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INTRINSIC AND EXTRINSIC NON--STOICHIOMETRY
IN THE LEAD ZIRCONATE-TITANATE SYSTEM-
Robert L. Holman
Inorganic Materials Research Division, LawrencevBerkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
. ABSTRACT
An'investigatidn of the fange of intrinsic and:fhe natﬁre of‘ex—

ﬁrinsié hon;$toichiometry in léad zircbﬁéte—titanafe?(PZT) has been
conducted. "MéthOds were developed to obtain precise and fepfonCible
control of.the defect structure. The intrinsic.defect’structufe wa.s
established by cohtinuously weighing a PZT samplé during its vapor phase
equilibrﬁtion with a contrqlled PbO atmosphere pfbvided by constant |
activity multi-phase (CAMP) PZT crucibles. Similer data was obtained
5y‘perf6rmipg a ﬁodified Knudsen effusion experiment. The éxtriﬁsié_
defectIéfrﬁdture associated with ionic substitutions into the PZT perov—

skite lattice as well as the kinetics of solution were‘detefmined by a

modified vapor phase equilibration equipment.

Thé two different gravimetric experiments led to similar values for
the Pb, r_']x(Tierl_y)O3_x¢x single-phase fegion wi.dth atv>1100°C
(Xpap = 0-10 at y = 1}.0,'xmin = 0.016 at y = 0.40). | First, the develop-
ment ofkthe high and léw CAMP crucibles made possibie,the_gravimetric
vapor phase equilibfation éf a PZT sample andiavPbO'atmosphere. Weight
changes produced in obtéining equilibrium indiﬁated the exfenfvof'the
stbichiometric variatidﬁs. Second,: the modified Knudsen effusion expefi—

ment yieldedbthé'same width of the PZT single—phase'region, as well as

the relative location of the stoichiometric compound»withih the region,
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and complete thermodynamic vapor pressure data.

By modifying the vapor phase equilibration teghnique; gravimetric o ¥
analysis was used to study the kinetics of solution'of Bi, Nb, La, and Sc W
ions in PZT. Results indicated a lead vacancy defect structure created
by the substitution of Bi, Nb, and Lé in the PZT l@ttice. An oxygen

. vacancy defect structure was found for Sc. All cases studied obeyed

electroneutrality rules and followed simple predictions of crystal

3* and La3+ substitution for Pb2+; Nb5+ and Sc3+ substitu- ' i
L+ o | g
). .

chemistry (Bi
tion for (Ti,zr)
The producfion of multi-phase crucibles, in addition to allowing
gravimetric experiments, afforded atmosphere control.and a simple
processing technique. Thus, it is possible to fabriéate PZT materials
with precisé, reproducible, and homogéneouS'intrinsic or extrinsic

stoichiometry.
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I. -GENERAL'INTRODUCTION
Pblycryétalline lead zirconate-titanate (PZT) Ceramicé are of com-
méréial interest because of their high dieiectrié constants? pronouncéd
fefroélectrié, piezoelectric, and electro-optic behavior, coupled with
ldw ébst.of,processing and manufacture. Levittl and Webster et al.?
héve shoﬁn that vefy significant changes in physiéél properties can
rééult from bnly slight compositional changes creéted during proceésing

due to the evaporation of lead oxide (PbO) at temperatures above 1000°C.

This causes difficulties in the'manufacturing of reproducable PZIT -

matérials of controlled composition.

The nature of the coﬁpositional changes has been investigated by
se?efal éppfoacheé. Northrop3<used gravimetric techniques to study the:
evaporatibn of PbO from sintered PZT discs; Extensi#e phase equilibria
studies (PbO-TiOg—Zroé) have been conducted by Moon,h‘Fushimi énd
> and Ikeda et al.6 Fushimi's results indicated a range of PZT
non-stbiéhiometry..'This~has been supported by the recent sintering
sﬁudies'of.Atkin and Fulré.th.7

| Several attempts have been made to control the compositional changes
due to PbO evaporation. Jaffe et a1.8 (1955) squght to inhibit the un-~
desirable evaporation of PbO by sintering PZT samples in the presence
of the PbO afmqsphere provided by lead oxide_enrichéd lead zirconate
discs. This fechnique has been recently modified by Snow9 who has been
able to‘sinter La doped PZT to optical transparency.. Dungah et al.lo
(1962) used a burial.powder of the exact compositidn of the sample to
: : 7

produce the necessary local lead oxide environment. Atkih and Fulrath

continued this approach with improved sintering although stoichiometry
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variations were still observed.

To.achieve the high densities required in practical devices, second
phase impurities are commonly used to_enhance sintefing. However,
Weston et al.:.Ll and Hardtl and Hennings12 have developed methods thét
suggest that as the impurities react with PZT; in addition to enhanéing‘
sintering, defect structures and stoichiometric Variations.are likely.
The extenf to which the impurities react with PZT, as well as the degree
of simultaneous PbO evaporafion, can markedly effeét the sample composi-

‘tion and its useful properties (particularly opticall3_l7

18-26

trical behavior).

and elec-

Improved methods are required to obtain precise and reproducible 
processing of both pure and impure homogeneous lead ziréonate—titénate
compositions.

To this end, the present work establishes the extent of both in-
trinsic and extrinsic non-stoichiometry possible in lead zirconate~
titanate. -Techniques are ﬁresented to measure thevwidth of any PZT
single-phase region. A procedure is established that allpws repro-
ducible and homogeneous processing of any PZT composition to a precise
and known stoichiometry.

One éxperimental technique is modified to allow the determination

of the valence of any ionic addition in the PZT system eand the lattice

site where it substitutes, while also providing a continuous monitoring ”

of the solubility kinetics. This method also characterizes the extent
of non-stoichiometry created by ionic substitution as a function of .

time at témperature.
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II. INTRINSIC NON-STOICHIOMETRY

A. Vapor Phase Equilibration Method

1. Introduction

To date, phase equilibria investigations in the lead zirconate-
titanate system have not clearly established the width of non-stoichio-
metric single-phase region. Some extension of the Pb(Ti,Zr)0s phase

>

field was suggested by the X-ray studies of Fushimi and Ikedsa,” and

7

Ikeda ét al.6 ‘Atkin and Fulrath' observed that small vafiation§ from
the stoichiometric compound, PbTi.sZr.s03, significantly affect fhe
sinterability of the material. From this and reaction weight changes
they have suggested the existence of a rather wide single-phase region.

It is well known that lead zircOnate—titanate,compositions lose
lead oxide readily by evaporation at temperafureé above 1000°C, and
that thié tendency to decompose may be inhibited by several scheﬁes.
Dungan et al.lo iq l9§2,.approx1mated an equilibrium environment for PZT
samples, by burying his samples in a protective powder of the same com-
position. Thus, the sample and thg powder were in local atmospheric
equilibrium, while the outer layers of the burial powder evaporated
lead oxide.

However, it is now apparent that the diffusion rate of PbO in

27

solid PZT is comparable to the evaporation rate ' from the surface in
~ air. Therefore, if the composition of the atmosphere powder near the
sample changes with time, non-reproducible and unpredictable deviations

in the sample's stoichiometry can occur.
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Dungan's technique can be improved by modifying thé composition of’
the atmosphere materiai. Instead of creaﬁing avtrénsient "equilibrium"
with apﬁroximately Stoichiometric single-phase PZT powder , multi-phase e
PZT mixtures of (PZT+Pb0) or (PZT+Z+T) may be substituted as the pdck—
ing powder for the sample. Thevprincipal advantage obtained is that
for as long as the phases are in équilibrium, a constant lead oxide.v
activity is maintéined. The evaporation of.lead oxide from ﬁhis atmo-
sphere material can alter the relative amouhts of thé phasés, but as
long as the phases.are present, the PbO vapor pressure will remein con-
stant and predictable at a given temperature.

Weston et al.ll have shown that weight-change analysis is a
successful way of stﬁdying the impurity induced extfinsic defect struc- -
tufe in PZT. This approach may also be adapted fb characterize the
extent of the intrinsic defect structure.

Thérmogravimetry, in conjunction with equilibrium atmosphere con-
trol, affords a simple method for the determination of the width of a
PbTier1_¥03 single-phase region. Thermodynamically, when a single-
phase PZT'sample has & different lead oxide activity than that pfovided
by its environment, transport wili occur, via the vapor phése, until
the PbO activities of the sample and the environment are equal. This
means that a small sample will either gain or lose PbO until an‘equilib-
rium activity balance is attained. The composition of the sample will .

then remain fixed for as long as the environment provides the’constant

lead oxide activity.
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Lead zirconate-titanate constant activity multi-phase (CAMP)
atmosphefe crucibles ha&e been developed that allow both gravimetric-‘
stﬁdieé and reproduéibie‘and predictabiebproceééing of,hOmbgeﬁeoﬁstZT
materiéls.- |

2. Experimental

a;_ Technigue. A single4§hasé, higﬁ purity-and‘porqug Pb(Ti;Zrl_x)Oa
sample is alterhately eqﬁilibrated withvthe PbO vapor_pressﬁre'éstab—
iishéd by constant activity mﬁlﬁi—phase (CAMP) crucibles fabricated from
compositions that prévide a.éonstant lead oxide vapéf preésure within
them. |

The proposed PbO-TiO, phase diagramy is shbwh ih Fig. la. A
_deviation from perfect lead titanate stoichiometry is assumed. The
_generai fofm of the Pb0 éctivity-composition.aiagram at constant tempera-
ture (llOO°C)'may be.drawn28 (Fig. 1b). It is éssuméd that fhis type
of dlagram is appllcable to the analys1s of all Pb04r1 Zr )Oz qu351—
binaries." Comp051t10n A, high PbO CAMP, refers.to e two-phase mixture
of PZT with excess PbO. Composition B, low PbO CAMP, refers to & r
multi-phase mixture of PZT with excess titania and/or zirconia;' Com- .
position C designates the initial stoichiometry of a single-phase
sample.’ The exact location of C is dependentluppn the material's
processing histofy. | |

The sample, act1v1ty C, 1s flrst equlllbrated w1th the atmosPhere :

-prov1ded by a high. CAMP cruc1ble of compos1t10n A, The_act;v1ty dif-

ference between the sample and thevcru01ble, assisted by the high vapor
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Fig. 1. (a) Proposed PbO-TiO, phase diagram after Moon,h and assuming a lead
titanate region of non-stoichiometry.
(b) Activity of PbO vs. mole fraction PbO at constant temperature (llOO°C)
for the lead titanate binary.
Points A and B designate the constant PbO atmospheres provided by the CAMP
crucibles of these compositions; point C locates the composition and activity
of the nearly stoichiometric single-phase compound, whereas D and E indicate
the single-phase boundaries.
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pressure of PbO at tempefatﬁfe;* causes the sample to galn welght (PbO)
until its act1v1ty is ralsed to equal that w1th1n the cruc1ble of PbO
aqt1v1ty A. Thls is shown 1n Fig. 2a. Welght'gainvw1ll stop at composi;
tion point'D, fixing one:side of the single—phase region..vThe.Samplel
will continueitb maintain this weight for as iong as ths.atﬁospﬁere.
within the crucible remains at & constant PbO activity. |

Next, this sample, now with PbO'activity D, is equilibrated with a
low CAMP érﬁgible of composition and PbO aétiviﬁy B. This new PbO
acfivity differehce causes the sémple to lose weight'fd'the atmosphere,.
uﬁtil as in Fig. 25, point E is attained. Thls p01nt deflnes the low
PbO activity side of the single—phase reglon. Hence the welght change
(loss), D to E, should exactly cofrespond td the molar width of the
single-phase region. | | |

Bybreplscing the sample‘at activity E, invthe first crucible of_
high acfivity A, reversibility msy be demonstrafed by s weight gain

exactly cdrresponding to the previous weight ldss.

b. PZT (CAMP) Crucible Fabrication. The desired crucible composition

- was obtained by homogeneously mixing correct proportions of the reagent -

grade oxides of lead, titanium, and hafnium-free zirconium. Approxi-
mately_BOO grams of the selected compbsition was isoststisally ﬁressed.'
(30,000:psi)'abqut a tabered stainleés_steel plqg'(l-S/h in. x 7/8 in.
dia.). Carefully sawing the top of the résﬁlfsntAShape s110wed the

removal of the steel plug, leaving a formed crucible and cap.

¥The vapor pressure -of PbO above Pb(Tl s5Zr. 5)03 + zirconla 1s approx1-
mately 5x10-* atm. at 1100°C.°2
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High'CAMP'crucibles‘containing'exceSsonO required;further treat-
ment since a liquid phase developed at.firing temperaturesi' This liquid
phase aided sintering and resultedvin denSificationisuch‘that PbOdvapor"
fransport was“restricted. The addition of about 20 vol % of finely
crushed napthalene crystals provided ample ‘controlled por051ty after :
s1nter1ng The napthalene was slowly burned out at 250°C

All crucibles were calcined in air for 30 hours at 850°C in clean,b
coyered platinum crucibles. X-ray'diffractometer analysis_of the cal- |
cined.orucihles revealed’traces.of the majorllines of PbO:orJZrOZ or
T‘ib; originally added in excess at 2 mole'_% to give the mul;ci-phase
comp051tions. |

After this step, the crucibles were soft enough to "finish." The |
tops and bottoms of both the crucible”and cap were”ground flat by hand.t

A'1/8 in. diameter hole was then drilled through the center of the cap,

: allowing”aécess to'the cavity for the platinum wire from a micro~halance.

