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INTRINSIC NON-STOICHIOMETRY IN THE LEAD ZIRCONATE-
LEAD TITANATE SYSTEM DETERMINED BY KNUDSEN EFFUSION

#
Robert L. Holmen eand Richard M. Fulrath
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT
The range of the intrinsic non-stoichiometry in lead zirconate-
titanate at 1100°C has been established independently By:two gravimetric
techniques. A modified Knudsen effusion experiment allowed for an inter-
pretation of the vapor pressure data. A single experiment was used to
determine the width of any Pb, O x(Tier

1
the equilibrium PbO Vapor pressure, activity data as & function of both

)03_x¢ single-phase region,

l-y b4

temperature and composition, and the exact locatioﬁ of the stoichiometric
composition within the single-phase region. The "vapor phase equilibra-
tion," VPE method, was used as a supplement;l measurement of the width ~
of most_PZT single-phase regions.

Resulﬁs obtained by the two methods for the extent of non-
stoichiometry were.in close agreemenf (xmax=0.01.at y=1.0; xmin=0'016
at y=0.40; T=1100°C). The Knudsen effusion experiment established that
for all compositions studied,‘the stoichiomeffic composition,

Pb(Tier )O_, was coincident with the (1liq.+PZT) phase boundary.

1-y° "3

¥Now at Physics Research Lab., Optical Devices & Materials Area, Xerox
Corp., Webster, New York. ‘
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I. INTRODUCTION
Lead zirconate-titanate (PZT) ceramics are of current interest, due
in part to the development of severa; promising image storage and dis-
play devices.l-u In these appliéations, botﬁ the electrical and opticél

properties may be sensitive to the defect structure that is created

" during the high temperature materials processing. ~

Recently, it has been shown that a wide variation of stoichiometry

5

(2.5 mol% Pv0) is possible in PbTi _Zr _O_ at 1100°C.” It would be

5 53
useful to know the maximum stoichiometric variations that are possible
as a result of changes in the processing conditions for any lead zirconate-

titanate composition. A method is needed to precisely establish a par-

.ticular stoichiometry.

The "vapor phase equilibfation," (VPE) method, as described in an
earlier pz_a,per,5 affords:a unique method of'fixing the stoichiometry
during procéssing, ﬁhile also enabling measurement of the stoichiometric
Qidth of most PZT compositions. '

However, this measurement technique could not be applied to the
solid solution compositions at or quite near pure lgad titanate or lead

zirconate, because of difficulties encountered in fabricating the

required atmosphere crucibles and samples. In addition, a VPE experi-

‘ment generates no quantitative thermodynamic data. Hence, another

approach was taken.

A variation of the standard Knudsen effusion technigue allows for
an extended interpretation of vapor pressure data. A single experiment
may be designed to yield the width of any PZT single-phase region, the

equilibrium lead oxide vapor pressure as a function of température and
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composition, and the exact location of the stoichiometric composition,
Pb(Tierl_x)03, within the single-phase region. This is possible

6,7 PbO, evaporates. The composition of

gecause only a single component,
the remaining condensed phase changes uniformly, and can be so con-
strained to cross the desi¥éd phase boundaries at a constant temperature.
In a typical Knudsen experiment, the sample is sealed within a non-
reacting cell Vith a small cylindrical orifiée;' Ideally, the equilibrium
vapor preséure builds up within the cell held at a coﬁstant_temperatgre.
The orifice érea acts as the effec?ive area from which the vapor mole-

cules will escape at the equilibrium rate. This equilibrium escape rate

is inferred from the weight-change of the cell, by means of the Knudsen

equation:
p = (aw/av)[2 xr/m]"/?/a W (1)

whérg

P ‘= the equilibrium vapor pressure

(&w/dt) = the weight-loss-rate of the cell

T = the orifice temperature in degrees Kelvin

ﬁ .= the mass of the effusing specie--teken as only the PbO

molecule
Ao = the orifice area
W = the Clausing correction factor for the cylindrical orifice

k V = Boltzman's constant

‘v
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In the usual Knudsen effusion method, the vapor pressure is
measured abéve a material of fixed éomposition. However, because the
samples ip this study lose Pb0O by incongruent vaporization, PbO effusion
causes the sample composition to change with time.

