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ABSTRACT

Elements such as arsenic, antimony, tin, bismuth,
cadmium, copper, zinc and silver occur commonly in asso-
ciation in the sulphide lead-deposits and therefore
constitute the common imperuties in lead bullion obtained
in Blast-furnacesmelting. These elements are also used
as important alloy additions to lead, in desired concen-
tration ranges, to improve its useful mechanical, physical
or chemical characteristics for different industrial
applications such as bearing metals, soldering alloys,
type metal, fusible alloys, electrodes and electrolytes
cell-lining material in Dbatteries and similar other
applications in engineering, chemical, electrical and
electro-chemical industries. Oxidation behaviour of
these elements, when present in dilute concentration
range 1in lead, therefore forms an interesting study
useful not ;nly for the development and optimisation
of different process steps employed in the extraction
and refining of lead but also for development of its
alloys to meet the stringent service requirements of
its various applications.

A critical survey of the available literature
on thermodynamic behaviour of oxygen in lead-base alloy
solvents revealed only limited studies. It was therefore,

felt that there is a need of extensive research input
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to generate reliable thermodynamic data for a better
understanding of behaviour of oxygen in these metallic
solvents, as well as for use in design and development
of better production processes.

With this in view, the present investigation
was undertaken to study the thermddynamic properties
of dissolution of oxygen in lead and its binary alloys
with alloy additions in dilute concentration range.
The systems studied include lead-oxygen, lead-copper-
oxygen, lead-tin-oxygen and lead-bismuth-oxygen with
cdpper, tin and bismuth varying between 0-4 weight per-
centage in these: élloys and the oxygen concentration
not exceeding its saturation limit.

A suitable experimental set-up using emf tech-
nique and employing solid-electrolyte cell with stainless
steél (S.S) 1leads for study in the temperature range
933~1123K was therefore designed and locally fabricated.
The cell employed may be represented schematically as,

S.S.; Ni-NiO Solid electrolyte

(7r0.,+Ca0) 0; Pb(l) or Pb alloy,(PbO); S.S.
2

Concentration of oxygen in tﬁe different lead
melts studied was altered by covering these with synthe-
tic slags either PbO*Bzog or PbO~SiO2 of desired (PbO)
activity made specifically for the purpose. However,
in case of studies with 1lead-tin alloys, the oxygen

concentration was varied by the addition of Pb-PbO pellet
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to the alloy during the course of experimentation to
prévent loss of tin resulting from slag formation.

The cell emf was recorded during the course
of experiment and metal samples drawn on attainment
of equilibrium, were analysed for their oxygen and alloy
addition concentrations. These data were used to calculate
the desired thermodynamic properties viz. the free energy
of dissolution of okygen in lead bearing metallic solvents
and also the binary and ternary interaction parameters.
For comparison and analysis of data of present investi-
gation, Avalués of activity coefficient of oxygen in
different Pb-M-0 ternary systems have been calculated
employing expressions based on classical thermodynamic
concepts, to arrive at the model which is most suitable
for theoretical calculation and prediction of thermo-
dynamic properties of oxygen in the metallic systems
studied.

The entire work presented in this dissertation
has been devided into sseven chapters. Chapter I, surveys
the available literature on thermodynamics of dissolution
of oxygen in metallic solvent, different experimental
methods of thermodynamic investigation and various theore-
tical models proposed by diffeerenf workers. Finally
the problem of present investigation has been formulated.
Chapter II deals with the experimental set up and mate-

rials used, experimental procedure adopted and also



the methods of quantitative analysis employed for esti-
mation of oxygen and alloy additions. Chapters III to
Chapter VI present, for the different metallic systems
studied, thé experimental results, method of calculation
used and the computed values of thermodynamic parameters
of present investigation as well as their comparison
with those obtained by other workers. While Chapter
IIT presents -data on lead-oxygen system; Chapter IV
to Chapter VI deal respectively with the ternary systems
Pb-Cu-0, Pb-Bi-0 and Pb-Sn-0. In Chapter VII, the major
results obtained in the present investigation are summa-
rised and important conclusions drawn are lissted. Finally,
suggestions for further work in extension of the present

investigations are listed.
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CHAPTER - 1
GENERAL

1.1 - INTRODUCTION

Metals are seldom employed in pure state rather
invariably as alloys, whereiﬁ the presence of alloying
elements enhance their useful characteristics. In nature
too thé? occur in ore-values as Oxides, sulphides, halides
or oxidised compounds in association with a host of
other iunwanted constituents called 'gangue' either in
eiemental form or as compounds. A process metallurgist
concerned with the extraction and refining of metals
from their primafy or secondary sources or a chemist,
_chemical technologist or a chemical engineer, interested
in the recovery of chemicals from these, is involved
essentially in devising and operating suitable processes
for the controlled removal of unwantea and harmful compo-
nents present in the feed analysis either as mechanical
mixtures, solutions or in a chemical combination. Sﬁch
processes invariably involve multi-component, single
or multiphase reactive systems and undergo either homo-
geneous or heterogeneous reactions. Metal and slag are
the most commonly involved phases in metallurgical reac-
tive systems; wherein the impurities from the former

are transfered to the later. However, the behaviour



of any component in a multicomponent system or a solution
in any of the phases is governed not merely by its appa-
rent concentration but instead by its effective concen-
tration measured as activity. The thermodynamic properties
viz. activity, activity coefficients, interaction para-
meters, partial molar properties etc. of different compo-
nents in such multicomponent single or multiphase systems
therefore, become basic parameters that determine the
feasibility and the extent to which different chemical
reactions or phase transformation processes in such
systems would take place. An accurate knowledge of these
is also important for the optimisation aﬁd control of
the existing processes and also for the development
of new technology.

Armaterial scientist engaged in the development
of newer metallic materials is also concerned with meta-
llic solutions as well as multicomponent-multiphase
systems. The thermodynamic properties of different compo-
nents present in such systems play significant role
in determining stability limits and the stability characte-
ristics of the different constituents or phases of the
alloy being developed. Therefore, extensive thermodynamic
data has been experiméntally determined on metallic
solutions, ionic melts and other compounds by several
investigators over the past and presented in tabular

and other forms [1-4]. The existing data is also conti-



nuously correéted, modified or substituted by more reliable
data as and when acquired by using more accurate and
latest research techniques. However, the experimental
techniques empoyed are in general tedius, time consuming
and costly, requiring high-purity materials, controlled
furnace atmospheres at elevated temperatures over long
periods to attain. equilibrium in such systems. Attemps
‘have, therefore, been simultaneously made especially
in the recent past _for the theoretical formulation and
prediction of thermodynamic properties of suéh systems
and as a result several theoretical modelsr have been
developed to predict their thermodynamic behaviour.

The metal lead has been known since antiquity.
As reflected by statistics on world production and con?
sumption of +this metal [5] lead and its alloys find
extensive applications in engineering, chemical and
electrical industries due to an excellent combination
of its properties viz. superior formability and worka-
bility, higher corrosion résistance towards acids,
alkalies and other organic and inorganic chemicals,
low melting temperature, good <casting characteristiés
etc. etc. As 'Type-metal' it 1is extensively used 1in
printing industry for caéting letters - both as monotype
and lenotype. As die-casting alloys, it 1is wused for
parts of measuring instruments such as meters where

low strength and high accuracy is desired. Lead alloys,



called babbits, are used as shell or bushing in journal
beafiﬁgs. With tin it forms a series of solders and
with bismuth of cadmium, a series of fusible alloys.
On account of excellent extruding characteristics, lead
alloys are ideally suited for sheathing of cables used
in power installations and communication systems. Lead
foils in thicknesses of 0.005 mm upwards are employed
for measuring‘explosion préssures, wrapping cables and
in packing .industry. Lead powders find application as
a constituent of rust-prevention paints for steel, to
make lead storage battery plates and in apparatus for
radiation protection and also for friction materials
in auto-industry. VLead coatings for protection against
corrosion are used in case .of steel, copper, zinc and
aluminium and their alloys. Lead and its alloys are
also used for making pipes, bends, wires, strip and
also lead-wool or string meant for sealing purpose.
As building material, lead sheets are used for lining
and bends etc. Its resistance to chemicals makes it
an ideal material for chemical storage vessels, evapo-
rating‘vesSels; valves, pumps, stirrers etc.

In all such applications, antimohy, tin, copper,
bismuth, cadmium etc. constitute the common alloy-additions
to improve the mechanical properties or to impart other
desirable characteristics for specific applications.

These alongwith silver and gold also constitute the



major impurities in the crude 1lead obtained from lead
blast furnace and lead refining is basically concerned
with their subsequent elimination. Behaviour of oxygen
in lead especially in presence of these elements and
also the oxidation behaviour of these elements, when
present in  dilute concéntratibns in lead, therefore
forms an interesting study. However, a few studies have
been reported in 1literature on these aspects. In view
of the versatile nature of lead and its increasing indus-
trial significance as indicated above, the importance
of a systematic study of the thermodynamic behaviour
of oxygen in 1lead base metallic solutions, therefore,
can't be over emphasized. The different methods employed
and importanf studies made as revealed by a survey of
available literature will therefore be reviewed in the
followiﬁg sections.

1.2 LITERATURE SURVEY

1.2.1 Experimental Techniques

Of the several methods employed for the measure-

ment of thermodynamic properties, calorimetry, vapour
pressure technique, equilibrium method and emf technique
}are the commonly employed ones. Extended discussion
on the different methodé are available in literature
[2,6-8]. However, a brief review of these with greater
emphasis on emf technique, employed in the present work

is presented in the following sub sections:



1.2.1.1 Calorimetry

The term calorimetry refers to the measurement
of the change in enthalpy or internal energy associated
with any process, chemical reaction or a physical change
by measuring the heat exchange, as reflected by a change
in temperature in a éuitably' devised apparatus called
‘calorimeter'. Corrected value of change in temperature
multiplied by the water equivalent of the éalorimeter,
invariably gives the desired value of energy or heat
exchanged. The data so obtained is employed using appro-
priate expressions for the caléulation of releventAthermo—
dynamic properties viz. the heat of formation, the stand-
ard enthalpy change, heat capacity, heat of phase-trans-
formation or the Gibbs free energy change of a reaction
etc. The different types of calorimeters employed for
such studies may be classified into three categories
on the basis of variables i.e. Calorimeter temperature,
the temperature of the surroundings and heat produced
per unit time into Isoperibol, Isothermal, Adiabatic
and heat flow calorimeters respectively.

Isoperibol calorimeters have their surroundings
maintained at constant temperature while the temperature
of the inner vessel cailed 'bomb'! is measured before,
during and after the reaction is over. The 'bomb' consists
of a strong steel shell lined with an enert material

and fitted with a gas tight screw cap. It is provided



with arrangement for filling inside it oxygen at high
pressures ~ 25 atmospheres and later igniting a fuse

wire to initiate a reaction under study. For temperature

measurement either a beckmann thermometer or a platindm
resistance thermometer 1is _employed. To determine the

heat change in a process, the bomb! is charged with

a known amount of the reactant, the calorimeter assembled

and reaction is initiated. The corresponding change

in temperature as well as its rate of change till it

attains the temperature of the surrdundings is rnoted

to arrive at the desired heat effect. The water equivalent
of the calorimeter is determined by carrying out the

said process with a standard substance of known heat

content.

In the isothermal calorimeters, the temperature
of the surroundings and the inner vessel of the calori-
meter 1s maintained equal as well as constant during
the time an experiment is ‘conducted. The accompanied
heat change is measured through a phase transformation.
Commonly a mixture of ice and water are employed for
this purpose and any change in their proportion due
to an exchange of heat is reflected through a change
in the volume of the system.

In the adiabatic calorimeters, the changes
in température of the calorimeter and the surroundings
are so adjusted that they remain numerically equal.
This advantageously eliminates any correction needed

for heat exchanged with the surroundings. In construction,



these resemble isoperibol calorimeters except that a
heating coil 1is provided in the former either at the
outerwall of the inner vessel or on the innerwall of
the outer wvessel; the procedures followed in the two
being also similar. The energy input is measured by
the current and the Voltage'drop. Adiabatic calorimeters
are used for the determination of heat capacity of a
substance. as well as heat of a slow or an endothermic
reaction. The 'constant heat flow type calorimeters'
designed . to keep the temperature difference between
the surroundings and the inner calorimeter constant
are empléyed for determination of heat éapacities of
substances. These enable a constant amount of heat to
flow from the calorimeter to the surroundings. However,
these need standardization.

Several sources of error are encountered during
a calorimeteric measurement and unless adeduate pre-
cautions are taken, the heat chahges determined are
not reliable. The random, physical or statistical errors
include errors involved in measurement of temperature,
inaccurate determination of water equivalent of calori-
meter or on account of an inadequate compensation of
heat losses. With proper control these can be easily
controlled or minimised. The systematic errors on the
other hand are chemical in nature and are far more serious.

These may be owing to the presence of impurities in



the test sample or in the reaction vessel of the calori-
metér employed leading to simultaneous side reactions
or on account of reaction uﬁder investigation not attain-
ing completion. This can be taken care of, if the test
sample is properly analysed so that the amount of impuri-
ties 1is known and suitable correction applied. X-ray
and micrographic analysis may also be undertaken to
ascertain the completeness of the reaction under exami-—
nation.
1.2.1.2 Vapour pressure method

Vapour pressure studies are undertaken to deter-
mine the activity of a component in an. alloy as also
the free energy change, enthalpy and entropy of formation
of gaseous as well as condensed species. Depénding upon
the magnitude of the pressure to be measured, the vapour
pressure methods are grouped as 'Direct' and 'Indirect'
methods. For vapour pressures greater than 10—3 atm.,
direct pressuré measurements are employed‘using mechani-
cal devices such as manometers, sickel gauges or dia-
phragmvgauges etc. These have been discussed at 1length
by Clopper et al. [9].

-3 atmosphere,

At vapour pressures below 10
the mean free path of molecules becomes progressively
large and methods for vapour pressure measurement are

based on the principle of kinetic theory of gases. The

two techniques used viz. the Knudsen Technique [10 ]
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and the Langmuir Technique [11 ] involve 'effusion princi-
ples'. In the Knudsen method, the effusioﬁ rate of mole-
cules is measured through a knife edged orifice of dia-
meter less than one tenth of the mean free path of the
molecules in the vapour, drilled into the lid of a gas
tight container holding the v#pour species. Knowing
the weight loss accompanying the effusion process, the
orifice area, temperature and time of effusion, the
desired partial pressufe can be calculated. The loss
in weight accompanying the effusion process being deter-
mined by employing any of. the techniques viz. weighing
the cell before and after the experiment; suspending
the cell from a vacuum balance to directly read the
change in weight accompanying the process or else by
collecting the effusion vapours on one or more targets
for a known interval of time etc.

For still lower vapour pressure, the free evapo-
ration method of Langmuir offers advantage, 1in that
it allows measurement: of pressure as low as 10_7 mm
Hg. Here the rate of Vapéurization of molecules from
thevsufface of a sample heated in vacuum is measured.
For accurate measurements‘it is ensured that all vapours
must condense and the femperature of the sample must
be higher than the surrounding walls. The effusion methods
are applicable provided the effusing vapour species

are simple and chemically well defined (i.e. the molecular
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weight of the species is known). However, if the vapour
species is complex, use of mass-spectrometer is advan-
tageous for the identification of the vapour species
as well as for the determination of vapour pressure.
It also permits the measurement of vapour pressure of
a ﬁapour speciés without interference by impurities.
1.2.1.3 Chemical equilibria

Chemical equilibria techniques have been more
commonly,employed for determination of chemical potential
and activity of components especiall? in the high tempe-
 rature studi;s involving reactions between a gaseous
phase and a condensed phase or between two condensed
phases. In the former case a suitably selected gaseous
mixturer is equilibrated with a condensed phase at a
preselecﬁed temperature. From the data so obtained,
the thermodynamic behaviour of the species in the con-
densed ﬁhase is predicted. The choice of gaseous mixture
depends upon- the specific chemical potential desired,
the ease of developing a gas mixture and the capability
of trnsporting the species at a reasonable rate. The
commonly used gaseous mixtures include HZ ~ CHy (for
C and H Chemical potentials),OZ—HZO or OZ-CO2 mixtures
(for O-potential) 50,-0, mixtures (for S and O potentials),
HZ—NH3 mixtures (for N—potential) HZ-HCI mixture (for
H and Cl potentials) and CO-CO2 mixture (for C potential)

etc.
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Three types of experimgntal set—-up viz. the

'open circuit', ‘closed circuit' and 'static atmosphere'

experiments have been used of which the former two are

more common. In open-circuit experiments, a gas is passed
over a particular condensed phase to saturate it with
the desired vapour species and then allowed to react
with another condensed phase contained in the same reac-
tion vessel. In closed circuit experiments, the reacting
species are transferred from one condensed phase at
any temperature to the other condensed phase at a diffe-
rent temperature via a suitable.gas'circﬁlating device.

The reacting specie in the gas phase is thus transferred

to the condensed phase under study. In static atmosphere

teéhnique on the other hand, either a pure gas or a

gas miﬁture of definite composition 1is encaptulated

with the condensed phase under isothermal conditions.

Twin quartz capsules have been used for such studies.
-Méjor problems and sources of error in this

technique [12] include:

i) ' Evolution of ocluded gases from materials of
construction of apparatus. This may be taken
care of by conducting few blank determinations
to compensate fbr error and making use of
specially ﬁrepared materials.

ii) Thermal diffusion due to difference in densities
of constitutents of the gaseous mixture leading

to seggregation of lighter ones in high temperature
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zones and vice-versa. This may be compensated
by having faster flow rates.

iii) Non-availability or limited availability of
material of construction for high temperature
work including gas tight and leak proof joints.
Equilibria between condensed phases suéh as

slag-metal systems involve extensive sampling and chemical

analysis for.study of equilibrated compohents, indicating
6bvious preferrence.for 'labelled compounds' for study,
wheﬁeﬁer poSsible.

1.2.1.4 Emf method
Of the various techniques used for experimental

determination of thermodynamic properties of metallic
solutions, the emf method is most convenient and yields
vefy reliable results, provided of course the celi has
been properly set up and operated with well defined
and reversible cell reactions. The necessary condition
for:its usage, however, is that the process under study
be such that, its energy is capable of generating a
reversible emf either in a 'galvanic cell' for estimation
of free energy of chemical reactions or in a concentra-
tion cell for determination of activity of a component
in binary or higher coméonent systems. The emf method
permits direct measurement of thermodynamic properties,
is quicker and more reliable.