Some experimental dlfflculties were encountered w1th comp051tions

~that y1eld either pure PbT103 or PbZrOs. The calcination of these

crucible compositions produces & large volume expansion (associated with

the compound formation) which causes severe cracking to-occur. The

'resultant cruc1bles are too fraglle to handle 3If crucibles are formed

from ca1c1ned multl-phase powder mixtures, little advantage is realized

as cracking can occur due to rapid heating or cooling through the

7crystallograph1c phase transition that occurs at the Curie temperature.

c. Sample Fabrication.‘ The homogeneously mixed oxides were combined

with 30-h0 vol % napthalene crystals (to prov1de controlled por051ty),

-and . the mlxture was 1sostat1cally pressed (30 000 ps1) around a clean



-10-

platinum coil (shown in Fig. 3). The napthalenéiwas evaporated slowly

(1c°/min to 250°C, 12 h sosk) in air. The pressed sample was then placed
in . : p

in a clean covered platinum crucible aﬁd.gélcined-for 30 hours at 850°C

in air. (See Fig. k4.) .

d. The Weight-Change Cell and Apparatus. 'The'positioning of the sample

in the crucible is diagraﬁmed iﬁ‘Fig. 3;‘-Samfles_tq.be_used for future
analyéis:could be placéd within enclosed éavities iﬁ the cap as shown
and removed at temperature without interrupting the'gravimepric experi-
menﬁ; rThe.TGA assembly, éhowﬁ in Fig.'s, inVolvédfa vefticaily movable
Kanthéi WOund'furnace and a continuously recording microbalance. The
éample”was huﬁg~from the miCrobaiancé by an 8 mil-dia.vplatinum wire
with & short 16 mil dia. section in the hot zone of the furmace.

Thé sample_was‘aiﬁaysuweighed,‘befbfe.énd_affer'each e#periment on
-a separéte_balancé. The TGA platinum‘sample Vire:ﬁas weighed to detér-
mine the amount of'PbO that.condensed on it. |

Spéctfogréﬁhic analysié shbwed that prbcessing had.ﬁoticauéed any
_ observgble'contamination.' The majbr'impuritieé were 0.03% Bi, 6.03% Al,

0.02% Si, 0.01% Fe, and 0.06% Nb (all as oxide-weight percents).

3. Results and Discussion

a. Error Reduction'agd Experimental Control.  The use of & PZTvCAMPv

crucible as_a controlled and constant source of PbO Qapor, is subject to -

_several apparent errors that must be either minimized or proved negli-
gible.
First, the sample could lose PbO by diffusion out the hole provided

in the crucible cap. This problem was shown to be insignificant if the
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sample was placed deep enough.within the crucible. A check was made by
comparing the weight changes produced by heating control sgmples eqﬁili—
brated.in both sealed and normal (1/8 in. dia. hoie) crucibles.
Identical results were obtained, indicating the rate of loss of PbO to
be much slower than its volafilization from the érucible material.

Aléo; at operating témperafures the PbO evaporation from fhe PZT
matérial of the crucible'will condense on any-surfaée withra temperature
.below that qf the furnace hot ione. The platinum suspending wire, a good
conductbr of heat allowéd Pb0 vapor to condense on it, indicating an
erroneoﬁs weight.gain. The magnitude 6f this gain was measured for a
platinum wire hanging into a typical PZT crucible.v The error could be
reduced 6 only 5 mg/experiﬁent by minimizing PbO escape (furnace
chimney efféct) and using a thin platinum wire that. had previously be-
come saturated with PbO.

A_final problem was encountered with fhe higthbO CAMP crucible
compositions. These cells ﬁere required to provide large amounts of
PbO to the sample (typically 300 mg). When this PbO. vaporized from the
crucible wall té‘the sample, it left behind a transiént‘PBO—depleted
layer to be replenished by PbO diffusion from the bulk of the wall.
Howe?er,‘the presence of the liquid phase enhanced densification of the
crucible wall, thereby retafding the PbO diffusi&ity in the wall. Then
the PbO evaporation rate from the surface pf the wall can'exceéd ité
rate of replénishmént by diffusion. When this occurs, the Pb0 activity
in the cell is'cdntrdlled by the 1e§d—depleted sﬁfface layer, resulting

~in a corresponding weight loss. of the equilibrated sample that increases

b
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with time; fhis_errof couid notlte completely eiimiﬁated,tbﬁt“was miﬁi-'
mized by increasing the pofosity of the CAMP crucibie wall,:to creete
shorter diffusion pathsf .: | |

Low deﬁsity (high surface area) CAMP crucibles.were made; first'by
a napthaleﬁe addition during fabricatieh, end tﬁenvby peinting a mixture
ef PZT and PbO.(suspended_in isepropyl elcohol) on the;inner wﬁlls;
.prior,to:the experiment; VSample sizee were.maae Smeii enougﬁ sd.that
weight gAiﬁs of no mofe than 150 mg would be expected. >Undef_thesevcon-
ditions, the maximum usable length of a single run et 1100°C wae found
to beviS hours with the cell maintaining "equilibfium" for lé-hours;.
vbefofe a slow sample weight loss (3 mg/hr) ceuld be detected.
By:comparison the low. CAMP cfucibles showed no degradationkafter

To prov1de a final check on the validlty of this equilibratlon

more than 1000 hours at a temperature of 1100°C.

.method, the solid state substitutions of bismuth and niobium ions in
Pb(Ti.gzr.s)Og wereecompared'with results obtained by a diseontinuous
weight-change method (see Appendix A). These experiments eéreed with
the previoﬁs results and provided additional data_froi which previousiy
.unresolvable initial reaction kinetics could be interpreted;

b The Slngle—Phase Region - Pb(T1 Zr )03. Experiments conducted to

' study the widths. of the 51ng1e-phase reglon of Pb(T1 7r, )03 are sum- ;

1-x
marlzed in Table I for llOO°C. A width of 2.5 mole % PbO loss was in-
dlcated for Po(Ti. 5Zr 5)03 at 1100°C This would 1mply»a total weight
ehenge'of about 150 mg for a lQ‘gram sample. Several typical weight

change cycles are shown in Fig. 6 (1L5 gram sample) illustrating the

re#ersibility; and repreducibility‘of-these'experiments. Equilibration
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. Fig..6. Wéight?éhange'vs. time ét consﬁént températﬁre'(llOO°C);

These three experimental curves illustrate the determination

of the PbTi. Zr. 0

single~phase width (AW) and the

_ reproducibility of the experiment. The sample weight
" was 11.5 grams.
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Table I. Summary of the vapor phase'equilibration'exberiments
based upon the sample weight changes. (T = 1100°C)

[Po, []#(Tierl_y)o3_x¢x]_.'

y wt % PbO lost mole % PbO lost X
0.9 k.01 . 5.5 . 0.055
 0.8 o 3.1 - ' ‘ h.2 - © 0.0k2
0.65 . 1.89 e 0.027
0.50 1.72 '_ | 2.5 0.025
0.40 1.08 16 ~0.026
10.20 | 1;98 R 3.0 o ~0.030

O indicates a lead ion vacancyb

¢ indicates'an_oxygen ion vacancy

" was somewhat more rapid in the low CAMP crucibles than in the high CAMP
crucibles, probably due to the fdrm of the activity vériation with com-
position'in the single-phase region.. Both equilibration times were
reasonable provided the sample retained adequate porosity.

Only a minor temperature dependence of the oyerall-width of the
single phase region could be detected (for Pb(Ti.szf.s)Oa). When the
temperaturecwas raised to 1150°C, the zone widenéd»about 0.08 moie'%‘PbO
loss. At 1200°C a similar increase ﬁas found. ‘Iﬁcremental,temperature'
lowering narrowed the regidn. No change in the ﬁidth was detected when
temperaturés fell below 870°C, probabiy because the lowered PbO Vapor

pressure reduced mass transport to an immeasurable rate.
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c. X-ray Diffractometry

X-fay diffraction teéhniques were used to idehtify:theblow tempera- -
ture>PZT.phases as a funétion of non-stbichiometry. Gerson20vhas re-
ported the{low tempefature phases for essentiglly stoichiometric PZT
compositions. The results do not appear to be constant across the
_single;phase region. Stoichiometric Pb(Ti.SZr.s)dg is a tetragbnaily
distorted péfovskite, while the non—stoichiometéic material produces
diffraction lineg correspoﬁding>to a mixture of'fhombohedral and tetra-
gonal phasés,. This probably indicates that the-non#StoiChiométric
material is locatéd on the phase boundary. A sketch, based oﬁ’the
analysis of several other compositions, is provided in Fig. 7. No
atteﬁpﬁ has been made to characterize the Curie temperature variatioﬁ
acrdss ghe single—phase regions.

B. Knudsen Effusion Experiment

1. Introduction

The "vapor phase equilibration," V.P.E., experiment, as described

in the previous section, measures the width of most lead zirconate-

titanate single-phase regions while affording a'unique method of fixing

the stoichiémetry during processing. However, the technique could not

be appiied easily to fhe solid solution compositibné_at or quite near

pure lead titanate or lead‘zifcénate because df fhe difficulties en- : v g
countered in fabricating the atmosphere crucibles and samples. Hence, ' ¥
another,appfoach was taken. *

A variation of the standard Knudsen effusion cell allows for an

extended interpretation of the vapor pressure data.’ In fact, a single

experiment may‘be.designed to yield the width .of any PZT single-phase
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region , thebequilibrium lead oxide vapor’pressure'data as a function of
temperature and composition, and the exact locaﬁidn of the stoichiometric

composition, Pb(Tierl_x)Og, within the single-phase region. This is

30,31

possible because only a single component, Pvo, évaporates, S0 that

the composition of the‘remaining condensed phase changes uniformly, and -
can be so constrained to cross'the desired phase boundaries at a constant

temperature.

In a typicallKnudsén experimént’28a32—3h

the éample.issealed within
a non—red#ting cell‘wiﬁh a small éylindricai drifice,. Ideally, the
equilibrium vapor pressure builds up within the KnudSen cell at a con-
stant temperature. The orifice area acts as the efféctive area from
which the ?apor'molecules #ill escape at the equilibrium rate. This
_equilibrium escape rate is inferred ffom the weight-change of the cell;

by means of the Knudsen eqﬁation32 (1):

1/2

p = (aw/at)[2 kT/m] /AW
where |
(dw/dt) = the weight-loss-rate (milligrams/hr) of the cell
T ‘= the orifice temperature in degreesiKelvin y
m = the mass of fhe'éffusingrspécie-;t;keﬁ as oniy the PbO
”molecule -
Ao‘ = the orifice areea
W» ' = the Clausing correction factor fof‘thercylindrical orifice
k = Boltzman's constant.

In the usual Knudsen effusion method, the vapor pressure is measured
above a matérial of fixed composition.: However,'bécause the samples in v

this study lose PbO by inéqngruent‘vaporiZationibeO effusion causes the
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sample composition to change with'time; ’Tﬂis allows.the simultaneoué
collectioﬁ of phase equilibria infdrmation. o

The ekperiméntal variation instituted in this study, thérefore;
consisted of initially preparing a well charaéterized.léad éirconéte-v
titanate pius.lead oxide sémple; éontinuing the'Knudsén effusianeiperi—-
ment until all thé lead’oxide ié exhausted‘from the Cell; and then fe-
'cdrdihg thévweighf and analyzing the oxide residué}“ Thié technique'is ”

applicable to any Pb(TiyZr x)03 composition.

1=
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2. Experimental

a. Sample Prepération. The desiredblead zircohate—titanate com-
positioﬁ was prepared by carefully mixing the puré oxides invﬁhe manner
that was previously described (see Fig. 8). The oxides werevmiied with
the conceﬁtration of-iead oxide exceéding that Of'titania and zircdnia
by a knowﬁ amount (L-16 wt %),Ito establish the overall sample composi-
tion at a known point wifhin the (PZT#PbO) phasé field. - This powder was
calcined in a‘[PZT+PbO] crucible to allow a briefvhigh temperature sosk
(3 nrs., llOO?C) followed by a longer moderate temperaturé soak (20 hrs.,
850°C). :The powder was lightiy re-mixed'in a plastig mortar and pestle,
and screenéd to‘remove the‘particles of less than‘ﬁbo mesh.

Alternétively, the oxides wefe comﬁined first in their stoichio- .
metric proportidhs and caléined at'é'lOW-temperature in ai? (84o0°C, 30

hrs.) to form the Pb(Tier x)03 compound. Then a precise amount of

1-
lead oxide (4-16 wt %) was added and homogeneously ﬁixed'withvthe PZT.
The overall combosition in either.case is loéated, for example, on
the lead titanate phase diagramh shown in Fig. 9.
The pbwder was poufed into the Knudsen celi,to yield a low bulk

‘ density, which would inhibit sintéring.

b.  The’Effusion Cell. The Knudsen effusion cells were fabricated

from platinum, chosen for itsplow reactivity with lead oxide under the
experimeﬁtal conditions.' Cylindrical cellé were machined from 0.5 in. »
diameter rod, creating a cavity approximately O.h‘in;,by 1.0 in; The

cap was machined to the form shown in Fig. 10 and was drilled with a

thin orifice, .013 in. in diameter, 0.15 in. thick. Appropriate correc-

tions were made for the thermal expansion at a mean experimental
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Flg 8 ‘Proc'e'ssing ‘diégra.m for the Knudsen sample.
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temperature (1100°C) and the Clausing correction for the cylindrical
orifice geometry chosen (0.485).

