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Potentiometric Determination of the Gibbs Energies of Formation of
Lead Aluminates

W. W. Shim* and K. T. Jacob™*
Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada M5S 144

ABSTRACT

The Gibbs energies of formation of three compounds in the Pb0Q-AlLQ, system—2PbO - Al,0;, PbO - ALO;, and
PbO- 6Al,0,—have been determined from potentiometric measurements on reversible solid-state galvanic cells

Pt, Ir | Pb, a-ALO,, PbO - 6A1,0, | Zr0,-CaO | NiO, Ni | Pt
Pt| NiO, Ni | ZrO,-Ca0 | Pb, PbO - 6ALO,, PbO - ALO, | Ir, Pt

and

Pt | NiO, Ni | Zr0,-CaO | Pb, PbO - ALOs, 2PbO - ALO, | Ir, Pt

in the temperature range 850-1375 K. The resulis are discussed in the light of reported phase diagrams for the PbO-
Al O, system. The partial pressures of different lead oxide species, Pb,0,, n = 1-6, in the gas phase in equilibrium with
the aluminates are calculated by combining the results of this study with the mass-spectrometric data of Drowart et al.
(1) for polymerization equilibria in the gas phase. The concentration of oxygen in lead in equilibrium with the alumi-
nates are also derived from the results and the literature data on the Gibbs energy of solution of oxygen in liquid lead.

Alumina is commonly used as a container or struc-
tural material in furnaces for the manufacture of lead
zirconate titanate (PZT) ceramics. During the sinter-
ing operation, lead-containing species are present in
the gas phase and they can react with alumina with
possible formation of 2PbO - Al,O3, PbO - Al;Os, and/
or PbO - 6A120;. The partial pressure of PbO deter-
mines the type of compound most likely to form.

Close control of the sintering operation is very criti-
cal for optimizing the properties of PZT ceramics.
The electrical properties of the product are highly de-~
pendent on stoichiometry. The stoichiometry in turn
depends on the partial pressures of volatile components
and on the duratign of heat-~treatment. The reaction
of structural or container materials with the gas species
results in their depletion and lower pressures. Thermo-
dynamic and kinetic data on the formation of lead alu-
minates would be useful for a more detailed analysis
and cgntrol of high temperature processing of PZT
ceramics.

In the earliest study of the PbO-Al,O; system by
Geller and Bunting (2) only one compound, PhO -

* Electrochemical Society Student Member.
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Key words: solid-state galvanic cell, Zr0z-Ca0, enthalpy, entropy,
vapor pressure,

_A120-3, was identified. Subsequently, Torkar et al. (3)
identified two additional compounds, 2PbO - Al,O4
with monoclinic symmetry and PbO - 6A1:03, usually
described as lead g-alumina due to its structural anal-
08y to magnetoplumbite. More recent work by Kux-
man and Fischer (4) has confirmed the existence of
all three compounds in this system.

This paper reports measurements on the Gibbs en-
ergies of formation of lead aluminates using solid-
state galvanic cells incorporating the calcia-stabilized

zirconia electrolyte. The cells used can be represented
as

PtIr[Pb,a-Al;03,PbO - 6A1505(ZrO,-CaO|NiO,Ni|Pt I
Pt|NiO,Ni|Zr0O;-Ca0|Pb,PbO - 6A1,0;,
PbO - ALO;|Ir, Pt II
Pt|NiO,Ni|ZrO;-CaO|Pb,PbO - Al,O;,
2PbO - ALO;|Ir,Pt III

where the negative electrodes are on the left side.
Similar solid-state cells have been used to measure the
Gibbs energies of formation of lead zirconate (5) and
titanate (6).
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Experimental Methods

