the weight change (loss), D to E, should
exactly correspond to the ﬁmle width bf the single-phase region.

Reversibility is possible by replacing the sample at activity E; in
the first crucible of high activity A, and rgturning, at temperature, to
point D with the same weight change (gain)-as.befores

(2) The PZT Crucible

The desired crucible composition was obtained by homogeneously
mixing correct proportions of the high purity oxides of lead, titanium
and hafniumrfree zirconium. Appréximately 3QO.grams of the selected
composition was isostatically pressed (30,000 psi) about a tapered stain-
less steel plug (1-3/4 in. x 7/8 in. dia.). Carefully sawing the top of
tﬁe resultant shape allowed the removal of.the steel plug, leaving a
formed crucible and cap.

Crucibles containing excess PbO required'further treatment since a
liqui@ phase defeloped at firing teﬁperatures, which aidedvsintering and
'reSuited in densities su§h that PbO vapor transport was restricted. The
addition of about 20 vol% of finely crushed napthalene crystals provided
ample controlled’porosit& aftef sintering;‘ The napthalenevwaé 519wly
burned out at 250°C. |

All crucibles were\calgiqed for 30 h at 850°C in air, in clean,
covered platinum crucibles. After»this step, they were soft enough to
"finish." The tdps and bottoms of bath the crucible and cap were ground
flat by hand. A 1/8 in. hold was then drilled into the center of the

cap, allowing access to the cavity for the platinum wire from a micro-
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balance.

X-ray diffractometer analysis of the calcined crucibles revealed

traces of the major lines of PbO or TiOz and ZrO; originally added in

- excess at 2 mol% tb_give the two phase compositionms.

(3) Sample Febrication

The hbnogeneously mixed oxides were combined with 30-L40 vol%
napthalene crystals to provide controlled porosity and isostatically
pressed (30,000 psi) around a clean platinum coii (shown in Fig. 3). The

napthalene was evaporated slowly (1C°/min to 250°C, 12 h soak) in air.

"~ The fressed sample was then placed in a clean covered platinum crucible.

and calcined for 30 h at 850°C in air.

(4) The Weight-Change Cell and Apparatus

The positioning of the sample in the ¢rucible is diagrammed in
Eig.'3. Probe Samples could be.incorporatéd into the cap as shown, to be
removed (at temperature), so as to provide additional information without
interrupting the experimenﬁ.- The TGA assembly, shown in Fig.‘h, involved
a8 vertically moﬁable_Kanthal wound furnace and a continuously recording
microbalance. The sample was hung from the microbalance by an 8 mil dia.

platinum wire with a short 16 mil dia. section in the hot-zone of the

furnace.

The sample was always weighed, before and after each experiment, on
a separate balance. The'TGA platinum sample wire was weighed to deter-

mine the amount of PbO that condensed on it.
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III. Results and Discussion

(1) Error Reduction and Experimental Control L -

The concept of using a PZT composition crucible as a cogtrolled ahd
constant source of PbO vapor, is subject to several apparent errors that
must be either minimized or proved negligible.

First, the sample could lose weight via a "chimney effect" of Pb0O
vapor diffusing out the hole provided in the cruciblg cap. This problem
- was shown to be negligible, providing the sample was placed deep enough
within the crucible. A check was made by comparing the weight changes
produced by heating of control samples equilibrated in both sealed and
normal (1/8 in. dia. hole) crucibles. Identical results were obtained.

Also, at operating temperatures the PbO evaporation'from the PZT

of the crucible will condense on any surface whose temperature is below

]

that of the furnace hot-zone. The platinum suspending wire, & good con-
ductor of heat, allowed PbO vapor to condense on it, indicating an
erroneéus weight gain. ' The magnitude of this gain was measured for a

platinum wire hanging into a typical PZT crucible. This error could be

reduced to only 5 mg/experiment by minimizing chimmey effects and using -

~:a thin platinum wire that had become Saturafed.with Pp0.