The experimental variation instituted in this study consisted'of
initially preparing a well characterized lead zirconate-titanate plus
lead oxide sample, continuing the Knudsen effusion experiment until all
the lead oxide is exhausted from the cell, and then fécording the weight
and analyzing thekoxide residue. This technique is'applicable to any

Pb(Tlerl_ composition.

)03
II. EXPERIMENTAL

A, Sample Preparation

The desired lead zirconate-titanate composition was prepared by
céfefully mixing the pure oxides in the menner that was previouély
described5 (éee Fig. 1). The oxides were mixed with the concentration
of lead oxide exceeding that of the required amount (L-16 wt%), to
establish the overall sample compositibn at a known point within the
(PZT+Pb0) phase field. This powder was calciﬁed in a [PZT+Pb0] constant
activity multi-phase (CAMP) crucible to allow é brief high temperature
soak (3 h, 1100°C) followed by a longer moderate:temperature soak (20 h,
850°C) to insure a homogeneous sample. The powder was lightly re-mixed
in a plastié mortar and pestle, and screened to remove the partiéles of
less than 40O mesh.

Altérnatively, the oxides were combined first in their stoichio-

metric proportions and calcined at a low temperature in air (840°C, 30 h)

to form the Pb(Tier,l_,x)O3 compound. Then a precise amount of lead
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oxide (4-16 wt%) was added and homogeneously mixed with the PZT.

The overall composition in either case is located on the lead
titaﬁate phase diagram;l shown in Fig. 2a near point A.

The powder was poured into the Knudsen cell to yield a low bulk
density, which would ihhibit sintering at temperature.

B. The Effusion Cell

" The Knudseﬁ effusion ceils were fabricated from platinum because
of its low”reactivity‘with lead oxide. Cylindrical cells were machined
from 0.5 in. diameter rod, créating a:cawity approximately 0.4 in. by
1.0 in. The cap was machined to the shape shown in Fig. 3 and had an
.orifice,'.013_in. in diameter, 0.15 in. thick. Appropriate corrections
were made for the thermal expansion at a mean experimental temperature
(1100°C). The Clausihg correction for the.cylindiiéal orifice geometry
wvas 0.#85. |

Temperature measurements were made by a Pt/Pt. Rh.l thermocouple,
.spot'weldéd to the caf, as illustrated in Fig. 3. A calibratiop experi-
ment, with two therﬁocouples, one welded to the lid, and anothér welded
to the bottom of the ceil, indicated the temperature gradient was less
than O.5°C for all temperatures of interest.

The cep and the cell were sealed by helifarg welding, utilizing a
| platinum shim. The cap design allowed alternate §pening and re-sealing
the crucible for a number of experiments.

C. The Thermogravimetric Apparatus
The experimental apparatus is diagremmed in Fig. 4. The balence

‘used was an Ainsworth Recording Balance type RZA-AU-1l. The system was

A3
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evacuated by means of an oil diffusion pump to pressures in the 10 to
lO-h Torr range.

The furnace was an alumina tube resistance-wound with a Pt.8Rh.2
wire. It wasvconstructed such that the hot zone:had a thermal gradient
(vertical) of less than 1°C over a 3" zone. A permanently placed thermo-
couple was calibrated'againsf the spot-welded thermocouple on the cell
as shown in Fig. .,

The cell was suspended by a single thermocouple that was insulated

by a high-purity, dense alumina tube. Fine copper coils were employed

- to mechanieally isolate the suspension system while allowing potential

measurements from the thermocouple, as shown in Fig. L.

In most experiments, the therﬁocouple on the sample ceil wes used
as the controlling thermocouple so that the cell would equilibrate to
tempereture changeé rapidly. Provision was made so that this thermo-
couéle could be connected fo a potentiometer, when desired, to obtain
accurate temperature‘measUrements.