Temperature measurements were made by meéns of a Pt/Pt.gRh.; tﬁermo—
couple, spot welded to the éap, in the manner illustrated in Fig. 10. A
calibration_experimenﬁ; with two thermocouples, one welded to the lid,
and another welded to the bottom of the cell, indiéated the temperature
grédieﬁt was less than 0.5C° for all temperatures of interest.
| The cap and the cell were sealed by helizaré weiding, utilizing a
platinum shim. The cap design allowed alternate,opeﬁing and're—sealing

the cfucible'fof a number of experiments.

-c. The Thermqé;avimetric Apparatus. The experimental apﬁaratus is
diagrammed in Fig. 11; The balance used was an Ainsworth‘Recording
Bélance type RZA-AU—l, which records cbntinﬁously the cell's Weight.loss
in milligrams as a function of time.v The system was evacuated by means
of an oil diffusion pump to pressures in the 107 to lO-h mm Hg range,
where the lower limit was determined mainly by the outgassing of the
extensive amounts of aluminé bubble insulation méterial which was used
so that the system.could also be used for oxygen atﬁospheres.

The furnace.was an alumina tube with resistance-wound Pt.sRh.2
element, coﬁstructed such that the hot zone had a thermal gradiént'
(vertical) of less than 1C° over a 3" zone. A permahently placed thermo-
couple wasvcalibrated_against the sample temperatﬁres as determined by
~ the spot—#elded thermocouples as sHown in Fig. 11.

Thé cell was suspended by a single thermocouple that was insulated
by a thin, high-purity, dense alumina tube. Fine copper coils were

employed to mechanically isolate the suspension system while allowing




 0.005" COPPER
“WIRE COIL

- (% “J

AINSWORTH

CONTINUOUSLY

RECORDING

MICRO ~ BALANCE

W wd

) § o«

btra

D

AUTOMATIC
WEIGHT -CHANGE

MECHANISM

O-RING

 SEAL

_ TERMINAL STRIP/ | .
- BELLOWS - > \{ |
| - \\e__ THERMOCOUPLE
 TUBING COMP. WIRE
(SAMPLE)

~-VACUUM SYSTEM

REFRACTORY—
INSULATOR 4

FIXED
REFERENCE
THERMOCOUPLE q

KNUDSEN ceu:—c'_
ALUMINA TUBE 5

Fig.

THIN THERMOCOUPLE
' PROTECTION TUBE

=

o

1

11.
Experiments. _
~ automatic weight-change mechanism is an Ainsworth type RZA-AU-1.
Thin copper coils from the sample suspension thermocouple to-a
terminal strip that may be reached by a vacuum feedthrough,
serve to create mechanlcal isolation while providing electrical
conduction.

40

(S

1
\ -

.
-

9| .

‘ &
'ﬂj\\
1

Q00

00000000

W

 S—0-RING SEAL

——WATER COOLED
’ CAN ‘

BUBBLED

ALUMINA
INSULATION

Pt RESISTANCE

[

%)

OO0 O booo;\ou

WINDING

WR.NG sEaL

XBL 726- 6462

The experimental apparatus used in the Knudsen Exﬂ'fumon

The continuously recording microbalance with



-28-

potential measurements of the thermocouple, as shown in Fig. 11.

In these experiﬁents, the thermocouple on the sample cell was used
as the controlling thermocouple so that'the cell would equilibrate to
temperature changes rapidly. Provision was made so that this thermo-
couple could be connected to a potentiometer, when desired, to obtain’
accuratevtemperature measurenents.

In SOme experiments a simpler arrangement was'used; The cell was
merely suspended by é 0.020 in. diemeter Pt.gRh.; wire, and the tempera-

ture was calculated from that of the permanently piaced thermocouple.

d. Experimental Procedure. The sample powder was first character-
ized by precise weighing, X—fay diffraction and chemical analysis for

Pb, Ti and Zr content. The Knudsen cell was loosely filled with the

powder (approximately 2 grams PZT, 0.40 grams excess PbO), sealed, dried, -

weighed, fitted with a thermocouple,'and installed in the system. This
was followed by a bakeout at 600°C for at least éh.hours to achieve a
stable background pressure in the 1072 to lO-u mm Hg range. The cell
was equilibrated and held successively at several different temperatures
(i.e. 75Q°C, 800°¢, 850°C, 900°C) for times long enough to obtain
accurate, constant weiéht-loss rates which indicated the equilibrium
lead oxide vapor pressures or activities. At the lower temperatures,
where quite siow weight-loss rates were observed (less than 5 mg/hr), 5
discontinuous recording technique was required to.éonserve chart re-
corder paper and hake the data analysis easier. The weight loss was
marked at several long time intervals (1-10 hrs/interval).

Only & small portion of the excess lead oxide ih the cell was ex-

hausted by these preliminary weight losses. The sample, still possessing
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two phases,vwés fhen eqﬁilibfdted at_ﬁﬁelegpérimenﬁal'tempefatﬁfe, 11006C,
while continuously recording the weight loss. |

| After some time, the loss of PbO significanﬁly'alteréa the sample
compositions resulting in the formatidn of'firét; éingle-phase PZT, and
‘then the‘mﬁlti—phase mixture_of PZT Wifh.titania and/or.zirconia. This
is ;llustrétéd_alopg the llOO?Cvisotherm-drawn on the lead titanate and
iéad»iirQOnate;Phaée diagrams5 shown in Figs. 9 and 12, and in_the: 

5’3S_reproduced in Fig. 13.

. PbQ-TiOQ—ZrOz isothermal‘térnary phase diagram
When two or more phases are in équilibrium, e constant weight-loss rate:
is té be e#@écted. " Again, the cell waé équilibfafea at several other |
températuresb(i;é. 1000°C, 1150°C, 1200°C, 1250°C, eté.), and the con-
'.stant-wéighﬂ—ioSS fétes fhat are proportional to the Pbo Qapdr bressures
abbve tﬁe multi-phase‘cdmpositions were‘rgcorded.

Fiﬁally, the cell was held at‘1200°C where a moderate and constant
weight loSs.Was.eipected unt%l the end df the experiment when all PbO |
hadbbeén.exhausfed from thevcéll and no further weight loss was observed.

: Theléeii waé réturhed to room temperéture,“weighed, opened, and the
contents wéighéd,-collected, and anslyzed. The tétal observed éxperi-»i.
mental weight loss should'correspond to the amount of lead oxide |
initially in the cell. |
| 'This experiment can be répéated for ény compbsition’within'the;lead:f
titanate-lead zirconaté solid SOlution‘system. | |

3;-.Reshlfé and Discussion

The Knudsen effusion experimental data consisted of the effusion
generated weight loss of lead oxide from the cell as a function of time

at a constant temperature. The Knudsen equetion applicable to this
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Flg 13. The PbO - TiO,. - ZrO isothermal ternary phase diagram at
1100°C.  The tle—llnes 61n th'e PZT + LIQUID region were determined’
by~ Fush1m1 and Ikeda.”® The phases present in the lower portion
of the diagram were determined by Webster et al. 35 The variation
in the width of the PbTi Zrl xO3 single phase region is drawn to
scale. : S '
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system is

p(atm) = 1&.67>5vxlv0v_7(dw/d’c)[T‘]l/z/W W= .8 |
W = the Clausing correction for a'cylindricﬁl orifice{36’37
No dependence upon.the orifiée aréa ﬁﬁs found when an’orifiée_diameter
of 18 milé (déubling the orifice'area)'was used for PbO and PbTi0s exﬁéfi-
ments. | | -
It the observed rate of weight loss 6f the cell is constant, so.is
the PbO eqﬁiiibrium vapor pressure,_and-the comﬁositiqn of the sample
lies in a two-phase region. On the othér haﬁd, wheﬁ phe rate of weight
loss is.n0t,éonstant, the equilibrium PbO vapor ﬁfeSsuré is:changing
with time. This is thevcase.fdr thé compositions within the:single-b
phase region. When in a two-phase région;'the ﬁﬁefall sampie composition
is‘changing, but the vapor pres;ure.ofinO is ndﬁ.‘ 
When during the course of thé.expefiment-thé lead oxide effusion
causes the sample composition.to cross into the PZT single pﬂase region,
the ﬁeight—loss’rate ébserved became_non-linear and Siower, reflecting
the reducéd lead_oxide activity in the sample as-it‘becomes-more de-
ficient with respect to lead. When fhe continuous effusion of lead
oxide cauSéa'the appearance_df}a new second phase (i.e. titania as in
Fig. 9) the weight—loss rate, gnd therefore the vapof pressure,. will |
become constant oﬁcé‘again. Thus, thé amount of lead oxiae lost‘duriné o
the non-linéér portion of the weight;loss data ﬁill correspond to the
exact width of the PZT single-phase region with réspect,to Pb0 at that
temperature, or the degree of non—stoichiometr&'of‘the'combound, as is

illustrated in general in Fig. 1bL.
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Fig. 1k. General form of the Knudsen effusion datas at a constant
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- . through the PbTi Zr single-phase region. This corresponds
. to the non-llnea¥ por 1§n of the weight-loss vs time curve.
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This non-linear region is measurable for all lead iirconéte—‘
titanate compositions, is quite reproducible, and is independent of the
amount and particle size distributibn of_the'sampie powder;_ Howevgr,_
screening.techniques weré aiways used tolremove tﬁe smallest particles -
from the distriBUtion. | . |

Figure 15 summarizes the entirevfdrmrof the;data. The actual re-
suits are summafizéd in Table II‘wherek"mdl. ahd wt; %" refers to the
percent lost. They agree closely with the data obtained in the "vapor
phase equilibration" experiment, see Part II-A. Thecvariafion found in
the width Qf the PZT'single-phasevregions is illustfated graphicallj in
Fig. l6vih'mole % PbO lost from the sample; mole %biéad vaéancies in the
sample; and in mole fraction of PDbO. This felation'is dréwn‘to scale_pn
- the ternary phase diagfﬁﬁ in Fig. 13, the PbTiOs phase diagram in Fig. 9,
and the lead zirconate phése diagram in Fig;‘l2. It ié séeﬁ that both
the terminél compositions, lead titaﬁate and‘lead zirconate, possess the
wideét fanéés of'non-stoichiometry in the:system;

Aséumiﬁg the rate of’weiéht loss tovbé propbrtiénal to thé,vapor
pressuﬁe of EbO Qithin the cell at all times, tangents constructed to
the weighﬁ—loés curve alloﬁ calculation of the'lead oxide vapor pressure
or activity as a function of compqsition; The non-linear portion.of one
experiment is expanded in Fig. 1T7. |

Thése_déta, tabulafed in Appendix B,:allOWS the graphical integra-
tion of phgﬁGibbs—Duhem equation,38fho which yields the corrésponding
actifity of%titania or zirconia and consequently the free energy of
mixing as a fuhctioﬁ of combositioh through the éZT singié-phase region.

This calculéted free energy of mixing is found_td have a’minimum within

172
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Table II. Tabulated results of the "Vapor vhase equilibration (VPE)" experiment and the
Knudsen Bffusion (KE) experiment defining the extent of non-stoichiometry or width

of the PZT single-phase region.

Pbj.x Ox (TiyZri-y) Oz-x bx
AW SINGLE - PHASE WIDTH| SAMPLE COMPOSITION (BOUNDARY) 'EXPERIMENTAL METHOD
y |WT % | "MOL.% Pb0"| x |MOL.% PbO|MOL %O, $|MOL.% TiO, | MOL.% ZrO, |MOL. FRACTION PbO VPE. | KE
0] 7.3 10.0+10 |0100]| 450 5.0 50.0 0 0.474 X
0.9 | 40! 55+05 |0055| 4725 | 275 450 | 5.0 0.486 X X
08| 3.1 4.2+05 |0042| 47.9 2.1 40.0 - 10 - 0490 X X
065 1.89 | 27+03 |0027| 4865 | 135 | 325 . 7.5 0.493 X X
05| 1.72 248+03 0025 4875 1.25 25.0 250 0.494 X X
04| 108 1.6+0.2 |0.016| 49.2 0.8 20.0 30.0 0.495 X X
02| 198 3.0t 05 |0030| 485 1.5 100 | 400 0.4925 X X .
0|61 | 95%10 |0095| 45475 | 4525 0 50.0 0475 X

FORMULAE USED

NO. MOLES PbO LOST

(SW)Y(MW-PZT)

%, M " _
(')‘ MOL. % PbO™ = NO. MOLES PbO IN SAMPLE

b o pratl = _ (GRAMS PBO LOST)
21 "wr % PRO" = (GRAMS PbO IN SAMPLE) (100)

(100) =

223.19 (Ws) too) -

- (3W) (100)
[(Ws)/(MW-PZT)] (223.19)

_ "WT. % PbO" = "MOL.% PbO"
'  _ GRAMS LOST _Sw
. . "9 E e—— = =X
(3) WT /o. SAMPLE Wi X'0° S 100.

(4) MOL.% PbO = (—';ﬁ(lom

: y
MOL. % Ti0,= - (100)

(i-y)

MOL.%D,$ = =% (100) MoL.% zro = “22(00)
1-X =X
(5) MOLE FRACTION PbO = = X
(=-X)+1 2-X

 Mw-PZT

.3 W = SAMPLE WT. LOSS
Ws = INITIAL SAMPLE WT.