Materials.—The three lead aluminates were syn-
thesized from their component oxides. Fine powders of
orthorhombic yellow PbO (99.9% pure) and a-AloO3
(99.9% pure) were dried under a pressure of 10—2 Pa
at 450 K overnight. The oxides were mixed in molar
ratios of 1:6, 1:1, and 2:1 using a mortar and pestle.
The oxide mixtures were compacted into pellets at 30
MN m~—2 to ensure intimate contact of reactant par-
ticles. The pellets of each composition were placed in
closed platinum crucibles. These crucibles were then
placed in larger ZrOg-CaO crucibles provided with lids.
The space between the fwo crucibles was packed with
a mixture of PbO and AlxOj of the same composition as
the pellet. The double encapsulation was used to mini-
mize the volatilization of PbO from the mixtures. The
heating and cooling rate of the crucibles was set at
400 K hr—!; at or below this rate cracking of ZrQ.-CaO
crucibles due to thermal shock was not a problem.
The highest temperatures that could be used for syn-
thesis without significant loss of PbO from the sam-
ples or the formation of a liquid phase depended on
their composition. The pellets containing PbO and
Al;Oz in the molar ratio of 1:6 were heated up to
1400 K for 3 hr and then homogenized at 1100 K for 12
hr. Pellets containing an equimolar mixture of PbO
and Al,O3 were heated to 1200 X for 3 hr and then
homogenized at 1100 K for 12 hr. Samples containing
PbO and Al;O;z in the ratio 2:1 were heated to a maxi-
mum temperature of 1100 X for 3 hr, followed by heat-
treatment at 1000 K for 12 hr. The pellets were then
reground, repelletized, and the heating cycle was re-
peated once on each sample. The identity of the final
products was confirmed by x-ray diffraction analysis.
Some samples were chemically analyzed. The results
showed small loss of PbO during synthesis resulting in
composition changes less than 0.6%.

Apparatus and procedure.—A schematic diagram of
the cell assembly is shown in Fig. 1. Zirconia stabilized
by the addition of 15 mol percent (m/o) CaO, obtained
from the Zircoa Corporation, was used as the solid
electrolyte in the form of one-end closed flat-bot-
tomed tubes, 11 mm outer diameter. Metallic lead
along with an equimolar mixture of two neighbor-
ing oxide phases in PbO-Al,0; system was placed
inside the zirconia tube. The two oxide phases estab-
lish a unique activity of PbO at this electrode. The
electrical lead to this electrode was provided by an
iridium wire, approximately 2 em long, which did not
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PBO-Al,03 + 2PbO-Al,05
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Fig. 1. A schematic diagram of the apparatus used in this study
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react with the molten lead or lead aluminates. The
iridium lead was spot-welded to a platinum wire, pro-
tected from lead vapors by shielding inside an alumina
tube sealed by alumina cement. The Ir-Pt junction
was maintained in the constant temperature zone of
the furnace (=3 K) and therefore did not contribute
a thermoelectric emf.

The reference electrode was a mixture of Ni and
NiO in the molar ratio of 2:1. This reference elec-
trode, placed in an alumina crucible, was spring-loaded
against a coil of Pt-wire and the outside of the zirconia
electrolyte. An additional amount of Ni + NiO mix-
ture was packed around the solid electrolyte tube after
the alumina crucible containing the reference elec-
trode was in place.

The cells were operated under dried Ar gas (99.999%
pure) flowing at a rate of 2-10 ml sec—! over each
electrode. Residual oxygen in the inert gas stream was
removed by a copper getter placed upstream from
the cell inside the furnace tube at a position where the
temperature was approximately 750 K.

To check for the correct functioning of the appara-
tus, the potential of the cell

Pt|NiO,Ni|ZrO,-CaO|Pb,PbO|Ir,Pt v

was measured as a function of temperature and com-
pared with values reported in the literature. The po-
tentials agreed with values reported by Jacob and
Jeffes (6) within =2 mV. On prolonged exposure
(>30 hr) to temperatures in excess of 1300 K, the
emf began to drift gradually to lower values. Visual
and x-ray examination of cell components after an ex-
posure of approximately two days indicated a small
amount of lead zirconate on the electrolyte tube near
the melt/gas interface

(1 — )PbO + ZrOs-> Pb;—ZrO3—» [1]

where the nonstoichiometric parameter & has a value
of 0.0995 at 1373 K (8). At lower temperatures and
for shorter exposures at high temperatures, there was
no evidence of reaction between sintered tubes of
Zr09-CaO and PbO.

Results

The open-circuit potentials of the cells were in-
dependent of the flow rate of Ar gas in the range 2-10
ml sec—!, At higher flow rates, differential cooling of
the electrodes causes a small flow rate dependence.
The cells displayed constant potentials in 30-60 min
after an increase in temperature. The cell response was
much more sluggish when the temperature was de-
creased; 3-12 hr were required to attain steady po-
tentials. The solubility of oxygen in liquid lead de-
creases significantly with temperature (9). Pure PbO
is precipitated when the temperature of the cell is
rapidly decreased. The precipitated PbO must com-
pletely react with oxides at the electrode before the
cell can register the correct potential.