Different types of cells employed for emf studies
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are generaliy classified as aqueous- electrolyte cells,
fused;salt electrolyte cells and solid-electrolyte cells,
of which the last group has become very significant
recently and has been used in the present study. It
has therefore, been discussed in greater detail in the
following‘sub-sections. |
1.2.1.4.1 Solid electrolyte cells

The usefulness of the solid halide and oxide-
electrolytes for determination of thermodynamic properties
of metallic compounds has been known since the beginning
of this century, but the real impetus to renewed interest
in the possible applications of solid-electrolytes was
initiated by Kiukkola and Wagner [13 ], who, in the
year 1957, demonstrated their immense potentialities
in the determination of thermodynamic properties of
metals and alloys. Recently these have been extensively
employed for equilibrium applications to study the thermo-
dynamics and solubility of oxygen in pure metals, binary
alloys, multicomponenf alloy systems and also in studies
on oxide-slags, determination of phase boundaries as
well‘as for the studies concerning evaporation and con-
densatioﬁ, diffusion in metals, and also, Kinetic studies.
The solid electrolytes"have also been advantageously
used in fuel cells, in which their applications offer
solution to wvarious problems encountered with aqueous

électrolytes in solid state batteries. However, to build-
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up and keep a stable potential difference of the order
of one volt in a galvanic cell, a certain minimum con-
ductivity of the electrolyte must be exceeded and

—69—1 cm_l.' In

Schmalzried [14 ; puts this value of IO
view of the extensive studies made using solid electro-
lytes, excellent reviews have 'been written to cover
the different aspects of their usuage by Etsell and
Flehgas [15 | on electrical properties of solid electro-
lytes; by Schmalzried [14 ] on emf measurements in diffe-
rent metallurgical and chemical systems by Fitterer
[16¢ | and also by Ramarao and Tare [17 | on their appli-
cations to metallurgical systems by Iwase.and More (18],
on some of the problems encountered in their use
as oxygen probes as well as on.general aspects, by Rapp
et al. [7]}, and Kubaschewski and Evans [2].

| Several species of specially formulated chemicals
serve as solid electrolytes. The commonly wused ones
0

being, ThOZ-Y (1-25 mole percent Y203), Zr0,-Cal

273 2
(5-20 mole percent CaO), Th02~CaO (5 mole percent CaO),

ThOZ-LaO (10-15 percent LaO1 5). Of these Zr0,-CaO

1.5 2

solid electrolytes have been most commonly employed.
Table 1.1 presents the important characteristics of
commonly used solid eléctrolytes and does not need any
further explanation.

Several problems are encountered 1in the use
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Table 1.1 : Electrical properties of solid oxide electro-
lytes [15]

(a) Electrical Conductivities

Electrolyte % anion Ionic conduc~- Activation
: vacancies tivity at_1 energy
1000° ohm KJ  /mol

cm_1 x 102

Zr0, + 12% CaO 6.0 5.5 105.43
Zr0, + 9% Y,0, 4.1 12.0 76.98
Zr0, + 10% Sm,0, 4.5 5.8 | 92.05
Zr0, + 8% Y,0, 0.7 8.8 72.4
Zro, + 10% Sc,0, 4,5 25.0 | 62,34
ThO, + 8% Y,0, 3,7 0.48 106.27
ThO, + 5% Ca0 2.5 0.047 106.69
CeO, + 11% La,0, 5.0 8.0 87.86
Ce0, + 15% CaO 7.5 2.5 72.38
HIO, + 8% Y,0, 3.7 2.9 107.95
HIO, + 12% GaO 6.0 0.40 138.07
La,0, + 15% CaO 2.7 2.4 84.93
(b) Transport Numbers
Electfolyte Temperature °C ‘Oxygen pressure
range for ti>0.99

Zr0, - Cad 1000 1 to 10720

1600 1 to 101

-7 -24

ThO, - Y,0, 1000 107" to 10

1600 1077 1o 10716
La,y0, - Ca0 1000 1078 to< 10721
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of solid electrolyte materials fof emf studies. Unless
proper care is taken, the results obtained do not confirm
to equilibrium and lead to serious errors. Table 1.2
lists the problems commonly encountered, factors influen-
cing, their probable causes and remedies needed to do
away With them.
1.2.1.4.2 Pre-requisites for cell design

Zirconia and Thoria electrolytes ihave the
- advantage that these can be shaped into crucibles and
tubes and very safely provide electrode separation in
the solid electrolyte cells for emf measurement. In
the selection of an electrolyte, the experimental tech-
nique and oxygen pressure of the melt form important
criterion. Zirconia based electrolytes are preferred
for oxygen pressures greater than 10—-2 atms. at 1000°C
while thoria based electrolytes are generally employed
When working in the lower pressure range up to 10—30
atm. of oxygen at 1000°C. For emf measurements in liquid
melts, the eleétrode lead wire is also chosen carefully
so that it is insoluble in the melt and avoids any side
reaction that may add or remove oxygen from the melt.
Table 1.3 presents different contact materials employed
for emf studies. However, the most impoftant considera-
tion in the cell design is the developmentof a reversible
emf due only to the cell reaction under study. It 1is

therefore, ensured that only the reaction under investi-
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gation occurs in the cell and no other process: chemical

reaction, physical or physico-chemical phenomenon nor

any other external source should directly or indirectly
contribute to the emf so produced or measured. The cell
feasibility should therefore be adequately studied before
hands. |

The reference electode should be chosen which
most nearly matches the oxygen potential of the unknown
system‘ under investigation. Minimising fhis difference
or in other words lowering the emf of the cell reduces
considefably the effect of any electronic short circuiting
ﬁithin the. cell.

1;2;1.4.3 Sources of error and precautions required

~Properly designed and set up galvanic cells
incorporating solid electrolyte often yield very accurate
thermodynamic data. However, there are several sources
of error [14,69] which must be avoided by taking adequate
precaufions, viz.

i) | The external emf due to thermoelectric or 'eddy
currents' should be avoided. This is achieved
by suitably locating the cell in the constant
temperature =zone of the furnace, preferably
surrounded by aﬁ earthed metallic tube of high
thermal conductivity to extend the constant
temperature zone and also to neutralise any

interfering eddy current emf. Absence of any
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stray emf is reflected by momentarily switching
off the furnace when the cell remains unaltered.

ii) Preferably same lead wires should be used for
the melt and the reference electrode. If however,
‘different wires are employed, the observed
voltage must be corrected for the thermoelectric
volfage. |

iii) The lead wire to the melt should be held above
the melt and immersed for short duration during
which the cell voltage is measured. This would
avoid any dissolution of the 1lead material
into the melt.

iv) The low melting solute viz. Sn etc. when present in
the 1liquid -electrode undergoes vapourization
during the course of an experiment. Adequate
compensation for the loss needs fo be given
in the measurements.

v) Attainment of equiiibrium in the melt must
be ensured for development of reversible emf
in all thermodynamic measurements. This  can
be jﬁdged:

a) from ‘the constancy of cell emf vs. time,

b) by aisturbiﬂg the equilibrium momentarily
By either raising or lowering its temperature
by small amounts. The emf returns to the

same constant value at the experimental



vi)

vii)
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temperature,

c) by passing a small current approx. 50 mA

through the «cell for 5 mins. in either
direction to see that emf returns to its
initial value in a few minutes and there-
after remains constant with time [22, 23.1],
d) the emf should be independent of the flow
rate of enert gas (say Argon) in the cell
[(71.
Electrodes shouid consist of fresh and high
purity materials. The impurities lead to the
formation of localized concentration cells
and give rise to errors in the cell emf. The
solid electrolyte containing the reference
Metal-Metal oxide mixture should be properly

packed and sintered under an enert atmosphere

"and sealed.

Other sources of error wviz. permeability or
electron conduction in the electrolyte; short-

short circuiting by gaseous environment should bb

avoided as far as possible

1.2.1.4.4 Solid electrolyte emf techniques

The following solid electrolyte emf techniques

have been extensively employed by different investigators

to

study the thermodynamic behaviour of oxygen in pure

"metals and alloy systems.
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1.2.1.4.4.1 Coulometric titration téchniéue
| Although first introduced by wagner (24 ], the
technique was extensively employed by Alcock and Belford
in their studies on Lead- oxygen [25 ] and tin~okygen
[26 ]} systems. In this method a weighed amount of metal
under study is taken in a solid electrolyte crucible
and constitutes one electode. Two identical Ni-NiO elec-
trodes are used, one for oxygen variation in the metal
and the other as reference electrode for measurement
of oxygen activity in the 1liquid. alloy system under
étudy. This arrangement is necessary, otherwise coulo-
metric transfer of oxygen from Ni-NiO electrode will
léad to polarisation rendering it unsuitable as reference
eleétrdde. During the experimental run, a known amount
of oxygen is either added to or removed from the metal
system by passing a known quantity of electricity across
the cell. The attainment of steady emf during the titra-
tion is a linear function of the magnitude bf current
and inverse function of the cell temperature and oxygen
concentration in the metal/alloy. Kayahara et al. [27]
Tyer [28] also employed similar coulometric techniques
in their studies.
Pastorek and ﬁapp [2¢ ], and Szwarc, Oberg
and Rapp [30] studied propertics of oxygen in the lower
concentration range. In metallic systems, at which the

electron conduction is not negligible . by making use



23

of the potentiostétic coulometric titration. For such
studies, the cell consisted of liquid metal contained
inside a solid electrolyte tube, whose outer surface
up to the level of liquid metal had three or four coatings
of porous-platinum (with each layer fired at 800°C,
before the coating'of next layer) to achieve low contact
resistance. An inside platiﬁum lead and an outer chromel
lead were connected to a wenking potentiostat. For an
- experimental run,. the <cell was initially brought af
a steady state at a voltage say Eq épplied by the potentio-
stat which was slowly changed to E2 and the resulting
diffusion controlled current was recorded till a constant
residual current was indicated. To have reproducible
and consistent results, oxygen concentration was restric-
ted to a low concentration range corresponding to an applied
‘voltage in the range 700 mv<Eapp<900 mv. At higher oxygen
.concentrations corresponding to E >500 mv, sustained
transiént ionic current caused the experiment to deviate
from a truly potentiostatic one. To approximate truely
potentiostatic conditions, the voltage drop, Iion.ﬂion'
was maintained relative to AE applied by selecting an
'advantageous oxygen conqentratioﬁ range'.

Otsuka and Kozuka employed a modified coulometric
titration technique for an extension work on diffusivity

and solubility of oxygen in several 1liquid metallic
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.systems viz. Cu-Pb[31], Pb,Sb{32], Te[33], Th & In[34],
Pb & Sb[35], Bi,Sn & Ge[36], In-Sb[37], Cu & Ag[38],
Bi-Ti[39], Elements of group I(b) and VI(b)[40], Cu-Bi[41l],
Cu-Ti{42], Cu-Sb[43], Oxygen in.copper melt with Selenium &
Tellurium [44], Ti-Te{45], Cu-In and Cu-Sn[46], Ag-Bi
& Ag-Ti[47], Ag-Pb[49] and Bi-Pb as well as Bi-Sb[50].
They also studied the diffusivity of oxygen in Indium
andvTin [48] using modified coulometric titration tech-
nique.

Their cell assembly was identical to that used
by Rapp et al.[51,152] except that in their experimental
set—up, twé lead wires were connected to each electrode. -
The poténtioétatic experiments became possible by applying
a voltage between one pair of leads (connected to each
electrode) so that emf developed between the other pair
(connected to the same electrode) of leads had a pre-
selected value. Such an arrangement eliminated the IR
drop in the lead wires and thus enabled equally success-
ful and reliable studies conducted both in low as well
as high oxygen concentration range in metals and alloys.
1.2.1.4.4.255mpling and analysis technique

This method has been extensively employed to
study the thermodynamic 4behaviour of o#ygen in metals
and alloys by a large number of investigétors. Kemori
et al. studied solubility of oxygen in liquid copper (53]
and nickel (liquid and solid) equilibrated with both

NIO(S) and NiX,0,(S) [X=Al,Gal [54], Iwase, Takeshita
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& Mori studied oxygen in liquid iron-nickel alloys [55]
and in liquid nickel [56]. Seetharaman et al. used this
techniéue in their study on Zinc-oxygen interaction on
liquid Cﬁ[57] and Mn-0 interaction 1in dillute liquid
copper alloys [58) and Anja Taskinen on study of bxygen
in Lead [59] and Pb-Ag alloys [63], Pb-Ni [64], Pb-Bi
[65]; Anﬁa et al. employed such an arrangement to study
oxygen in Pb-Cu [60, 61, 62], Jacob to study Pb-0O system
[66] & Jacob & Jeffes studied Pb, Cu & Pb-Cu alloys [22]
Pb-Sn [23] Cu-Sn [67], Ag-Pb [68], while Jacob et al.
employed analysis and sampling technique in thestudy
of Cu-Ag [69] Cu-Fe [70], liquid Sb [72] & 1liquid
Mn [73]. In this, the cell assembly consists of a refe-
rence electrode constituted by a solid electrolyte tube
containing inside it a mixture of Metal & Metal oxide
of known oxygen potential with a lead émbedded inside
it. The solid electrolyte tube is immersed in a‘refractory
crucible containing the molten metal or the alioy under
study. The later with a contact 1éad serves the other
half cell. The alloy may be taken in a solid electrolyte
tube and the other half in the outer crucible. The oxygen
content in the metal/alloy is varied either by adding
into it a <calculated améunt of an oxide of the metal
constituting the alloys [68-75] or by equilibrating the
melt with a suitable slag [54,74,84]. After a reversible

emf has been reached at a preselected temperature, a
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sample of molten metal is withdrawn from the cell system
to givev on analysis, the oxygen as well as alloy con-
centration.

Table 1.3 presents details of different S.E.
cell systems wused byl different workers and needs no
further explanation.

1.2.2 Experimental Studies

As pointed out earlier several studies on metal-
oxygen Asystems .have been conducted due to their tech*.
nological importance. The reported studies, relevant
to the present investigation' and generally making use
~of solid electrolyte emf cells are briefly reported in
the following sub—sections.. The binary metal-oxygen sys-
tems involving lead, copper, tin and bismuth will be
first reviewed. This will be followed by behaviour of
o#ygen in binary, ternary and quaternary metallic solvent
systems. |
1.2.2.1 Binary systems
1.2.2,1.1 Lead-oxygen binary systems

Alcock and Belford [25] studied the solubility
and free-energy of dissolution of oxygen in liquid lead,
AGO(Pb) in the temperatufe.range 773~973K employing solid
electrolyte emf cell.. The oxygen —concentration in the
metal was %hanged using solid state coulometry from satu-
ration down to 0.002, 0.0003 and 0.0002 atomic percent

respectively at 973, 868 and 773K. On further lowering
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the emf, the oxygen concentration became ndn reproducible
probably due to slow uptake of oxfgen from lead. Their
results on oxygen solubility inlead and AGO(Pb) are reported
in Table 1.4. The values for partial enthalpy and excess
entropy of solution of oxygen in lead have been deduced
by these authors and are -26540%2630 cal/g.atom and
-(12.55%0.75) cal/g.atom per degree respectively. They
also obtained the free energy of formation of Pb0O, AG°PbO
using conventional sampling technique and the result
is reported in Table 1.4.

Szwarc, Oberg and Rapp [30] studied diffusivity
and solubility of oxygeﬁ in liquid lead employing potentio-
static technique in the temperature range 1000-1353K.
Their resulté on oxygen solubility and free energy of
oxygen dessolution are presented in Table 1.4.

Fischer and Ackerman (91) employed conventional
sampling and analysis emf method to study the thermodyna-
mic behaviour of oxygen in molten lead in the température
range 1003-1353K. Their result on oxygen solubility and
free energy of oxygen dissolution are presented in Téble
1.4.

Jacob and Jeffes. [22] also employed the conven-
tional sampling énd analysis technique to study the acti-
vity coefficient of oxygen in 1iq§id lead, Copper and
copper lead alloys, using Ni and NiO as reference elect-

rode. Their results on AGO(Pb) and its temperature depen-
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dence are presented in Table 1.4. However, due to un-
certainity in the analysis of oxygen and restricted number
of experiments performed'on Lead-oxygen, deviation from
Sievert's law could not be drawn. Calculated wvalues of
saturation solubility based on Sievert's law were found
to be 3.08 atom percent in equilibrium with lead and
lead oxide as compound to 2.9 atom percent reported by
Richardson and Web [74]. Their result on AG?PbO) is also
reported in Table 1.4.
| Shinya Otsuka and Z-Kozuka [35] using modified
coulometric titration measured the activity of oXygen
in liquid leéd in the temperature rnage 1073-1323K and
in low 6xygen concentration range. Their values on A GO(Pb)
with reference state for oxygen as infinitely dilute
solution (1 atom %) are also presented in Table 1.4.
Deviation 6f.éctivity from Henry's law reported by Charle
et al. [92,93] was, However, not observed by these'workers.
A Taskinen [59] also studied the thermodynamic
behaviour of oxygen using the conventional emf technique
with 02‘(1 bar) as the reference electrode in the tempe-

rature range 1103-1173K. Their values on AGO(Pb) and

self interaction parameter of oxygen, 58(Pb) and activity

coefficient and their temperature dependence are presented
in Table 1.4.

Recently Conochie, Ebiogwn and Robertson ([75]
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measured the solubility and free energy change for solu-
bility of oxygen in molten lead in the temperature range
723-882K. They employed an open bubble top apparatus
for their measurements. Their results on AGO(Pb) are
presentedlin Table 1.4.

Charle [92,93] studied lead-oxygen éystem to
study the free energy of dissolution of oxygen in lead
and'its self—interaction parameter. He made his measure-
ments by adding PbO pills one by one to the melt and
gradually lowering the temperature of the melt.

Isecke [94] also studied the lead oxygen system
by devising the runs isothermally and reducing the dissol-
ved oxygen by means of a gas mixture containing hydrogen
and making the succeeding runs immediately without remov-
ing the dissolved hydrogen ffom the melt.
1.2.2.1}2 Copper-oxygen binary system

Keomori, Katayama and Kozuka [53] determiﬁed
activity coefficient of oxygen at infinite dilution

in 1liquid <copper employing the conventional sampling

o

and analysis method. Their results on AGO(Cu) and EO(Cu)

as a function of temperature are presented in Table 1.4.

The results are in good. agreement with those obtained

in other studies conducted with Ni-NiO as reference

electrode and in the temperature range of 1373-1473K.

There is also good agreement with results obtained using
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HZ/HZO [95]) and COICO2 [96] gas equilibration method.

S. Otsuka and Z.Kozuka [38] employing their
modified coulometric titration technique determined oxygen
activities in 1liquid copper in the low concentration
range. The result on AGO(Cu) are presented in Table 1.4
and are invgood agreement with those obtained by osterwald
et al. [97j, Fischer and Ackerman [98] and Sano and Sakao
(991. |

Kulkarni [100] measured oxygen activities in
Cu-0 and Cu-Fe-O alloys in the temperature range 1373-
1573K using solid electrolyte galvanic cell with mixture
of Ni-NiO and Co+CoO as reference electrodes. His results
on A GO(Cu) are presented in Table 1.4. He also studied
the activity coefficient of oxygen at infinite dillution
and was found to be 0,115, 0.195 and 0.286 respectively
at temperatures 1373, 1473 and 1573K. He also studied
‘the liquid Cu-Fe-0O system at 1473K using the same tech-
nique and determined value of interaction coefficient,

Eg?cu) to be - 565 at this temperature.

Jacob and Jeffes ™ [22] as already discussed
studied copper-oxygen system and measured the activity
coefficient of oxygen at 1373K and 1573K. The variation
of activity coefficient of oxygen fO(Cu) with temperature
and log K'!'(where K'=atom pect 9/p02) are given in Table

1.4. They observed that Sievert's law is not strictly
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obeyed by oxygen in‘ liquid copper. They also obtained
the standard free lenergy of formation of CuZO in the
temperature range 1338-1473K, this 1is also presented
in the Table 1.4.

Taskinen and Hiltunen [70] studied the oxygen
activity in copper‘ and Cu-Bi alloys in the temperature
range 1373-1473K by solid électrolyte emf method. The
activity coefficient of oxygen at infinite dillution,
f8, the self-interaction parameter 88 and the free energy
of dissolﬁtion of oxygen in copper were calculated and
the results so obtained are presented in Table 1.4. .
1.2.2;1.3 Tin-Oxygen binary system

Only a few studies have been reported on this
system. Bédford and Alcock [26] studied the tin-oxygen
system wusing coulometric technique in the temperature
range 773-1023K. Their results on dissolution of oxygen,
AGO(Sn) and its temperature dependence, the free energy
of formation of SnOz(S) in the temperature range 505-
1273K are presented in Table 1.4.

