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Partial phase diagram of Pb-Fe-0 system has been established by phase equilibration studies over a wide
temperature range coupled with high temperature solid electrolyte based emf cells. Ternary oxides are
found to coexist with liquid lead only at temperatures above 900 K. At temperatures below 900 K, iron
oxides coexist with liquid lead.

Standard molar Gibbs energy of formation of ternary oxides ‘PbFesOg 5’ and Pb,Fe,05 were determined
by measuring equilibrium oxygen partial pressures over relevant phase fields using emf cells and are

given by the following expressions:

AG

m

AsGS, ‘PbFesOgs’ + 1.0(k] mol ') = —2208.1 + 0.6677(T/K) (917 < T/K < 1117)
Pb,Fe,05 + 0.8(k] mol ') = —1178.4 + 0.3724(T/K) (1050 < T/K <

1131)

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Liquid lead and Lead-Bismuth Eutectic (LBE) are the candidate
coolants for Generation IV nuclear reactors and are also considered
as spallation neutron targets as well as coolants in accelerator dri-
ven systems because of their favorable thermal, physical and
chemical properties [1]. However, they are highly corrosive to-
wards the structural steels. One of the approaches to minimize this
corrosion is to control the dissolved oxygen content in these liquid
metals so as to form a protective oxide film on the steel surface [2-
6]. Formation of a protective oxide film on the surface of the steel
reduces direct dissolution of the steel components owing to the
low diffusion coefficients of the alloying components through the
oxide film [7,8]. To understand the composition of the protective
oxide film and its stability, a detailed knowledge on the phase dia-
grams of Pb-M-0 and Bi-M-0 systems (M = alloying components
of steels) as well as the thermochemical data on ternary oxides
formed in these systems is essential. A systematic study of Pb-
M-0 systems (M = Fe,Cr) is being carried out at the authors’ labo-
ratory. Although many of the ternary compounds involved in Pb-
M-0O systems and pseudo binary diagrams of PbO-CrOs; and
PbO-Fe,03 systems have been reported, their equilibrium ternary
phase diagrams are not available. A partial phase diagram of Pb-
Cr-0 system and the Gibbs energy of formation of the all stable
lead chromates were recently determined by the present authors
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[9,10]. This paper presents the results of the experiments carried
out to establish the phase diagram of the ternary Pb-Fe-0 system.
The standard molar Gibbs energies of formation of two ternary
oxygen compounds of these systems were also determined by
measuring equilibrium oxygen pressures over appropriate ternary
phase fields using solid oxide electrolyte based emf cells and are
reported.

2. Literature review

Reaction between the oxides of lead and iron had been investi-
gated in the past with a view to identify and characterize the com-
pounds and to establish the pseudo binary PbO-Fe,03 system [11-
27]. The reactions between the oxides were observed to be very
sluggish leading to the formation of several possible meta stable
phases with uncertainties in their composition [16,23,25]. As many
as eleven compounds with the following compositions have been
reported in the past: 8PbO-Fe,Os;, 3Pb0O-Fe,0;, 2PbO-Fe,0s,
3Pb0-2Fe,03, PbO-Fe,03, Pb0O-2Fe,05, 2Pb0-5Fe,05, PbO-3Fe,03,
PbO-4Fe,03, Pb0O-5Fe,05, and PbO-6Fe,0s. All the data reported in
the literature are listed in Table 1.

Although the existence of 8PbO-Fe,03;, 3PbO-Fe,0s3,
3Pb0O-2Fe,03, PbO-Fe,03 and PbO-3Fe,0; had been reported in
the early works [11,12,17-19,21], these compounds were not ob-
served in the subsequent works reported in Refs. [22-27], indicat-
ing them to be meta stable. Among the other compounds, existence
of 2PbO-Fe,05, generally referred as & phase, is reported by nearly
all workers [13,14,16,19,21-27]. It is known to be stoichiometric,
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Table 1
Literature data on Pb-Fe-O system.

Sl. No Authors Experimental techniques

Identified compounds and Temperature range of stability

1 Kohlmeyer [11] Thermogram and microscopy

2 Paramonov [12] Heating of PbO and Fe,05 at various temperatures and various
time periods

3 Cocco [13] Microscopy and XRD

4. Berger and Pawlek [14] Mixtures of PbO and Fe,Oj3 at various compositions pelletized and
heated. Phases were analyzed by XRD.

5 Margulis and Kopylov [15]  Thermal analysis, microscopy, XRD of specified molar ratios of
PbO to Fe,05 .

6 Mountvala and Ravitz [16]  Dry powders of PbO and Fe,03 mixed and heated. Only PbO/Fe,05
mole ratio 2 or less were studied by DTA and XRD

7 Cassadanne [18] Compounds were prepared by coprecipitation of stoichiometric
amount of mixtures of lead and iron in NaOH at pH 9. Samples
were heated and analyzed by DTA and XRD.

8 Jonker [20] Mixtures of PbO and Fe,03; were studied by DTA and liquidus
temperatures were determined.

9 Mexmain and Hivert [21] Mixtures of PbO and Fe,05 of various compositions were studied

by TG/DTA and XRD.