Coulometric titrations of oxygen through the zir-
conia electrolyte were performed to check the re-
versibility of the cells. A current of ~60 xA was passed
through the cell for 2 min in either direction. Then the
external voltage was removed and the cell was allowed
to come to equilibrium under open-circuit conditions.
The steady-state potentials after titration were found
to be equal, within =2 mV, to that registered before
the titrations. Generally, a potential remaining con-
stant over 60 min is considered to be the steady-state
value.

The highest temperatures of operation were 1375 for
cell I, 1275 K, for cell II, and 1225 K for cell III. The
potentials were not reproducible above these tem-
peratures. The reversible potentials of these cells are
plotted as a function of temperature in Fig. 2-4, Within
experimental error, the emf’s appear to be linear func-
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Fig. 4. The temperature dependence of the potential of cell lil

tions of temperature. The least-mean-squares analysis
gives the following equations

E1, mV = 506.4 — 0.3618T (=:1), (875-1375K) [2]
En, MV = —38.14 4 0.1516T (1), (875-1275 K) [3]
Ey, mV = 54.82 + 0.0836T (+2.5), (850-1225 K) [4]

Epy, mV = 83.2 4 0.0725T (=2), (750-1130 K) [5]
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The uncertainty limits correspond to twice the stan-
dard deviation. The oxide phases in equilibrium with
lead at the electrodes of cells I to III were examined
after each experiment by x-ray diffraction. The dif-
fraction patterns for the aluminates were identical to
those for stoichiometric samples prepared from com-
ponent oxides. This suggests that the aluminates do
not exhibit significant nonstoichiometry.

Discussion

Gibbs energies of formation of 2PbO + Aly03, PbO -
Al203, and PbO - 6A1:03—Since CaO-stabilized ZrO;
is an oxygen ion conductor with an ionic transport
number greater than 0.99 in the range of temperatures
and oxygen partial pressures covered in this study,
the open-circuit potentials of the solid-state cells are
related to the standard Gibbs energy change for the
corresponding cell reaction by the Nernst equation.
The difference in the potentials of cells T and IV gives
directly the Gibbs energy of formation of PbO + 6Al1503
from the component oxides. For the.reaction

PbO (orthorhombic) 4 6 a-Als03—> PbO - 6Al1,03
AG® = — 113,940 4 55.91T (+200) J mol-1  [6]

From the difference in the potentials of cells IT and IV,
the Gibbs energy change for the reaction,

5 PbO (orthorhombic) 4 PbO - 6Al,03(s)
- 6(PbO - AL;03) (s)
is derived as
AG® = — 117,240 4 76.32T (+200) Jmol-1 [7]

Similarly, the difference in the potentials of cells III
and IV gives, for the reaction

PbO (orthorhombic) 4 PbO - Al;O3(s)
- 2Pb0 - Alx03(s)
AG® = — 5480 + 2.15T (=+300) J mol—1 8]

From a rearrangement of the above equations, the
free energies of formation of PbO + Al,0O3 and 2PhO -
Al;O3 from component oxide can be readily calculated

PbO (orthorhomic) 4 a~AlzO3-> PbO - AlsO3(s)
AG® = — 38,530 4 22.06T (==50) J mol—1 [9]
2 PbO (orthorhombic) + a-AlsOz-> 2PbO - A105(s)
AG® = — 44,010 4 24.21T (+300) Jmol-1 [10]

The Gibbs energy, entropy, and enthalpy of mixing
in the Pb0-AlO3; system are plotted in Fig. 5. The
minimum value for the Gibbs energy of mixing at a
mean temperature 1123 K occurs at the composition
corresponding to the compound PbO - 6Al,0;. The en-
thalpy of mixing, however, has a minimum value at
the equimolar composition. The entropy of mixing is
significantly negative for all three compounds, with a
minimum at the equimolar composition.