Ramanarayanan and Rapp [101] studied the solu-
bility of oxygen in liquid tin in the range 1021-1237K
using'coulometric technique with the implicit assumption
of Henry's law. Their resuits are reported in Table 1.4.
Fischer & Ackermann [98] élso estimated the free energy

for the dissolution reaction, AGO(Sn). Their wvalues are
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reported in Table 1.4.
1.2.2.1.4 Bismuth-oxygen binary system
Fitzner [102]) studied diffusivity, activity
‘and soiubility of oxygen in liquid bismuth. The results
are reported in Table 1.4, Otsuka et al [36] employed
modified <coulometric titration +technique to determine
the oxygen activities and gibb's energy of dissolution
of oxygen in bismuth at 973, 1073 and 1173K and  the
results are presented in Table 1.4,
" Charle & Osterwald [103,104) estimated the devia-
tion of oxygen dissolution in liquid bismuth and also
AGO(Bi) at infinite dilute solution while Griffith and
Mallett ([105] studied the saturation solubility of oxygen
in liquia bismuth.
1.2.2.1.5 Other metal-oxygen systems
Scattered studies have also been reported in
literature on ofher metal-oxygen systems using eﬁf tech-
nique,'besides those reported above. These include studies
on dissolution of oxygen in liquid nickel by Iwase et al.
[181, in liquid Indium by Tyer [28] Otsuka et al. [39,48]
and Alcock et al. [109]. Otsuka et al. have studied the
behaviour of oxygen in liquid Titanium, tellurium [33],
liquid Bi, Sn & Ge [36] and also in elements of group
I(b) and 1IV(b) {40}. Thermodynémic behaviour of oxygen
has been studied in liquid antimony by Jacob & Mathew

[72] and Otsuka et al. {110}, in liquid silver by Diaz
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et al._[106], in liquid iron by Iwase et ai. [107} and
in liquid germinium by Fitzner, Jacob & Alcock [108}].
The diffusivity and solubility of oxygen have been studied
in solid copper by Narula, Tare & Worrell [111] using
ﬁotentiostatic and potentiometric technique; while
Srivastava and Siegel [113] studied the thermodynamics
of ox&gen in solid molybdneum. The experimental details
of these investigations have been presented in Table
1.3, while Table 1.4 summarises the important results.
1.2 2.2 Ternary systems |
1.2.2.2.1 Lead-copper-oxygen system

| Two studies have Been repofted. on this system
in the literature. Jacob and Jeffes [22] using solide
electroiyte cell studied the thermodynamic behaviour
of oxygen over the entire composition range in Pb-Cu
alloy system, by adding either copper to Pb-0 melt at
1023, 1173 and 1373K or lead to Cu-O melt at 1373K. Their

<Pb

' Cu .
v >
alues on 0(Cu) and 0(Pb) 2are presented in Table 1.4.

Taskinen and Holopainen [62] studied the Pb-
Cu-0 system with reference electrode <constituted by
gaseous - oxygen at 1 bar. The concentration of copper
at the temperatures of study was raised to its saturation

value and estimated from emf vs. molefraction plot of

Cu

O(Pb) in dillute Pb-Cu

copper in the melt. The value of €

alloy range is presented in Table 1.4. They also observed
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the plot of lnfgu vs atom pect. Cu in lead to be linear up

to 3.5 atom pct. copper in lead. Their results on lnfgu at

1173 énd 1023K were found to be too negative when compared
with the corresponding values of Jacob & Jeffes ([22].
On the other hand results on E%?Pb) in the two studies
showed a reasonable agreement.
1.2.2.2.2 Lead-tin—oxygen system

Jacob and Jeffes [23] studied the activity co-
efficient of oxygen in Pb-Sn system over the entire compo-
sition range of the metallic solvents in the temperatufe
range of 823-1373K employing solid electrolyte technique
~already reported. On the lead rich side, non linear vari-

ation of log fgn in lead was observed; 88?Pb) was therefore

not calculated. On the other hand, eg%Sn) was estimated and

found to decrease with rise in temperature; its values
being 2.16, 1.84 and 1.63 at temperatures respectively,
823, 1023 and 1223K.
1.2.2.2.3 Lead-bismuth-oxygen and lead-antimony-oxygen
Taskinen [65] studied the effect of bismufh
and antimony on the activity coefficient of oxygen 1in
lead by solid electrolyte technique in the temperature
range 1103-1173K. The behaviour of Infg! vs Ny, was found

- to be linear up to 4 atom % of bismuth in lead. The first

order interaction parameter was obtained and is presented

in Table 1.4.
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Otsuka, Kemori and Kozuka [50] using modified
coulometric technique meésured the éctivity coefficient
of bxygen in liquid Bi~-Pb alloys at 1073K ovef the entire
composition range of metallic solvents."Their results
are presented in Table 1.4 and are found to be in agree-
ment with those of Taskinen [65].
1.2.éﬁ2.4 Other lead base ternary systems

‘Taskinen [63] studied silver-oxygen and gold-
oxygen interactions in diilute molten lead alloys employ-
ing solid electrolyte emf technique. He calculéted the
oxygen acfivities in these alloy systems in the fange
of 1130-1203K. The fesults on Eg%Pb andl Eg?Pb) and their
inverse :température dependence are given in Table 1.4.

Taskinen [64] also studied the oxygén activity
in lead containing nickel up to the saturation point
in the range 1035-1273K using S.E. emf technique. The

result on egth) are presented in Table 1.4.

1.2.2.2.5.. Copper—-nickel-oxygen and copper—-manganese-
oxygen

Kulkarni and Johnson [100] studied the thermo-
dynamics of oxygen in copper nickel metéllic solvents
using S.E. emf technique‘and observed that the addition
of nickel lowered the activity coefficient of oxygen

N

liquid coper. Their result on EO?Cu) ig presented in

Table 1.4. The effect of nickel on the upper-oxygen
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ihteraction wa s aiso studied by Abraham [114] and Fischer
& Jénke [115}. Kemori et al.[116] studied the behaviour
of Oxyggn in nickel—éopper alloys at 1733K employing
S.E. galvanic cell. Based on the results, the dependence
of activity coefficient of oxygen at infinite dillution
on copper concentration in liquid nickel was determined
and has been presented in Table 1.4.

Seetharaman, Abraham énd Staffanssoﬁ [58]
employed emf technique ﬁsing sampling and analysis method
and studied the influence of manganese on the activity
coefficient of oxygen in liquid copper. The interaction
parameter E%?Cu) was §btained in the rangé 1473-1573K and
presented in Table 1.4. The enthalpy interaction para-
meter, Egn waé obtained using the relation, d(€gn)/d(1/T)=

5

ng"/R. The value so obtained was -0.022 x 10° KJ. They

‘also obtained the entropy interaction parameter,'rgn using

the relation,e RT ﬂMn = ﬂMn - TJIMn. The value of 'EMn was
0 0 0 0

obtained as -68 KIJ degmlmole_l.

1.2.2.2.6 . Copper-bismuth—-oxygen

Otsuka, Oka & Kozuka [41] studied oxygen activity
coefficient of oxygen in liquid Cu-Bi system at 1373K
using modified coulometric technique as a function of

alloy composition. The value of sgl

at 1373K was determined
as -12,

P.Taskinen & H. Hiltunen [7§] studied oxygen
activity in Cu-Bi alloys at 1373-1473K using S.E. emf

technique. They observed that the addition of bismuth
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lowers . the activity coefficient of oxygen in 1liquid
copper. The teﬁperature dependence of egi is presented in
Table‘1.4.

Wypartowicz and Fitzner [81] using emf technique
measured the chadge in activity coefficient of oxygen
at temperatures 1373, 1423 and 1473K in the dillute
conceniration range with bismuth concentrtation wvaried
from 0-4 atomic pct. in copper. The oxygen concentration
was maintained at about one ‘atom percent. The data wés
used to arrive at Wagner's first interactioﬁ parameter,
and was found to be in fair agreement with the results
obtainéd by Belton and Tankiﬁs [8lal.

The system Cu-Bi-O has also been studied by
Puchi & Frohberg [87] by bubbling air-oxygen mixture

5 to 1078

containing oxygen at a partial pressure of 10
bar in the temperature range 1400-1479K. The partial
pressure of oxygen in the escaping gas wa s lmeasured
by means of an oxygen electrode placed above the surface
of melt.
1.2.2.2.7 . Copper-tin-oxygen

'U. Block and H.Stuwa [117, 118] and Fruehan
et al. [119] studied the behaviour of oxygen in copper-
tin alloys. Jacob Seshadri & Richardson [67] studied
activity coefficient of oxygen in copper~tin alloys

at 1373K wusing two different equilibrium methods. In

one, a solid electrolyte cell wherein the oxygen of
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the metal was varied by adding spec pure cupric oxide
while in the other an equilibrium between Cu+Sn alloys
and Sn+5n0, .slags was established via SnO vapour. The
results both measurements confirmed the work of Block
et al. [117,118]. The deoxidation equilibria for tin
in liquid copper with solid SnO2 as dioxidation product
were also evaluated at temperatures of interest in copper
smelting.
1.2.2.2;8.. Coper—silver—oxygen

Schmalzried {14], Jakob and Jeffes [69], Tankins
and Gocken [120] have studied the behaviour of oxygen
in. copper—silvef alloys. Fitzner [121] also studied
the solubility of.oxygen in liquid Cu-Ag alloys in the
temperature range of 1173-1273K by a phase equilibrium
technidue. The oxygen solubility at 1373K was determined
by linear extrapolation and log €ég was calculated as a
function of alloy composition. The interaction parameter
was measﬁred by emf technique and is presented in Table
1.4.

1.2.2.2.9 Copper-sulphur-oxygen and copper-selenium
oxygen

Otsuka and Chang [122,123] studied the activity
coefficient of oxygen in sulphiderich and metal rich
melts in the copper~sulphur system at 1423 and 1523K
using a modified coulometric titration technique. The

activity coefficient values increase rapdily with sulphur
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concentration in the viscinity of Ns=0.333. The data
obtéined for the metal rich are in good agreement with
the results of Sano and Sakao [99].

The influence of Selenium on the oxygen activity
in liquid copper has been studied by staffansson
et al.[124] at 1473K using solid electrolyte emf tech-
nique having one electrode of molten coppef to which
selenium was added as CuZSe. The interaction parameter,
5% at 1473K was determined as -745 i.e. the effect of
seleniumi on the activity of éxygen in molten copper
has a'strong negative effect. Otsuka et al.[ 44 ] studied
the effect of selenium on the activity of oxygen in
liquid copper at 1373K.
1.2.2.2.10 Other copper base turnary systems

Otsuka, Hara VOka & Kojuka [34] studied the
activity coefficient of oxygen in copper-Thallium system
at 1373K using their ﬁodified emf technique. The data
is preéenfed in iéble 1.4. The‘same authors [42] also
Qtudied the behaviour of oxygen in Cu-Ti system.

Otsuka, Hara Oka & Kojuka [ 43] ] studied the
activity coefficient of oxygen in copper -antimony
and copper-germanium [47] alloys at 1373K as a function
of alloy composition.

Otsuka and Kojuka [46] sstudied the activity

of oxygen in Copper-Indian System at 1373K using their

| 2uS 46|
{entral lihrary Deivorate 6 Ponrkey



51

modified coulometric method. The value of eén is presen-
ted in Table 1.4.
1.2.2.2.11 Iron based ternary systems

IQase, Takeshita and Mori [55] used solid electro-
lyte emf technique tdxstUdy the thermodynamic properties
of oxygen in Fe-Ni alloys at 1873K. The activity of
oxygen estimated represents a good agreement. with the
results obtained earlier using HZ/HZO equilibrium method,
but showed a fairly large discrepency with results obtained
using CO/CO2 gas equilibrium method iﬁ case of high nickel
ailoys.
| Kiyoshi.Terayama et al, [126] established phase
equilibria in Fe-Ni-O system at temperatures 1153 and
1213Kvby-varying oxygen partial pressuress. Besides thermo-
gravimetric and quenching methods, emf measurements using
calcia-stabilized zirconia were adopted in order to deter-
mine the oxygen >partial pressure in an atfmosphere of
COZ—HZ‘mixfure. A nonstoichiometric spinels and metallic
phases were observed in the oxygen partial pressures

between 10 p a at 1153 K. The spinel
type solution was converted into FeO phase at much lower
oxXygen pressures.

The Fe-Ni-O system has also been studied by
Hanriet and Olette [127] and Fisher, Janke and Ackermann
[128]. The later authors also studied Fe-Co-0 system.

Oeters et al.[129] studied iron and oxygen



52

contents under FeO-Mno slags upto 38 wt.% at 1370, 1520
and 1600°C. The study was conducted to determine the
~-liquidus and solidus 1lines of binary FeO-MnO systém
in presence of iron.

G. Gustafsson [130] performed experiments on
calcium-oxygen in liquid iron at 1600°C. Strong negative’
and composition sensible interactién hés been revealed.
The authors have discussed the "significance of strong
negative .interactions.

Nduaguba & Elliott [133] employed a novel method
viz. Leviation melting in the temperature range 1378-
174OK t§ study the solubility of liquid oxide phase in
liquid Fe-O system. The solubility of liquid oxysulphide
phase in Fe-0-S alloys has been estimated for the compo-

3ition range of- 0.08-0.3 wt.% oxygen and 0-0.5 wt.$%
sulphur.-The oiygen content of the liquid iron saturated
withvliQuid oxy—-phase was éstimated as; log O = -6358/T+
2.76. |

Other iroﬁ based systems studied include Fe-
Na-0O by .Dai, Seetharaman & Staffanson [131], Fe-Nb-0,
Fe-Al-0, Fe-Ti-, Fe-Na-0O discussed by Sigworth & Elliott
(132]. |
1.2.2.2.12 Bismuth based ternary systems
| Kamel, Osterwalt & Toishi [134] studied activity
of tin and bismuth in Sn~-Bi-0O system in the temperature

range, 1073-1373K. They employed solid oxide galvanic
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cell. The activities revealed a small positive deviation
from Rault's law at 1273K & that of oxygen in liquid
tin obeyed Henry's law upto the oxygen concentration
at which solid Sn0, precipitates. ,

| ' Otsuka; Oka & Kojuka [39] employed modified
coulométric tifration technique and estimated activity
coefficient of okygen in liquid Bi-Ti alloys at 1073K
as a function of alloy composition. The experimental
values of InfQ exhibited positive deviation over entire
éomposition range of alloys. The experimental results

’were predicted on the basis of solution models with

Wagner's equation fitting closel?.

Otsuka et al., [50] also studied Bi-Sb-0 system
at 1073K while, Otsuka & Chang [48b ] studied Bi-In-0
system. | | |
1.2.2.2;13 Silvér based turnary systems

. Otsuka & Kojuka [47] Studied the thermodynamic
behaviour of oxygen in Ag-Ti alloys using modified coulo-
mefric titration at 1273K.0Otsuka, Kaku & Kojuka [49]
studied the activity coefficient of oxygen in Ag-Pb alloys
at 1273 and 1473K using modified coulometric titration
Techntie. The measured results on 1InfO at these tempera-
tures are presented in Table 1.4. The results obtained
have been analysed on the basis of solution models and
were found in close agreement with those predicted on

the basis of quasichemical equation of Jacob & Alcock.
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Hdwever, the enthalpy and entropy values for oxygen disso-
-lution, evaiuated from the present data were significantly
different from those predicted on the basis of above
model. Jacob & Jeffes [68] also calculated‘the activity
coefficiénf of o#ygen in liquid‘ Ag-Pb alloys at 1273K
using emf technique. The-measurémentsbwere made By adding
boxygen free silver/lead to lead-oxygen or silver-oxygen
melts. Their results agreed with those predicted on the
basis of Jacot)&Jéffes quasichemical equation. However,
their study was confined only to 1273K and did not measure
other thermodynamic functions.
‘1,2.2.2.14 Other termary systems

| The system In-Sb-O0 has been studied by Tyer
[28] and by.Otsuka and Kozuka [37]. Both employed coulo-
metric titration technique. Tyer estimated the activity
coefficient of oxygen in liquid indium and In-Sb alloys
in _the range 1000-1130K. The free energy change 1in the
liquid Iﬁdium for the dissolution reaction is presented
in Table 1.4, In the In-Sb alloys, the activity coefficiet
of oxygen at 1083K was measured. The experimental results
have been discussed on the basis of solution models.
1.2.3 Multi component systems

On account of their difficult theoretical inter-

pretation, not much work has been undertaken to study
the multi-component metallic systems with oxygen as the

non-metallic solutes. However, some of the studies reported

in literature are presented in Table 1.5.
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1.2.3. Theoretical Studies-Thermodynamic Models
Employing experimental techniques reviewed briefly
- under Section 1,2.2, ‘extensive experimental data has
been obtained on thermodynamic properties of metallic
systems, such as properties of mixing, interaction para-
meters, phase stability criteria and a host of other
properties. These are compiled as reference material
by Hultgren et él. {11, Kubaschewski & Evans {2],Smithal
[4] Sryvalin et al.[142] Scheneck and Steinmetz [143].
Subsequently in an effort to‘minimise on experimentation
espeéiélly at . the elévated temperatures in different
coﬁcentration ranges, effort. has been made on quanti-
tative formulation for interpretation and possible predic-
tion of properties of binary and ﬁulticomponent systems.
For thié purpose several thermodynamic models have been
propoéed based on different approachés and basic assump-
tions. Wilson [142] comprehensivelylreviewed the proper-
ties of 1liquid metals and alloys dealing mainly with
qualifative and empirical relationships between funda-
mental'properties of metals, namely their electro-negati-
vity, valancy, Crystal structure, atomic radii as well
as thermodynamic propgrties, and structure and  phase
equilibria in the metallic alloy systems. Kubaschewski
(145,146) has reviewed the calculation of phase boundaries
in the metallic systems, while Insara [147] and Insara

and Bonnier [148] the application of various theoretical
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and empirical equations to predict the thermodynamics
of tefnary systems from a knowledge of corresponding
binaries. Lupis [1491 has discussed interaction parameters
and the stability of phases in multicomponent systems.
Kapoor [150, 151] has reviewed the derivifion and appli-
cation of different expressions arrived at,in such theo-
retical models as well as classical thermodynamic models.
- The various theoretical approaches or models can be classi-
fied iﬁto three categories, namely
i) those based on the concepts of classical thermo-
dynamics called classical thermodynamib models,
ii) _ those based on the concepts of statistical thermo-
.dynamic principles are known as statistical
thermodynamic models, and,
iii) those based on quantum mechanics principles
are referred to as quantom mechanical models.
The important approaches especially relevent to the compu-
tations'of'properties of oxygen and relevent to the present
:study in each of the above categories are very briefly
reviewed in the following subsections.
1.2.3.1 Classical thermodynamic models
These approaches are based on the assumption
of certain configurations in the solutions that can be
expressed by means of suitable chemical equétions and
to which laws of chemical equilibrium are assumed to

hold good for calculation of properties of the assumed

species.
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In one of the earliest approaches in this group,
Alcock and Richardson [153] showed that a regular solution
model presents a reasonable description of the activity
coefficient of a dilute solute in binary molten metallic

solvents. By assuming that

1) : the distribution of atoms in the solution 1is
random,
ii) the co-ordination number of all the three types

of afoms are equal, and
iii) ‘the,energy_of interaction between the different
atom-pairs is independent of the concentration.
Following expressiéns were derived for calcula-
tion of activity coefficient, fX(A+B)3, of the solute,
X at infinite dilution i.e. at NX* 0, in binary solvent

of composition NA (or NB), from a knowledgé of properties

of corresponding binaries.