A final problem was encountered with the high PbO activity (PZT +
" PbO) crucible compositions. These cells were required to provide large
- amounts of PbO to the sample (typicall& 300 mg.). When this Pbd trans-
ported from thepcrucible _éﬁlls to'the sample; it left behind a lead

- oxide depleted layer#* providing a lowered lead oxide activity for the

¥X-ray analysis revealed PZT + Z + T peaks.

/i



SERUREV IS S R Y N
-6 ‘ LBL-1L47

sample. It was expected that the bulk materigl,of the crucible's wall
should immediately replace this Pb0O. However, fhe presence of the PbO
liQuid phase signifiéantly enhanced the crucible densification, which in
© turn refarded vapor transport within fhe wall. The result was a degrada-
tion of the equilibrated éample's weight (weight loss) that increased
with time. This érror was significant, and could not be eliminated com-
pletely. However, control was managed by increasing the pofosity of the
crucible wall. This was accomplished, first by a napthalene additidn
during fabrication, and then by painting a PZT and PbO suspended in iso-
propyl alcohol on the inner walls, prior to.the experiment. Sample size§

were reduced such that weight gains of no more than 150 mg. would be

expected, Under these conditions, the maximum usable length of a single

rﬁngat 1100°C was found to bé 15 h, with the cell maintaining "equilib-
riun" for 12 h before a slow sample weight loss (3 mg/h) could be de-
tected. o

By comparison, the low activity (PzT + ZT) crucibles showed no
‘degradation after more than 1000 h at temperature (1100°C).

To provide a final check on the validi‘f;y of this equilibration
‘method, the éolid state substitutions of bisﬁuth and niobium ions in
03 were comparéd with earlier results obtained by a discon-

PoTi _Zr

2 7.5

tinuous weight change method.3 These expefiments agreed with the
previous results and provided additional data, previously unresolvable,
on the initial reaction kineties.

Zr )03

5

" (2) 'The Single Phase Region - Pb(Ti 5

Experiments conducted to study the width of the single phase region

w
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of Pb(Ti 52T 5)03 indicated a width corresponding to 2.48 mol% PbO at

1100°C. This woﬁld imply a total weight cha#ge of about 150 mgs for a
10 gram sample. Several weight change cycles are shown in Fig; 5, illus~
trating the reversibility, and reproducibility of these experiments. The
stoichometric composition C is believed to be in its correct relation to
the high and low lead boundaries. Equilibration was equally rapid for
weight gains and losses, as long as thé sampie retaiﬁed adequate porosity.
Only & minor temperature dependence of the overall width of the
single phase region could be detected. As the temperature was raised to
1150°, the zone widened about .08 mol% Pb0O. At 1200°C a_simiiar increase
was found. Incremental temperature lowering narrowed the region. No
change in the width was detected when temperétures fell below 8T70°C,
probably due to the lowered lead oxide &apor pressure reducing mass
transport to anvimmeaSurable rate. | ' -
| IV. Conclusions
These experiments indicéte that two-phase lead zircoﬁate-titanate
crucibles may be successfully synthesized to maintain a constant
"eqﬁiiibrium" PbO atmosPﬁere; These crucibles allow for the continuous
veighing of specimens during their reaction.with the pre-éelected
crucible atmosphere at témperature.
A width of the single-phase PZT region of 2.48 mol% PbO at 1100°C
lwas determined for the Pb(Ti

‘ts
crucibles of different PbO activities.

Zr 5)03 composition by proper reaction with
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Figure Captions
Activity of lead oxide (anO) vs. mole fraction of lead oxide
(XPbO)‘at constant temperature (1100°C) for any PbO-_(Zr,Ti)O2
binary. Points A and B refer to the constant lead oxide
atmospheres provided by crucibles of these compositions.
Point C locatés the composition and activity of stoichiometriec
PZT, while D and E indicate the single phase extfema.
Activity (anO)—Composition (XPbO) diagrams illustrating.the
two-step experiment to determine the width of any

Pb(Tierl_ single phase region.

x)03
TGA weight change crucible and sample. -

Experimental arrangement.

Weight change vs. time at constent temperature (1100°C). These

~ three experimental curves are placed together to show the

determination of the single phase width (4W) and the reproduci-

bility of the experiment.
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