10 Shaaban et al. [22]
1:1, 1:4), in air Max. Temp. 973 K TG, XRD

11 Nevriva and Fischer [23]
compositions of PbO: Fe,03. DTA, XRD

12 Raghavan [24] Compilation up to 1989

13 Rivolier et al. [25]

14 Diop et al. [26, 27]
XRD, EPMA

PbO, + Fe,05 with different molar ratios (PbO,:Fe;05-19:1, 4:1,

Compound preparation by solution route, DTA for different

Heating stoichiometric ratios of PbO and Fe,03; powders. DTA with
different mole % of Fe,05 in 1 atm oxygen. TG/DTA, XRD

Annealing of stoichiometric mixtures of PbO and Fe,03. TG/DTA,

3PbO-Fe,03, 3Pb0-2Fe;03, PbO-Fe,03, PbO-2Fe;05
PbO-Fe,05 (T: 938-998 K)

2Pb0-Fe,05 (forms below 1113 K), 2Pb0-5Fe;03, PbO-5Fe,03
2PbO-Fe,0s, PbO-2Fe,03, PbO-6Fe;05

Pb0-4Fe,03 (Decomposes at 1413 K)

8: 2PbO-Fe,05 (T: ~923-1183 K)
7: PbO.(2-2.5)Fe,05 (T: 1023-1218 K)
f: PbO-(5-6)Fe,05 (T: 1033-1588 K)

PbO-3Fe,03, (T: 773-1443 K)
3Pb0-Fe,05 (stable below 1123 K)
8Pb0-Fe,05 (stable below 1013 K)

Liquidus curve on PbO-(0-40 mol%)Fe,03 system

2Pb0-Fe,05(T : stable up to 1143 K)
PbO-3Fe,05 (T : stable up to 1184 K)
PbO-6Fe,03 (T : stable up to 1348 K)

2PbO-Fe,05 (T: 703-1183 K)
PbO.(2-2.5)Fe,05 (T: 683-1218 K)
PbO.(4-6)Fe,05 (T: 933-1588 K)

PbO-6Fe;03
2Pb0-Fe,03 (stable up to 1143 K)
PbO-(2 + x)Fe,03 (stable up to 1153 K)

2Pb0-Fe,05 (T: ~923-1143 K)
PbO-2Fe,05 (T: 1023-1153 K)
PbO-(6 — X)Fe,05 (T: 1073-1588 K)

2PbO-Fe,05 (T: 973-1143 K)
PbO-2.5Fe,05 (T: 973-1188 K)
PbO-6Fe,05 (T: 973-1563 K)

2PbO Fe,05 (T: 968-1133 K)
PbO-2.5Fe,05 (T: 1043-1193 K)
PbO-6Fe;05 (T: ~1083-1623 K)

but its temperature range of stability is not clearly established.
Shaaban et al. [22] have reported that this compound can be
formed by solid state reaction between Pb30,4 and Fe,03 at 703 K
itself while the reaction between PbO and Fe,03 yields this com-
pound only at 923 K.

The compounds with stoichiometries of PbO-2Fe,0s and
Pb0-2.5Fe,053 are reported in Refs. [16,22,23]. Their XRD patterns
are given in JCPDS file 22-0656 and JCPDS file 49-0753 respec-
tively. But these XRD patterns are identical with slight shifts in
peak positions, suggesting that they correspond to a non-stoichi-
ometric compound as observed by Mountvala and Ravitz [16]
and Shaaban et al. [22]. Rivolier et al. [25] discussed this issue in
detail and suggested it as a stoichiometric compound of composi-
tion PbFes0g 5, although the authors could not completely rule out
the non-stoichiometry in it. Shaaban et al. [22] have reported this
compound as non-stoichiometric with the composition range of
Pb0O-2Fe,03 to Pb0-2.5 Fe,03. This could be formed at 683 K itself
by solid-state reaction between Pb3O, and Fe,O3 while it was
formed only above 973 K when PbO and Fe,03 were the starting
materials [16,23-27]. In the present paper, it is represented with
a nominal composition of ‘PbFesOgs’.

Although the existence of compounds such as PbO-4Fe,03 [15],
PbO-5Fe,03 [13] and PbO-6Fe,03 [14,21,23,25-27] have been
reported, presence of non-stoichiometry in the ranges of PbO-4-
6Fe,03 [22] as well as PbO-5-6Fe,03 [16,24] have also been re-
ported. In the recent works [25-27], PbO-6Fe,0; is reported to be
stoichiometric, but there is no substantial experimental evidence
to rule out the non-stoichiometry in this compound also. However,

there is a consensus that the composition of the iron oxide rich ter-
minal of this non-stoichiometric compound is PbO-6Fe,0s. In the
present work, nominal composition of this compound is repre-
sented as ‘PbFe;,019'.

It is to be pointed out that no data on the ternary phase diagram
of Pb—Fe-0 system has been reported so far and no experimental
data on the thermochemical properties of the three ternary oxides
viz. PbyFe,0s, ‘PbFes0Og 5’ and ‘PbFe;,04’ is available in literature.

3. Experimental
3.1. Materials

Fe,03; powder (99.99% purity on metal basis, M/s Alfa Aesar, UK)
and PbO powder (99.9 + % purity on metal basis, M/s Aldrich Chem.
Co., USA) were used. Thermogravimetry experiments coupled with
evolved gas analysis showed that PbO and Fe,Os; contained
1.37 wt% and 0.17 wt% of moisture, respectively. It was also found
that PbO contained 2 wt% lead carbonate impurity. The PbO pow-
der was therefore heated in argon atmosphere at 773 K for 2 h to
convert the carbonate impurity into oxide and to remove moisture.
The Fe,05; powder was calcined in air at 523 K for 2 h to remove the
moisture. Lead powder (99.9% purity, M/s Alfa Aesar, USA) and iron
powder (99.9 + % purity, M/s Alfa Aesar, UK) were used for phase
equilibration studies. Very fine powder of lead metal was also pre-
pared by reducing the PbO powder under flowing hydrogen at
598 K for 2 h. The ternary compounds were prepared by the so-
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lid-state reaction of mixtures of appropriate molar ratios of lead
oxide and iron oxide powders. The mixtures were taken in the form
of compacted pellets and heated in alumina crucibles in ambient
air at chosen temperatures ranging from 998 K to 1073 K for ex-
tended periods of time varying from ~50 h to 220 h. During these
heating cycles, the sample pellets were cooled to room tempera-
ture at least once and were crushed and powdered. The powdered
samples were again pelletized and heating in air was continued
before finally quenching them in ice cold water. In order to obtain
phase pure compounds, co-precipitation method was also under-
taken. For this, stoichiometric amounts of PbO and high purity iron
powder (99.9 + % purity, M/s Alfa Aesar, UK) were first dissolved in
minimum amount of nitric acid and the resultant nitrate solution
was added to an excess amount of ammonium hydroxide solution.
The precipitate formed was then filtered, dried, pelletized and
heated in air at 1048 K for 24 h. The products obtained by all these
methods of preparation were characterized by X-ray diffraction
using Siemens D500 X-ray powder diffractometer with Cu Ko radi-
ation and graphite monochromator.