1nX(A+B) = N, fx(A)+NBlf’fx(B)_NA1nfA‘(A+B)
—NBlnfB(A+B) ' (1.1)
and fof interaction.coefficent- €£(A)
¢B (31nf /3 1nNy)
X (A) X(A+B) B'Ng» g
" Infy(B) - Infyay = 17 Ba) (1.2)

However, when applied by Gockeen and Chipman

[153] to Fe—-Al-0O system the value of interaction parameter,
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Eg%Fe) obtained at 1760°C was -10 as compared to the meas-

ured value of -780. This large deviation was attributed
by the same authors [154] to the preferred or preferen-
tial disstribution of the solvent atoms around the solute
atom, i.e. clustering around non-metallic solute by fhe
metallic solvgnt cdmponents that interacted more strongly.
They,‘»therefore, modified their réndom distribution

approaéh employing quasi-chemical approximation to predict
the effect of a metallic component on the activity co-
efficient of an electronegative solute (oxygen or sulphur)
éssuming that each atom interacts with the same number
of nearest neighbours (same Co-ordination number) .of
" different typés of atoms present in the solution. With
this, they arrived at the follqwing.ekpression for the

Rgoultion activity coefficient, fX(A+B)°f a solute, X, at

infinite dilution in the finary solvent (A+B),

o /2  _ : 1/z
[1/fy. (asp)] = Nalf g cavm)/fx (a)!

Np [f B(A+B)/fi{B)]1/Z (1.3)

Where,NA, NB are the mole fractions of components A+B

~of the so}ution;fA(A+B)'fB(A+B) are respectively the acti-

vity coefficients of A and B in (A+B) solvent, and fX(A)

and ﬁx the activity coefficients of the nonmetallic

(B)’

solute, X, in the binaries A-X and B-X respectively;
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Z being the co-ordination number ., However, -the model
in its modified form too could at best qualitatively
explain the experimental data on the thermodynamic
properties of oxygen and sulpher‘ ih binary metallic
solvehfs. The authors concluded that the major source
éf error 4in the model was the assumption that pairwisé
interacfion energies were independent of composition.
Belton and Tankin [155] proposed a simple solu-
“tion model based on the formation of qmtallic species
:AX and BX in solution. It was thus developed for dilute
ﬁ’ strohgly electronegative solute viz sulphur and oxygen
in liquid binary metallic solvents. They further assumed
that the averége energy of interaction of these molecular
| species ‘AX and BX or the dipoles with the éurrounding
metal éfoms is small and also that, to a first approxi-
mation, the partial molar properties of the species
may be coﬁsidered ideal. Thus, the internal bond energies
and the thermal entropies of the species woﬁld be inde-
pendent of composition of the solvent and these will -
have random configurational distribution of the species.
With these simplifying assumptions and following elemen-
tary treatment analogous to that of Alcock and Richardson
[154] they developed following expressions for the free

energy, of mixing of the solute viz. oxygen,

— _ — _ M
AGX(A+B) = NAX,/NXLAGX(A) Hy, + RT ln(NAX/NX)]

— M ~ ‘
+ NBX/NB[AGX(B) - HB + RT 1“(NBX/NX)J

(1.4)
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% and Hg are the partial molar heats

where symbols. H
of mixing of the metal in the binary metal mixture at
a given composition. Hdwever, on application of the
expréssion so arrived at, the experimental data oﬁ proper-
ties of oxygen in ternary systems Cu-Ni-O and Cu-Co-0O,
a positive excess entropy of solution of oxygen in the
above liquid alloys above thét expectéd from a regular
solution model or existing quesichemical theory was
observed, which was attributed by the authors to configu-
ration effects in view of similar values of the entropy
of solution in these different metals.

Jacob and Jeffes (68) proposed a model based
on the formation of species of the type AZX and B,X
in the ternary solution (A+B+X)} which lead to fhe follow-
ing expréssion for the partial molar free energy of

the solute,

M

A x(a) * Vs AGy(gy = 2AH(p,py (1.5)

Cx(a+B) = NplG

As compared to Eg.1.4 this expression wés found
to give a better fit to experimental data on oxygen
and sulpbur in binary metallic solvents.

In order to expiain the ekperimental results
to a better degree of accuracy, jacob and Alcock [156]
suggested a further modification for ‘predicting the

activity coefficient of oxygen and sulphur in 'dilute
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solutions in binary alloy solvents based on quasi-chemi-
cal approach, when metal atoms and solute atoms were
assigned different bond numbers. This was an improvemept
on the earlier treatment of Alcock and Richardson [154]
where .éll the three types of atoms were assigned the
same coordination number. However, the aétivity coeffi-
cient predicted by the new set of expressions appeared
to be similar to those obtained from Eq. 1.1 for a number
of allqy. systems, when co-ordination number of oxygen
in thiéhﬁodel was the same as the average co-ordination
number used‘in Eq. 1.1. The following set of equations,
based §n fhe férmation of molecular species of the type
AnX and BhX in solution, was defived, where A and B

atoms attached to oxygen were assumed not to make any

other bond,
| 1/n _ o 1/n & 1/n
Viyaes = Nalfacasmy/fxa) * plfgasny/fx()
(1.6)
and for the interaction parameter,
B _ 1/n R
ex = tnllEgpy/Expy) g - 1] (1.7)

Values of n and o in above expressions assigned by the
authors are 4 and 1/2 respectively for a co-ordination
number Z=8. The 'two-bond' model could predict activity
coefficients, in a manner similar to that based on Alcock

and Richardson's model in most of the systems considered



63

but disagreement was considerable when applied to
Cu-Sn-0, Ag-Pb-O and Fe-Cu-O systems. The molecular
model with n=4 predicts activity coefficients of oxygen
that are considerably higher than the measured values
in Cu-Sn-0, Ag-Pb-0O systems‘and considerably lower than
the measured values in Ag—Pb—O and Pb-Sn-0. The three
bond nﬁmber treatment however could predict all the
alloy systems considered.
To explain the behaviour of solute atoms, wagner
[157] proposed a new approach with one adjustable energy
parameter. Khowing this parameter and the thermodynamic
properties of the solute, one can compute the variation
of the 'activity coefficient of the solute with alloy
composition, -
With the following basic assumptions:
i) - The concentration of the solute in the solution
isvso low that it follows Sievert's law,
ii) . On account of the high diffusivities in molten
: metéls, the dissolved solute atoms occupy quasi-
interstitial sites with a co-ordination number
of Z=6 (for oxygen), and
Jiii) Binomial distribution of complexes, which con-
sist .of a non-metallic solute (say Oxygen)
surrounded by solvent metals in varying pro-

portions.
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Wagner arrived at the following expression for the acti-
vity coefficient of oxygen at infinite dillution 1in
a binary metallic solvent having_in its first co-ordina-

tion shell iA atoms and (Z-i)B atoms:

i=7 | .
B} z 1/2,2-1 1/7 i
fy(a+py = i)i() ({3 (1-Ng/fy 4] (Ng/fx(B] -
expl (Z-1)ih/ZRT]} ~% (1.8)

where, h in the above expression is a system—-dependent

constant, given by the following expression,

AH(i+i *+1+2)-AH(1i > i+1) = AH(i-2 *i+3)
~AH(i+1-+i+2).= h
| (1.9)
wherg, H(i » i+1) is the enthalpy change for the exchange
of a solufe atom X from a complex AZ—i—lBi+1' The model
has been verified for its applicability and predicta-
bility using experimental data available in literature
on the -solﬁbility of oxygen in diffefeht binary alloy
'solvents such as in systéms Ag-Cu-0 [118,120,158] Ag-Sn-O
(118,120] Ag-Pb-0 [68],.Au—NifO[159], Pb-Sn-0 (23] Cu-Sn-0
[67,118,158], Cu-Ni-O [160], Cu-Co-0 [161] Ni-Co-O [128]
and Ni—Fe—O[lZSj. For analysis on solubility of nitrogen
and carBon in binary metal alloys also, this model was
highly successful.
| Chiang and Chang [162] pointed out that in alloy

systems with oxygen as the solute, such as Cu-Sn-0,
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picture of the'melf. The problem of evaluation of thermo-

dynaﬁig properties of the system reduce to the evaluation

of the'paftition function. Some of the basic assumptions

made regarding the structure of a metallic melt are,

1. ~:The molecules or atoms present in a solution
form a quasi-crystaliine lattice with atoms
of each of the species being assignedla parti-
cular type of site. In case the atoms of diffe-
rent constituent species are similar in size,
they can be considered to form only one lattice

. as in substitutional solutions. However, if

'the solute atoms ére much smaller in size than
solvent atoms, they will occupy the interstitial
sites.

2. : _The atoms of a solution vibrate around their
mean positions in a small space called cell.
The volume of such a <cell is determined by
the interaction of the atom occupying it with
those in its first coordination shell. On account
of vacancies existing in liquids, no long range
order exists and an average co-ordination number
is assumed.

3. The energy of an atom (in the earlier approaches)
taken to the a linear function of .the atoms

in its first co-ordination shell and the total
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Sn—Pb;O, Cu-Fe-0, and Cu-Ni-0O0 and Cu-GCo-0, the.Wagher‘s
model was iﬁadequate. These authors therefore,valtered
the Wagner's model by assumption of two energy parameters’
h

& h, instead of Wagner's assumption of the enthalpy

1
difference between the consecutive exchange reaction
to be consstant, and equal to h. For this extension

of Wagner's approach, Chiang and Chang assumed this

difference to vary linearly with i, i.e.

AH(i+1+ i+2) - AH(i~» i+1) = h1+hzi (1.10)

The corresponding expression for the activity coefficient

of solute X took the following form,
i=2 71 N

I/ZZ]Z_i

[X¢1/ZZ]i exp[(z_i)i(hl—hz)IZRT +(z2-i2)ih2/6RT]}

(1.11)
The only difference in Egs. 1.8 and 1.11 is because
- of the expression containing the energy parameters in
exponential terms. At h2 = 0, Eq. 1.11 reducés to Eq.1.8.
Validity of Eq. 1.11 was tested by the same authors
using data available in the literature for twelve ternary
systems containing oxygen .in binary metallic solvents.
It was found that the two parameter equation was capable
of quantitatively accounting for the compositional depen-
dence of thé activity coefficient of oxygen even with

systems where Wagner's model was found inadequate.



67

Chiang and Chang however, did not propose any
correiation in their model ([162] to predict the wvalue
of energy parameters hl and hZ' Kuo and Chang [163]
based on the properties of relevant binaries reported
two such relations to evaluate the energy parameters.
Chang and Hu [164] tested by validity of these relations
,usiﬁg " large number of experimental data available in
literafuré.by ﬁalculating the Gibb's energy interaction
parameter vélues of oxygen and nitrogen.

Kapoor [165] has extended the Wagner's approach
and developed an expression for Caléulatioﬁ of solubility
and activity coefficient of an interstitial solute,
such as oxygen, sulpher etc. in molten'ternary ssubsti-
tutional metallic solvents wusing thermodynamic data
of the solute in corresponding pure and binary solvents.
D.C.‘HU and Y.A. Chang [166 ] also extended the Wagner's
approaéh to systems comprised of ternary and multicompo-

nent metallic systems.

1.2.3.2 Statistical thermodynamic models

The application of éoncepts of statistical
thermodynamics to metallic solutions forms a more general
and rigorous method as it simultaneously takes into
consideration variouss atomic interactions. This approach
consists in general in the construction of a partition

function of the system on the assumption of certain
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"energy of a state of an ensemble is equal to

vsome of thé energies of all atﬁms in the system.

If one counts fogether all the states of an

ensemble possessing the same total energy g(Ei), the
partition function, & can be written as,

I
E.

g(Ei).exp(-Ei/KT) (1.12)
; |

where the summation extends over all the accessible
sfates of the total energy of the system. Such an approach
was first made by Ising [167] in the theoretical treatment
of ferromagnetism and. was later adopted for the quanti-
tatiye interpretation of the physico-chemical properties
of condensed phases and even for gaseoﬁs'phasés.

| | Since metﬁllic solution are in general non-
ideal, so'various'approximate methods with further simpli-
fying assumptions to solve Ising's model for the evalua-
tion of their thermodynamic properties have- been put
forfh.[These approaches, reviewed criticélly by Kapoor
[150] are grouped as ‘'regular solution model', 'quasi-
chemical theory', 'Kirkwood method', the 'Matrix method',
the"Central' or 'Surrounded' atom model and those based
oﬁ free volume theory.

.The term 'regular solution' was first introduced

by Hildibrandt [168] in connection with binary substi-
tutional solutions and were defined as those having

random distribution of atoms on lattice sites for which
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the éxcess entropy of mixing is zero and the enthalpy

of mixing being given by WNA B? where W is a system

dependent constant independent of temperature and compo-
sition. Mathematical formulation of regular solution
is bééed on additional assumptions of :

i)  random distribufion of atoms at their 'allowed
substitutional or interstitial sites,

ii) total energy of a state is equal to the sum
of the energy of all the bonds, with each bond
having the same fixed energy befween like and

_ﬁnlike atoms, and
iii) the internal partition function of atoms remains
| unchanged on mixing because of no change in
the cdnfigurational partition function.aé'also

.in the vibrational and rotational characteris-

tics of atoms <and their mean \positions on

mixing.

Expressions arrived at for the o-function indi-
cated its system dependence on bond energies and tempera-
ture of the system but independent of composition -
a result found contrary to the experimental evidence.
Expressions for dilute‘solutions_of a solute in binary
solvents, similar to those arrived at by Alcock and
Richardson [152,154] were derived, but as shown by Gluck

and Pehlke [169], these have only qualitative applicability
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in explaining the behaviour of binary or dilute ternary solutions
and. failed to explain thgir quantitative interpretation. The main
reason for Vits failure was found to lie in its basic assumption
that althoughthe interaction ‘gnergies amongst different
atomic species were considered different yet no prefern-
tial distribution of atomic species had been taken into
account.

| Quasichemical theory was developed jointly
by Fowler [170—171] Bethe [172] Rushbrooke [173] and
Guggenheim [174]. Its complete and rigorous development
was due to Guggenheim, who has written on the development
and application of this theory to the physico-chemical
properties of simple and polymer solutions. This approach
differs from regular solutions as it takes into account
the preferential distribution of +various components
of the solution. This preferential distribution arises
from the difference in the interaction energies.of like
and unlie étoms in the system. It is assumed that the
possibility of occupation of a particular site by a
particular atomec species surrounded by a particular
arrangemént of nearest neighbours is proportional, apart
from the fractional sitgs of the species, to expﬁEi/KT),
bwhere Ei is the energy of an atom of component i at
this site and is taken to be equal to‘the sum of energies

of the bonds which it makes with its nearest neighbours.
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The nearest neighbours of an atom are assumed not to
be present in the first co-ordination shell of each
~other. All other assumptions of regular solutions, namely,
of nb bhaﬁge in the internal partition function and
specific volumes on mixing, are considered” to be wvalid.
The present' treatment is however more general and the
expression derived are applicable to "dilute ternary
solutions of all those systems whose binaries show
quasi-chemical . behaviour. The relation is not expected
to hold good for dilute solution of strongly electro-
negative elements such as sulphur in binary metallic
solvents. Kapoor has exteﬁded the treatment for dilute
solutions of an interstial component X in a binary substi-
tutional solvent of components A and B to yigld the

relation,

1/ZXSpX

| g 1/ZXsPx = Y, /1Y ]
V¥ y (pepy) = Tl x

F YL 1/ZXSPX (1 43

x(B)!
where ZXS 1is the <coordination number of interstitial

to substitutional and YA and YB represent lattice ratios

of solute X in the binary solvents and‘PX(A)o,‘yx(B)oand
'?X(AfB)obeing the modified coefficients of solute X

in metallic solvents, A, B and A+B.

To explain the behaviour of symmetric systems
sharkley et al. {179b] have suggested a modified quasi-

chemical approach. They considered, together with the
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preferential distribution of atoms due to the difference
in their interaction energies, the perturbation effect
and the effects of crystal structure transformation
as well as the dilation transformation, but the derivation
of the expression is not sufficiently regrous.

In the Kirkwoods method [176] the energy of
'an atom being equal to the sum of energies of the bonds
which it makes with the surroundings; the atoms in the
first co—ordination-sheil of an atm are not the nearest
neighbours of each other and that no change in the inter-
‘nal parti%ioh function of the atoms takes place on mixing
are commén to regular and quasi-chemical approaches.
Kirkwood instead of .replacing the series summation
by the maximum term, formulated the free energy of the
system in terms of a power series. He, as a result con-
clﬁded that the regular model was crude and quasi-chemical
a better approximation to the exact solutidn of iattice
problemf

In matrix method, reviewed by Nawall and Montroll
[176A], ‘Domb [(177] and applicable essentially to the
analysis of order-disorder reactions and phase trans-
formations in binary substitutional solid solutions;
the general partition function was calculated based
on the constant absolute activities of its components.
However, it involved complicated mathematical treatment

and has rarely been used by the metallurgists.
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Central - (Surrounded-) atom model were sepa-
rately but simultaneously develobed by Lupis and Elliot
- [178, 179]Vlas the Central atom model and by Mathieu
et al. {180~181] as the surrounded atom model. It differs
from the previous models in the sense that it considers
as the_basic units, the atoms instead of their bonds.
This it could evaluate energy of each atom as affected
by its nearest neighbours and also the internal partition
function due to changes in vibrational degrees of freedom:
on mixing. Calculation of thermodynamic properties requires
an assumption of replacement of the summation series
by the maximum term in randomly distributed systems
with atoms in their allowed substitutional or iﬁter—
stitial. sites. Assumptions of linear forms of energy
and no change in wvibrational partition function‘ led
to expressions similar to those obtained 1in earlier
models but assymetric behaviour of solutions was explained
on assumption of parabolic form (i.e. nonlinear form).
by Mathieu et al. [182] of energy and internal partition
functions on mixing. Expressions-for different thermo-
dynamic properties reflected clearly to two terms, one
corresponding to random distribution and the other tempe-
rature dependent and corrésponding to preferential distri-
bution of atoms in such solutions. Brion et al.[183,184]
extended this approach to ternary substitutional systems

and concluded that precise determination of properties
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of ternary system was not possible without knowing certain
system—dépendent parameters 1in corresponding binaries.
This approach therefore, successfully explained assymetric
behaviour énd infinite dillution parameters of such
systems' and also the different interaction energies
among the same interstitial components occupying neighbouring
allowed siteé in different components but had several
'objéctions to adoption of fechniques for its mathematical
treatment, such as use ‘of combinative formulae and
paraboli@ forms of energy and partition function, without
adequate proof and thus further required improvement.

 For a binary interstitial solution using the
parabolic form of function for the energy and vibrational
partition functions, one obtains an expression similar
to the one in iquasichemical theory, but in this case
the constants contain a temperature - dependent and
a temperature independent component [185]. For extensionto
higher components it required further mathematical
treatmeﬁt. Kapoor [186] extended this approach for
appiication to dilute solutions.