In soﬁe exﬁeriments a eimpler arrangement was used. The cell was .
merely suspended by a 0.020 in. diameter P‘l:.9Rh.l wife, end the tempera-
ture was calculated from that of the permanently placed thermocouple.
D. Expefimental Procedure

The sample powder was first characterized by X-ray diffraction and

chemical analysis for Pb, Ti and Zr content. The Knudsen cell was

'loosely filled with the powder (approximately 2 grams PZT, O;ho'grams

excess Pb0O), sealed, dried, weighed, fitted with.a thermocouple, and
installed in the system. This was followed by ‘& bakeout at 600°C for

at least 24 h to achieve a stable background pressure in the 10'.5 to
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lO--)4 Torr range. The cell was equilibrated and.held‘successively gt
several different temperatures (i.e. 750°C, 800°C, 850°C, 900°C) for
times long enough to obtain constant weight-loss raﬁes which indicated
an equilibrium lead oxide vapor pressure.

Only absmall pottion of the excess lead oxide in the cell was
exhausted during the_pre;iminary.weight losses. The sample, still
possessing two phases, was then equilibréted at the experimental tempera-
ture, 1100°C, while continuously.reCQrding the weight loss.

After sBme time, the loss of PbO significantly altered the sample
compositioﬁs reéultipg invthe formation of.first,vsingle—ﬁhase'PZT, ahd,
then the multi-phase mixture of PZT with titania and/or zirconia. This
is illust;ated along the 1100°C isotherm drawn on the lead titanate and
lead zirconate phase diagrams12 shown in Figs. la and 5, and in the
PbO-TiOZ-ZrO2-isothermal ternary phase diagramle-lh reproducéd in Fig. 6.
When two or more phases are in equilibrium, a constant weight-loss rate '
is to be e?pected. Agdin, the cell was equilibrated at several other
temperafureé (i.e. 1000°C, 1150°C, 1200°C, 1250°C, etc.), and the con-
stant weighf-léss_rates that are proportional to theleO vepor pressures
above the multi-phasé compositibns were recorded.

Finally, the cell was held at 1200°C where & moderate and constant
weight loss was expected until fhe end of the experiment when all PbO
had been exhausted from‘the cell. No further weight loss was oﬁserved.

The cell.was returned to rooﬁ,temperature, weighed, openéd, and the

contents weighed, collected, and analyzed. The total observed experi-

mental weight loss should correspond to the amount of lead oxide

vy
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initially in the cell.

Thié experiment could be repeated for any compoéition within the
lead titanate-lead zirconate sclid solution system.
E. 'Vapqr'Phase Equilibration (VPE) Method
| The VPE experiment, described in Ref. Svfof PbTi.SZr.SO3 was
‘extended.to include other compositions of Pb(Tierl_;()O3 where x = .G,
.8, .65, .6, and .2. Porous single-phase PZT samples were equilibrated
alternstely in high and low CAMP FZT crucibles at 1100°C in air. The
sample féight changes were monitored continuously by a gravimetric
balahce. The ultimate weight chénges (compositién D to composition E
_ éhown in Fig. 2b) indicates directly the width of the PZT singie phase
region. For complete details, see Ref. 5 or 15.

IIT. RESULTS AND DISCUSSION

The Knudsen effusion experimental data consisted of the effusion
:_génerated weight loss of lead oxide from the cell as a fﬁnction of time
.ét a constant temperature. The Knudsen equation applicable to thig
system is |

platm) = L.675 x 1077 (dw/dt)[T]l/Q/W "W = 485

W = the Clausing correction for a cylindrical 6rifice.
No dependence upon the orifice area was found when an orifice diameter
of 18 miisv(doubling the orifice area) was used for PbO and PbTiO3
experiméhts.