3.2. Phase equilibration studies

To derive the ternary phase diagram of Pb-Fe-O system, com-
pacts of samples with compositions corresponding to different
possible phase fields were made. Mixtures from pure metals,
oxides and ternary compounds with different overall compositions,
were prepared by thorough grinding of the component phases.
Pellets of these mixtures were equilibrated in low volume sealed
containers to avoid any compositional changes. Equilibrations
were carried out at six different chosen temperatures viz.848 K,
898 K, 948 K, 993 K, 1048 K and 1133 K. Equilibrations lasted for
a minimum period of 480 h when the chosen temperatures were
1048 K and 1133 K. At other lower temperatures, the equilibration
was carried out for 720 h. Initial equilibration experiments were
carried out by placing the sample pellets in an alumina crucible
which in turn was placed in a quartz tube and vacuum sealed. It
was observed that the quartz tubes invariably got attacked and
sometimes even cracked at the end of equilibration experiments.
Presumably PbO in vapor phase led to severe attacks which also
would have resulted in altering the stoichiometries of the samples.
To avoid these effects, the sample pellet was placed inside a zirco-
nia container which was in turn kept inside a one end closed bright
annealed copper tube which was free of any oxide layers. The open
end of the tube was then crimped and sealed inside an argon atmo-
sphere glove box by TIG welding. Copper was chosen for this con-
tainment since the oxygen potential needed to form Cu,O are
much higher than the oxygen potentials of Pb-PbO and Fe-FeO/

Table 2a
Results of phase equilibration studies in Pb-Fe-O system at 848, 898, 948, and 993 K.

Fe-Fe30,4 couples. The sample inside the sealed copper tube was
equilibrated by placing the tube in a quartz container under a flow
of argon gas. At the end of every 240 h of equilibration at the cho-
sen temperature, the copper tube was quenched in liquid nitrogen.
The products were retrieved, thoroughly ground and characterized
by XRD. The sample was once again pelletized and equilibration at
the chosen temperature was continued. In all the experiments
where Pb was one of the coexisting phase, it was found to have col-
lected into a single globule at the end of the equilibration. Before
using the sample for the next equilibration, the lead globule was
removed and equal weight of lead powder (prepared by reduction
of PbO) was added to maintain the over all composition. The com-
positions of samples used for these equilibrations are given in
Tables 2a and 2b. It is to be noted that several of the samples of
identical overall composition were made by starting from different
component phases. At the end of equilibrations, the samples were
retrieved and analyzed by XRD.

3.3. Emf measurements

The following two galvanic cells were constructed and studied:

Cell-I

Run-1: (—) Kanthal, Ir, Pb0.25F6043000.45 | YSZ I (02,
101.325 kPa), Pt (+)

Run-2: (7) Kanthal, Ir, Pb0A55Feo_]800A27 | YSZ | (02,
101.325 kPa), Pt (+)

Cell-II

Run-1: (7) Kanthal, Ir, Pb0_54F60.]500_31 | YSZ | (02,
101.325 kPa), Pt (+)

Run-2: (7) Kanthal, Ir, Pbo_47F€0.1800_35 | YSZ | (02,
101.325 kPa), Pt (+)

The schematic of the experimental assembly of the galvanic cells is
shown in Fig. 1. One end closed yttria stabilized zirconia (YSZ) solid
electrolyte tube having a flat bottom (13 mm OD, 9 mm ID and
300 mm long), supplied by M/s Nikkato Corporation, Japan was
used for constructing the galvanic cells. The reference electrode
for the cell was prepared by applying a platinum paste (M/s Eltecks
Corporation, India) over the inner bottom surface of the electrolyte
tube and heating it at 1373 K for 2 h in air. This resulted in a uni-
form and porous platinum film over the electrolyte surface. A Pt

SI. No Phases taken before equilibration Overall composition of the sample T (K) Phases identified after equilibration for 720 h
1 Fe-PbO-Fe,053 Pbg g4Fe03500.58 848 PbO-Fe,03-Fes04
2 Pb-PbO-Pb,Fe;05 Pbyg 40Fe0.1500.45 848 Pb-PbO-Fe304
3 Fe-PbO-Fe,03 Pbg 40Fe0.1500.45 848 Pb-PbO-Fe;04
4 Fe-PbO-Fe,03 Pbg 03Fe0.450052 848 Pb-FeO-Fe;0,4
5 Pb-Fe,03-Pb,Fe,05 Pby 03Fe0.4500.52 848 Pb-FeO-Fe3;0,4
6 Fe-PbO-Fe,03 Pby.15Feo.5500.30 848 Pb-Fe-FeO
7 Fe-PbO-FeO Pby 25Fe03000.45 848 Pb-PbO-Fe;0,4
8 Fe-PbO-Pb,Fe,05 Pby 33Fe0.2200.45 848 Pb-PbO-Fe3;04
9 PbO-FeO-Fe,05 Pby 1sFe0270055 848 PbO-Fe,03-Fe;04
10 Pb-PbO-FeO Pbg 25Fe0.3000.45 898 Pb-PbO-Fe;04
948 Pb-Fe3;04—‘PbFes0g 5’
11 PbO-FeO-Fe,05 Pby.10Fe0.340056 898 Pb-PbO-Fe304
948 Pb-Fe30,—‘PbFesOg 5’
12 FeO-PbO-‘PbFesOg 5’ Pbg 1sFe0270055 993 Pb-PbO-‘PbFes0s 5’
13 Fe-PbO-‘PbFesOg 5’ Pby 33Fe02200.45 993 Pb-PbO-‘PbFes0g 5’
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Table 2b
Results of phase equilibration studies in Pb-Fe-0 system at 1048 and 1133 K.