MOLECULAR WT.

XBL726-6457

"Mol. or wt. % PbO" refers to the peecent lost from sample during experiment. -

_9€_
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Fig. 16. Variation of non-stoichiometry in the lead titanate-
lead zirconate solid solution system.
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Fig. 17. Expanded non-linear portion of the Knudsen cell weight

loss vs time date (single-phase region).allowing calculation
of the lead oxide activity variation with composition through
the single-phase region.
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tﬁe singie—phase region implying that the stoichiOmétfic'comﬁosition is
‘not the most stable perovskite. The details of the analysis and the
computer aséisted calculation are presented in Appendix B. This analysis
weg applied to both lead titanate and iead zirconéte; The reduced ex-
perimental results for activity as a function of'composition are shown

in Fig. 18 for PbTiOz and in Fig. 19 for PbZrOa.: The results of the

free energy of mixings dependence on composition is offered for Both
materials in Fig. 2.

In addition, each experiment géneratesvlead oxide vapor pressure
data,for'the multi—phéée regions that-bound the noﬁ-stoidhiometric com-
pound. The fesults that are obtained éompare favorably with those
reportedvby‘Hardtl and Rau"’ for the (PZT+Z) phase field.

Pure lead oxide was used as a calibrating material since it has
been eitensively studied and is the only vapor spgcies.of consequence in

- the system.30’31

However, some minor experimental difficulties were
encountered'that were associated with the formation of the lead-oxide
liquid at the temperatures of intefesf (850°¢-1200°C). To determine if
it was condensation and refeQaporétion of lead oxide that was creating'
the difficulty, the hot stage of a scanning electroh microscope was
.employed.  A small modevinudsenvdell was faﬁricated containing the
same orifiée‘geometry as the actual experimental.cells, and pure PbO.
powder was placed in it. |

The scahning microscope revealed that as the témperature was in~
creased towards the melting poin£ of Pb0, some of the lbosely packed

powder expanded towards the orifice, and upon melting, wétted the orifice

and outside of the cap. However, these effects could be virtually
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18. 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 s

graphical integration of the Gibbs-Duhem equation (see
Appendix B). :
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determined from analysis of the Knudsen effusion experimental
data and a graphical integration of the Gibbs-Duhem equation
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eliminated by pre-melting the PbO powder in the unsealed Knudsen'cell.
U51ng this approach, there appeared to be only a trans1ent plugglng of
the or1f1ce, that readlly dlsappears upon temperature equlllbratlon.

This is shown in Fig. 21(a) and (b). When the experimental technique,_-
found tovelininate significant Pb0 llduid loss,wasvapplied to the actual
Knudsen'experiment,‘vapor pressure data were obtained for pure lead
oxide thatvare in excellent agreement‘with the thermochemical data as

tabulated by Kubaschewski et al. b1 and'JANF tables,ug and in fair agreeé

ment with the lead oxide standard used by Hardtl and Rau.2’ The results
are graphlcally compared in Flg. 22. The raw data is summarized_in
Appendlx C.

The lead oxide vapor pressures obtained for:the pzT composition in
equilibrium with either the-lead rich liquid phase or the oxide solid
v»phase are presented 1n Flgs. 23 and 2h The analytlcal vapor pressure .
erpre351ons, the enthalpy, entropy, and the standard dev1at10ns are
'reported in Table III. (The data p01nts were least:squares fltted to
the linear form, lnp = A(1/T)+B.) | |

Because Pb0 is the only.significant vapor species in the PbO-TiOz-v
ZrOz system; it is expected that‘a second law analysis of'the KnudSen |
effus1on vapor pressure data should y1eld equ1valent values for the
ientropleS'of vaporization. '‘This is observed (Table III) for'PbO,
PbTiO3+4Ti02, and PbZr03+Zr0;.

Entropy and enthalpy\arevdefined’assuming~a composition'that is
inuarient uith temperature; EntrOpy correlatlon cannot be expected for 1

PbT103+11qu1d or PbZrOa+11qu1d as the lead r1ch llquld comp031t10ns

change appre01ably with temperature (see Figs. 9 and 12). Consequently,
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after 9 min.
at 900°C

(a)

XBB 726-3502

Fig. 21. Scanning Electron Microscope (SEM)
photographs of a Knudsen cell containing
pure Pb0O in a hot stage [0.013 in. orifice
diameter].
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Flgl 22. Natural log of vapor pressure (PbO) vs. 1000/T°K as
determlned by the Knudsen Effusion experlments. (This data
is least sguares fitted to a linear form and is compared to
the thermochemical data and the results of another Knudsen

,»experlment)
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23. Log (lead oxide vapor pressure) vs. 1000/T°K for lead
titanate in eguilibrium with a lead rich liquid and with
titania. The results are compared to those for pure lead
oxide. : E
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Table III. Tebulation of linear least squares fit to.the Knudsen Effusion experiments
{see Appendix C). : ' '

KNUDSEN SAMPLE uNEAR LEAST SQUARES FIT éEcoND LAW ANALYSIS |
~ COMPOSITION _ A B | ENTHALPY ENTROPY
om0 | gaolemod | imaos | -s7esuol | sase
mzogreay | SEENOE | o | Siamene?| S
ooy | A | e || et
PerOst-l- 2r0, ;3:‘98.67;'3402 .";55334 ._ ;6;3,2’;'3;3 321235 |
oriog +Ti0g,, | S380a%e | T8 | T 35

'LEAST SQUARES FIT TO KNUDSEN CELL DATA OF FORM:
P, =A(/T)+B A=B0H/R B=AS/R

o = STANDARD DEVIATION

 XBL 726 6456

Second Law constants are not tnme enthalpy or entropy.

-gn-
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constahtézfeporped in Table III for these cases do not correspdnd to
vtfue entrépies or‘énthalpies; | |
The.cbmposition‘of the_ﬁapor is assuméd té be.§SSentiélly monomer.
‘Small amounts of dimer and trimer lead qxidé in the vépor ébpve puré con- -
densed leéd oxide3o'ihtrodu§e.émall erroré,'bﬁtgthese are not beliéﬁed.v
to be impoftant.: The raw experimental data are summarized in Appéndik c.
It .is ihfbrmative'to plbt.the lead oxide agtivity of PZT in equili-
brium with lead rich liquid as avfﬁnction of teﬁperatﬁre (Fig.IQS) and
x)03 compééition, as shown in Fig. 25.' Whiig,thg resuitsl5

the Pb(Tlerl_

-for PZTrin,equilibrium with titania and/or zirconia are in good agreement

with thoée reported by Hardti and Rau,29

Atkin and’Ful'rath's7 approxima-
tion of‘PbO’activity of PZT plus lead rich liquid compositions which
~assumed the applicability of Raoult's law for the liquid based on the

% is found to.

phase eQﬁilibfia information reported-by Fﬁéhimi and‘Ikedg;
'ﬁe in error. ‘The actual écti&ity coéfficients as éalculafed from the
preséntlé*perimgnfal dgta; deviate substanfially from'Rébult's law.

Théy are_plot%ed és é fﬁnction of;compoéition in Fig. 27.

Fihally; by evéporation of all.thé leéd oxide from the Knudsen gell,
and_by.carefullj;weighing and analyzing thé sampié_residuévﬁhat'is.left .
in.the cell, it was poséible to locafé the_Stoichiometric.PZT éomposition'
felati&e té,thé boundaries of ité single-phase fegion.

This‘is‘accompliéhéazaé follows: o

the amount of titania and/or zirconia'residue that is left

W, =
r ‘ i

_ in the cell at the end of the experiment in grams
Voo = the total amount of PbO that vaporizes from the cell during.

the exPerimeht in grams
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 Fig. 26. Lead oxide activity as a function of Ph(Tierl_x)o

when the PZT compound is in equilibrium with a léad'ricg
liquid: O - refer to experimentally determined points,
X - refers to extrapolated points. ..



Fig. 27.

52—

|— —
b —

Qpbo = 7pbo Xpbo

ACTIVITY COEFFICIENT, Yppo

.

o X | SRR NN N N NN NN SR SR N

- PbTiOz » PbZr O3

Pb(Ti, Zr) O3 SATURATED WITH PbO

XBL726-6434

The activity coefficient of lead oxide as a function of
PbTierl_xO composition at 1100°C and 1200°C, calculated
from the experimental Knudsen data showing a deviation from
Raoults law.



F
o
-
-
¢
)
-
o
Lo
.
i
Cw
¢

4
¥

=53-
‘x- “=lthe wt % PbO in the perfectly stoicﬁiﬁmetrié beizZrl_zoa
| véample | | |
v = the wt % (Ti.Zr _,)0z in the éerfectlybstoichiOMétrié
| Pb(T1 Zr, _ )03 sample |
Awb..= the width of the singléephase_region'(ﬁilligrams) as deﬁer4.'

mined from the non-lineér portion of the weight loss vs. time
;_curve _ |
w' = the amount of Pb0 (milligrams) that vaporized from the cell"
betwéen the end of the siﬁgle—phase region and the éompletiqﬁv
~‘of the experlment |
T..' = the weight of perfectly st01ch10metr1c Pb(T1 Zr )03 that is
- formed by reactlng PbO with the tltanla and/or zirconia
residﬁe. _
P = the ﬁéight Qf PbO (grams) that is'reqﬁired to react with the

-

-_wr(mgs) of (TizZr )02 to form the perfectly stoichiometric

l-z"
.compound. o

(y)(1) = w.s so T = (w)/(y); therefore P = (x)(t) - (x) (v, )/(y)

Hencé, if the experlment was done carefully, (w'+AwI>P>w » and P

grams locates where the stoichiometric compos1t10n should be relatlve to

the bqundarles of the s1ngle-phase region, -as illustrated in Fig. 28.
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. 28. The entire Knudsen Effusion Experiment conducted at a

constant temperature illustrating the calculation of the
location of the perfectly stoichiometric Pb(Ti Zr )O3
compound relative to the determined boundaries of Ixs -
single-phase region. :
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III.. EXTRINSIC NON-STOICHIOMETRY

1. Iﬁtrodﬁction

| Smali additions of;other.oXide§ to lead.zircoﬁétéetitanaté héve been
repoftéd to.afféét the_elecfricélrpropérties,‘sihferiﬂg kinetics, and
grain growth. :Biémuth and nioﬁium have.been shown tb'éct as sinteriﬁg
aids; and to improve the ferroeiectric_behafior;"Lﬁhthgnum has markedly
enhanced the sinterability of PZT ceramics. Haertling and‘Landl3, in-
éorpér&tinéjlanthanUm in the presence of a lead oxide liquid phase, have
pfoduqed qptically_franspareﬁt méferial by hot_pfeséing;bwhile Snow9 héé 
' achie&éd_gimilér'féstlts by sintering.' Very interesting optical switch-
ing deVicég hévé'been ﬁfbducéd.from.this materialf“ln'additioﬁ; I.,eel‘3
has,démoﬁ;trétedjfhat scandium caﬁ convert'the.férrbelecfrié'charécterié-
tics'df_PZT‘fo én anti—ferrdelectricflike'behévidr;‘

’ “Td;genérate commgréiallyvuseful deviées, reprodﬁcibility'of results:
must'be assured, whiéh'implies that thé pfocessipg.kinetiésfmust'be con~
vtrélied;' ItAappears that to ¢Xplain‘tﬁe reported-reéults'éorfectly, one
must undérs£éﬁd the kinetics éf fhé'inéorporation‘Qf.the“Bi, Nb, La, and.
Sc ions’into_the perovskité lattice,:théir locatibﬁ in the iattice, and: '
the defeét étructure that is genérated. vansengntly, an expefiment was
deVeloPéd_that provided direct observﬁtion bf‘thé.méchahisms.

.vﬁylﬁaintaining propér.athSPhgre controi, fﬁermogravimétry may be
u;ed'tb'study the continubus ﬁéight‘changes caﬁséd'b§>the feaction‘:_
'between'any Secohd>phése oxide éddition with lead;zircongte—titanaté.

In this éﬁalysis, the number of titanium_and/dr zirconium ions dié—
tributed~on.the_B—sitévof‘thé péro§skiteilattiée'isvconstant due td the

extremely low vapor pressure of these species. However, the lead ion
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concentration is free to adjust itself by means of equilibration with a
surrounding lead oxide atmosphere. Hence, shoﬁld a catioﬁ diffuse into
the A-sublattice, some lead ions would be released;‘keeping the ratio of
A-sites to B-sites at unity. If a cation diffused into the B-sublattice,
the total number of B-sites would be increased, and additional lead ions
would be obtained from the atmosphere, again holding the A/B site ratio
at unity. This type of feaction weight-change analysis was first demon-
strated,by Weston et al.,ll who determined the substitutional lattice
site of Fé3+ in leadvzirconate-titanate by weighing a sample containing
iron dxide before and after a long high_temperature.firing.