Anik, Kapoor and Frohberg (187] proposed a statis-
tical thermodynémic model_ based on free folume theory
and presented a unified approach for bthe quantitative
description of dillute solution of strongly interacting
solute (i.e. oxygen) and is probably the first approacﬁ

capable of evaluation of self interaction parameter,
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€8(A+B) of oxygen in binary metallic solvents. The follow-

ing simplified assumptions formed the basis in this

approach, |

i) The solvént atoms form a three dimensional lattice
in which the interstitial sites are occupied
by oxygen atoms and there exists no vacancy
at substitutional sites.

ii) - » The number of oxygen atoms in the system is
so small that no two neighbouring interstitial
sites are simultaneously occupied by it and
no substitutional atom has more than one inter-
stitial atom at interstitial sites surrounding
it.

viii) " The energy of an oxygen atom is a quadratic
function of the type of atoms in its co-ordination
shells as has been first proposed by wagner
'[157] in his one parameter approach.

iv) Summation of equation for partition function
cén be replaced by the maximum term in the series
~when it is expanded in such a way that the terms
for the same energy are written together.

v) - Exchange of oxygen atoms in the solution with
gas phase does not <cause a rearrangement of
thé solvent atoms.

With these basic assumptions, the authors arrived

at an .expression to calculate the modified activity
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coefficient of oxygen in an infinitély dilute solution
of oxygen in binary substitutional metallic solvents
(A+B)', This however, necessitated the use of activity

coefficients , fO(A) and _fO(B) for the dissolution of

oxygen in each metallic solvent respectively and also
the' co-ordination number of first. substitutional or

first interstitial coordination shell. The self inter-

action parameter, eb(A+B)’ could next be calculated emplovying

the modified activity coefficients and functions g4
and gR» -defined as the free enthalpy for an exchange

reaction viz. O;B + OkB = OiB +-02B . The later correspond

to consf;nts hA and hy in Chiang & Chaﬁgfs two energy
ﬁarameter approach, The present authors however, derived
suitable expressions to <calculate g and gp unlike
 Chiang and Chang who used impirical relations to calculate
:hA and hg.

The .applicability' of the model has been quite
successfﬁlly illustrated by the authors [188] covering
'bofh ,coﬁgruent' and inverse binary metallic solvents.
1ﬁ2;3.3 Qﬁantum mechanical approaches

These approaches are based on the solution of
Schrodinger equation uﬁdéf thé conditions assumed in
a model. These assumed conditions in general pertain

to the form of potential function prevalent in the system

under consideration at 0K. The solution of the Schrodinger
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equatioh yields the heat of formation of .the solution
at this temperature. One of the earliest approaches
Waé due to christman and Huntington [189] who applied
Hartree-Fock approximation to the system sodium ~ Potassium
at NNa= 6.5 and determined the enthalpy of mixing as well
as the extent of electron transfer from one component
to the bther. Bolsaitis [190] made use of single electron
approximation and calculated the heat. of mixing of
Pb—Au—Ag alioys, while Bansil et al. [191] calculatea
the heat of mixing of disofdered alloys. The essential
feature of this apprqach is that the individual atoms
are viewed as being embedded in a periodic effective
media . whose choice is open and can be made either self
consistently. or non-self consistently. In each case,
exact analysis of the problem based on quantum meéhanics
is highly complicated and thus approximations are putforth
which lead the results to be of no practical use. Use
of this approach is still to be.made to study the effect

of a non-metallic solute in metallic solvents.

1.3  FORMULATION OF THE PROBLEM

From the discussion in the earlier sections,
necessity of systematic ‘experimental and theoretical
studies of thermodynamic properties §f metallic solutions
in general and those containing oxygen in metallic sol-

vents in.particular has been amply demonstrated. In section
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1.2.1.4 the preferred applicability of solid electrolyte
emf technique over other experimental methods used for
such studies especially in the dilute solution range
of the solute has been described. The thermodynamic
behaviour of oxygen in metals and alloys is undoubtedly
a topic of increasing theoretical and technological
interest. A critical survey of the studies of properties
of oxygén, in section 1.2.2 has revealed that studies
so far undertakén in either pure metal solvents, bi-
metallic or in 'mulfi—component solvents are far from
completeé The empirical data obtained is inadequate
as well as incomplete, since most of the studies pertain,
either to a single temperature or conducted in a narrow
temperature range. The composition range selected also
shows considerable variation in systems selected for
study.

| Although some efforts have been made with diffe-
rent .degrees of success, to predict theoretically, the
behaviour of oxygen in such‘ metallic systems on the
basis of quasichemical models including Wagner's single
parametér and Chiang and Chiang's two parameter approaches;
yet 1little effort has been put in; to interpret the
imperical data‘based on statistiéal thermodynamic concepts.
Further only a few studies have been undertaken on the
properties of oxygen in lead base alloys, in spite of

the immense commercial importance of this metal; either
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as pure metal, obtained generally by oxidative refining
or as alloys containing copper, tin, bismuth, antimony
etc. as -alloying elements.

In the present investigation, therefore it 1is
_planned to study the behaviour of oxygen in pure lead
and lead base binary métallié alloys containing copper,
bismuth and.tin in adilute-conCentrations as other solutes.
For the éxperimental runs, a suitable set-up for adopting
the 'Conventional solid electrolyte emf technique'
would bg designed and fabricated. Actuai experimental
studies will be conducted in the temperature range 900-
1100K, with concentration of other metallic solute
varying iﬁ the broad range of 1-5 weight percent depending
upén their solubiiity in solvent lead, in the selected
temperature range. The oxygen concentration in lead
and its alloys will be regulated by‘employing a suitable
slag cover constituted by PbO - B,0, melts of varying

273
B203 concentration and PbO - SiO2 with NPbO = 0.4, under
chemical equilibrium with the metallic melt.
An effort would also be made 1o interpret the
experimental data on activity coefficients or interaction

parameters so .obtained, ‘6n the basis of thermodynamic

models.



CHAPTER - 11

EXPERIMENTAL

For the study of thermodynamic propertcies of

oxygen in dilute solution range in pure molten lead

and lead-base dilute solutions with copper, bismuth

and tin as solutes, the following solid electrolyte

galvanic cell was designed in the present investigation,

S.S; Ni-NiO |Solid electrolyte 0; Pb(l) or its alloys;
- |(zro, + Ca0) " (Pb0); S.S.

A brief account of the experimental set-up, materials

used and proéedure employed is presented in this chapter.
2.1 - EXPERIMENTAL SET UP

The experimental set up used in the present
investigation is schematically shown in Fig. 2.1 and

essentially consists of,

i) - Cell assembly and main furnace
ii) Gas purification train, and
iii) Temperature control panels and recording unit.

These are briefly described as follows:
2.1.1  Cell Assembly and Main Furnace

A detailed view of the cell assemly is shown

in Fig., 2.2, It essentially consists of a vertical Kantha
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wound tubular electrical resistance furnace of 3.0 KW
rating, using a ﬁullﬁe tube of 72 mm dia, 80 cms-length
and closed at lower end, was locally fabricated to operate
in a temperature rénge of 600-900°C. The furnace wasv
suitably wound to yield a non-inductive uniform tempera-
ture zone df approximately ten centimeters length 1in
"~ the central portion of the mullite tube. The cell assembly
consisted of an oufer recrytalliséd highr alumina tube
of 42 mm internal diameter and 4 mm thickness with one
"end closed and fitted with a gas - tight water cooled
bréssv head at its upper end. The later consistéd of
a lower anﬁular brass flange permanently fixedAto the
alumina tube wusing araldite as sealent. This provides
a platform to tighten on to it, an upper brass flange,
12 mm thick with a rubber annular gasket placed in between
for‘gas tight seal. The upper brass flange was specially
designed to have gas tight arrangement for lowering
througH it a solid electrolyte tube, 8 mm diameter and
an alumina sheath, 3 mm diameter, containing the second
stainléés steel lead. 'O' ring and pusher type arrange-
menfs were used to not only have the gas tight system
but also allow the lowering or raising of fhese accessor-
ies as and when required during the course of an experi-
ment. A detailed view of the arrangement is separately
éhown in Fig. 2.2. Provision was also made to insert

through separate holes drilled in the upper brass-flange,
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an inert-gas inlet fube; an outlet tube as well as a
12 mm diameter high alumina recrystalliéed sampling-
cum-charging tube. All these tpbes were fixed permanently
using araldite as sealent. A flexible Copper-tubing
coil was soldered to both upper and lower flenges for
water cooling. An earthed mild-steel tube was placed
around the high alumina reaction tube in the furnace
to enlarge the constant temperature zone and eliminate

any oppdsing emf due to furance winding.

2.1.2  Gas Purification Train

High purity nitrogén gas  (99.99%) supplied
by M/s ‘Indian oxygen Ltd. Deihi, was used to maintain
an inert atmosphere ingside the cell assembly. The gas
was further purified to elimin#te any traces of its
oxygen and moisuture <contents before entry into the
_cell?assembly' by passing it through a gas purification
train, a block daigram of which is given in Fig. 2.3.
It consisted of a battery of bubblers containing dibutyl—
pthalate; sulphuric acid to absorb moisture, followed
by bubblers filled with freshly prepared alkaline pyro-
gallol 'sqlution for oxygen-absorption. This partially
purified gas was next ﬁassed through two high alumina
tubes inserted in tubular furnaces and fitted at their
ends with standard glass joints and water cooling copper
jackets, the first containing copper turnings and main-

tained at 600 °C and the other titanium chips and
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maihtained at 900°C respectively. Two electric resistance
tubular furnaces of 1.5 KW‘and 2.0 KW rating respectively
were uséd for this purpose. Before entry into the cell-
assembly, the gas so purified was passed through two
columps filled with silica-gel to absorb traces of mois-

ture, if any.
2.1.3 = Temperature Control Panels and Recording Device

For measurement and control of temperature
in thebpurification train furnaces, chromel-alumel thermo-
couples were used, whereas for the main furnace cell
assembiy, a Pt/Pt-13% Rh thefmocbuple was employed.
Teﬁperature of each furnace Was.independently controlled
to an  accuracy of * 2°C with an'on' and 'off! type
temperature <controller of APLAB-Make supplied by M/s
Applied Electronics, Thana, Iﬁdia. Power was supplied
to thé furnace through an automatic solid-state voltage
stabilizer (NELCO-Indian make, 7.5 KVA capacity, 230 V
output and 175/260 V input) and auto transformers (15 A,
260 V capacity). The thermo emf of the main furnace
and cell emf were continuously recorded With a two pen
strip chart recorder (Housten Instruments inc., U.S.A.).
This enabled not only an accurate measurement of tempe-
rature but also proper‘attainment and control of thermal

electrochnical equlibria in the cell assembly.
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2.2 PREPARATION OF MATERIALS v
2.2.1 - Preparation of Pure-metalsand Alloys

Analytical grade, +99.9% purity metals, lead,
copper, bismuth and tin supplied by M/s P.D. Gupta
Pvt. Ltd., New Delhi were used for the present investi-
gation. These metals were further purified for removal
of traces of their oxygen, by melting them in graphite
crucibles for about six hours and subsequent solidifi-
cation and cooling to room temperature under an atmosphere
of hydrogen purified by passing through the gas-purifica-
tion +train already discribed in .Section 2.1;2. Later
these wére'cut to small pieces and preserved in a gas
tight dessicator for Usé. Binar& alloys, Lead copper,
lead.-bismuth and lead--tin of specific compositions were
made by tnélting together purified metals similarly in
small graphite crucibles under hydrogen atmésphere.
These were also stored for use as master alloys in the

experimental runs.
2.2.2 . Preparation of Slags

PbO-SiOZ(N =0.4) and PbO-B203 (N 0.5 and 0.7)

PbO PbO -

slags were prepared for use in the experimental run
to vary the oxygen concentration in the underneath metallic
phase constituted by lead or lead base alloys except

lead.-tin, which was studied without any slag cover.

For this purpose Analar reagent grades lead oxide and
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diborontrioxide for PbO-B,0,5 slags and lcad oxide and
silica for Pb0-5i0, slag in powder form, were intimatély
mixed in the correct proportions. The powder mixtures
were next heated in an alumina crucible first at 600°C
for about 5 hours followed by melting the fused mass
at 800°C for another 5 hours in a silicon carbide furnace.
The temperature was next raised to 900°C, accompanied
with constanf stirring of the molten mass with an alumina

rod to make it homogeneous. The contents were finally

- poured into an earthen wvessel to solidify. The solid

mass so obtained was crushed and stored in a dessicator
over'phosphorous penta-oxide to avoid any moisture pick-
up, . especially in case of PbO—B203 slag owing to its

hydroscopic nature.
2.3 EXPERIMENTAL PROCEDURE

Equimolar mixture of spec.pure nickel and
nickel oxide was gently packed inside the round-bottomed
calcia stabilised =zirconia electrolyte’ tube, obtained
from M/s Friedrichsfeld, Mamheim 71, West Germany. A
stainless steel wire of 16 gauge, was embedded in the
mixture to serve as the contact lead. The solid electrolyte
tube was sealed with araldite at its upper end under
an atmosphere of purified nitrogen. Another piece of
stainless steal wire to serve as contact lead was inserted

in an alumina sheath with a small length of it projecting
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out to dip info the metal when inserted in position;
was sealed at the upper end using'araldite as sealent.
The alumina sheath not only avoids the lead wire to
come in contact with (PbO) slag but also helps in attain-
ment of air tight system. About 140 grams of pure lead
and 25 grams of synthetic slag were charged into a re-
crystallised alumina crucible, 38 mm diameter. The charged
crucible was lowered into the reaction tube and upper
brassf‘flange fitted in position. The solid—electrolyte
tube,'prepared as above, and alumina sheath with stainless
steel contact 1ead were next inserted through their
respective inlets in the upper brass-flange and lowered
to a.height of 15-20 cms above the solid charge in -the
clucible and the knurléd—caps tightened with 'O' rings
lrin position as shown in Fig. 2.2. The Pt/Pt-Rh thermo-
couple was inserted with its head at ‘the preselected
level as shown. After closing the charging tube with
a tight fitting silicon-rubber stopper, the cell-assembly
was flushed with purified nitrogen gas to. expell air
present in it as well as to ascertain that all connec-
tions were gas tight. A steady flow of nitrogen at approxi-
mateiy 50 mls/min was maintained throughout the entire
duration of the experimental run,

After the furnaces in the gas purification
train attained their réspective tempcraturecs, the main-

furnace was 'switched on' and the temperature of the
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cell assembly slowly raised to the desired wvalue. A
weighed amount of master alloy cut to proper size ‘was
charged into the molten metal through the charging tube
ang the stopper replaced in position. The molten metal/
alloy in the crucible was homogenised by stirring with
an alumina rod. During operations viz., making alloy
additions or withdrawing alloy samples, wherein the
rubber stopper was temporarily removed, the rate of
flow of nitrogen gas was slightly increased. The solid-
electrolyte tube, being thermally unstable, was slowly
lowered 1in stéps, not more than a centimeter each fime,
until its lower end dipped well into the pool of molten
métal inthe crucible. The other lead was also lowered
fo prdper rpoéitidn and electrical connectiéns made to
the two-pen recorder. The system was allowed to attain
thermal as well as electrochemical equilibrium. This
was indicated by the constant values of thermal and
cell emf recorded independent of time. The cell reversi-
bility was checked by momentarily disturbing the equili-
brium, first by raising and then lowering the temperature
of the furnace by a small interval of say 5°C. Attainment
of the same constant value of emf within =1 mv ensured
the cell reversibility. After a constant emf had been
recorded for about 30 minutes, recording was dispensed
with. A metal sample was drawn with the helpofa special

'Metal Sampling Gun' supplied by M/s Visheshika Electronics,
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Ambala cantt, India. It could easily draw a sample of
up to 6 cms lengfh and 5 mm diameter into a borrocil
glass tube, with its one end fitted to the gun and the
other eﬁd dipping into the molten metal/alloy in the
crucible, through the Charging/sampling tube. After
a sample had been taken, it was held under the brass
flange for a few seconds,withdrawn and qﬁenched in water.
Sampling with the gun was quite fast and invariably
took less than 30 seconds. The cell emf was ggain checked
after:sampling to ensure its constant value.

The temperature of the cell assembly was changed
to another pre-selected value and the experimental pro-
cedur§~ repeated to rec@rd the new equilibrium wvalue
of cell-emf. Normally it took around 1.5-2 hours for
the equilibrium to- be attained and observations for
cell emf were taken atleast at four different temperatures
in each experimental run either with pure lead or binary
alloys wviz, Pb-Cu or Pb-Bi. In each experimental run
with a binary alloy melt, the composition of the solute
Cu or Bi was preselected and kept fixed during the course
of the experimentation. for that particular run.

Experiments on pure lead oxygen system were
peformed using differenf slags viz. PbO_SiOZ(NPbd=O'4) and
PbO—BZO3 (NPbO=.5 and 0.7) and pure PbO. While experiments

on the turnary systems Pb-Cu-0O, Pb-Bi-O were conducted
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under PbO-SiO, (Np, o= 0.4) and PbO-B,0; (Np 4=0.5) slags

2 PbO™
only;

Studies on Pb-Sn alloys were conducted following
the procedure as has been described above with the only
difference that slag cover was not used in this study.
The oxygen concentration in the alloy was rather changed
by adding Pb-PbO pellet into the alloys through the
charging tube after the master alloy had been added
to the molten lead_in the crucible. With Pb-5n alloys
the time taken for attainment of equilibrium was less
than an hour and therefore the time for an experimental
run 1wﬁé shorter iﬁ comparison with studies on Pb-Cu
and ‘Pb"Bi systems. Some loss of tin was observed in
the trial runs. Adequate pfecautions were therefore
taken to compensate‘for the loss of metal during experi-
mental runs while studying alloys of this system.

It was observed that solid electrolyte tube
could be used at the most for about 8-10 hours, after
which irreverssible emf values were recorded; necessita-
ting their change for subsequent experimental runs.

No polarization of the reference electrode was experien-

ced during any experimental run.
2.4 - - CHEMICAL ANALYSIS

The metal samples were gently ground on fine
emery papers to remove any surface contamination. The

end portions were cut with a sharp knife and the central
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portions were used for analysis of the following elements.
2.4.1 = Analysis of Oxygen in Metal Samples

The metal/alloy samples were tested for their
oxygen content at DMRL hyderabad usihg TC-136 micro
processor based oxygen anlyser supplied by LECO Corpora-
tion, USA. The analegr consisted mainly of three units
viz. a measurement unit (Model 782—400), an electrode
furnace (model 777-200) and control console (Model 781-
300). Built into the measurement unit is a pan balance
with fhe measurement range for oxygen from 0.00001 to
0.2% at oné gram. Helium is used  as_ the carrier gas.
A weighed amount of the sample is subjected to induction
fusion under the flow of carrier gas.here helium. The
decreasé in wieght is due. to the oxygen in the metal
carried aﬁay and is indicated in ppm.

To check for segregation of oxygen samples,
~as has been reported by Jacob and Jeffes [22] two large
samples of 10-12 gms were obtained. One centimeter from
each end was removed and the rest was divided into four
equalv sections and analysed for oxygen with the Leco
analyser reported above. The analysed oxygen content
in all four samples 'dgreed closely, 1indicating that
no significant segregation of oxygen had occured during

solidification of the drawn samples.
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2.4.2 Analysis of Copper, Bismuth and Tin

The alloy sample of lead-copper, lead- bismuth
and lead-=tin drawn during the coﬁrse of experiments were
cut into two portions. One portibn was subjected to
wet analysis for the element copper, bismuth or tin
using étandard method of wet analysis prescribed [193]
for lead base alloys.

The gecond portion of each of the samples was
used for analysis pf its respective element Cu, Bi or
Sn using Atomic absorption spectormetery at the University
Scientific Instruments Centre (USIC), University of
Roorkee, Roorkee. An agreement of the two results con-
firmed the percentage - of the solute‘ element present

in each sample.