SL. No Phases taken before equilibration Overall composition of the sample Phases identified after equilibration for 480 h
14 FeO-Fe,03-Pb,Fe;05 Pbg 04Fe0 380058 Fe;04-PbFes0g 5s-PbFe1,019
15 Fe-PbO-Fe,03 Pbg 04Fe0.3800.58 Fe;04-PbFes0g 5—PbFe15019
16 Pb-PbO-Pb,Fe,05 Pbg 40Fe0.1500.45 Pb-PbO-Pb,Fe,0s5*

17 Fe-PbO-Fe,03 PbongEo.] 500.45 Pb—PbO—szFezo5’rl

18 Fe-PbO-Fe,03 Pbg o3Fe0.4500.52 Pb-FeO-Fe;0,

19 Pb-Fe,05-PbyFe;05 Pbg 03Fe0.4500.52 Pb-FeO-Fe;04

20 Pb-Fe-Fe,03 PbojsFeO‘ssOo,BO Pb-Fe-FeO

21 Fe-PbO-Fe,03 Pbg 15Fe0.5500:30 Pb-Fe-FeO

22 Fe-PbO-PbFes Og 5 Pbg 25Fe0.3000.45 Pb-Fe3;04-PbFes0g 5

23 FeO—PbO—PbFe50845 Pb0.10F30.3400.56 Pb—Fe304—PbFe50845

24 Fe-PbO-Pb,Fe,05 Pbg 33F€0.2200.45 Fe;04-PbFes0g s-Pb,Fe;05
25 FeO-PbO-PbFe;,0:9 Pbg 15Feg270055 Fe304-PbFe;0g 5—Pb,Fe,05

2 At 1133 K liquid phase is present.

Lo - 1. Pt wire 13. Alumina crucible
4 2. Spring 14. Pt wire mesh
™ 2a. S S hook 15. Porous Pt coating
3. O2in 16. K type thermocouple
4, High Temp. epoxy seal 17. Quartz tube
S— 6 5. Purified Ar gas in 18. Ni wire
§— 7 6. 0, out 19. Quartz crucible
4 7. Ar gas out 20. Kanthal wire
8. Stainless steel coupling 21. Ir wire
i 4 e
\L'. 4 S 18- ¥§§"r% ring 22. Pb metal + Sample powders
1 b ube
§‘\' ' ;: 2a 11. Alumina tubes
§ A 12. Sample pellet ' )
R [(Cell—1):(Pb} .(Fe30,) (Pb Fes Ons)
3 N 8 (Cell-1):{Pb} (Pb Fes Ogs), (b Fez 0s)]
N N7

10

AT T AT A AR AR A A A A AARARAAAAY,

14
15

16

Kanthal wire

Spot welding
Porous Pt coating
Ir wire

Pt lead

Pt wire mesh
Alumina crucible

17—
18
22

Pb metel + Sample powders
Sample pellet
Quartz crucible

19

Fig. 1. Schematics of the solid oxide based galvanic cells used.

wire, co-fired with the platinum paste served as the electrical lead.
A similar porous platinum electrode was also formed on the exter-
nal surface at the bottom of the electrolyte tube. The performance of
the emf cell was first tested by measuring the null emf as a function
of temperature from 723 K to 1123 K by maintaining identical
oxygen pressures on both sides of the electrolyte (air-air and oxy-
gen-oxygen). Pt-electrode present at the external surface of the
electrolyte tube was then removed, thoroughly cleaned and the
electrolyte tube was used for measurements with sample elec-
trodes. For both cells-I and II, same electrolyte tube was used.
Two sample electrodes with different overall compositions but fall-
ing within the possible phase field of Pb(l)-Fe;04-‘PbFes0g s’ were
used for measurements with cell-I. In a similar manner, two sets
of emf measurements were carried out with two different composi-

tions falling in the possible phase field of Pb(l)-‘PbFesOgs'-
szFezo5.

The electrolyte tube was attached to a stainless steel coupling
by means of a high temperature epoxy seal. A short iridium wire
that dipped inside the sample electrode and spot welded to a
Kanthal wire was used as the electrical lead in the sample side.
For use as sample electrode, a mixture of oxide phases and lead
metal powder was compacted to form a porous pellet of
12.5mm dia and 1 to 2 mm thickness. This was placed at the
bottom of an alumina crucible of 18 mm inner diameter and
20 mm height. The solid electrolyte tube was placed over this
pellet. The volume around the electrolyte tube inside the cruci-
ble was filled with the phase field mixture. This ensured good
contact between all the three phases and avoided the segrega-
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tion of oxide phases from liquid lead due to the large differences
in their densities. Alumina crucible containing the sample was
placed over a quartz crucible. The quartz crucible had holes at
the top of its circumference. A pair of kanthal wires connected
to springs were attached through these holes and hung from
the hooks provided in the inner surface of the stainless steel
coupling. This arrangement ensured intimate contact between
the electrolyte and sample electrode.