When during the course of the experime_nt the lead oxide éffusion
‘caused the sgmple_composition to cross into the ?ZT single phase region,
the weight-loss rate observed became non-linear and alower, reflecting

. the reduced lead oxide activity in the sample as it becomes more
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deficient 'with respect to Pb0. When the continuous effusion of lead
oxide caused the'appearance of a new second phase (i.e. titania as in
Afig. la, the weight-loss rate, and therefore the vapor pressure, will

again become constant. Thus, the amount of lead oxide lost during the

non-linear perticn of the weight-lbss_data will correspond to the exact
width of the'PZT single-phase region with respect to PbC at that tempera-
ture, or the degree of non-stoichiometry of the compoﬁnd. |

This ncn-l{near region is measurable for all lead.zirconate—
titanate compcsitions, is quite reproducible, and is independent of the
amount and.pérticle'size distribution of the sample powder.. However,
screéning techniqueé were always used to remove the smallest particles
: frombthe distribution.

Figure T summarizes an entire experiment. The actual results are
summarized in Tatle I. The variation found in the width of the PZT
single—phaée‘regions is illustrated‘graphically in Fig. 8 in mcl% PbO
lcst from the samble, mol% lead vaéancies in the sample, and in mole
fraction of PbC. This relation is drawn to>scale ¢n”the ternary phase
diagram in Fig. 6, the PbTiO3 phase diagram in Fig. 2a, and'the lead
zircongte phaée diagram in Fig. 5. If is seen thét both the terminal
: coﬁpositions, lead titanate and lead zirconate, possess the widest ranges
of non—stoicﬁiometry in the systemn.

X-ray Qiffraction technigues were used to identify the low tempera-
. tﬁre PZT phases.as a function of non-stoichicmetry. Gersonlgés reported
the low temperature phases for essentially stoichiometric PZT composi-
tions. The results do not appear to be constant acfoss the single-phase

regicn. Stoichicmetric Pb(Ti _Zr 5)C3 is a tetragonally distorted

5
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perovskite, while the non-stcichiometric material produces diffraction

lines corresponding to a mixture of rhombchedral and tetragonal phases.

This indicates that the non-stoichiometric material is located on the

Phase boundery. A sketch, based on the analysis of several other com-
positions, is provided in Fig., 9. No attempt was made to chafacterize
the Curie temperature variation across the single-phase regions.
Assuming the rate of weight losé to bte proportional to thé vapdr
pressure of PbO within the cell at all times, tangents constructed to
the weight-loss curve allow calculation of the lead oxide vapor pressure

or activity as a function of composition. The non-linear portion of one

experiment is shown in Fig. 10.

The data allowed the graphical integration of the Gibbs-Duhem

19,20

equation which yield the corresponding sctivity of titania or zir-

conia and consequently the free energy of mixing as a function of com-

position through the PZT single-phase region. This calculated free

energy cf mixing is found to have & minimum within the single-phase

region impljing that the stoicﬁiometfic composition is not the most
stable perovskite. The details of the analysis and the comﬁuter assisted
calcuiation are presented in Ref. 15. This analysis was applied to both
lead titanate and lead zirconate. The experimenfal results for the
activity as a function of composition are shown in Fig. 11 for PbTiO3

and in Fig. 12 for PbZrC The results for the free energy of mixings

3°

. dependence on composition is given for both materials in Fig. 13.

Each experiment generated lead oxide vapor pressure data fcr the
rulti-phase regions that bound the non-stoichiometric compound. The

results that were obtained compare favorably with those reported by
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Hardtl and Raﬁ?l for the (PZT+Z) phase field.

Pure lead oxide was uéed as a calibrating matérial since it has
beer extensively studied and is the only vapor species of consequence in
the system.s’6 Vepor pressure data were obtained for pure_lead oxide
that are in excellent agreement with the thermochemical data as tabu-

lated by Kubaschewski et a.l.2_2 and JANF ta’bles,23

and in fair agreement
with tke lead oxide standard used by Hardtl and Rau.zl‘ The results are
shewn in Fig. 1k, | | |
The_lead oxide vapor pressures obtéined for the PZT coﬁpésifién in
equiiibrium_with either the lead rich liquid phese or the oxide solid
phase, are preSented in Figs. 15 and 16. The vapor pressure expressionms,
the enthalpy, .eritrcpy,- and the standard deviations are given in Table
II. (The data pcinfs‘were least squares fitted to the linear form,
lnp = A(1/T)+B.
Because PbO is the only significant vapcr species in the PbO-TiOz-