However, this method'may be further refined td reveal the vaLency
of the substitﬁted cation and the acti&e_charge compensationvmechahism.
Also, thermogravimetry ﬁas the advantage of continuously recording bpth
the weight—éhanges caused by the ionic substitution, inclﬁding the de-
velopment of any dominant, though transient, second phases, at the
temperature of interest. |

Thus,.divalent ion substitutiohs on the A—sublattice and quatra-
valent ion substitutions on the B-sublattice of the perovskité require
only equivalent amounts of PbO lost or gained from the original compo-
sition.. Hoﬁever; trivalent ion subétitutions on the A-sublattice and
pentavalent substitutions on the B—sublattiée require an additional
mechanism to neutralize the charge imbalance creaﬁed. This neutralization
may be accomplished in several ways. Excess positive charge may be
neutralized by:

(a) creation of lead vacancies (reduction in the number of lead

“ions on lead sites)



.
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(b) reduction of Ti_aﬁd/or'Zr to trivalent species
(c) distribution of the substituting ions on_bpth,A and B lattice
' sites | |

(d) creatibn of B-site vacanciesf-théoretiéal numbér of B sites are

iﬁcreased with novchange in the number of Ti and/or Zr ions.

The reduction of titania and/or zirconia may bé dropped from furthef
considerétion as it has been shown that réduced léﬁdvtitanate turns black
and becomes'a good semi-conductor; no color or chductivity.chénge wa.s
observed under present_experimental conditions.. If the ions to be in-

vestigated are selected such that their ionic radii closely match either

‘the A or the B site radius, it should be unlikely that a distribution

would result without grossly perturbing the peroVskite crystal structure.

Useful data of Shannon and Prewit.hh are preéented in Table IV.
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Table IV. Ionic Radii

Perovskite A2+Bh+032_

Effective Radius Probable PZT Lattice
Ion C.N. (X) ' Site
o= 12 1.49 A
n" 6 0.605 | B
gt 6 0.72 o B
Bit g¥ 1.11 A

. o

Bi’ 6 0.74 B
nb* 6 0.70 | | B
wo>* 6 . 0.64 B
>t 12 - 1.32 A
se3t 6 0.73 ' B

¥ Highest C.N. tabulated.

Thérefore, it is expected that either (a), the creation of lead
vacancies, or (d), the éreation of B-site vacancies; or some combination
of these serve to neutralize the charge. These possibilities are

analytically stated by.equations (1) and (2).
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(1) The complete substitution of M3* ions on the lead sublattice

— (a)

[Pb(Ti,Zr)O3 + xMol_SJ—————

f-—’(b)

5% [} xMx)(Ti,Zr)O3] + 1.5x Pbov

(a) [(Pbl’l' 5

lead vacancy charge compensation

(b) [(Pbl_. ] + .75x PbO_

75xMx)(Tl’Zr '.2Sx)o3+.75x

(Ti,Zr) vacancy charge compensation

5+

(2) The complete substitution of M” ions on the (Ti,Zr) sublattice

- —(a)

Pb(Ti 2r)0; + xMO, o +

| S (b)

(a) -5xPb0_ * Pb O 5x(Ti,Zr Mx)O

1+.5x . 3+3x

~lead vacancy charge compensation

(b) 1.25xPbO -+ Pb

0343.75x

14125 TE AT M, O o5)

(Ti,Zr) vacancy charge compensation
Hence the final weight change observed will suggest which model is more -

appropriate. The stoichiometric sample containing the trivalent sub-

stituent_compatiblé with the lead sublattice will either show a'weight
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loss corresponding to .75x moles of lead oxide or 1.5x moles of lead
oxide. If a weight loss between these values is obtained, it is pbssible
that both charge compensating mechanisms are operable. Similérly, -
samples containing the pentavalent B-site substituent should exhibit a
weight gain of lead oxide of either .5x moles or 1.25x moles of lead
oxide. |

Another situation is created by the substitution of a trivalent ion
on the (Ti,Zr) B-sublattice. In this case the re is_é deficiency of
positive charge which must be neutralized. Neutralization may bé
accomplished by the removal of oxygen ions (i.e. the creatioﬁ of oxygen
vacancies) , ér by an increase in the lead ion concentration, reduction
of lead vacancies. If an increase in lead ions is required to make up
for the charge deficiency, a weight gain shouid be- observed equal to 0.5
moles of Pb0 in addition to the x moles of Pb0O required by the direct
substitution. When oxygen vacancies form, the sample weight gain of
x moles PbO is the only change that will be detected. These situations
are illustfated by Egs. (3a) and (3b).

3+

(3) The complete substitution of M” on the (Ti,Zr) sublattice

Pb(Ti,Zr)o3 + xMoL5 +

(a) xPb0_ > Pbl x(Ti,Zr,MX)O @

+ 3+3x-.5x .5x%

Oxygen vacancy charge compensation

(b)]..5beov + Pb (Ti,Zr,Mx)O

1+x+.5% U I-.5x 3

reduction of lead vacancies

I = the intrinsic vacancy concentration.
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The sample,weight chapgés'thatimight be expéotedxare:summarized in

Table V.
Tablé V. Possible Ionic Substitution Reactions
[PZT+y/2 (metal oxide)] sample '
Ion ~ °  Weight .Change - - Méchanisms
M2+- B CR PbO (loss) A-site substitution’
w3 .C)é%’PbO (loss) - A-site substitution
: ~ lead vacancy charge comp. -
vt @ vy Pb0 (loss) A-site substitution S
" (© .75y PbO vacancies) B4+ reduction or BY* vacancies
¥ @y Ppo (gain) . B-site substitution |
T : oxygen vacancy charge comp. .
Mu : @ y PbO (gain) ~+  B-site substitution
wt o ® y/2 PO (gain)  B-site substitution
' ( ®1.25y PbO vacancies) 1lead vacancy charge comp.
MS,* @ y Pb0O (gain) -+ B-site substitution
Bi+ reduction or B-vacancies
st 2 . : .
M © fy PbO (1oss) A-site substitution

lead vacancy charge comp.

Graﬁimetric‘analysis‘in a controlled PbO atmoophere was made'pos—
sible by fhe fabrication of multi-phase -lead zircopété-titanaoevoruciblés 
that establish a constant equilibfiﬁﬁ lead oxide_atﬁospheré and effec-
tivelyvisolato_the sample being Weighed. The cruciole composition

established the lead oxide activity of the sample's atmospheric environ-

ment. It is impoftant that the weight changes measured are aséociatéd
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only with the reaction with the second phase,addition._ The intrinsic
stoichiometry must not change during the experiment. This could be
assured by fixing the étoichiometry of the lead.zircohate—titanate sam@le
érior to the addition of the dopani.

If a crucible was fabricated of a (PZT + Z + T) composition, énd a
"stoichiometric" mixture of PbO, Ti0; and Zr0, was placed in it, the
high-temperature calcination established the equilibrium composition for
the powdér. Thisris implied in Fig._2(b). If any fﬁrther heat treat-
ment of this.powdervwas done within this same crucible, no Pb0O exéhange
would be expected for the powder with the atmosphere provided by the
crucible.

Alternatély, this experiment could be conducted with a érucible,’or
burial powder , which has the identical single-phase composition as the
sample. However, as the crucible loses PbO and its composition changes,'
the weight change déta would vary in anvunprediétable manner.

2. Experimental

High purity PbO, TiOz,.and Hf-free ZrO, were homogeneously mixed in
their stqichiometric proportions in the manner discussed in the pre-
vious section. This powder was ﬁhen divided into two ﬁortions: (a) to
be fabricated into crucibles, and (b) to be fabriéated into samples.

The crucible fabrication and calcination techniques were identicel to
those diséussed in the preﬁious section, and are summarized in Fig. 29.
The sample}powder was poured into the crucible, covered, enclosed within

an outer platinum crucible, and calcined for 20 hours at 850°C in air,

followed by & 3 hour soak at 1100°C, to achieve vapor phase equilibrationb

with the atmosphere provided by the crucible. Then the sample powder of

E
i
;
H
!
i
|
i
|
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PbO + X TiOp + {1-X) Zr O
| MIX-24 HOURS |
ISOPROPYL ALCOHOL ¢ TEFLON BALLS

MIX-12 HOURS

TEFLON ‘BALLS|
~ ADD
5WT. %
[xTHO,+ (1-%)2r0,]

|

PLACE SAMPLE
POWDER IN CRUCIBLE

|FABRICATE
CRUCIBLE
HEAT |
20 HRS, 850 °C | -
3 HRS, 1100 °C - »
/ ~ |MORTAR ond PESTLE
SAMPLE POWDER
SCREEN |
~ |aoD oxIDE
|WET MIx}—DRY]
ADD 'BINDER
ATMOSPHERE . | COLD PRESS
CRUICIBLE | o |PELLET (20gm)|

b VAPOR PHASE EQUILIBRATE———
oo°c -

XBL726-6459

Fig. 29. Processing diagram for the study of the
ionic substitutions in lead gzirconate-titanate
by gravimetry and vapor phase equilibration.
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fixed stoichiometry was suitably modified with the second phéée oxide
additions qf>interest. In this Stqdy, 0.5, 1.0, and 2.0 mole % quan-
tities of BiOj.s, NbOz.s, Sc01.s5 and La0j;.s were chésén. In addition,
samples cqntaining‘excess PbO or_(Ti,ZrO)Oz were included.

It is critical that the sampleé conﬁain as much open porosity as
possible to assure rapid equilibration ﬁith_the'atmoéphere. To échiéve
this result, approximately T wt % népthalene crystals were mixed into
the sample. Pellets wére cold-pressed in a_3/h"vsteél die. A 30 mil

" hole was drilled thrdugh'each pellet to allow the‘suspensién of the |
sample by a piatinum*wire. Altérnatively, some éamples were isostaticall&
pressed about 8 .platinum coil, as is shown in Fig. 3.

The pellets were then raiséd at. 10°/min in air to 450°C, held there
for 24 hour§, and furnace cpoled to Burn out all the napthalene. |

The sémple suspended frbm.é_gravimetric.bélénée was then positioned
within the same PZT cfucible that was first used to calcine the powder,
and heated to the desired,teﬁperature (1100°C).

The'crucible cap was designed in éuch a way that cavities were
created to enclose éamplés identical to the sampie béing'weighed. Thus;
at any time during the experimentai run the furnace éould be opened, and
the_éxtré'saﬁple remofed for destructive analysis (X-ray diffraction,
chemical analysis, microscopy, D.T.A. ete.) Without'ihterrupting the

. gravimetric experiment.
The experimentai érrangement was identical to.the one discussed for

the measurement of the single-phase ﬁidth (Fig. 5).
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'3, Results and Discussion

a. Bismuthfand Niobium;‘ The ssmples‘éonﬁaining bismuth aod niobium
ﬁere selecfed as‘e#perimeotal controis;f‘Cryspal.ohemistry'cOnSideretions
ipresent efstrong.case for asspming that‘trivalent_bismuﬁhvwill substitute
for lead and pentevalent niobium will SUbstitufe for'titaoiﬁm/zircohium.
Prelimina.ry'“'experimenfsz7 conducted u31ng a burlal powder of the same
compos1t10n as the sample, conflrm thls hypothe51s (these results are
summarlzed in the Appendix A) ”

The present results are shown in Flg 30(b) and 31(b) for 1.0 mole %
‘eddltlons of..MOx to samples of approx1mately the same weight. The
eqﬁilibrlﬁm'results elearly'indicate total Bi3+ SUbStitution for Pb2+
and Nb5+msubs£itﬁtion\for (TiFZr) - with both requlrlng lead vacancy
charge compensatlon. However, in both cases, welght galns are observed
‘which are s1gn1f1cantly larger than reported in earller data referred
to in Appendix A.vﬂThls-ls partlcularly 1nterest;ng for the case of
'szds.subs;itution;:_lt is suggested that the.refractory niobia perticles
(initially at aPSO=Q)vreacts.with the lead oxide'obtainedrfrom ﬁhev
atmosphere‘(constant anO—O 280) formlng layers of complex lead niobates
-as equilibrium conditions are approached The PbO—NbZOS phese.dlagranll‘5
is‘reproduced in Fig. 32(&) : No sample Weight losses'were observed
until the sample had shown a 1 b wt 7 galn of PbO At;this point the
lezos-PbO composltlon is. 83 .mole % PoO, 17 ‘mole 7 szos whlch creates
about 1.5 vol 7 second phase. Fromvthe phase dlagrem it may be seen

Pb0 gain (grams)
sample wt. (grams)

*vt%:
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Fig. 30. Continuous weight cha,nge Vs, tlme at 1150°C of a PbTi 5Zr 503 sample contalnlng
1 mol.% bismuth oxide (B10 (a) lead oxide atmosphere provided by a stoichiometric
PbTi 5Zr 5O3 crucible (b) Eea.d oxide atmosphere provided by a low-CAMP crucible. -
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that at this composition (located by the dotted line) a liquid phase
may have formed.
Mechanistically, liquid formation is possible?since the-amount of

Noo*

ione that diffuses into the PZT léttice is'et:least partially con-
trolled by the area of sblid—liquid contact. Initially, the homogeneously
dispersed refractory particﬁlates have & very small_contact area with the
PZT'pafticlee. As these partieulates gein PbO fiem the atmosphere, they
increasevih'volume, but still existvprimarily as solid particles. The
surface contact area is still insufficient to ebserve signs of diffusion.
Wheﬁ the liguid phase forms, it spreads out, covering 1arge areas of PZT

+
> ot 1eaves the liquid, its

surface, and Nb diffusion is enhanced. As Nb
lead oxide'ectivity is momentarily greater than that;ofvthe atmosphere.
Henceg'additional PbO leaves the liquid, and the partially open system.
It'should be ieeemphasized that because the PZT semple powder particles
are in equilibrium with the atmosphere as a result of the pretreatment
described no non-stoichiometry weight changes are expected Therefere,
only the niobla contributes to the observed weight changes.