The sample-cum-electrolyte assembly was surrounded by a
one end closed quartz tube which in turn was attached to the
stainless steel coupling using an O-ring seal. The stainless steel
coupling had provisions for placing a K-type thermocouple very
close to the electrode-electrolyte assembly so that the cell tem-
perature can be measured accurately. It also had provisions for
flowing high purity argon and oxygen gases through the sample
and reference compartments, respectively. High purity argon gas
was obtained by passing commercial argon through a purifica-
tion assembly. This assembly consisted of columns of regener-
ated LINDE 4A molecular sieves and active Cu impregnated
MgSiO3 pellets (popularly known as BASF catalyst) maintained
at ambient temperature followed by three columns containing
metallic copper turnings held at 773 K, titanium sponge held at
1173 K and calcium metal shots held at 773 K. The gas exiting
from the outlet of the emf cell was again passed over another
column containing calcium metal shots maintained at 773 K be-
fore letting it out to ambient air through an oil bubbler. The cell
assembly was placed in the constant temperature zone of a fur-
nace. Additionally, a 100 mm long and hollow cylindrical stain-
less steel block was placed in the constant temperature zone
of the furnace to further enhance the uniformity of the temper-
ature in the zone. Using this arrangement the cell temperature
could be controlled within +0.2 K using a PID temperature con-
troller. The stainless steel block was grounded to avoid any a.c.
pickup in the emf signal. The cell temperature was measured
using the K-type thermocouple which was calibrated prior to ac-
tual experiments against a standard calibrated thermocouple
supplied by National Physical Laboratory, India. The cell emf
was measured using a high impedance electrometer (input
impedance >10'4Q, M/s Keithley, USA, model-6514) and the
temperature was recorded using a multimeter (M/s Agilent Tech-
nologies, Malaysia, model: 34970A Data acquisition/switch unit).
An IBM PC using GPIB interface acquired the data every minute.
At each temperature the readings were recorded when the cell
emf was stable within +0.05 mV for at least 6 h. Attainment of
equilibrium was tested by passing a small amount of current
through of the cell or by shorting the two electrical leads for a
brief time and monitoring the cell output for restoration of the
pre-test emf.

The measured cell emf was corrected for the thermo emf due
to the dissimilar electrical leads viz., Kanthal-platinum by incor-
porating the data reported by Ganesan et al. [28]. As the junc-
tion between Kanthal and Ir was present in the constant
temperature zone of the furnace along with the sensor head,
the thermo emf due to Kanthal-Ir need not be considered. After
the measurements, the sample electrodes were retrieved and
analyzed by XRD.

4. Results and discussion
4.1. Preparation of ternary compounds

The temperature, duration of heating employed for preparing
the compounds and the phases formed by the solid state reaction
between the oxides and also through the solution route are given
below:

4.1.1. Solid state reaction between oxides

998K,51h

2Pb0O + Fe,0; ——— szFEzOs (a)
PbO + 6Fe,05 "2 PbFe;,0,9’ + Fe,05 (b)
PbO + 2Fe,05 272} mixture of PbFe40,,Pb,Fe;05 and Fe,04 (c)

4.1.2. Reaction between precursors prepared through solution route
Stoichiometric ratios of lead and iron hydroxides were prepared
by the dissolution of PbO and Fe powders in nitric acid followed by
precipitation by addition of NH4;OH and were heated in air as
follows:
Pb(OH), + 4Fe(OH), "%*2*! ppFe g 5’ (d)
(PbO : Fe;03 =1:2)

Pb(OH), + 5Fe(OH); " phFe; 05 5 ©
(PbO : Fe,05 = 1:2.5)

Pb(OH), -+ 6Fe(OH), " X***! mixture of ‘PbFesOg s’ and ‘PbFe;,04q’

(PbO : Fe,05 = 1 : 3)
()

1048K,24h

Pb(OH), + 7Fe(OH); ——— mixture of‘PbFe;0ss’ and ‘PbFe;,01¢’
(PbO : Fe;,03 =1:3.5)
(&)

1048K,24h

Pb(OH), + 8Fe(OH); ——— ‘PbFe;;01¢’ (h)
(PbO : Fe,05 = 1: 4)

Pb(OH), + 12Fe(OH), " %% :ppFe,, 0,4’

i
(PbO :Fe,05=1: 6) ( )
XRD pattern of the product of reaction (a) matched with the
pattern reported in JCPDS file 33-0756 confirming the phase purity
of Pb,Fe,;0s. Attempts to prepare ‘PbFe;,0:9' by the solid-state
reaction between PbO and Fe,0s; taken in the mole ratio of 1:6
(reaction b) always resulted in compound formation along with
some unreacted Fe,03. This could be because of the low reactivity
of commercially procured sintered Fe,O3; used for these reactions
and loss of PbO due to heating at 1073 K in air for 220 h (vapor
pressure = 0.2 kPa at 1073 K). However, the XRD patterns of the
products obtained through solution routes with mole ratios of
PbO and Fe,03 varying between 1:4 and 1:6, as shown by reaction
(h) and (i), matched with that of the pattern reported for
‘PbFe;,049’ in JCPDS file 41-1373. When preparations were carried
out by heating the hydroxides with the ratios of PbO:Fe,03 corre-
sponding to 1:3 and 1:3.5, the products obtained were mixtures of
‘PbFes0Og 5’ and ‘PbFe;,019’. These observations support the litera-
ture data on the non-stoichiometry of ‘PbFe;;0:¢’ (ranging from
PbO-4Fe,03 to PbO-6Fe;03). Similarly, phase pure product of
PbFe405, could not be obtained by the solid-state reaction between
of PbO and Fe,03; when taken in the mole ratio of 1:2 (reaction-c).
However, the XRD patterns of products obtained through solution
route with the mole ratios of PbO and Fe,03 corresponding to 1:2
and 1:2.5 (reactions ‘d’ and ‘e’) matched with that of ‘PbFes0g s’ re-
ported in JCPDS file 49-0753 [25]. These results again indicate the
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sluggishness of the direct solid state reactions between the oxides
and the non-stoichiometry of ‘PbFesOg 5’ (ranging from PbO-2Fe,05
to PbO-2.5Fe,053).

4.2. Phase equilibration studies

Tables 2a and 2b summarize the results of long term equilibra-
tion studies carried out at the six temperatures chosen along with
the composition of samples taken. Since the melting temperatures
of the ternary compounds (Pb,Fe;0s: 1143 K, ‘PbFes0g5": 1153 K,
and for ‘PbFe;,0,9": 1588 K) involved are close to the equilibration
temperatures, achievement of equilibrium is expected after the
prolonged heating periods. This has been confirmed by the
formation of products at the end of 240 h equilibrations itself. This
is also shown by the formation of the equilibrium phases when dif-
ferent set of initial phases with same overall compositions were ta-
ken for long term equilibrations.