95

CHAPTER - III

LEAD-OXYGEN SYSTEM

The present, chapter deals with the experimental
results. and thermodynamic properties derived from emf
data of the lead—oxygen‘system in the temperature range,
933-1095K. For oXyéen variation,the metal was . equili-
briated with synthetic slags viz. pure PbO, PbO—B203
(Nppo = 0.7 and 0.5), PbO-Si0, (Np, o = 0.4) specially pre-
pared er the purpose. The experimental method employed,
.the preparation of materials and the analysis techniques

have been discussed earlier in Chapter II.
3.1 E.M.F CELL
The solid-electrolyte galvanic <cell wused 1in

the present ihvestigation may be schematically represented

as,

S.S; Ni-NiO | Solid electrolyte O in Pb(1l), (Pb0);S.S.
(Zr02+CaO) '

The left hand side in the above cell scheme, represents
the reference electrode consisting of an equimolar mixture
of pure nickel and nickel oxide powders; embedded inside
é solid electrolyte tube. While, the R.H.S. represents
the oxygen dissolved in the molten metal lead when equili-
brate with a slag represented by (PbO). The reference

electrode, Ni-NiO acts as anode and undergoes oxidation,
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2- _ .
O - %OZ(Ni,NiO) + Ze (3.13.)
The electrode, lead - lead oxide constitutes the cathode,
} 0,(Pb, PbO) + 2e = 0°° (3.1b)

The half cell reactions (3.1a) and (3.1b) together consti-

tute the cell reaction,
3 0, (Pb, PbO) = 3} 02 (Ni,NiO) | (3.2)

and the free energy change, AG for the cell reaction

being,
- AG = -nFE . (3.3)

where, | E is the‘cell emf in volts.
F the faraday's constant (96484.56'Cm01—1)
n=the number of electrons exchangéd for the
transfer of one oxygen anion between two

electrodes; being 2 in the present case.
The emf of the cell may therefore, be written as,

E = (3.4)

- RT/4F.1n[p02(Ni,Nio)/Poz(Pb,PbO)]

P s oAy may be calculated using the free energy of
02(N1,N1O)

formation of nickel oxide, NiO(s) viz. Ni(s) + } O2 =NiO(s),
given [2] as,

1

AG = -234346 + 85.228T, Jmol (3.5)

(o]
NiO(s)
3.2 TESTING OF PROPER CELL FUNCTIONING

In the present study, the metal phase was covered

by a slag phase of pre-determined activity. The amount
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of oxygen dissolved in the metal will therefore be governed

by the following slag-metal reaction,
Pb(l) + [0]1 = (PbO) (3.6)

As our aim is to determine the thermodynamics of disso;
lution of oxygen, so we are primarily interested in
the study of the reaction in pure lead Oxide equation
below, as well as, in studying the thermodynamic proper-

ties of oxygen in lead base alloys.
'%{02}= [O] (3.7)

Thus one requires splitting Eq. 3.6 into Eq. 3.7 and

the following reaction, viz.,
Pb(1l) + %{02} = (Pb0) , (3.8)

Eq. 3.8 represents the partial pressure of oxygen in
equilibriunl with (PbO) slag and the metél underneath.
This 1is 'also. the oxygen partial pressure that governs
the ox?gen dissolution in the metal, as per Eq. 3.7
and is reflected 'in the emf réadings concerning the
solution of oxygen in lead (Table .3.1). This may be
easily determined when lead is equilibrated with a slaé
of known activity viz. pure lead oxide. This would also
allow determination of standard free énergy of formation
of lead oxide already available in the literature. Compari-
son of our results with the standard data will serve
as an indication of the satisfactory performance of the

cell.
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Tabel 3.1 : EMF data on Lead-oxygen system (In each set
: the first value corresponds to pure PbO slag,
the second to PbO—BO3 (NPbo = 0.7) third to

PbO—B203 (NPbO = 0.5) and the fourth to PbO—SiO2
Nppo= 0.4 respectively)

Temperature Oxygen conc. Emf 1platom pct O]
(K) atom pct x102 ' (mv) i
| | PO,
923 0.1031 163.23 13.6269
0.01129 75.23 13.6049
0.002477 14.37 13.6029
0.002075 07.30 13.6014
967 | 0.1695 167.30 13.0939
0.0192 77,77 13.0652
0.004523 17.61 13.0623
0.004006 12.56 13.0621
1010 0.3008 172.30 12.4836
0.03553 81.04 12.4443
0.009042  21.65 12.4404
0.008394 18.42 12.4402
1057 0.5047 177.28 11.9248
0.06237 84.29 11.8803
0.01693 25,65 11.8736
0.01624 23.67 11.8754
1095 | 0.8021 182.19 11.4075
| | 0.1046 88.09 11.3656
0.0301 29.59 11.3603

0.02941 28.49 11.3605
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For this, an emf cell with lead and pure lead
oxide in the crucible represented by the following cell

scheme was constituted,

S.S.; Ni-NiO Solid electrolyte PbO-Pb ; S.S.
,(ZrOZ + Ca0)

The emf data thus obtained in the temperature range,
933-1095K is presented in Table 3.1. Using the method
of liﬁear regression analysis (computer programme appended
in Appendix-1), the emf can be represented as a linear

function of temperature,
E = 0.0541146 + 11.6965 x 10" °T, volts  (3.9)

This when multiplied by -nF as per expression 3.3, gives
the standard free energy change for the overall cell
reaction, PbO(s) + Ni(s) = NiO(s) + Pb(l) and is givén

as,
A Ge = -10445 - 22.57T,jouls (3.10)

Combining Eq. 3.10 with the standard free energy change
for formation of nickel oxide vide Eq. 3.5, the standard
free energy change for the formation of solid, (yellow)

lead oxide, AGOPbO(s) is obtained as,

BGopio(gy(933-1095K) = ~223901+107.8T, (x 400)Jmol !

(3.11)

The value OfAGOPbO(s)’ thus obtained is compared with the

corresponding values obtained by - other workers repor-

ted in Table 3.2.
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When compared at 1000K, the value of AG%bO obtained
in this study 1is. quite comparable with that reported
in the compilation of Kubaschewski and Evans [2] but
is somewhat lower than that obtained by other authors.
This difference may be due to the different values of
the free energy of formation of nickel oxide employed
by these authors in their calculations. The wvariation
in. results with other studies may also be attributed
to the differeﬁt crucible materials employed in various
investigationé reported in the Table 3.2. |

| The results. on the free ‘energy of formation
of lead oxide and its ‘comparison with the literature
establish the proper working of the cell, This has been
employed to Vstudy the - thermodynamics éf dissolution
reaction, Eq. 3.7 in lead and its alloys in the subse-

quent sections.
3.3 ‘ 'OXYGEN IN MOLTEN LEAD

When lead is equlibrated with a slag of given
oxygen potential, the equilibrium reaction for the trans-
fer of oxygen between slag and metal can be rewritten
asy

1{0,} = [0] X (3.7)

where [O] represents the oxygen dissolved in solvent
lead and the left hand side represents the gaseous oxygen

in equilibrium with (PbO) phase. Since the solubility
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of oxygen in the metal is observed to be low, one can
consider the resulting solution ‘to be a dilute solution
of oxygen in lead. One can, therefore ,work with henrian
activity with any standard state viz. 1 wt.$% standard
state: or 1 atom % standard state because of the ease
of conversion from one standard state to another.

Assuming 1 atom % as the standard state, the
equilibrium constant, KO(Pb) for the dissolution reaction

3.7 cén be written as,

[at $ O).f :
_ - O(Pb) (3.12)
(Pn )°®
0,

where, hO(Pb)’ fO(Pb) and [at % O] are respecti?ely, the

henrian activity, henriaﬁ activity coefficient and atom
per cent oxygen dissolved in pure 1lead. In the above
expfessions the fugacity of ox&gen has been represented
by its partial pressure. In the 1logarithm form, Eq.

3.12 may be rewritten as,

In Ko ppy = 1n {[at.%o]/(poz)%} 9. fat.5 0)
or, '
In{[at.% O]/ (p )%} = -¢0 [at.30]+ 1n K
.« D 02 0* ) O(Pb)

(3.13)
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where 88, is the self interaction parameter of oxygen

in lead defined by wagner [104a] as,

€0 / [at.% Ol}

o(pb)/ at.% 0 >0 (3.14)

= {1nf

IfwéGO(Pb) is the free energy change of dissolution of
oxygen in‘pure lead, referred to 1 at.% O as standard

state, Eq. 3.13 can be rewritten as,

ln{{at.%O]/(poz)%} = —88 + [at.%$ 0]-AG

(3.15)

As seen from Egs. 3.13 and 3.15 if €8 , is independent of
oxygen content of solution, the plot of function (Fig.3.1)

1
in {[at.% O]/(pO )¢ tvs [at.$ O] should be a straight line.

2

One can therefore calculate the values of K ),A G

O(Pb O(Pb)
and Eg(Pb) from the linear plot. Using experimental dafa

given in.Table 3.1, the above functions have been plotted
in Fig. 3.2 - 3.4 at different temperatures viz. 933,
967, 1010, 1053 and 1095K. The linear regressioﬁ analysis
of the data plotted at these temperatures vyields the

following expressions,

T = 933 K

In{[at.% O]/ (p, y2} = 0.244.[at.3 O] + 13.602 (3.16)
' 2

T = 967 K
. 1

In{ [at.$ O]/(poz)a} = 0,1917.[at.% O] + 13.061 (3.17)
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T = 1010 K
In{[at.8 O1/(py )¥} = 0.1484.[at.3 O] + 12.439 (3.18)
. 2 _
T = 1053 K |
1 ‘
1n{[at.$ Ol/(py )¥} = 0.1025[at.% O] + 11.873 (3.19)
2
T = 1095 K
1
In{[at.$% Q]f(p02)2}1= 0.0607.[at.% O] + 11.359 (3.29)

Comparison of expressions 3.13 and 3.15 with Egs. 3.16

A

to 3.20 Yields values of 1lnk at

| G and €O
O(Pb)’ ‘O(Pb) O(Pb)
different temperatures of study. These are summarised

in Table 3. 3.

Figs. 3.2, 3.3 and 3.4 plot respectively the
. . O -
functions anO(Pb) vs (1/T); AGU(Pb) vs T and €O(Pb) vs
(1/T). The linear regressioﬁ analysis of the data plotted

yield the following temperature dependence of these

functions,

InKg(ppy = -1.56 + 14146/T (3.21)
| -1
AGu(Pb) = -117,616 + 12.983 T, (£400) J gm.atom
(3.22)
0

€ i = - '
O(Pb) (mole basis) 97.335-113,270/T, (= 0.8) (3.23)

3.3.1 Discussion of Results

The free energy of dissolution of oxygen at

infinite dilution in molten lead, AGO(Pb) as per reaction
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employed a new method called 'open bibble techniquet and
conducted measurement of oxygen potential in a ‘large
mass of lead (30 kg), wherein the oxygen was injected
in pulses, making use of a rotameter and peristaltic
changeovef valve. The large deviation in the reported
value (in Table 3.4) in this study, is probably on account
of non aftainment of uniform concentration of oxygen
in such a large mass of lead. The emf results therefore
may not be corresponding to true equilibria.

0

The self interaction parameter, EO , obtained in

the present investigation ‘is in good agreement with

that of Taskinen [59]. Fig. 3.4 shows variation of
Eg with reciprocal of temperature .ud includes for compari-

son the Taskinen's data on 88 , calculated using  his
expression,

0 _ 3
EO(Pb) = 51.99 - 70.9 x 107 /T(K).

However, the se1f> interaction ‘coefficient of oxygen
arrived at by Chérle [93] and Isecke [941are.more negat£ve-
than obtained in the present investigation. As discussed
by Taskinen [59], both of them in their investigations
used an Ir contact and did not equilibrate the atmosphere
with the melt at different oxygen activities, which

resulted in the measurements. The poor reproducibility

with an Ir contact caused by an incomplete mixing of
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3.7 has been investigated by several workers; all employ-
ing solid electrolyte emf technique. Table 3.4 sums
up the reported data on AG 0(Pb)" For sake of comparison,

the values of AC has been calculated at 1000K and also

'JU(Pb)
listed in Table 3.4. It is seen that the valge of ACO(Pb)
arrived at, in this investigation are in excellent

agreement with the reported data of most other workers
exceptAthat of Szwarc ef al. [30] Fischer and Ackerman
[911 ;nd Coﬁochie [75]. The results of these workers
being more positive. In the experimenfs conducted by Szwarc
et al;, truly potentiostatic conditions could not be
established at somewhat higher oxygen concentrations
corresponding to E > 500 mV, wherein sustained transient
ionic }current caused the experiments to deviate from
a truly potentiostatic <conditions and resulted in a
voltage drop, Iion. Q ion, relative to the value of appied
voltagé. Otsuka et al. modified the apparatus by employing
two pairs of  lead ’wires connected to each electrode.
The- truly potentiostatic experiments became possible
by thé application of a voltage between one pair of
leads, so that emf developed between the other pair
(connected to the same electrode) had a pfeselected
value . This eliminated the iR drop in the lead wires,
that nad lead to the deviation in the results obtained
by Szwarc et al. [30] and Fischer and Ackerman [91].

Conochie [75] on the other hand in his investigation
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especially when larger amounts of PbO were added respec-
tively by Charle and Isecke in their studies. Thus their’
emf readings did not correspond to true equilibrium

conditions.
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CHAPTER - 1V
LEAD-COPPER-OXYGEN SYSTEM

As already pointed out, a knowledge of thermo-
'dynamip'behaviour of dilute solution of oxygen in liquid
lead—copﬁer élloys is of importance in understanding
the mechanism and thermodynamics of extraction and
refining processes and‘ design of alloys. Accordingly,
some expérimental studies [22, 61] have been conducted
to arive ét ~thermodynamic data on solution of oxygen

: in‘ coppér—lead alloys. However, the reported data by
different researchers shows considerable wvariation.
Hence it was decided to reinvestigate this system to
arrivé at reliable data.

Further a number of theoretical models have
been‘already reviewed in chapter I to predict the behaviour
of oxygen in binary metallic solvents. In this chapter
these: models shall be applied to the present system
under study to arrive at the one which is most suitable

for theoretical calculation and prediction of thermo-

dynamic properties of oxygen in binary copper-lead solvents.

4.1 RESULTS AND CALCULATIONSS

The experimental set-up wused and procedure adopted
for study have already been discribed in detail . in

chapter 1II. 1In the present case, E.M.F. measurements
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were made on lead-copper-oxygen alloys of varying compo-
sitions,'copper 0 - 3.0 weight percent and covered with
PbO~B203 (NPbO = 0.5) aqd PbO—SiO2 (NPbO = 0.4) slags.
The resﬁlts of these experiments are presented in Table 4.1.

- The dissolved oxygen content of the metal is

determined by the following equilibrium reaction,
[Pb] + [0] = (PbO) (4.1)

where, the components in square-’brackets indicated on
the léft hand sidg of the expression for above dissolution
reaction y represent those present in the metal phase
and those in the parenthsis on the right hand side
express components present in the slag phase.'

Oxygen partial pressure 1in the system, which
- can be cglculated from emf data of thé cell, is determined

by the following reaction,

[Pb] + %{02} = (PbO) (4.2)

where, as ﬁsual, curvilinear Dbrackets represents the
gaseous phase. Eqs. 4.1 and 4.2 lead to the following

equation for the dissolution of oxygen in molten alloys,

£{0,} = [0] (4.3)

The value of oxygen partial pressufe is calculated using

the expression,

E = -(RT/4F) 1n(P0; ;i Ni0)/PO2(pb,pbey)  (4-4)
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In Table 4.2, calculated values of oxygen partial
pressure from the emf data alongwith. oxygen content
of the alloys studied at different temperatures are
presented. Equilibrium constant, Kpb_cufor dissolution of

oxygen in Pb-~ Cu alloys, can be expressed as,
, _
= z :
or,

In {[at 3 01/(p02)%}= In K

ph_cy 1 fg (4.6)

where ho represents the Henrian activity of oxygen 1in
metallic solution and fg» the activity coefficient of

oxygen,‘ Calculated values of parameter, ln {[at % O]/

(Py (31 ; ;
05) , are also given in Table 4.2

4.2 - DISCUSSION ON RESULTS

For interpretation of experimental results
and for their quantitative expression in terms of standard

parameters, following two formulations are used:
4.2.1 Wagner's Interaction Parameter Formulation

In this formulétion, the effect of additive,
(which in this case is éopperj on a component in solution
(heré okygen) is conéiderea to be incorporated in the
activity coefficient term, fo, and the value of equili-

brium constant, KPb—Cuis considered to be equal to that
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of oxygen in the major solvent component (viz. leadin

this case) i.e. KPb—Cuz KPb' Further the function, lnfo,

because of <continuity conditions, can be assumed to

be expressed in terms of Taylor series as fllows,

lnfo = [Blnfola(at.%O)].[at.%0]+{81nf0/8(at.%Cu)].[at.%Cu]

tovnan (4.7)

As the concentrations of oxygen and copper in the metallic

solution are small, one can negleéct higher order terms

of the series and write,

o e o
1nf02.€G [at.%0] + &O?[at.GCu] (4.8)
0 . ) : :
where, €9 » 1is the self-interaction parameter of oxygen
in solution, and , egu, the interaction parameter of copper

on oxygen 1in solution. Thus Eq.4.6 can be rewritten

as:
e ) - 0 o Cu 0
1n {[at.ﬁO]/(po )2} = anPb—_€O.[at.60]+ €9 .lat.%Cu]
2 (4.9)
For the calculation of interaction parameter,
Egu, one can make use of values of KPband €8 obtained from

Pb-0 system. But this method will suffer from the drawback
that any error in these two parameters will be carried
over to calculated value of Egu, Therefore, to avoid this

error, instead of this method, multivariant linear reg-

Cu

ression technique is used to evaluate EO . The computer

programme for the analysis is given in Appendix¥@ . Values

of €gu thus obtained for various temperatures are given
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in Table 4.3. Further, it has been found that values
of KPband €8 thus obtained, vary within error limits from

Table 4.3 Calculated Valueé of Ternary‘ Interaction .
Parameters at different temperatures

Ternary interaction parameter

Temperature

€Cu - ' 6Cu :
O(Pb) . -~ 0(Pb)
(K) (mole basis) (atom.pct.basis)
967 -7.095 ~0.0709
1010 ‘ ~6.464 o -0.0646
1053 ~4.566 -0.0457

1095 | -3.526 . -0.0353

those obtained {from corresponding binary systems. In
Fig. 4.1, Egu is plotted against 1/T. It has been>’found'

to follow the relation ship, -

i. Molar basis

eg%Pb). = 23.9 - 30.3 x 103/T | | §4.10a)
ii. Atom pct. basis |

Eg%Pb) 0.247 ~ 310/T o | (4.10b)

Also plotted in Fig. 4.1 are the values obtained - by
Jacob and Jeffes [22] and Taskinen and Holopainen I62];
These authors have arrived at following relationships:'

Jacob and Jeffes.(molar basis)

Cu

€0(Pb) ~ 3.42-7767/T , : (4.11)»
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Taskinen and Holopainen (molar basis),

Cu
€0(Pb)

5.93 - 11.6x10%/T ' (4.12)
Calculated values for all the three above
mentioned rélationships are given in Table 4.4 for the
different temperatures of study‘in the range 967-1095K.
It is seen that all the values show a good
agreement at temperatures above 1050°C but differ con-
siderably at low temperatures. The present work éppro#ches

more closely the values reported by Taskinen than those

reported by Jacob and Jeffes.