A s1milar situation is observed in the bismuth modified system,
except that the liquid phase forms from the outsetv(Bizoa melts at
825°C5; However, as the PbO dissolfes, inereesing the lead oxide
ectivity of the liquid, the liquid volume increases while liquid vis-
coeitybmay be decreasing. When about .615 vol. %‘or.735 wt % liquid is

+ ’ .
attained, Bi3 diffusion becomes apparent.

b. Lanthanum and Scandium. This work was primarily undertaken to
in?estigate the kinetics of solution of the lanthenum and_scandium

oxides.. The reaction weight-change date is presented in Fig. 33(b) and
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Fig. 33. Continuous weight-change vs. time (hours) at 1150°C of a pre-treated PbTi Zr 0
semple contadning 1 mol. 7' lanthanum oxide (LaO : (a) lead oxide atmospheré proéléed

. by a stoichiometric PbTi O crucible, (b) }egd oxide atmosphere provided by a low
CAMP crucible (b-dotted)® ga.mpie contains no binder. : '
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Fig. 34(b) for data representative of 1.0 mole % la0;.s and 1.0 ﬁole %
Sc01.5 résPectively.

For the lanthanum substitution, no initial Weight gains are observed.
However, the rate of equilibration is seen to be quite dependent upon the
incorporation of a maximum emount of binder to épﬁtrol porosity.

Fig. 33(b) demonstrates this effect, where (b-dotted) describes the data
of a sample which was sintered simultaneously without binder, and |
(b-solid) describes the data of an idenfical sample containing approxi-
mately 7 wt % napthalene. In addition, it wasvobser§edvthat the smaller
the sample in volume, the more rapid the equilibration.

It is possible that the Pb0-Laz03 liquid phase that forms (see the
phase diagram reproduced in Fig. 32(c))h6 is not as viscous as either
the pure Bip0j3 liquid or its dilute solution with PbO. Hen%e, the
lanthanabliquid may be able initially‘to cover a much larger surface
area, such that the diffusion of the La.3+ ions into PZT can proceed at a
greater rate. In addition, it is poséible that the lead oxide activity
in the (L5203+Pb0)liq. could be high enough so that it is initially
nearly in equilibrium with the atmosphere. In either event, the diffu-
sion of La3+ proceeds gradually until an equilibrium is feached corres-—

+
3+ substitution for Pb2 via a total lead vacancy

ponding to a total La
- charge compensation mechanism such as was detailed by equétion 1(a), for.
all doping levels studied. |

As a result of study by a different technique, it has recently beeﬁ
47,48

reported, that for low doping levels, lanthanum ions substitute on
the lead sublattice of lead titante, and that charge compensation is

accomplished by A-site vacancies. In addition, it was determined that
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‘for the higher doping levels)’t7 (greater than 5 mole %), while a3t

sﬁbétitutés for Pb2+, charge compensation is best_ekplained by a dis-
tribution of A-site and B-site vacancies. The same workers have recently
extended this analysis to PbTi.sZr.sOs for the high doping levels. o

Finaily, experiments'were cénducted to characterize the addition of
Scp03. -FrOm crystal chemistry considerations it is .deduced that scandium
illustrateé a trivalent substitution on the (Ti,Zr),4+ sublattice, but
that the substitution occurs with either decreased lead vacancy or in-
creased oxygen vacancy charge compensation, as described in equation
3(a). The déta obtained supports this conclusioﬁ.and indicate clearly
that oxygen vacancies (3(a)) are formed to neutraliée the éharge, This
is illustrated in fig. 3k,

In this case the initial weight gain is believed fo occur in the
manner described for niobia. | |

c. Lead Oxide and (Ti,Zr)0®,. As an additional control, samples

cdntainihg known excesses of either PbO or (Ti,Zr)0, were equilibrated
with the atmosphefe'cruéible at 1100°C. The results were as expected:

a sample containing excess lead oxide did not show any weightvchange
whenvequilibrated in a crucible composition of PZT + PbO. A sample con-
taining excess titania + zirconia also remained the.same weiéht when
equilibrated with a crucible compoéition of PZT‘+-Z + T. However, when
the exééss quantities were below 1.0 mole % and were added to PZT powdér
slightly off-stoichiométry and the crucibles were fabricated of a com-
position identical to the PZT sample powder, the samples lost the excess

PbO or gained an amount of PbO equal to the excess (Ti,Zr)0z.
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d; The Atmosphere. The method of equilibrium atmosphere control
used in these studies is far more accurate and feproducible than the
"gigc" techniéue used by Weston et al.t arter the earlier work of
Jaffe et al.8 Weston's samples were sintered iﬁ the presence of lead
zirconafe dises. Tt has,been shown in Part II.B. that stoichiometric
lead zirconate (PZ) maintains the highest lead oxide vapor pressure in
the PZT system. Thus; a positive pressufe is éstablished_between the
surrounding atmosphere, determined by pure PZ, and the PZT sample, which
results in misleading weight gains.

If large quantities of lead zirconate are provided, it is clear that

there isvno'PbTier

l_xoa sémple that can equilibrate with the atmosphere,

unless a liquid is formed. This conclusion can be deduced from the
isothermal (1100°C) ternary phase diagram.drawn'to include the experi-
mentally determined lines of consfant'activity (seé Fig. 35). A
PbTig.sZro.s503 Sample, for instance, is constrained to alter ifs overall
éomPOSitiqn ohly alqng the lihes éf constant Zr/Ti=1 composition., There-
fore, the sample will not achieve an activity balance with the atmosphere
until the lead rich liquid phase is formed. While ﬁhe kinetics of the
system may not allow this result in practice, sizable welght gains are
possible. | |

Additionally, it was eétablishéd in Part‘II.B; that lead zirconate
has a very wide range of non-stoichiometry ﬁith large variation in lesad
oxide acfivity (0.5 to 0.07). This was illustrated in Fig. 19. As the
composition of a lead zirconate disc is altered.by the evapQration of
PbO from the system, the lead oxide activity of the gtmosphere falls,

creating additional weight changes that are not rel@ted to the ionic
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Fig. 35. The PbO-TiO,-ZrO,. isothermal (1100°C) ternary phase

diagram sketched to include the experimentally determined lead -
-oxide isocactivity lines after the phase equilibria of Fushimi.
The arrows indicate the compositional changes occurring to.a
PuTi _Zr _O, sample equilibrating with any PbTi_Zr 0, + PbO
mixtﬁ;e ﬁ?tﬁ x less than 0.5, or with pure lead Qxfﬁe. The
sample must transform totally to a liquid phase to achieve an
activity balance with the atmosphere.
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substitution mechanisms.

The actual magnitude of both of these unwanted weight changes is a
function of fime at tempefature, the PbO loss character of the particular
system, and the amount of lead zirconate used.

In the earlier studies of bismuth -and niobium icnic substitutions in
PZT, as sﬁmmariZed in Appendix A, the basic technique of Duﬁgan et al.lo
incorpofating a burial powder of the same compositidn as the sample was
used. This technique was modified, however, by replacing the buria;
powder with.a solid PZT crucible, either éingle-phase or multi-phasé, as
discussed in Part II.A. There are several distinct advﬁntages to this
approach. First, experiments invoiving gravimetry méy be performed.
Second, PZT'may be preprocessed as a powder'ih ité own container, to
firmly establish its exact stoiéhiometry and its homogeneity. In
addition, the crucibles may be fabricated-qf—most desired'compositions
facilitating experiméntation, éven when.the érucible contains a.réason-.
able amount of liquid phase. Inva burial powder the liquid phaée en-
courages sintering, making for difficult sample removal.

thile reasonable data_was obtained using single-phase PZT crucibles,
even this approach is subject to small inconsistencies which resultvfrom
the chapgés'in the»composition of the crucible. However, it was found
that smaller errors are observed with the crucible technique than with
- the burial powder , when precautions were taken to maximize the.repro— |
ducibility. Specifically, the sample powder and crﬁcible powder must
come from the same batch, and the sample must bé placed within the

companion crucible during a common calcination. In addition, the atmo-

sphere crucible may be used for only the single experiment.
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While.the results obtained employing either cruciblevteéhnique were
within sufficient range of fhe predictions of the pfoposed m&dels, the
deviatioﬁ from theory were greater with use of single-phase crucibles
than with the use of the lov;' constant activity multi'-phase (CcAMP)
crucibles. The incremental weight losses observéd ﬁere in the direction
~ expected té result from a decrease in lead oxide activity of the
"stoichiometric" crucible, as a result of the e&apofation of PbO. This
loss is unrelated to the ionic substitution mechanisms. The differences .
are illustrated in Figs. 30, 31; 33, 34, where the (a) curves describe
résults obtained in the "stoichiometric" crucibles and the (b) curves

correspond to results obtained in low CAMP crucibles.
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IV. SUMMARY AND CONCLUSIONS
The range of inﬁrinsic and the nature of eXtrinéid non-stoichiometry
in lead zirconate-titanate has been characterized. Absimple method has
been developed to obtain precise and reproducible control of the defect
structure. | |
Two different gravimetric experiments led to similar values for the

Pb(Tier _x)03 single-bhase region width. First, the development of high

1
and low constant activity multi-phase (CAMP) érucibles made possible the
gravimetric vapor phaée equilibration of & PZT sample'and a PbO atmo-
sphere. Weight éhanges-produced in obtaining equilibrium indicated the
extent of the stoichiometric variations. Second, a modified Knudseﬁ
effusion eiperiﬁent yielded the same width of the PZT single~-phase region,
the relative location of the stoichibmetric compound within thevregion,
and compléte thermodynamic vapor pressure data.

By mbdifying the vapor phase equilibration.technique, gravimetric
analysisvcould be uéed to study the kinetics of solution of Bi,va, La,
and Sc ions in PZT. Results indicated a lead_vacancy defect structure
created by the subsfitution of Bi, Nb, and La in thé PZT lattice, and.an
o#ygen vacancy defect structure for Sc, obeying electroneutrality rules,
and following simple predictions of crystal chemistry (Bi and La sub-

'stitutidp for Pb, Nb and Sc substitution for_(Ti,ZQ))._

The production Qf multi-phase crucibles, ip addition tb allowing
gravimetric ekperiments, afforded atmosphere contfpl and a simple
procesSing technique. Thus, it is possible to fabricate PZT materials

with precise, reproducible and homogeneous intrinsic or extrinsic

stoichiometry.
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These éxperimental techniques shouid bé applicable tb any A-B-0
' compound, provided several requirements are satisfied at the desired
temperature:'

1. The oxide vapor pressure of_bne cation must be high enough to
allow vapor transport. |

2. The oxide vapor pressure of the other cations must be low
enough to prévent any significant vﬁporization 1o$s;

3. The "vapor phase equilibration" experiments require the
presence of an equilibrium atmospheré of the high vapor pressﬁre oxide,
and an activit&vgradient sufficieﬁtly large to motivate the equilibra-
tion. |

4, The high vapor pressure oxide must have §ufficient molecular
weight tb produée measurable sample weigﬁt changes._

In addition, it would be useful if the composition of the vapor
above the A-B-0 compound was specified by mass specfrometric anglysis.
This information is necessary to calculate the exact vapor pressures

and activities from the Knudsen effusion data.
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APPENDIX A: Bi and Nb Substitution in P‘bTi.l Zr O

- ==+ SNUG Pt CaP

-~ Pt CRUCIBLE

- FINE PURE PZT
PACKING POWDER

~=— UNDOPED CONTROL

a—f - PBO CONTROL

$49.9.44..0940.0.9.58
p— - ——— COARSE_PACKING
POWDER, PRE -
] SINTERED PURE PZT
M ------ — DOPED PZT SAMPLES
XYY XX TUOOIX
@] e Ti0; CONTROL

UNDOPED CONTROL

————FINE PURE PZT
: PACKING POWDER

Fig. 1. Weight change cell.

Table II. Observed Weight Changes in Doped
Lead Zirconate-Titanate

Sample Bample Wtchange Wtchange
doping wi Time (h) obaerved predicted
(mol%) () at1160°C (W%t (wt%)td
0.5 PbO Mu813 - 11 -0.33 —0.345
(- llgg (—120)
1.0 PbO 35.783 19 -0.7 -0.685
» By Uy
1.5 PbO 12.879 20 R -1.0
. (—137 (—132
0.5 TiO, 35.273 10 +0.39 +0.4
L (+140 (+121)
1.0 TiO, - 38.356 7 - +0.63 +0.680
: (+244) (+260)
0.5 BiO., 35413 . 24 =050 - —0.515[1]
: (=1 (=182)
1.0 BiO, 4.010 32 ~102 - ~1.03[1)
- (-8 (-8
2.0 BiO.., 39.214 41 ~-1.63

~640 -2.05 {1
PO I

: (=800) |
0SNbO. 1675 2 selm
' +20) | “40.75 2]
Y Y
T T Gy | B
LONBO., 20231 | 28 40376 +0.34[2)

(+18) - (+69.5)

*Extrapolated. I .
tNumber in parentheses is actual weight chmFe (mg).
tNumber in brackets designates equation used for calculation.

- These experiments indicate the substitution of Bi as Bi** on

the Pb*™ A lattice site of lead zirconate-titanate, in agreement
with the proposed model. Niobium dissolves as Nb™ on the
(Ti,Zr)** sublattice of lead zirconate-titanate, as would be
expected. The data for both Bi and Nb doping support a Pb

~ vacancy charge compensation mechanism, and the solid solu-
bility of each is >2 mol%.