From the results indicated in Table 2a, the existence of the fol-
lowing phase fields could be identified at 848 K: (1) Pb-Fe-FeO, (2)
Pb—FeO—Fe304, (3) Pb—PbO—FE304 and (4) PbO—FE304—Fezo3. The

Table 3
Variation of emf of cell-I and deduced equilibrium oxygen potentials with
temperature.

T (K) E (mV) AGZ'/J mol ™!
Run 1
1044.7 606.0 —233879.6
1069.6 593.8 —229171.2
1095.7 590.2 —227781.8
11104 584.9 —225736.3
1080.5 594.1 —229287.0
1065.5 599.0 -231178.1
1050.6 603.9 —233069.2
1035.9 609.1 —235076.1
1055.4 601.9 —232297.3
966.1 642.3 —247889.3
995.9 632.5 —244107.0
1005.8 627.9 —242331.7
981.1 639.9 —246963.0
1115.1 581.8 —224539.9
1101.3 586.5 —226353.8
1030.6 611.0 —235809.3
1041.6 611.1 —235847.9
1059.6 604.2 —233184.9
1025.6 619.2 —238974.0
1048.5 609.9 —235384.8
1085.1 594.6 —229479.9
1069.2 601.5 —2321429
1015.5 622.4 —240209.1
951.0 648.5 —250282.1
935.6 655.7 —253060.9
945.4 651.4 —251401.3
1084.0 594.5 —229441.3
924.8 659.5 —254527.4
916.8 661.6 —255337.9
Run 2
1092.3 583.0 —225003.0
1107.2 580.3 —223961.0
1077.7 590.8 —228013.4
1062.9 596.1 —230058.8
1048.4 601.6 —232181.5
1117.4 5783 —223189.1
1033.7 612.3 —236311.1
1071.4 595.6 —229865.9
975.1 636.1 —245496.4
1088.1 588.7 —227202.9
1053.5 601.4 —232104.3
1045.2 604.0 —233107.8
1102.3 584.7 —225659.1
1057.9 600.4 -231718.4

Run 1: measurements with samples of overall composition Pbgs5Feq3000.4s.
Run 2: measurements with samples of overall composition Pbg ssFeq 1500.27.

results of experiments carried out at 898 K show that the Pb-
PbO-Fe30,4 phase field exists at this temperature also. The results
also show that the Pb—-PbO-‘PbFes0g 5’ phase field exists at 948 K,
indicating that the ternary compound ‘PbFesOgs’ appears as an
equilibrium phase at a temperature between 898 and 948 K. The
results shown in Table 2b indicate the existence of the following
phase fields at 1048 K as well as at 1133 K: (1) Pb-Fe-FeO, (2)
Pb—FeO—Fe304, (3) Fe304—FeZO3—‘PbF612019', (4) FE3O4—APbFe120]9'
—'PbF8503_5', (5) Pb—Fe304—‘PbFe5Og5’, (6) Pb—‘PbFQ;O&s'—szFEzOs
and (7) Pb-PbO-Pb,Fe,0s. The existence of the phase field
Pb-‘PbFes0g5’-Pb,Fe,05 at 1048 K and above, indicates that
Pb,Fe,05 appears as an equilibrium phase in the Pb-Fe-O system
at a temperature between 948 and 1048 K. The temperatures
above which the new ternary phases appear in this system were
determined from the measurement of the equilibrium oxygen
potentials using high temperature emf cells.

4.3. EMF measurements

The time taken to reach equilibrium and stable emf values was
in the range of 10-15 h at high temperatures, whereas this time
exceeded 50 h at low temperatures and hence emf measurements
could not be carried out below 917 K.

After completion of emf measurements involving several heat-
ing and cooling cycles, cell was cooled down to room temperature
at 2 K/min, to avoid cracking of the solid electrolyte tube due to its
poor thermal shock resistance. The samples were retrieved and
analyzed by XRD which showed the presence of Pb-PbO-Fe30,
along with some ternary compounds corresponding to high tem-
perature phase fields which decomposed to give PbO and Fe304
on cooling. However, because of slow kinetics the decomposition
was not complete.

EMF values of cell-I measured as a function of temperature is
given in Table 3. The oxygen potential of sample, AEZ’JZ'E, and that
of the reference electrode, and ACB‘Z‘ , are related to the cell emf
as given below:
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Fitted data
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Fig. 2. Temperature dependence of equilibrium oxygen potentials of samples used
in cell-I and those of Pb(1)-PbO(s) system.
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4FE = RTInPy — RTInPY* = AGy — AGH" (1)
AGP* = AGy/ — 4FE,

AGY'® = —4FE, since Py/ = 1,AGy/ =0 (2)

Using the emf data, Aﬁfi’e values were calculated and are also
shown in Table 3. The data can be represented by the following least
squared fitted line:

AGP* +1.1(kJ mol ') = ~406.5 +0.1643(T/K) (917 < T/K
<1117) (3)

The error given is the standard deviation of the least squares fitted
line.

The measured oxygen potentials are shown in Fig. 2 and are
compared with the oxygen potentials of Pb-PbO system deduced
from the Gibbs energy of formation of PbO(s) [29]:

AsGS,(B — PbO) £ 0.10(k] mol ') = —218.98 + 0.09963(T/K)
(612 < T/K < 1111) (4)

AGEE-"0 1+ 0.20(k] mol ') = 2A¢G,( — PbO) (5)

Table 4
Variation of emf of cell -Il and deduced equilibrium oxygen potentials with
temperature.