The variation of the activity of PbO with composi-
tion in the PbO-AlO; system at 1123 K is shown in
Fig. 6. The activity of PbO in the two phase region,
PbO : 6A1p0; 4 a-AlsQs, is 4.2 X 1073, which is very
much lower than the corresponding activities of PbO
in the PbO-ZrOy; and PbO-TiO; system. The activity
of PbO in the PbZrO; + ZrO; two-phase region is
0.24 and in the PbTiO3 4 TiOs phase field is 0.018 at
1123 K. Obviously, the compound PbO - 6Al,0; should
form on the surface of alumina containers used in the
processing of PZT ceramics at high temperatures. The
activities of PbO corresponding to the formation of
PbO : Al;O; and 2PbO - AlxO; are higher than that
prevailing in PZT ceramics. Therefore, these alumi-
nates should not form, except as fransient product
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Fig. 5. The Gibbs energy, enthalpy, and entropy of mixing for
PbO(yellow, s) — a Al2O3 system at 1123 K.

during the early stages of synthesis of PZT mate-
rials where unreacted PbO may be present.

Comparison with phase diagram.—The decomposi-
tion temperatures for lead aluminates shown on the
phase diagrams for the PbO-Al50;3 system (3, 4) pro-
vide points of comparison with thermodynamic data
obtained in this study. In the phase diagram of Torkar
(3) based on DTA, the compound PbO - Al,O; is
shown to decompose at 1073K into a mixture of
PbO - 6A1;05 and 2PbO - Al,O;. This reaction is not
in conformity with the thermodynamic data obtained
in this study, and appears fo arise from an error in
the interpretation of DTA traces, which show an
exothermic peak corresponding to this temperature.
The decomposition process must obviously give an
endothermic peak.

In the phase diagram suggested by Kuxman and
Fischer (4), (Fig 7), the compound 2PbO - AlxO; is

T=1123 K

o _——J___]——
-8 |-

(o]

&1

0

g
-5 |
-20

AlyO3 PbO-6Al05 PbO-ALO; 2PbO-ALOz  PiOyel)

Fig. 6. The variation of the activity of PbO with composition in
the PbO(yellow, s) — o AlpOs system at 1123 K. The standard
state for PbO is yellow form of solid PbO.

T.C.= Thermo, calculdtion
4 = Ref. &

Fig. 7. Phase relations in the PbO-AlsOs system suggested by
Kuxman and Fischer (4).

shown to decompose at 1228 K into a mixture of
PbO - Al;03 and a liquid phase containing 94 m/o
PbO. In good agreement with the phase diagram, the
decomposition temperature calculated from the ther-
modynamic information is 1240 K. The calculation as-
sumes that Raoult’s law is valid for PbO activities in
the liquid phase. The phase diagram (4) also sug-
gests the decomposition of PbO - Al,O3 into a mixture
of PbO - 6A1;03 and liquid phase containing 92 m/o
PbO at 1273 K. The calculated temperature for this
reaction based on the thermodynamic information is
1287 K. If the activity of PbO in the liquid phase ex-
hibits small negative deviations from Raoult’s law,
as might be expected in a system with strong com-
pounds in the solid state, an even better agreement
between the calculated  and phase diagram tempera-
tures for the decomposition of PbO : Al03 and 2PbO -
Al,Os would result.

Partial pressures of vapor species over lead alumi-
nates.—The vaporization of PbO - 6Al,0; can be repre-
sented by the equations

PbO : 6A1z03(s) = 6 a~AlO3 - PbO(g) [11]
nPbO(g) » PbaOn(g) (1=n=26) [12]

The equilibrium partial pressures of PbO and its
polymeric forms are calculated from the Gibbs en-
ergies of formation for PbO : 6Als0s, of vaporization

for pure PbO and of polymerization reactions in the

gas phase given by Drowart et al. (1) (Table I). The
results are plotted in Fig. 8 as a function of the re-
ciprocal of absolute temperature.

Similar vaporization reactions can be written for
PbO - AL;O; and 2PbO - Al;O3

Table 1. Gibbs energies of vaporization of PbO and of
polymerization reactions in the gas phase (1)

Reaction AG°, T

Q
—_
@b
-

PbnOn(g) > n Pb

259,199 — 136.40T
512,856 — 280.73T
823,335 — 446.23T
1,059,180 — 596.60T
1,347,350 — 747.80T

278,805 — 153.97T

BIIII
wamny

PbO(s) -» PhO(g

~
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Fig. 8. The equilibrium partial pressures of different gas species
containing PbO produced by vaporization of PbO - 6Al203.