Although the high vapor pressure of PbO during the re-
actions allowed Pb to be- lost or gained readily by the lead
zirconate-titanate samples, the reaction mechanism was com-

. plex and probably involved the sluggish disappearance of a
ponequilibrium second phase.
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Fig. 3. Weight change results for lead zirconate-titanate
specimens with  Bi and Nb additions compared to predic- |
lons of proposed model, C y .of speci igh
after 30 h belicved 10 indieate cquilibriuni; data normalized
. to 20-g saniples.

XBL 726-1206

The solid state substitution of Bi and Nb ions in the perovskite

crystal structure of PbTi

Zr
at 1150°C after the techniaue'gegcribed by Weston et al.

0., was investigated by sa.mgle weight change
11 An equilibrium ™

PO atmosphere was Egovided for the samples by a PbTi 2Zr r).O' burial powder
hed

after Dungan et al.

(1962). The same sample was wéd

, heated and

held, cooled, re-weighed, and re-heated repetitively.

\
\
;




-
L)
2
S
o
(e
=
e
oy
%
"
o

APPENDIK'B: Integration of the Gibbs-Duhem_Equatibn in the Lead
: Titanate and Lead Zirconate Single-phase Regions

Lead titanate and lead zirconate may be consideréd as two componens

systems.  If the activity of one component A (PbO) is a known function

of composition, then the Gibbs—Duhem38—ho Bquation () may be solved

p OT Zf02), provided at

least one additional boundarybcondition is known.. -

for'the activity of the other component B (TiO

A
5 ,
/(; dlnaB = - f (XA/XB)dflnaA : ' (5).

It is expected that onlyra negligible amount of PbO can dissolve in

X,dlna, + delnaB =0 ' , ()

either Tioé or zr0,, and those solid solution regions mey be reasonably
vneglected.: Thus, if Raoult's Law is appligable, it is clear-that the
.uhitla¢tivity-0f pure component B ié'negliéibly ioﬁered, aﬁd the
activity of component B at the compound/compoun&bplﬁs solid phase '

boundery may be assumed to be 1.0 (aBo at XBo = 1.0), see Fig. l(b).

_Eqpation (5) may be partially integrated:

| N . | ',
“Inag =1 . (XA/X_B)d.lnaA : : | (6)

Th1s remalning integral may be solved graphlcally w1thin the

single—phase region (PbT10, or PbZrO ) that extends from XB to

3

XB 0. 5, where XB deflnes the maximum extent of non—st01chiometry
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(as determined by the modified Knudsen Effusion e#periment discussed in
Part I-B). Since the activity of component A has:been determined as a
function of composition in this fegibﬁ, the integrél (6), is solved by .-
itteritively cglculating the area under the curve Qf (XA/XB) as a
function of lnaA.

Thié itteritive integration may be perforﬁed with the assistance
of a computer; the fortran statéments appear beléw{’ If delta (A) =
the maximum width of the Pb(B)O3 singie—phase région, tﬁe most non-
stoichiomefric perovskite may be written as Pﬁl;&JA‘(B)Os_AQA. Thus,

the mole fractions are defined as follows:

X5 =33, % = 1% - (1)
_ 1-G0D . _ o
X, = 2%op 3Tt (8)

An incremental width of the single phase region GOD = WL/(mol. wt. PbO)

(gréms of compound in the sample) is associated with the deviation in

milligrams from perfect stoichiometry (WL), as reduced from the

effusion data. This allows the calculation of ﬁhé appropriatg mole

fractions, such that the activity of component A is specified.as a

function of the mole fraction of both components A and B through the

single phése region. (Fig. 18, 19) R : 7 | *
These calculations tabulated for lead titaﬁate and lead zirconate.

See Part I-B for the experimental details.
The free energ& of mixing of PbO and TiQ2 is caiculatedi

Mi '

ix _
RT(lnaP

AG bO

+ lnaTioe).
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PROGRAM HOL (INPUT ,QUTPUT)
DIMENSION R(5¢) yXA(S0) 9XB(50) +Z(Sg) »AA(G0) 9AB(50) sGA(S5)) 6B (S0) s
* Wi tgg! 'F(5g) 1 XaGA{8s) 2XBGR(5,)
DIMgaQION 680(56) 0 0
IMENSTION WORp (3 5)
QEAS 2" NqT.NBvﬁg
2 FORMAT (I5+F10e39F10e37F]1(e5)
IF(N) 99'99'}
1 REaD 16 (WORp(p)ei=1112)
16 FORMAT (y2a4) '
8 PRINT 2¢o (WORD(I)eIZy9)2)
20 FORMAT (6H19}8A?)
WL IS EQU,L HE POSITION WITHIN THE SINGLE PWASE REGION

C g
¢ WL(N) BEING THE WIPDTH OFi THE REGION IN MgS
C WS IS THE WT. OF THg SpMPLE IN GRpAMS = STOICHIOMgTRIg cOMP.
RE 40 ?v (RCI)oWL(I)9I=10N)
3 FORMA (F1°.40F1004)
TEMPET+273415
c DELTA IS £QUaL TO THE AIpTH OF THE SINGLE PHASE RegGION
DELTA= (WL (N)#WW) /(22341894 %WS)
DO 25 I=34N
XB(i)‘05
XA(1)305

XA(N)=(%.-DELTA)/(2o~DELTA’
GON (1) ={WL(T)#HW) /(22301894 %WS)
KA(I)=(1.'GOD(I))/(éo-BOD(I))
XB(I)=®] e=XA(I)
Z(1)=XA{1)/X%xB(1}
AA(1)=(4e6T7SE=T8R (1) #SART(TEMP) /e 485) / (EXP(=2875,/TEMP*{7+33435))
GA(I)=ALOG(AA (D))
25 CONTINUE
PRINT 4
6 FORMAT (3Xo1H s#N#sOXs#TEMP (C) #e6X g #MOL o WT 96X 9 aSTOICWTa®y]1]Xy
¢ el TA We) :
PRINT So NeTsWW,WSHDELTA )
S FORMAT (1H o14!3thlo.393XoFlo0303XQF3-593XQE22.7)

PRINT 6 :
8 FO%MAT (1H 06X01HR’9X!2HXB99X.2HKA’1 XoiHZOIOXolHA016X91HGA)
PRINT 79 ¢ (I)OXB(I)yXA(I)vZ(I)oAA(I?oGA(I)'I‘ioN) )

o T(x’ .) R
¢ Fngng INSRERIGP THE 51gaS=pUHEM INTEGRATION
€ 38 13 aL50"THE NaTURAL LOGPBF THE acTIVITYAOF COMPONENT 5
GB(N) =g :
AB (N) =}
C AB IS THE ACTIVITY OF COMPONENT B
N1=Nel
D0 38 I=ysNy
EN -] ,
BB (J)BGB (Je) ¢+ (GA(J+}) =GA(I)®(Z Jej) 2 () /2
AB(J)SEXP(GB (J))
28 CONTINUE
DO 31 1I=}sN
XAGA (1) =sXA(T)®GA(T)
X8GR (1) =X (1)#GR (1)
FI)=1.9872#TEMP# (XAGA(]) +XBGB(I))
31 CONTINUE
PR{NT 9 '
9 FORMAT(4X9)1H s®#XB#912Xe#ACTIVITY A®44X94L0G ACT, A®#+4X9®ACTIVITY
® gy 4Xe®L0G Te g*o4Xe#pR NERGY OF MIXING®)
) PgINT 106 (Xa?l)9%A(I)vGA(quEB$I?9GB(I)EF(I?.I#I.N)
10 FORMAT (1H ,E11¢3,3X,E1143 3X E1103,3X,E7143,3X,E1143,3X,E1143)
60 T2 11
. 99 STaP
END
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Tabulated data:

) °
GIBBS -DUHEM INTEGRATION — LEAD ZIRCONATE (T=109I1 C)
dw/dt « Xpbo q pGMX
(mg/hr)  *Zro, PbO  Xzr0, 9Po  9zr0, Gp
2,600E402| 5,000€-01) 5,000E.01] 1.000Fe00] S.266E-py 1+61R8E=0] -3.3385.01
? 340E,02| 5,035F.01 4.96 SEL01 9.963F-01 4e739E= " 1e796E=01 -3.368E+;y
2.2R0E402] 5,044F=01] 4,956E.01| 9,926Fan1 | 4.A1RE=q | 1843E<0]1 | =3,35]Feq,
2 ?02E,02] 5,055E.01] 4 94BE_ 01| 9,794E.01] 4,460E~0y | 12907E~01 | =3,353E+473
J1R4E 02 5 J103E_ol| 4 B9TE_o1 ,:9ss 01| %e423E=1 | 1+922E=01 | ~3.364E+qy
2 1°4E,02 5 129F.01] & K71E_01 L49TEaN] ‘0423E'nl 1°922E-01 | =3.37pE454
2° J1R4E 02 S146F .01 4 RS4E_p] 9 W432E201| 4,423E=1 | 19922E=01 | -3,374E4q,
z.onss.oz 5,15o€-01 4 ,841E_.p1 9!385F-01 4,223E=) | 2200RE=0] | =3,377E4,4
1,933E,02] 5,1756-01| 4 ,R2SE_o1| 9,323F.01 3.9)5E=g1 | 2155E-01 | ~3,380E4p;
1.RN9E,02 s JB3FE.01| 4. R17E.01| 9,295F~01] 3.664E=y) | 2+292E-01 | =3,381E«n3
1.771E 2 19qE 01| 4,B10E.01| 9,2695.01 3.588E=5) | 2+337E-01 | =3,382E443
1,677E,02 S 197€-01| 4 _R03E_01| 9,240F=01| 3.396E-m - 20459E-91 | -3,383F4p3
1.6?3E 02| 5. L203E.01 | 4 797E_01 | 9,219F-01 | 3.287E=py | 20534E-01 | -3, 3835053
1,5/0E,02 SI213E.01| 4 787E 01| 9,1825.01 | 3.159E~ | 24628E-01 | ~3,384E4,
1,327€,02 5 L225E-01 | 4,775E_ 71 9° ,139F_01 | 2.688E-1) 3e047E-p1 '3.334E*n}
1,2075 02| 5 233E 01| ¢, 767TE.p1 3 J10F-01 ] 2,465E~n] | 34322E=p1 | =3,383E443
9,990E,01 5, W24pE-nl ! 4 ,760E 01 9. JOBSF-0Y | 2,923E=p) | 3+947E-n1 -3,3925.53
9 . 0R0E,01 S,?Aae-nl 4 ,752E.01 9.0565-01 1.835€=n) | 4+313E-01 | =3,381E+3
,6505 01] 5,253F-01 4.7475-01 9,036F=01| 1,549E=n] SepP6E=nl *3,379E 73
5,250E,01 | 5,25aE.01 | 4 T44E_01 | 9,027E~01 | 1.063E=n) | 7«062E~01 | ~3,378E+43
3,600E,01{ 5,259E.01 | 4,741E.p) | 9,016F-01| 7,59 1E=yp | 9¢925E=n1 | =3,376E+,4
3,570E,01| 5,26 1€-01 | 4,739E_01 | 9,0095<01] 7,235E=-92 14000E400 | =3,375E+44

GIBBS-DUHEM INTEGRATION — LEAD TITANATE (T =109l °C)
dw/dt X MIX
(mg/h) XTioz  Xpbo XTio, 9pbo  Qmio,  ACGpr

1, 140E,02 | 5,000E-01| S 000E_p1| 1,000F.00] 2,309E~0 4.796E-p2 | =6,104E4+93
l,o?oF 02| 5,048E.01) 4 9525 01 9 91?? 01| 2,066FE.0n1 | 5.355E-02 | =6.,123E¢n3
1_010E,02 5 J07SE_01 4.975E 01| 9,705E.01| 2,045E.01 | S5.406E-02 | ~6.133€+43

9 800€E,01 | 5 089E_01 4 911E_01 9,652?.01 1,965E.0] | 54567E=n2 | =6.137E+n3

9 _620E,01 5° L095F.011 4 905E_01 ,6?7r 01| 1,94RE.01 | 5e667E~p2 | =6a14pEe¢,q
7 400E, 00 5’ JJO2E_ 01 .R9RE 01 .602F 01 1.9046 01 S 794E'02 6. I“ZE‘01
9%3n0€,01 | 5.121F.01 .8796 01 ,str 01| 1,883E.n1 5 854E-02 “64148E4,3