Table 4.4 Experimental values of Ternary Ihteraction
»parameter,eg?Pb) ) at‘different temperatures¥
Temperature .ECu
' O(Pb)
Present Jacob and Taskinen and
(X) study Jeffes Holopainin
967 -7.10 -4.61 -6.07
(=0.071) (-0.0461) (-0.061)
1010 ~6.46 -4.27 -5.56
(-0.646) (-0.0427) (-0.556)
1053 ' - -4.89 -3.96 -5.09
(-0.0489) (-0.0396) (-0.051)
1095 -3.53 -3.67 -3.74
(-0.035) (-0.037) (-0.037)

*Values within parentheses refer to calculated values
on atom pct. basis, whereas others refer to those on
molar basis.
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This linear formulation as is evident from
Eq. 4.6 is applicable only in very dilute solution ranges
and also for solute components which do not show'a vast
differénce in their reactivity towards the solvent compo-
nents. In all other cases the quasi-chemical formulation
is better suited. |
4,2.2 Quasi*cheﬁical Formulatién

In this fdrmulation:‘ail' éffeété due to the
solute, itself i.e. oxygen are summed up in the Henrian
activity coefficient, fg, for oxygen, whereés the effect
- of solvent components are summed up in the value of
equilibrium constant K. Thus Eg. 4.6 can be rewritten

as,

o 3 : 0
ln {[at.aO]/(pOZ)Z} = 1nK(Pb+Cu) = lnfO(Pb+Cu)' (4.13)

where K(Pb+Cu) and f8(Pb+Cu) represent, respectively the

equilibrium constant for dissolution of oxygen in Pb-Cu
alloys and activity coefficient of oxygen.
Further, for the special case of [at.%O]* 0,

f8(Pb+Cu)‘§1’ hence one can write

In {[at'%o“(poz)i}[at.%o] >0 = 10 (ppicy)
(4.14)

The effect due to presence of a minor component (i.e.
copper in this case) as solute is represented as,. fgu ,

which is defined as,
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lnfcuz 1nkK

0 oPb) ~ 1

nKo (Pb+Cu) (4.15)

“where KO(Pb) and KO(Pb+Cu) are respectively the equilibrium
constants for dissolution of oxygen in pure lead and
(Pb+Cu) binary metallic solvent

It may be pointed out that both the parameters,

Ko(Pb+Cu) and fO(Pb+Cu) are functions of composition. As

oxygen content of the solution is very small so one
can rewrite Eq. 4.15 as follows,

0

O(Pb+Cu) - EO(Pb+Cu)‘[at‘%0]

1n { [at.%o]/(poz)’l"} - 1nk

(4.16)
Where’sg(Pb+Cu) is the self-interaction parameter of oxygen
in the solvent. The above eqguation suggests that values

of KO(Pb+Cu) and eg(Pb+Cu) can be determined experimentally

by considering a series of experimentss each on a solvent
of fixed-composition and by ~varying oxygen content.
Coulometric technique makes use of this method, but

a precise control of oxygen content of the alloys becomes
difficult. In the present set of experiments it has
not been possible to make use of this procedure. Therefore,
to calculate KO(Pb+Cu)S°me approximation had to be made.
According to Anik et al. [187], €8(Pb+Cu) in a binary sol-
vent (Pb+Cu) can be expressed as,

0 _ 0 0 .
©o(pb+cu)” Vb €0 * Nou fo(cu)* 4+ Nou-Npy

(4.17)
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As the copper content present in this study is very
small, maximum being 3.375 atomic percent, one can neglect
the last two terms in the above expression and hence
write; |

0 ' 0]

€ 0(Pb+Cu) ~ € 0(Pb) (4.18)

-

with this approximation, Eq. 4.17 assumes the form,

= o z O o
In Ko(ppecu) = 10l 12t-801/(pg )71+ €q(py)lat.20]

(4.19)
One can therefore calculate the value of parameter anO(Pb+Cu)
from a knowledge of €8 and experimental data on [at.$%0}
1
and pOE in different alloy compositions. The wvalues of

2
anO(Pb+Cu) thus calculated are presented in Table 4.5.

In Fig. 4.2 the function anO(Pb+Cu)is plotted
against copper concentration of the alloy for wvarious

temperatures. It 1is seen that the addition of copper

to alloy or solvent increases, the value of ano(Pb+Cu)‘

In Fig.4.3 function 1nf8u is plotted‘against
copper concentration élong with the data of other authors.
The results obtained at different temperatures and under
different slag covers are shown by a characteristic

symbol. The plot also shows data calculated from the

study on Pb-Cu-0 system by Jacob and Jeffs [22] as well
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Table 4.5 Activity coefficient, lnfgu in Pb-Cu-0 system

at different temperatures and copper concentrations.

Cu
Temperature Sggszgtration anO(Pb+Cu) lnfO

10,0000 13.0723 ~0.000
0.6492 13.1188 ~0.0459
1.0680 13.1275 ~0.1552
1.6440 13.1877 -0.1164
2.4210 12.2437 ~0.1715
3.3750 13.3114 -0.2391
0.0000 13.0721 ~0.0000
0.8159 13.1298 -0.0578
1.6340 13.1880 ~0.1159
2.3980 13.2421 -0.1701
3.3750 13.3113 ~0.2392
0.0000 12.4362 ~0.0000
0.6492 12.4770 ~0.0475
1.0680 12.5035 ~0.0672
1.6440 12.5395 ~0.1033
2.4210 12.5882 ~0.1520
3.3750 12,6491 ~0.2128
0.0000 12.4360 ~0.0000
0.8159 12.4817 ~0.0456
1.6345 12.5386 ~0.1026
2.3985 12.5868 ~0.1507

* with Pb0.B,0,

** with Pb0.5i0, slag cover

slag cover
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Table 4.5 Activity Coefficient, é&l in Pb—Cu?O system at
different temperatures and copper concentra-
tions.

Cu

Temperature SZEE:ﬁtration 1nKO(Pb+Cu) ~1nfg

(K) (atom pct)
1053%* 0.0000 11.8586 0..0000
0.6492 11.8885 ~0.0298
1.0680 11.9089 -0.0503
1.6440 11.9359 ~0.0773
2.4210 11.9722 -0.1136
3.3750 12.0169 -0.1583
1053%* 0.0000 11.8723 0.0000
0.8159 11.9106 -0.0382
1.6345 11.9490 -0.0767
2.3985 11.9848 -0.1124
3.3755 12.0305 -0.1582
1095* 0.0000 11.3429 0.0000
0.6492 11.3650 -0.0221
1.0680 11.3804 -0.0375
1.6440 11.3987 -0.0557
2.4210 11.4293 -0.0864
3.3750 11.4575 -0.1146
1095*%* 0.0000 11.3568 0.0000
0.8159 11.3865 -0.0276
1.6345 11.4142 ~-0.0554
2.3985 11.4340 -0.0812
3.3755 11.4732 -0.1144
* with PbO.B203 slag cover
** with Pb0.Si0O, slag cover

2
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By Taskinen et al.[62] undef dillute concentration range
of copper selected for this study. The plots follow
nearly a linear wvariation with temperature and thus
the representation of interaction parameter,

Cu "
EO(Pb) = (BlnfOIBNCu)NPb~>1 (4.20)

'As a temperature function is justified. The
interaction coefficients have been found by regressional
analysis of the data and reported eafliéf in Table 4.4.

The variation of the logarithm of the activity
coefficient of oxygen at constant atomic % of copper
with reciprocal of temperature has been repreéented
as straight lines in Fig. 4.4, The relative partial
molar ‘enthalpy and entropy of oxygen at 1 atom percent
in Pb-Cu alloys with respect to gaseous oxygen as the

standard state may be calculated from the slope of these

lines and in comparison with equation,

Inf, = AHLH/RT - AS4/R (4.21)

0
The values of AHO and Agb s0 obtained are given in Table

4.6

Table 4.6 Relative Partial Molar Enthalpy and Entropy
of oxygen relative to gaseous oxygen in Pb-Cu

alloys
Temperature Copper Partial Molar Partial Molar
conc., Enthalpy* Entropy*#
1 atom % -2309 -1.782
1095 2 atom % -5184 -4.129
3 atom % -7581 -6.025

¥ - .
AHog:]OUle ; * % ASO jOule deg_lmole_l
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4.3 APPLICABILITY OF SOLUTION MODELS

The measured values of activity coefficient
of oxygen, fO(A+B) at 1095 K in liquid lead-éopper alloys
for present study are compared in Fig. 4.5. with those
those predicted by several classical models. For this
purpose the binary data required for necessary calcula-
tions are adopted from compilations of Hultgren et alf[l].
These theoretical models have been reviewed in Chapter I.
But for the sake of completeness the equations used

for calculation are being rewritten here.

Alcock and Richardson [152) obtained the equation,

1nfO(A+B) = N,1nfO(A) + NplnfO(B) - NAlan(A+B)-NBinfB(A+B)

| (4.22)
where, A+B above stand for the solvent Pb and solute
Cu respectively.

This‘ équation was derived on the assumption
that the distribution of atoms in the solution is random;
the coordination number of all three tyepes of atoms
is equal and that the energv of interacfion between
atom pairs is independent of concentration. The predicted
values of 1InfO are reported in Table 4.7 and plotted
in Fig. 4.5 and as will be observed do not match with
the measured values. The basic assumption'of the regular
solution model that the enefgies of interaction between

different atom-pairs are independent of composition

of the solution seems to be responsible for the mismatch.
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The neglect of clustering may not be the main source
~of érror for the Pb-Cu-0 system.

To predict the effect of a metallic component
on the activity coefficient of an electronegative solute
viz. oxygen, Alcock and Richardson [154] modified the
regular solution model by using qgasi—chemical approxima-
tion; According to this model, the actiQity coéfficient,
fo(A+B) of oxygen in the (A+B) alloy solvent can  be
expressed as, Vb |

1/2 Z

I/z  _
fO(A+B) = [N,(ZA(A+B)/fO(A) + NBKfB(AiB)/fO(B)%]

(4.23)

where, Z is the co—ordinatioh number assumed to be same
for all the three types of atoms viz. A, Bfand oxygen
constituting the solution. Using Eq. 4.23, fO(Pb+Cu)
has been calculated for Z=2 and Z=8 and is also plofted
in Fig. 4.5. The predicted values again do not match
with the measured ones. The .calculated values being
no better than those obtained using Eg. 4.23. This is
attributed to the fact that the error in the regular
solution model probably also remains in the quasichemical
treatment. The ratio of the number of Pb-0 bonds to
Cu-0 bonds would be greater than the ratio of the mole
fractions of lead and copper in the solution as indicated
obvioﬁsly by the ratio fO(Cu)/fO(Pb) =~ 22 at 1095 K.

However, for the development of the model, all the atoms
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are assumed to have the same co-ordination number (Z).
Further, the rétio of the number of Pb-0 bonds to Cu-0
bonds has been assumed to follow the relation,

W/ ZKT

n(Cu-0)/n(Pb-0) =(Ncu/NPg.e (4.24)

where, W/Z is.the energy exchange which occurs by exchange
of a copper-atom in the co-ordination shell of the'oxygen-
atom With a head atom in the bodY.of the solutién. »

 The measured values of ‘foth+Cp) “in the Pb-
Cu-0 system are also compared with those predicted by
Jacob and Alcock's [22] following quasichemical equation,

i/n

£O(A+B) = N, [fA%(A+BY/£0 /D(A)] +
A

1/n -1

NB[fB“(A+B)/fo (B)]
(4.25)
where, functions fO(A), fO(B), fA(A+B) and {fB(A+B) have
already been defined; n, is the number of bonds made
by each bxygen atom, and, x represents the degree to
which metal-metal bonds are weakened with oxygen disso-
lution in solution. The wvalues of n=4 and ¢ =1/2 as pro-
.posed by authors are used in the calculatioh of fO(A+B)
in, Pb-Cu-0 system. A fair agreement between the predicted
and the measured values is observed, with the predicted
values being slightly on the higher side. This is attri-
buted to the fact that in generalized chemical equation

viz. Eq. 4.25, Jacob and Alcock assumed that the strong

oxygen metal bonds distorted the electronic configuration
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and thus reduced the sfrength of bonds formed by these
metal atoms with neighbouring metal atoms. This was
unlike the basic assumption of models developed by Alcock
and Riéhardson as discussed above. These authors, however,
further assumed ﬁhat the average composition of the
metal atoms forming bonds with metal atoms bonded to
oxygen was equal to the bulk composition of alloys.
This, in the present system, with fO(Cd)/fO(Pb) = 22
at T=1095 K, dées not éeem to be totally reasonable.
This may account for the fact that the agreement between
the predicted and measured values 1is not very close.

Wagner [157] proposed another theéretical model
to predict fo(A+B) with one adjustable energy parameter,
h’. ‘

Gy, g0t/ Beay 1T Ny s0t  EeBy 1t

fO(A+B) = {
: 0

i M

i

[exp((Z-i)ih/2RT))1} "} (4.26)

where, Z-is the co-ordination number of dissoclved oxygen
and is normally taken as 6. The basic assumptions under-
lying this model being that the solvent atoms exhibit
ideal solution behéviour, the dissolved oxygen atoms
occupy quasi-intergtitial sites and the solvation energy
éxhibits a parabolic dependence on the number of metal
atoms A and B in the soivation shell around ox?gen atoms.
Chang et al.[ 162] reported following emperical relation-

ship for calculation of h in Eq. 4 .26, irom a knowledge
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of the corresponding binaries,

»

h = 2¢/Z2?2 + ule(Vb/Va)?] + VIAG°O(A)-AG°0(B) ] (4.27)

where, Va and Vb represent metéllic valances given by
Pauling [192] of the alloying elements A and B; AG°O(A)
and AG°O(B) are the respective free energies for.disso—
ution of oxygen in metals A and B and € is the regular
solution parameter defined by expression g = AH/N, .Ng

where AH is the enthalpy of formation of A Bx‘ Values of

1-x%
the coefficients u & v in above expression were determined
by Chang et al. [164] as u = 0.04 and v = 0.09 on the
basis of the available data.

‘Values of fO(A+B) calculated using Eqs. 4.26
and 4.2? are given in Table 4.% _and“ plotted in Fig.
4.5. The value of 'h' used for these calculations was
taken as 3025J calculated at 1373 K by Chiang et al.[162]
using the data available at this temperature in the
compilation of Hultgren et al. [1]. When compared with
the values of 1nfO as predicted by other models, those
by Wagner's model seem to have a closer match with the
corresponding measured values of 1nfO.

It is however, to be noted that the wvalues
of h used in these calculations at 1373 K, in view of
the binary data available at this temperature in the
compilation of Hultgren et al.[1] for this system. The

value of 'h' at 1095 K, however, should be somewhat
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higher than3026 J. It is proposed that a value of h=3620 J
gives a satisfactory representation of the .data. This
higher vélue of h at 1095 K seems obvious, because a
preferential attachment of oxygen for a particular compo-
nent in solution can be observed. This is also found
true when value of fO(Pb) 1is compared with that of
fO(Cu). A close match at this value between the measured
and predicted values of fO(A+B) 1is given in Fig.4.6."
For a limiting casé with h=0, one may obtain
a following simpler expression from Eq. 4.25,

fO(A+B) = [NA/fOI/Z(A) + NB/follz(B)]‘z (4.2 )

—

This refers to a configuration, wherein fO(A+B) will
be . independent of COmposition. As obvious, plot of
fO(A+B)ﬁ in Fig. 4.5 does not match the measured &alues.
‘Chiang and chang [162] further modfied Wagner's
equation by introducing two energy parameters h1 and

h However in view of the wvery dilute concentrations

2"
»of Copper (1-4 atomic %) taken for this study, it is
felt +that the predicted values on the basis of this
model would not be significantly different from those
predicted by Wagner's equation. Calculations based on

Chiang and Chang's model have therefore been not attempted

for the interpretation of results on the present system.
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CHAPTER V
LEAD-BISMUTH-OXYGEN SYSTEM

Copper, bismuth; arsenic, antimony, tin etc.
form common impurities in léad obtained from blast
furnace. During the refining of crude lead the impurities
viz. copper is removed during drossing; arsenic, anti-
mony and tin on'accéunt of their greater affinity for
oxygen are eliminated during the oxidation stage. Bismuth,
however, has to be removed as Bi3Ca, BiZCa2 and BizMg3
by the addition of calcium and/or magnesium. A knowledge
of thermodynamic behaviour of oxygen 1in ~liquid Lead-
bismuth alloys in the dilute concentration range 1is
of importancé in understanding the mechanism and thermo-
dynamics of refining process. The only study reported
in literature on the effect of bismuth on activity
coefficient of oxygen in liquid lead is by A. Taskinen
[65 ]. Accordingl? some experimental studies have been
conducted to arrive at fhermodynanﬂc data on solution
of oxygen in lead-bismuth alloys.

Further, theoretical models already reviewed
in Chapter I for binary metallic solvents shall be
applied to this system to arrive at the one, most suita-
ble for theoretical calculation and prediction of thermo-

dynamic properties of oxygen in lead-bismuth solvents.
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6.1 RESULTS_AND CALCULATIONS

The experimental set-up wused and procedure
adopted for study have already beén discribed in detail
in Chapter II; In the present case, E.M.F. measurements
were made on lead-bismuth-oxygen alloys of varying
compositions with bismuth upto 3.0 atomic percent and
covered with PbO-—SiO2 (NPbO=O.4) and PbO—B203 (NPbO=O.5)
slags. The results of these experiments are presented
in Table 5.1.

The dissolved oxygen content in the metal

is determined by the reaction,
[Pb] + [0] = (PbO) (5.1)

Square brackets indicate the components present in
the metal phase and parenthesis represent that in the

slag phase.Oxygen partial pressure in the system can

be calculated from emf data of the cell and is determined

by the following reaction,
[Pb] + 3{0,}= (PbO) (5.2)

O2 in the curvilinear indicates the gaseous oxygen ..
Egs. 5.1 and 5.2 lead to the following equation.: for

dissolution of oxygen in the molten alloy,
3{0,} = (0] (5.3)

The wvalue of oxygen partial pressure is calculated

using the expression,
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1 ] '
E = -RT/2F 1n(p§ ,Ni=NiO)/(pj , Pb-Pb0) (5.4)
_ 2

2
Table 5.2 represent the calculated values of oxygen

partial pressure from the emf data along with oxygen

content of the alloys studied at different temperatures.
5.2 CALCULATION OF THERMODYNAMIC FUNCTIONS

The interpretation of experimental results
and their quantitative expression is based on the follow-
ing two formulations, alfeéd&»-&istﬁssea in Chapter
four , but is being presented here for the sake

" of continuity.

6. 2.1 Wagner's Interation Parametef Fofmualtion

In this formulation, the effect of bismuth
on'oxygen in solution is considered to be incorporated
in the activity coefficient term, -fO’ and the value
- 0of equilibrium constant, KPb—Bi is considered to be equal

to that of oxygen in the major solvent component viz.

lead i.e.