T (K) E (mV) AGZ"*/Jmol ™!
Run 1
1053.6 596.8 —230329.0
1080.7 585.4 —225929.3
1130.6 569.4 —219754.2
1029.5 606.3 —233995.4
11204 573.4 —221298.0
1041.7 599.5 —231371.0
1061.8 592.4 —228630.9
1095.4 580.8 —224154.0
1049.7 596.4 -230174.6
1100.2 579.5 —223652.2
1071.0 589.4 —227473.0
1090.9 583.1 —225041.6
1060.4 593.5 —229055.4
11254 573.0 —221143.6
1087.5 585.5 —225967.9
1117.0 576.7 —222571.6
1059.1 595.5 —229827.3
1035.6 603.7 —232992.0
1046.8 599.2 —231255.2
1125.7 572.1 —220796.3
1116.5 576.5 —222494.4
Run 2
1068.5 591.9 —228437.9
11233 572.0 —220757.7
1086.8 584.4 —225543.3
1105.7 578.0 —223073.3
1057.0 595.3 —229750.1
1116.1 576.1 —222340.0
1079.5 588.4 —227087.1
1042.4 601.6 —232181.5
1019.6 611.4 —235963.7
984.0 628.4 —242524.7
962.1 638.1 —246268.3
949.1 643.3 —248275.2
1002.8 619.1 —238935.5
1097.3 582.1 —224655.7
1074.4 589.7 —227588.8
1052.0 597.9 —230753.5
1102.3 580.2 —223922.4
920.4 655.8 —253099.5
975.9 630.8 —243451.0

Run 1: measurements with samples of overall composition Pbg s4Feg 150031.
Run 2: measurements with samples of overall composition Pbg 47Feq 1800.35.

Extrapolation of the line representing AE;"ZIE versus temperature
intersects the line corresponding to oxygen potential of Pb-PbO sys-
tem at 900 K indicating the decomposition of ‘PbFesOg s’ to PbO and
Fe30,4 occurs below this temperature. This is also in agreement with
the results of the phase equilibration studies discussed in
Section 4.2.

The chemical equilibrium at the sample electrode is repre-
sented as below:

Pb(l) + 5/3Fe;04(s) + 11/120, (g) <= ‘PbFes0s5'(s)
AsGy'PbFesOg 5" <= 5/3 ArGp Fes04 + 11/12AGR* )

By substltutmg AGSV'e given by Eq. (3) and by using the values
AsG Fe;0,4 [30,31], the standard molar Gibbs energy of formation
of ‘PbFes0g s’ was derived and is given below:

ArGY,‘PbFes0gs’ + 1.0(k] mol ')

= -2208.1+0.6677(T/K) (917 <T/K< 1117) (7)

Emf values of cell-II obtained as a function of temperature are given
in Table 4. The oxygen potential of the samples at each temperature
of measurements, ACE,"ZIQ, was deduced from emf data by using rela-
tions given by Eq. (2) and is given in Table 4. These data are plotted
in Fig. 3 and compared with the oxygen potentials of Pb-PbO sys-
tem. As seen from this Fig. 3, the measured oxygen potentials at
temperatures below ~1030 K are in close agreement with the oxy-
gen potentials of Pb-PbO system. This is also in agreement with the
results of phase equilibration studies (Section 4.2) which showed
that the phase fields Pb-PbO-Pb,Fe,Os and Pb-Pb,Fe,05-
‘PbFes0g s’ exists only above a temperature falling between 948 K
and 1048 K.

Equilibrium oxygen potentials of the sample measured above
1050 K were fitted to yield the following expression by the method
of least squares:

AGY +0.4(kJ mol ') = —366.0 + 0.1290(T/K) (1050
< T/K< 1131) (8)

Extrapolation of this line intersects the line corresponding to oxy-
gen potentials of Pb-PbO system at 1024 K, the temperature at
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Fig. 3. Temperature dependence of equilibrium oxygen potentials of samples used
in cell-II and those of Pb(1)-PbO(s) system.
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Pb Fe

Fig. 4a. Partial phase diagram on Pb-Fe-0 system from 848 K < T <900 K.

‘PbFe Oy

Pb Fe

Fig. 4b. Partial phase diagram on Pb-Fe-O system from 900 K < T < 1024 K.

Pb Fe

Fig. 4c. Partial phase diagram on Pb-Fe-0O system from 1024 K< T< 1133 K.

which Pb,Fe;0s appears as an equilibrium phase in the ternary
system.

Isothermal cross sections of the phase diagram of Pb-Fe-0 sys-
tem, taking into account of the appearance of ‘PbFesOgs’ and
Pb,Fe,05 as equilibrium phases at 900 K and 1024 K respectively,
are constructed and shown in Figs. 4a-4c. Non-stoichiometry of
‘PbFes0g 5’ is indicated schematically in Figs. 4b and 4c.

It is to be pointed out that the temperatures at which ‘PbFesOg 5’
and PbyFe,Os appear as equilibrium phases based on present

experimental results are different from those reported in Refs.
[24,26].

The equilibrium reaction in cell-II at temperatures above 1050 K
can be represented as below:

8/5Pb(l) + 2/5 ‘PbFesOgs’(s) + 4/5 04(g) <= Pb,Fe,05(s)  (9)
2

4 _
AG,, (PbyFe,05) = §AGO2 + gAfG;(‘PbFe5Og_5'> (10)

Gibbs energy of formation of PbyFe,0s, AsG,,(Pb,Fe;0s) can be de-
duced from the equilibrium oxygen potentials of cell-Il and
AfG;‘PbFesog_sy.