ZrO2 system, it is expected that a second law analysis of the Knudsen

effusion vapor pressure date should yieid equivalent values for the
entropies of vapcrization. This is observed (Table II) for PO,
. —+‘o N . + .
PbT103 ¢102, and PbZrO3 ZrO2
Entropy and enthalpy are defined assuming a composition that is

invarient with temperature. Entropy correlation cannot be expected for

PbTiO3+liquid or PbZrO3

change éppréciably with temperature (see Figs. la and 5). Consequehtly,'

+liquid, as the lead rich liquid compositicns

constants reported in Table II for these cases do not correspand to true

entropies or enthalpies.

La
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Thé'composition of the vapor is assumed to be essentially monomer.
Smell amounts of dimer and trimer lead oxide in the vapor.above pure
condensed lead oxide5 introduce small errors, but these are not believed
to be important.

A plot of the lead oxide activity of PZT in equilibrium with a lead
rich liquid as a function of temperature (Fig. 17) and the

N
Pb(Tierl_ compositions is shown in Fig. 18. While the results for

x)03
PZT in equilibrium with ﬁitania and/or zirconia are in good agreement
with those reported by Hardtl and R‘au,21 Atkin and fulrath'sgh approxi-
mation of PbO activity for PZT plus lead rich liquid compositions which
assumed the applicability of Raoult's law for the liquid based on the
phase equilibria information reported by Fushimi and Ikeda,12 is found
to be in error. The actual activity coefficients as calculated from the
present experimental data, deviate substentially from Raoult's law and
are plottéd as a function of composition in Fig. 19.
IV. CONCLUSIONS

The range of non-stoichiometry in lead zirconate-titanate at 1100°C
has beeﬁ established by two different gravimetric techniques. A modified
Knudsen éffusion experiment was utilized to indicate:
3-x¢x single phase region
at 1100°C [gmax=0.01 at y=1.0; xmin=0.016 at y=0.L40].

1. The width of the Pb, [] (T2 )0

2. The variation of the PbO vapor pressure and activity with
temperature for pure FbO, PZT+PbO, and PZT+Z+T compositions (equivalent
values for the entropy of vaporization of Pb0O and PZT+Z+T

[AS = 34.5 = 1.4 eu] were obtained).
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3. The continuous variation of PbO vapor pressure and activity
with composition across the PZT singleéphase region at 1100°C.

4, The location of the stoichiometric compound relative to the
determined phase boundaries were found to coincide with the liquid and
s0lid phase boundary.

Lead zirconate-titanate can be treated as a three-component system,
with only léad monoxide molecules as the major vapor species.
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TABLE HEADINGS

Tabulated results of the "Vapor phase equilibration (VPE)"
experiment and the Knudsen Effusion (KE) experiment defining
the extent of non;stoichiometry-or width of the PZIT single-
phase regioﬁ.
Tabulation of linear least squares fit to the Knudsen Effusion

experiments.



Pby-x Ox (Tiy Zri-y) O3-x bx

(3)

(4)  MOL.% PbO =

W% =

(GRAMS PbO IN SAMPLE)

"WT. % Pb0" = "MOL.% PbO"

MOL.% D, =

GRAMS LOST
SAMPLE WT.

(5) MOLE FRACTION PO =

U=-X) (101
> (100)

X
> (100)

1-X
-X)+1

w

1-X
2-X

[(Ws)/(MW-PZT)] (223.19)

) :
i = 9w
xi00 Ws X100

. y
MOL. % TiOp= -5~ (100)

MOL.% ZrQ = “—;’1(100)