6 (PbO - AL,O3) (s) = PbO - 6AL:03(s) + 5PbO(g)
[13]
2PbO - Al;05(s) = PbO - Al,Oz(s) + PbO(g) [14]

The variation of the vapor compositions over these
compounds with temperature is shown in Fig. 9 and
10. The relative importance of the polymeric species

2

-Log p (kPa Y

g

6 7 8 9 . l1b T 2
/1 X110 K

Fig. 9. The partial pressures of monomeric and polymeric PbO
species resulting from dissociation of PbO - Al20a.
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Fig. 10. The variation of partial pressure of PbO containing
species obtained from equilibrium dissociation of 2PbO - Al2O3
with temperature.

in the gas phase increases with an increase in activtiy
of PbO in the condensed phase.

Solubility of lead aluminates in liquid lead.—The
dissolution of PbO - 6A1,03; into liquid lead can be
represented by the reaction

PbO : 6Al503(8) > 6 a-Alx03 + 9(Pb) + Pb(1) [15]

where O¢py) represents dissolved oxygen. It is con-

venient to choose the standard state for oxygen solute
in liquid lead such that the activity of oxygen is equal
to its concentration in atomic percent as the atomic
percent approaches zero. The Gibbs energy change for
reaction [15] can be evaluated from the results of
this study for PbO - 6A1,03, the free energy of forma-
tion of PbO and the free energy of solution of diatomic
gaseous oxygen in liquid lead (7, 9)

Pb(l) + 3% 05(g) = PbO(s)

AG® = — 218,420 + 99.06T J mol—1 [16]
Pb(1) + % Oz(g) -» PbO()
AG® = — 191,270 +75.01T J mol—1 [17]
%2 O2(8) = Ocpm
AG® = — 118,500 + 12.16T J mol-! [18]

The equilibrium constant for reaction [15] is equal
to the atomic percent oxygen in liquid lead corre-
sponding to the dissolution of PbO - 6A150;.

A similar analysis can be applied for the dissolution
of PbO - AlyOg, 2PbO - AlyO;, and pure PbO in liquid
lead. The relevant equations are

6(PbO - Al;05) (s) -> PbO - 6A1,05(s)
+ 50 + 5Pb(1)  [19]
2PbO - Al;03(s) > PbO + AlOs(s) + Ocpy + Pb(D)
[20]
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The equilibrium oxygen contents of liquid lead as
result of the dissolution of pure PbO and the three
aluminates are compared as a function of tempera-
ture in Fig. 11.

The partial pressure of PbO in a sintering atmo-
sphere for PZT ceramics can be readily obtained from
the measurement of the oxygen content of liquid
lead exposed to the atmosphere using a solid-state
cell. A knowledge of the oxygen content of lead es-
tablished by a number of different chemical reactions
can be profitably employed in identifying the pres-
sure-controlling reaction under practical conditions.

Conclusion

The Gibbs energies of formation of lead aluminates
from the component oxides have been determined
using solid-state galvanic cells

Log E’Jafom pet

i P F

10 ) 8 7 §
/1 X107 K

Fig. 11. The solubility of lead aluminates in liquid lead. The
oxygen content of liquid lead in equilibrium with pure solid PbO,
zirconia-saturated lead zirconate, and titania-saturated lead
titanates are also shewn for comparison.
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PbO (orthorhombic) + 6 a=Als03 = PbO - 6Al:05(s)
AG® = — 113,940 + 55.91T (+200) J mol—1
PhO (orthorhombic) 4 a=Al;03-> PbO - AlyO3(s)
AG® = — 38,530 + 22.06T (x50) J mol—?

2 PhO (orthorhombie) -+ «-Al;O3 - 2PbO - AlzO3(s)
AG® = — 44,010 + 24.21T (£300) J mol-1

These values are consistent with the phase diagram of
Kuxman and Fischer (4) based on DTA and chemical
analysis. The activity of PbO in PbO - 6A10; +
a-AlO; is 42 X 10—3 as compared to 0.24 for
Pby-3ZrOs3—; 4+ ZrO; and 0.018 for Pby-,TiOs—, +
TiOs at 1123 K. These values suggest the formation of
PbO - 6AL,0; during the sintering of PZT ceramics in
alumina crucibles at high temperatures.

The vapor phase in equilibrium with lead alumi-
nates consists of a number of species which can be
represented as Pb,O, (1 = n = 6). The relative im-
portance of the polymeric species in the gas phase
increases with the activity of PbO in the condensed
phase. The equilibrium oxygen content of liquid lead
established by the dissolution of lead aluminates is
evaluated from thermodynamic data.
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