It is to be pointed out that the stoichiometry of ‘PbFesOg 5’ phase
that exists in equilibrium during emf measurements in cell-I (Pb-
‘PbFes0g 5'-Fe304) would be iron oxide rich. Gibbs energy of forma-
tion of ‘PbFesOg s’ given by Eq. (7) corresponds to this iron oxide
rich terminal composition. The composition ‘PbFesOgs’ in the
phase field of Pb-‘PbFesOgs-PbyFe,05 would be PbO rich. For
deducing AsG;, (Pb,Fe,0s) from Eq. (10), Gibbs energy of formation
of PbO rich composition of ‘PbFes0g s’ would be required. However,
as shown in the Appendix, the change in compositions of
‘PbFes0g 5’ does not influence the deduced values of Gibbs energy
of formation of Pb,Fe,05 significantly.

AsG; PbyFe,05 deduced is given by the following expression:

AsG Pb,Fe;05 + 0.8(k] mol ') = —1178.4 + 0.3724(T/K)
(1050 < T/K < 1131) (11)

Based on the data on Gibbs energies of formation of lead fer-
rates and lead chromates [9,10] and the available solubility data
of oxygen in liquid lead, the nature of oxide layer in steel-liquid
lead interface can be predicted. A detailed account on corrosion
of steels in lead coolant circuits in light of thermochemical data
of lead ferrates and lead chromates and also the composition of
the steels used in them are discussed elsewhere [32].

5. Conclusion

The partial phase diagram of the ternary Pb-Fe-0 system in the
temperature range of 848-1133 K has been established for the first
time.

(a) Temperature range of 1024-1133 K:

(1) Pb—Fe—FeO, (2) Pb—FeO—Fe304, (3) FE304—‘PbF812019'—
APbl:eg;()&s‘, (4) Pb—Fe304—‘PbF6508.5,, (5) Pb—‘pres-
08.5Y—Pb2F6205 and (6) Pb—PbO—szFGzOs.

(b) Temperature range of 900-1024 K:

(1) Pb—Fe-FeO, (2) Pb-FeO-Fe304, (3) Pb-Fe304—PbFes0gs’,

and (4) Pb-PbO-‘PbFesOg s’
(c) Temperature range of 848-900 K:

(1) Pb-Fe-FeO, (2) Pb-FeO-Fe30,4, (3) Pb-PbO-Fe30y4, (4)

pbO—F6304—F6203

Gibbs energy of formation of ‘PbFesOgs’ and Pb,Fe,Os have
been determined by measuring the equilibrium oxygen partial
pressures in appropriate ternary phase fields using solid oxide
electrolyte based emf cells. These thermochemical data are re-
ported for the first time.
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Appendix A

The equilibrium reaction in cell-II at temperatures above 1024 K
can be represented as below:

8/5Pb(l) +2/5 ‘PbFesOgs’(s) + 4/5 04(g) <= PbFe;05(s)  (A)

Gibbs energy of formation of Pb,Fe,0s, A;G; Pb,Fe,0s can be de-
duced from the equilibrium oxygen potentials of cell-Il and the
AsG,, ‘PbFes0g s’ measured using cell-I. Since the non-stoichiometry
in ‘PbFesOgs’ ranges from PbFe O; (PbO-2Fe;03) to PbFesOgs
(PbO-2.5Fe,03), the influence of the variation of non-stoichiometry
on the deduced values of Gibbs energy of formation of PbyFe,0s5 is
considered as below.

A.1. By considering Fe,O0s rich end of non stoichiometry (PbO-2.5Fe;03)
in equilibrium (A)

Gibbs energy of formation of Pb,Fe,05 can be deduced as,

4 2
§A602 + §AfGZ1<'PbF6503_5’> (B)

By incorporating the oxygen potentials of cell-II, A;G;, (Pb,Fe,0s) is
calculated as,

Afc; <Pb2 Fez 05) =

~1178.4
+0.3724(T/K) (1050
< T < 1131K) (©)

AsG; (PbyFe;05) (K] mol ™! )=

A.2. By considering PbO rich end of non stoichiometry (PbO-2Fe,03) in
equilibrium (B)

The equilibrium at the sample electrode can be represented as
below:
3/2 Pb(l) + 1/2 PbFe407(s) + 3/4 02(g) = PbyFe,05(s) (D)

and the Gibbs energy of formation of Pb,Fe,05 can be given as
1 3 sple
Afon <Pb2F€205) = 5 AfG;<PbFe4O7> + ZAGOPZI (E)

Assuming ideal behavior for dissolution of Fe,03 in PbFe405 to form
the non-stoichiometry up to PbFesOg s, AfG?n(PbFe407) could be de-
rived from AfG?n‘PbFeSOSVS' as follows:

AnGY (PbFes0;) = AnGP'PbFesOgs’ — 1/2 AnGY(Fe;05) — G™  (F)
For ideal solution leading to formation of ‘PbFesOg 5’
G™ = —RT Y XiInX;

i
Sin_ce XFE203 and XPbFe5085 in ‘PbFesOgs’ are 2/3 and ]/3_
GMX= (5292 x 1073 T.

By substituting the value of G™*, A, G} ‘PbFesOs s’ from Eq. (7)
and AnG;] (Fe;03) [30,31], AnG] (PbFe405) could be derived as,

AnG? (PbFe;07) (k] mol ') = ~1800.7 + 0.5467(T/K) (917
< T < 1117K) (G)

By incorporating the value of AmG}) (PbFe40;) from (G) in Eq. (E),
AnG] (PbyFe;0s) is obtained as

Table 5
Gibbs energy of formation of PbyFe;0s, AnGJ (Pb,Fe;05), k] mol .

T(K) FromEq. FromEq. % Of difference in data obtained through
()] (H) approaches A and B

1050 -787.4 —786.4 0.13

1100 -768.8 —767.8 0.13

1130 -757.6 -756.6 0.13

AnG{PbsFe;05) (K] mol ') = ~1177.1
+0.3721(T/K) (1050
< T < 1131K) (H)

Values of AmG? (Pb,Fe,0s) deduced from Egs. (C) and (H) are shown
in Table 5. It is seen that the influence of neglecting the non-stoichi-
ometry for deducing Gibbs energy of formation of Pb,Fe,0s is very
small.
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