9°* L200E 01 5° J47E.Cl LAS3E o1 L4295 01| 1, A63E.0] *4E- -6.1565.01

9° 100E, 01 5%155¢ 01 4 *R4SE 01 ° 3985 .01 .841E ny Sc-nz =6,139E¢ 43
8 6?05 01 | SJ165F_01| 428356701 9.360F_01 | 1,746E.0) 6 2“75-02 “6,152E+43
8°350€,01 5°17aF 01| 4°R22E 01 9° J313E_01| 1,691E_01 | 6477E-02 | ~6.165E493
81110E.01 | 5.19a€201 | 42810EZ01 | 95269E201 | 1.642E201 | 6+654E~02 '6.168E003
7° 790; Lo 5 206E 01.] 4 794E_p1 3° L20%F_01 1 5735 01 6:940E=p2 | =64172E+p3
7! 4=oE 01| 5.2176.01 4.7u3£ 01| 9169601 1.509E.01 | 7+196E=p2 | =64176E+43
6°R30E,01 | 5.227€.00 | 42773E_01 | 9.131F_01 | 1,383E.01 | 7-791E=p2 -6.1765001
6. .650E,01 s. L231E-01 4,769F o1 9. J115F001 | 1,307En1 | 749R4Ean2 | =64176E4,
61050E,01 | 5.241E-01 | 477596201 | 9,081F.01 | 1,225F-01"| B+701E~02 '6-178E001
4 BapE,01 [ 5,250F-n1 | 4, 748E_p1 | 9,0640F<01 | 9,802E-02 | 1+065E=01 | =0.17BE+y3
3,075E,01 | 5,261E<01| &4 739E_01 | 3,007Ec01 | 6,228E-07 | 1-504E=g] -6.177E~63
2,400E,0) | 5,265E.01 4.715E 0l 8.9935-01 4 ,861Eapp | 20004E=01 | 6017554y
1,9°5E,01 | 5,268E-01| % 732E.n1 | B,982F.01 | 3,899E0> | '2°444E=01 ~6,174E+ 47
1,235€,01 5,27pE-01 “.7?nE 01| B, 974Eagl | 2.501Exn> | 3e64qE=q] “6.173E+43
1,050€401 | 5,272E=01} 4,778E_(1 | B,368%Fop1 | 2,126E=07 | 4+211E=-n]1 | =64171E+p3
2.500E.,00 f 2 -2736-01 4.72TE-01 B.263.01 [ 1,315E-0> 6:473E~] | =6.170E¢n
700,00 | 5.274Ew0l 4, 126E.01 | B,360Fa0l | 1,154F«n> | 7e281Ean] | =6,169E+43
“ «C00Es0n [ 5,275E-01 ] 4,725E.p1 | B,IS5RE-01 | B,101F=03 | 1°000E*np =6.16%E+a3

XBL726-6436



-01-

P

A Tabulation of the Knudsen Effusion Experimental.Data

APPENDIX C:
R = the Knudsen cell weight loss rate (dw/dt) in mllllgrams/hour
T = the Knudsen cell temperature in degrees Centigrade
I. PbO I. PbTiOg+ TiOp IZ. PbTiOgz+ TiO,
R T R T ' R T
(a) R (e (a) ,
1333300 794410 4+050000| 1091000 «18750¢ 710400
14625000 794410 13.500000 ) 1158.00 467200 764400
2333300 819%.00 23.00000C | 1188, 00 1206800 BN03.00
2437500 823.8¢ 444000000 )] 1225400 (b) 108.00n000 1100.0¢
9.13A400 868.00 43.00n000 ] 1225400 L
9.000000 866e10 6500000 1119650 106.500000 1119.5¢0
13.87500¢ | 8B24490 43750000 1212-40 ©) 93.0000060 | 1119.50
5,937500 856450 15300000} 1156400
8.000000 | 869499 50400000 | 1103400 11332338: lg;f-oo '
73.000003 | 966490 | i 2085000 | 1057400 117:000000 | 1091.00
75.500000 | 966,99 6000000 | 110200 +129404 640:08
74.500009, 966490 %5.80n000)] 1102.00 « 187500 710400
S;Eggggv 1:32-:8 184000000 llgg.oo -467300 764400
o’ v . 100000000} 11 00 : 1.205800 893
97.000000 | 1006420 - ' @ 45 06.00
(D Losanees | deatts
1.333300 | 794410 109.000000 | 1102.00
146268000 794410 . +
2.33330¢ 819400 . P_bZr03 PbO
2437500 8234890 :
5. 130405 | 86B.00 R T Y. PbZrOz+ Zr Oy
9.300000 866410 (@) 7.950000]| 834.40 R T
9.00000y B66L 10 ,
13.87500% BH2440 Te1200001 87090 (a) 3
: 23.400005( 929.40 1,625000 [ 927.50
2093730? 853020 75.000004 ]| 1001400 6.000000 991400
, +0000GL | 869,90 313.500000{ 110100 21.000000 | 1048450
3.000000 366.90 (b) . 7 27400000 1068460
754500005 966490 5080005 ] 857400 514000000 | 1101400
744500000 966490 42.000000] 980.00 :
37.5000006 918499 2504000000 | 1091400 (b) 38.000000 | 1091.00
97.50000% 100620 24040000001} 1091400 ST7T500000 1126600
97.000000 1006420 260.000000] 1091600 65.000000 1126400

XBL726-6435
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Computer program:
PRo GR%M NUB%(INPUT:OUT’UT)

DIMEVSIUN A ) s (
DIMENSION ( )lG(3 95(3 Yo ( )00XI 3 )9CXH(3 ru (o0 3)
DIMENSION DS )-ux?? SQH(300 ?8505(3009’DSQXI(388)'
#0SeXAlyg,) oRT ),TEMP

DIMthISN Tcls 9[MV(30090 Scal3gp! * TINV(300)

DIMENSION wORD?la)
4128 READ 399 N v ‘ - : -
39 FORMAT (I32)
IF () 41300413

16 FORMal (1244)
4129 PRINT 26' (WORD (I)9 I= ye32)
26 FORMAT ‘1H1e1286]

48 FSQMA? (52 .s)

PRINT 21

21 FOrMaT (7 #WEIGHTING FACTOR®)
PRINT 2%’ Viw

22 FORMAT (E

READ JQQ(SQI)!TC(I)01=1’N,
59 FORMQT(f10040F1003’
DO g I= ;N
T(1) = TC(I) +
TILV(I) /r?x? 15
)‘SQRT(}(I
S(IJ-R(I)“G(I)“4.675E T/Wd
9  CONTINUE
PRINT 20
20 FORMAT (1H #RATE«,11Xo~TEwP(C)#o6K,¢SQUAnE TEUP# 46X #TEMP (K) #)
PRINT 869(R(I)!TC(I)’G(I)QT(I)OI'IQN) =
86 FORMAT(IH 'FIZQ6Q3K3FIJ 2'3X'F14'6’3X’F1002)
PRINT
28 FORMATng »#PRESSURE [N ATM.“osXO“llTEMP(K)“'15X'*TEMP(K)“06X'
#RTEMP(C) #)
C S(I) is THF KNUpSEN VAPOR PRESSURE IN TM.
PRINT ?3A,(S([),TINV(I).T(I)oTc(I)QI = 1oN)
“31 FORMAT ’E?uts’ ’E220702 !F1103O XOF1203)

N
B9, 32 XEOG(S(};)

26J1' CONTINUE
2900 Z1T = 2.

SRR Jo
ZS = (K3
’ ZSIT = [V

00 3000 I 1’“

z I = i *.1./1(1)/r(x)

78 = zse3(D)

25,7 = ZSIT+S(I)/T(I)
3000 CONTINVE

Q(1s1) - _ o - L

Ql 02) = T

Q( 03) = Zg . D ) :

Q( v1) = 24T : ) ’ -
2'1 1 :

Qf 02) = ZITT -+

0(293 L
D = Wiy 1) 0(272)-0(1 2)“Q(2’1)




a

God U9 o8 ou bS8

HH= X4”109872
SS= XI“1098’2

- PRSEXP(XH®TE=¢ ¢ XI)

100

lyl-

49

51
37

GR=EXP (XH¥QE = ¢ * Al)

" PRINT

FORMAT‘IH ,»p(AT 1000/7-.7)“010X!“P(AT 1000/T=08)“)
PRINT - % PRy GR
FORMAT L 0660-595K9E2005)

PRINT 9 ‘
FO%MAT?loXo}H ’“A“!20X0*84v22Xo“ENTHALPY“o14X9“ENTROPY“)

PRINT 5 XAoXToHrisSS
FORMA]f H 'E19‘8'3x'520‘8'3x'E19’8’3x'E]5-8)

PRINT
FO&MaT?5X01H v“T(I)“011X’“1/T(I)°v9X0“ALOG(S(I))“oSXo*DS(l)“o

X'“DEV.A(I)“v7X'“D£VQB(I)“)
06 I=) 9N
CS(I? QI’XH“k g/ 1° /T(I’
H

EXI(1)=5(1)~ /T
cxH(1)=(s<1)-x1}~ lofin
cxH(1)=(S(1>-x1)°+lY
RT(]) & 1e/T(1)
0S(1) = dStn=s(n
CDXINI) = cXplp)-X]
DXH(I) & GXH(I)=XH

_ DSQX4‘I’

4u00

5000

pSas(I) = (CS(I)-S(I))N2
DSQXI(I) = (cAI(I)=X])®®
= (cXH (1) =Xy ) ae
PRINT ya¢ T(;),RT(I).scxi.DS(I).oxH(I).DxI(I)

cONTINUé

28 = (/K4

ZSS = [

1 = 09

ZII = Qe

iH = 0°

ZHHY = g

ZRT = 0°
ZRTRT = o°
ZDs@S = 0°
ZDSQI = g
Z0SQH =

Do 50 ?‘ oN
S = gg#CS(I)

2Sg = 25S+CS(])#uv5
Z1 = ZI+CXI(I)
ZI71 = ZII+CXI(I)##2
ZH = ZH*CXHI(])
ZHH = ZHH*CXH (1) ##p
ZRT = ZRT+RT(])

ZRTRT = ZRTRTSRT(])##,
ZDSQS = ZpSasS+psasil)
Zpsal = ZpSQI+psaxi (1)
2DSQH = ZDSOH*DSQXH(I)
cONTINUE



O (g}

99 FOR4AT(1H 1S TANDUEV ARy g X9 #STAND G DEV B# 95Xy #STANDDEVeENTHALPY ®,

-9l

XN = N

DXy = XN#ZRTRT=ZRT#*#5

RX1 = SQRT(?gSQS/(AN- o))
PX1 = RAI®#SAQ T(?RTRT/ xI)
SX1 = PAI

DXH = DXI

RXH = RXI

PXH = RXH®SQRT (XN/UXH)
SXH=PXH

SSH=SXH%,.9877

SSS=SXI1*, 4987,

PRINT 99

Xo#ST
SRINT

33 FORMAT

100

1001
4139

AD EQJ4
AO:-ao

AND o DEVENTROPY#)

8 SXH;SXI;SSH!SSS

E 0g? XsE XQE oa'?x’E 3?4)
Lsiing 3 LoA3TanT Fok PURE Pad
91634E+p4

B0 gQUALS THE 8=CONSTANT FOR PURE PgoO

BO=)e7
ACT 1S
ACT=EX
ACTA I
ACTA=E
PRINT
FORMAT
PRINT
FORMA]
GO TO
SToP
END

4057E+9] o
THE ACTIVITY OF 280 AT 900” S .y
PU(XH=a0) #(7E=4) * (X1=BO

S THE acTIVITY OFI PRO AT }OOO/T .8
XP({XH= Ao)“tag 4)0(XI-30)

} ﬂ r4ALAT 10007 T=e7)®ygX oA (AT 1000/T=08)“)

sACToACT
‘ a;oanogorﬁoan.S)
412
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~ APPENDIX D: Thermodynamics of PbO

60— I S T
THERMOCHEMICAL DATA
50 —
-40— —
ol 1L 1 d 1 | 1
1000 10O 1200 1300 1400 1500

TEMPERATURE, °K

XBL726-6449

. Summary of the thermochemical data from the JANF 'I'a,blesm2

" for the equilibria between PbO vapor, Pb vapor, and O2 vapor,
as a function of temperature.
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If the system oxygen pressure becomes low enough, an undesirable

lead vapor pressure may be established by the reduction of PbO vapor.

T T T T T T 71

-2 FROM JANF . -
THERMOCHEMICAL DATA .

POy, = Pb )+ /205,
PO, Po, = 107%ATM.

PbO, Poy= 10"6ATM.

Pb TiO3+TiOp, Pop=10"ATM, "

y ATM.

LOG P,

sl _ /' | e
| ' PbZrOz+Zr0,, Poy=1076 ATM.
: ) / ' PDO, P02=|_O'8 ATM. |
. ~ “PbTiOg+ TiOp, Pop=10"8 ATM.

PbZrOg+Zr0,, Poy= 1078 ATM.
PbTiO3+TiO,, Poy=10"8ATM.

-3}~ PbZrOs+Zr0,, PopsI0ATM. y ~

! L 1 ! § 11 [
-9 8 -7 -6 -5 4 -3 -2
LOG Py, ATM. |

XBL 726-6458

Pb0 liquid is taken as the standard state. The PbO vapor pres-
sure is set by the temperature of the condensed phase or phases as
determined by Hardtl and Rau29 or Part I(b) of this study. Typical
system values are assumed for the oxygen pressure. Thus the lead
vapor pressure is calculated for any prO(T), K(T), and'po :

. 2
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la 1ls. 172 [p_1lp. ]
°mp %0, o' Po,

£ s lapyo] ) Topro]

" This type of display is useful for determining the minimum system
oxygen.pressure allowed without appreciably reducing the lead oxide
vapor. Suppose non-stoichiometric PbTiO3 is to be heated at 1200°C

in a vacuum of 10"8 atm. It is shown in Fig. 23 that at this temperature

4

the PbO vapor pressure is about 6.5 X 10°  atm. It.can be seen from

fhe preceeding graph that these conditions would establish a lead vapor

3

pressure of about 10 - atm., hardly negligible.

The same analysis may be applied to the equilibria between PbO

liquid, Pb liquid and Py -
2



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.
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