AW SINGLE-PHASE WIDTH)' SAMPLE COMPOSITION (BOUNDARY) EXPERIMENTAL METHOD
y [WT % | "MOL.% PbO"| x |MOL.% PbO|MOL.% DO, ¢ |MOL.% TiO5 | MOL. % ZrO, [MOL. FRACTION PbO V.PE. K.E.
|to] 7.3 | 10.0+1.0 [0l00| 45.0 5.0 50.0 0 0.474 X
0.9 | 40! 55+05 |0055| 4725 | .275 45.0 5.0 0.486 X X
08| 3. 4.2t05 0042 47.9 2.1 40.0 10 0.490 X X
0.65| 1.89 27103 |0027| 4865 1.35 32.5 17.5 0.493 X X
05| .72 248103 |0025| 4875 1.25 25.0 25.0 0.494 X X
04| 1.08 1.6£02 [00I6| 49.2 0.8 20.0 30.0 0.495 X X
02| 98 3.0t05 {0030 485 1.5 10.0 400 0.4925 X X
0| 6.1 9.5%1.0 |0.095| 45475 | 4.525 0 500 0475 X
FORMULAE USED
" "o NO. MOLES PbO LOST o (BwW) (MW -PZT)
() "MOL.% PbO" = St e Fh0 IN SAMPLE 09 = 50319 ( ) (100) S3W = SAMPLE WT. LOSS
(2) "WT % Pbo" = GRAMS PbO LOST) __ (00) (3w) (100) Ws = INITIAL SAMPLE wT.

MW-PZT= MOLECULAR WT.

XBL726-6457
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KNUDSEN SAMPLE

LINEAR LEAST

SQUARES FIT

SECOND LAW ANALYSIS

COMPOSITION A B ENTHALPY ENTROPY
PbO -2.916x10% 17.405 -5.795x102 | 3459
0=9.07 x 102 c=0.788 o=1.8x103 o =156
| -2.64x10% 14.70 -5.255x104 | 29.2|
PbZr O3+ PbOyy) 0=447x102 | 0=0.359 o=8.89x102| ©0=0714
. | ~-2.25x104 10.75 -4.471 x|104 21,36
PbTiOz+ PbQy) - | 5.513x102 | o=0.424 o=1.02x103| c=0843
-31.86x104 16.75 -6.33x 104 33.29
PbZrOz+ Zr0p oo 0=9.75%10% | 0=0.734 0=194x10° | o=1.45
. . -3.64 x |04 I7.89 -7.23 x10% 35.55
PETiO3 + Ti02 o=1.82x103| o=1.289

o=9.18x02

0=0.648

LEAST SQUARES FIT TO KNUDSEN CELL DATA OF FORM:

—LI—

mP,=A(/T) +B A=O0H/R B= AS/R

PbO
o = STANDARD DEVIATION -

XBL 726 6456
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FIGURE CAPTIONS
Processing flow diagram for the Knudsen sample.
(a) Proposed PbO—TiO2 phase diaegram after Moon,ll.and as;uming
a lead titanate region of non-stoichiometry.
(b) Activity of Pbo.vs. mole fraction PbO at constant temperé-
ture (liOO°C) for the lead titanate binary..
Pointé A and B deéignate the constant PbO atmospheres provided
by the CAMP crucibles of these compositions; point C locates
the compositioh and activity 6f the nearly stoichiometric
single-phase compound, wi;ereas D and E indicate the singlé-
phase boundaries.
Sectioned view of the Knudsen Effusion cell. Platinum shims
are employed to allow‘sufficient heli-arc welding for a seal.
The cell is suspended by a Pt/Pt.9 Rhl thermocouple, with the
temperature measuring junction created by the Pt. Rh. //Pt

9 .1

cell junction.
The experimental apparatus used in the Knudsen Effusion experi-
ments. The continuously recording microbalance with automatic
weight-change mechanism is an Ainsworth type RZA-AU-1l. Thin
_cbppér coils from the sample suspension thermocouple to a
términal strip that may bé reached by'a vacuum feedthrough,
serve to create mechanical isolation while providing electrical
conduction.
The PbO-ZrOz‘phase diagram after Fushimi12 and including the
experimentally measured lead zirconate non-stoichiometry at

1100°cC.
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The PbO—TiO2 isothermal ternary phase diagram at 1100°C. The

tie-lines in the PZT + LIQUID region were determined by Fushimi

12’1F, The phases present in the lower portion of the

13

and Ikeda.
diagram were determined by Webster et'al. ‘The variation in
<03 single phase region is drawn to
scale.

Knudsen cell weight loss vs time during a typical experiment.
Equilibration at successive temperatures on both sides of the

single-phase region allows efficient collection of vapor

pressure data. AW, corresponding to the weight-loss from B

to C on the activity diagram, measures the width of the PZT

single phase region.

Variation of non-stoichiometry in the lead titanate-lead

zirconate so0lid solution system.

9. Low temperature phase system of Pb(Tierl_x)O3 modified to

10.

11.

include the effect of non-stoichiometry. Tetragonal

Pb(Ti.s

Pb g75(Ti

Zr 5)O3 becomes tetragonal + rhombohedral

.SZr.S)02.975; tetragonal Pb(Ti.65Zr.35)O3 becomes

tetragonal Pb oo (Ti ¢ 2r 50)0, gos-

Expanded non-linear portion of the Knudsen cell weight loss

vs time data (single-phase region) allowing calculation of the

lead oxide actiyity variation with composition through the
single—phasé région. |

Lead oxide and titania activity as a function of composition
in the lead titanate single-phase region as determined from

analysis of the Knudsen effusion data and & graphical
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integration of the Gibbs-Duhem equation.
Fig. 12. Lead oxide and zirconia activity as a function of composition
in the lead zirconate single-phase region as determined from
analysis éf the Knudsen effusion experimentél data and a
- graphical integration of the Gibbs-Duhem equation.

Fig. 13. The free energy of mixing PbO and either TiO, or ZrO2 as a

2
function of composition in eithef the lead titanate or the
lead zirconate single-phase region.

Fig. 14. Natural log of vapor pressure (PbO) vs 1000/T°K és determined.
by the Knudsen Effusion experiments. (This data is least
équares_fitted to a linear form and is compared'to the thermo-
chemical data and the results of another Knudsen experiment.)

Fig. 15. Loge(lead oxide veapor pressure) vs 1000/T°K for lead titanate
in_eéuilibrium.ﬁith 8 lead rich liquid and with titania. The
resglts are compared to those for pure lead oxide.

Fig. 16. LOge(lead oxide vapor pressure) vs 1000/T°K for lead zirconate
in equilibrium with & lead rich liquid and with zirconia. The
results are compared to those for pure lead oxide.

Fig. 17. Lead.oxide activity as a function of reciprocal temperature
(1000/T°K) for all experimental Knudsen effusion vapor pressure
data: anO(PZT) = PPbo (PZT)/PPbO(pure).

Fig. 18. Lead oxide activity as a fuﬁctiod of Pb(Tierl_x)O3 when the
PZT compound is in equilibrium with a lead rich liquid: O -
fefer to experimentally determined points, X -~ refers to

extrapolated points.
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Fig. 19. The activity coefficient of lead oxide as a function of
PbTi Zr, O, composition at 1100°C and 1200°C, calculated from
the experimental Knudsen data showing a deviation from Raoults

law.
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PbO + XTIOZ + (I-x) ZFOZ

4-16 WT % EXCESS
PbO

MIX-24 HOURS
ISOPROPYL ALCOHOL ¢ TEFLON BALLS

DRY

HEAT POWDER
{ZOHRS, 850°C]
| 3HRS, 1100°C |
{POTiy 21| 03+ yTiOo+ (I-y) 21Oy}
~ ATMOSPHERE CRUCIBLE -

LIGHT MIX
PLASTIC MORTAR and PESTLE

. ] |

SCREEN

I
KNUDSEN
CELL

XBL 726- 6455

Fig. 1




LOG LEAD OXIDE ACTIVITY, Qpyg
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PbO TEMR = (100°C
: ZT = Zr02'TiO2
L R PT = PbTiO3
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CELL WEIGHT LOSS, MGS
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.




&
LS

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

-