K (5.5)

Kpb-Bi = Kpy

Further the function, lnfo, because of continuity con-
ditions, can be assumed to be expressed in terms of

Taylor series as follows,
Infg ={31nfo/8[ at.% 0O]}.[at.% O]

+{alnfo/a[at.% Bil}.[at.% Bi]l +.....
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As the concentration of oxygen and bismuth in the metallic
solution are small, one can neglect higher order terms
of the series and write,

e O oL Bi i
lnf €5 .[at.3 O] +s:01.[at.%_Bl] (5.7)
where, 68 , is the self interaction parameter of oxygen

. . Bi . s .
in solution and eol, interaction parameter of bismuth on

-

oxygen in solution. thus Eg. 5.6 can be rewritten as,

In{lat.$ 01/(py )%= loKy -€3.lat.§ O]
2

+ eBllat.9Bi] (5.8)
For the calculation of interactiOn parameter, Egi, one
can make use of values of KBi and Eg obtained from Lead-
oxygen syétem. But this method will suffer ffom the
draw back that any error in these two parameters will
be carried over to calculated value of sgi. Therefore to
avoid this error, instead of this method, multivariant
linear regression techniqﬁe is uséd to evaluate'egi . The
compﬁter programme for the analysis is given in Appendix

Bi

" II. Values of €9 thus obtained at Variohsvtemperatures are

given in Table 5. Further, it ha been found that

values of KPb and € thus obtained, vary within error

3'
0

0
limits from those obtained from <corresponding binary
systems. In Fig.5.1, egl is plotted vs 1/T and has been

found to follow the relationship,

i) molar basis

Bi

- _ 3 ¢
€0(Pb) 17.454 + 19.2x10°/T (£0.3) {5.9)



149

**piuon

8v2 €l 91LE"0 L 1-01¥1662°F L9%° 1

092°¢1 €L9€°0 ,1-01%8860°F 190°1

9LZ €1 y19€°0 ,_01%86€8 "¢ 106°0

162°¢1 296€°0 - 01¥bET9 "€ 000°0 €66

LG8 €1 82G61°0 g1-0I¥PLPI 2 b6 e

¥88°¢1 88%1°0 g-01%6626°T 1€2°2

216°€1 SPHPT°0 g1-01Xe02L 1 vEY 1

8€6°€1 0LPL"0 g-0TX1LSG"1 90%2L°0

796°€1 €LET"O g1-0T1XE66E "1 000°0 €16

AT RER! 116170 g1-01%8L¢ "¢ 760 "¢

pL8°€1 ZL81°0 g1-01X¥11"¢ 68% ° 2

668°¢1 SH8I°0 g1-01%9€6 "2 280°2

I16°¢€1 S081°0 g1-01%,89°2 L9%°1

0€6°€T 8LLT°0 g 01¥G€S 2 190°1

9%6°¢€1 EVLLO g1-01%6€€ "2 106°0

v96 €1 ZIL1"0 g1-01%9L1"2 000°0 €16
g b ¢ 2 I

. wwoﬁxpoa wo } e) (woze) Oc (*32d-woje) (%)

wA Oav JOT1EBIJUDDUOD sansssad UOT}1BA3USDUOD
3

ﬁo.uom Eou}w_:M

usdAx(Q

1e13aed usddxQ

y3nws1g

sanjeaadwa],

"B}EP JWwe woij wolshs (Q-Tg-qqd UT UOTINTOSSTp uafLxo uo senfea pejenoren

Z°G °21qe]



150

* *p3uoy

2€9°21 9299°0 510 TX1E89 "D bL6°2

9%9°21 9€59°0 51 0TX9TED b 1£2°2

09921 0790 o 0TX08LT Y CpEcl

£09°21 85£9°0 51 01X5896°¢ 90%2°0

189721 51290 0 01¥2LGLE 000°0

1£9°21 0LzL"0 91 0TX9159°5 TR

159°21 G61L°0 o1 0TXZLED S 68% 2

8Y9° 21 0VTL"0 51 0TXPI9Z7G 2802

09921 09040 o 0TXLS20°S L1971

199°21 S00L°0 5 01¥2528"F 190°1

819 21 €690 51 0TXL8L9"T 105°0

189°21 128970 §1-X0605°F 0000 €66

502°¢€1 69£€ "0 L 01¥6268 ¢ bl6'e

sz2°€1 962€ "0 L 0T%29€6 ¢ 1£2°2

6vZ €1 222€°0 L 01¥6TeE e eI

692°¢1 091570 L[ 0TXVLLE "2 90720

162°¢1 160€°0 L 01%L82L7E 000°0

€02°¢1 268€°0 | [ OTXBEIL S b60 €

612 €1 8280 L[ OTX15€8" 6872

1g2°¢1 €845°0 L[ OTX8TL9°¥ 280°2 €56
S ¥ _ £ z T

£ +p3uQn 7°G oyqey



151

20021 062°1 G- 0T¥EEET"S bL6°2

G80°21 6¥2°1 c1_01%0L6 ¥ 1£2°2

£60°21 g€z 1 c1_01%6862°F peEp "1

101°21 822" 1 c1-01%5259°F 90%L°0

601°21 8121 g1 01X5P06°F 000°0

89021 8g€ "1 ¢1-01%2268°§ $S0°¢€

280°21 Gz "1 c1-01%8029°S 68% "2

L8021 61€"1 G1-01%L026°¢ 280°2

$60°21 01€°1 g1 0TXGTLE"S L9¥% 1

860°21 POE "1 1 01X€8L2"S 190°1

$01°21 962" 1 1 0TXG6H1°S 106°0

01121 682" 1 G 0TXPLED"S 000°0 PEOT
g ¥ 5 Z I

*TTpiuoe)d 727 g °IqEL



Temp, °C —

900 850 800 750 700 650
60 ~ 7 ] T T
| ¢ THIS STUDY
5.0 | o TASKINEN [65]
E ‘*.0—
} 30+
- B4
-0
2.0
1.0 o
n.
(] .
Q.0 ! ! ! ] ! !
&b 8-€ 9.2 0.6 10-0 104 108 11.2

1/1' (K) X 104 —

FIG. 5 - 1: PLOT OF TEMPERATURE DEPENDENCE OF FIRST
ORDER INTERACTION COEFFICIENT, €8}



152

Table 5.3 Experimental values of ternary intéraction

parameter, egi at different temperatures.
. . Bi
Temperature Ternary interaction parameter,e:O(Pb)
(K)
(molar basis) (atom pct.basis)
913 3.6026 _ 0.0369
953 2.7178 0.0277
993 . 1.855 0.0193
1034 | - 1.199 : 0.113
ii) Atom pct.basis
Bi _ ,
€O(Pb) = -0.18214 + 200.025/T - (%0.003)
(5.10)

Also plotted in Fig.5.1, are the values obtained by

Taskinen [65] at temperatures 1102, 1132 and 1173K.

He arrived at the following temperature dependence
cBi

of 0 in lead,

Bi

- 3
eO(Pb) = -9,84 + 11.78x103/T (5.11)

Table 5.4 compares the calculated values of
Egi obtained from these two studies using Egs. 5.9 and
5,10 at the temperatures of this study. It 1is seen
that all the values show a fair agreement particularly
those at 953 and 993 K.

The linear formulation, Eq. 5.9 and 5.10 are

applicable only in very dilute solution range and also
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L]

Table 5.4 Calculated vglues of Ternary interaction -

‘parameter , Bl .
: € 0(Pb) at different temperatures
Temperature Ternary interaction parameter, €8%Pb)
(K) ‘This study Taskinen's work

913 3.57 , 3.06
953 2.69 2.52
993 1.88 2.02
1034 1.11 _ _ - 1.55

for solute components which do not show a wvast diffe-
rence in their reactivity towords the solvent components.
In all other cases, the quasi-chemical formulation
is better suited.
5.2.2 Quasi-Chemical Formulation

In this formulation all the effects due to
the solute i.e. oxygen are summed up in the henrian
activity coefficient, fo for oxygen, whereas the effect
of solvent components are summed up in the wvalue of
equilibrium constant K. Thus Eq. 5.8 can be rewritten

as,

In{l{at.$ O]/ (py )%} = 1
2

1

2Kpp+i 10 E0(preBi)

(5.12)

where K(Pb+Bi) and fo (Pb+Bi) represent respectively the

equilibrium constant and activity coeff. of oxygen in Pb-Bi
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alloys. for the special case of [at.pct.O0}~+> 0, fO(Pb+Bi

and hence one can write,

at.s 0] ~0 - 1"K(pp.ipi)
(5.13)

ln{{at.% O]/(poz)%} [

The effect due to the presence of a minor component

viz. bismuth, expressed as fg%Pb) which is defined as,
1n£Bl = 14k 1nK., o0 (5.14)
0 O(Pb) O(Pb+Bi) o

where, KO(Pb) and KO(Pb+Bi) are respectively the equili-

briun constants for dissolution of oxygen in pure lead

and lead-bismuth binary alloys.

It may be pointed out that both parameters

> 1

KO(Pb+Bi) and fO(Pb+Bi) in Eq. 5.12 are functions of compo-

sition. As oxygen content of the solution is very small,

one can rewrite Eq.5.12 as

In {(at.% 01/(p02)z }= 1nKg(ppipi)

-0 o
“0(Pb+pi)-l2t-% Ol
(5.15)

where, Eg(Pb+Bi) is the self interaction parameter of

oxygen in the solvent lead. The above equation suggests
that the values of K
mined experimentally by conducting a series of experi-
ments each on a solvent of fixed composition and by
varying oxygen content. Coulometric technique makes

use of this method, but a precise control of oxygen

0
O(Pb+Bi) 2nd EO(Pb+Bi) can be deter-
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content of the alloy becomes difficult. In the present
set of experiments it has not been possible to make
use of this procedure. Therefore to calculate, KO(Pb+Bi)
some approximation had to be made. According to Anik,

Kapoor and Frohberg [187], Eg(Pb+Bi) in a binary solvent

can be expressed as ,

0 _ 0 0
€o(pb+Bi) = Npp fo(pb) *MBi €0(Bi)

+ G q NPb'NBi

(5.16)
The bismuth content being very small, maximum being
3.05 atomic percent, one can neglect the last two terms

in the above expression and write,

0 .0 |
€0(Pb+Bi)  O(Pb) (5.17)

with this approximation Eq. 6.15 assumes the form,

o 3 0 .
Loko (pb+Bi) = 1ni[at-6 Ol/(poz)a} *eq(ppy~lat.s O]

(5.18)

One can therefore <calculate the wvalue of parameter

1nKO(Pb+Bi) from a knowledge of 68 and experimental data

on [at.% O] and p in different alloy compositions. The

@)™

2
values of 1nKO(Pb+Bi) this calculated are presented in

Table 5.5,

In Fig. 5.2 the function, anO(Pb+Bi) is plotted
against Bismuth concentration of the alloy at experi-
mental temperatures. It is seen that addition of Bismuth

to the alloy increases the value of 1nkK

O(Pb+Bi); While an

increase in temperature lowers anO(Pb+Bi)’
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Table 5.5 Activity coefficient, lnfgi in Pb-Bi~-0 system at

different temperatures and values of bismuth

concentration

Temp?E?ture Biiggtgczonc. anO(Pb+Bi) lnfg%Pb)
1 2 3 4
913 0.000 13.91827 | -
0.501 13.8944 0.01883
1.061 13.8825 0.03576
1.467 © 13.8628 0.05584
2.082 13.8497 0.06855
2.489 13.8240 0.09427
3.054 13.8029 0.1153
913 00.000 13.9273 -
0.7406 13.9003 0.02699
1.434 13.8734 0.05392
2.231 13.8442 0.08307
2.974 13.8162 0.1111
953 0.000 13.2146 -
| | 0.501 13.1985 0.01611
1.061 13.1812 0.03338
1.467 - 13.1683. 0.04630
2.082 13.1499 0.06474
2.489 13.1369 0.07770
3.054 13.1195 0.09507

Contd..
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1 2 3 1
953 0.000 13.2247 -
0.7406 13.2012 0.02350
1.434 13.1799 0.04483
2.231 13.1543 0.0704
2.974 13.1328 0.09198
993 0.000 12.5722 -
0.501 12,5621 0.01007
1.061 12.5499 - 0.02224
1,467 . 12.5420 0.030156
2.082 12.5287 0.04349
2.489 12.5208 0.05141
3,054 12.5095 0.06267
993 0.000 12.58216 -
0.7406 12.5667 0.01540
1.4340 12.5524 0.02977
2.2310 12.5368 0.04533
2.9740 12.5213 0.06088
1034 0.000 11.9529 0.0000
0.501 11.9460 0.00685
1.061 11.9390 0.01383
1.467 11.9343 0.01856
2.082 11.9262 0.02666
2.489 11.9205 0.03237
3.054 11.9049 0.0480
1034 0.000 11.9605 -
0.7406 11.9513 £0.0092
1.4340 11.9421 +0.0184
2.2310 11.9327 +0.0278
2.9740 11.9246 +0.0359
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5 3 DISCUSSION OF RESULTS

Two studies have been reported on Pb-Bi-0 system.
Taskinen Véarried out his emf studies in the temperature
range of 1103-1173K wusing the electrochemical cell; -O
in lig. Bi-Pb alloys |ZrOZ+CaO|PO2 = 1 atm., Pt and in
the alloy range up to NBi = 0.55. The lnfo was observed to
be - linear with increasing concentration »of bismuth in
the Pb-Bi alloy up to 4 atom pct bismuth. The present
study was carried out in the lower temp. range of 913-

1034K and in the lower concentration range of alloy up

to 3 atom pct. bismuth and follows similar linear variation

of lnfo with concentration of bismuth. The calculation

of ternary interaction parameter egl defined as,

Bi

EO(Pb) = (alnfo/aNBi)NBi 1

is justified. As is obvious from table 54, the results
appéar to be cqn;istent with Tagkinen's - findings. This
is‘particuarly so at témperatures 953 and 993K..The data
from table 5.5 is plotted in Fig. 5.3, which shows théf
the ternary parameter decreases with increase in tempera-
ture. Otsuka et al.[ 48b ] employed modified coulometric
technique and studied Bi;Pb—O system. The value of Egii

obtained in this study was lower than that of Taskinen

as well as this work. They obtained a value of 0.1 for

NBi = 0.1 at 1073K.
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5.3.1 Comparison with Solution Models

The experimental results on activity céefffcient_
of oxygen in liquid Pb-Bi-0 systems at 1034K are comparéd'l
in Table 5.6 and %.7 with those calculated on the basis
of fheoretical models baséd oﬁ classical concepté ‘aﬁd
applicable to strong electronegative solute,_ sulphur
or oxygen. The data‘on the Pb-Bi was obtained from COﬁﬁi—
lations of Hultgren et al.[1l] while on activity coefficié£
~of oxygen at its infinite dilution in liquid léad. was

e L

employed from the work of Taskinen [59] viz.

lnfO(Pb) = 6.133-14040/T - . : (5.19)

and the activity coefficient of oxygen in pure bismuth

_fO(Bi) from Isecke [ 94.] viz.

1

nfO(Bi) 6.488-12160/T (5.20)

The effect of third'element.B, in the system A—B—O<(hefe
; B;fin.Pb—Bi—O)j%pd fepresented_as>fgl'in lead has been

‘calculated using,

l‘nfg= 1nf 1 (5.21)

O(A+B) nfoea)

The results on lnfgl so obtained are summed up in Table 5.7

and plotted in Fig. 54 for comparison with those obtained

experimentally.

Alcock and Richardson [152] assuming the distri-

bution of atoms in the solution to be random and the
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energy'of interaction between.atom pairs as independent
of cohcentration, arrived at an expression, Eg. 4.21,
Chapter IV. -

This model was applicable to systems following
regular solution behaviour. Same co-ordination number,
Z was assumed for all the atoms constitufing the system.
The value gf lnfO(Pb+Bi) were calculated using Eq. 4.21
for the Pb-Bi-0 system under congideratioq and are pre-
sented in Table 5. %, Whilebon lnfgi in lead in Table 5.6
A comparison with the measured values suggests a fair
agreement between the +two, with the predicted values
being on the positive side of the measured ones. This
implies approximately similar behaviour of lead and bismuth
towards ‘oxygen in solution. This see@s reasonable in
view of the values of fO(Pb) and fO(Bi) given by Egs.5.20
and 5.21 as well as by the fact that the difference in

In| is less

fo(pb) fpb(po+piy] 274 1nlio(pi) /51 )pbeni ]
than unity. '

Alcock and Richardson modified the regular solu-
tion treatment wusing quasichemical approximation and
derived Eq. 4.22 in Chapter 1IV. The calculated values
on lnfO(Pb+Bi) and lnfgi are presented in Tables 5.6 and
5.7 respectively for the co-ordination number, Z = 2
and 4 and plotted in Fig. 5.4. The predicted values show

a good match with the measured ones. This is apparent
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in view of the stronger lead-oxygen interaction in the
Pb-Bi-O0 system, as seen by the more negative departure
of lead-oxygen than bismuth-oxygen from Raults law in
view of the fact that fO(Pb) < fO(Bi) such that T = 1034K,

fO(PB)/fO((Bi) ~0.1. This is also true when the heats

of dissolution of oxygen from gaseous state into the
v‘respective pure‘metals are compared;ZSHO(Pb) being more
negative. Besides, there is no strong pairwise interaction
in Pb-Bi-0, the greater interaction of lead-oxygen in
comparison to bismuth oxygen makes the model better appli-
cable. The model, however, leads to a better discription
of the quantitative behaviour of oxygen at Z=2.

Jacob and Effes [193] obtained an expression
for the quantitative prediction of oxygen and sulphur
in binary metallic solvents, A+B,

M

A (A+B)"

+ N, AG - 2 H

G'O(A-i-B) = NA AGO(A) B O(B) (5.22)

Where, AGO(A) and AGO(B) are the free energies of solution
of oxygen in pure metals A and B respectively and H¥A+B)

the molar heat of mixing of metals A and B at a given
‘alloy compositibn. These authors assumed the presence

of molecular species AZO and B,O in solution.

Belton and Tankins [155] on the other hand assumed
the presence of molecular species wviz. AO and BO in solu-
tion. They assumed that oxygen and sulpher in metalic

solution exist as negatively charged ions. The energy



165

of the system will therefore be lowered by the formation
of solute-solvent screened dipoles: in a very dilute
solution of oxygen in 1liquid mixture of £netals A and
B, the molecular spécies will be formed. The average
interaction energy of these species with the surrounding
metal atoms was assumed to be small and the partial molar
properties of these species were considered ideal. This
model can be expressed by,

M

Coca+B) = Xao/%ol%Go(a)

M

(6.23)

On the distribution of the species, two approximation

were made.

(i) a randum distribution, when
XAO/XO = NA and XBO/XO = NB
(ii) a quasichemical distribution, when
XAO/XO NA.?/(NB+NA.B) and XBO/XO = NBI(NBfNA.ﬁ)

where, f3= exp[-(HG sy - Hg(B) - HY + HE)/RT]

where, H%(A) and Hg(Bj are the heats of solution of oxygen
in pure metals and H% an& Hg are the partial molar heats
of mixing of the metals in the binary metal mixture at
a given composition. According to Belton and Tankins, the

model is applicable to those systems wherein the solvent
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metals do not deviate widely from ideal behaviour and
for which heat of solution of oxygen in solvent metals
A and B differ only slightly. Using the data in case
of Pb-Bi-0 system under consideration, the wvalues on

1 are calculated and presented in Table 5.7.

Ao (Pb+Bi)
The calculated values are more negative when compared
with the measured ones. This may be attributed to the
assumption of zero heats of solution for the molecular
species. This may not be correct if the activity coeffi-
cient of oxygen in A is much smaller are bigger than
in B.

Jocob and Alock [156] derived a generalised
model with three bond numbers. The expression arfived
at is given as Eq. 4.24 (Chapter IV). With the.degree
to which metal-metal bonds are weakened with oxygen disso-
lution as % and n, the number of bonds made by each oxygen
atom as 4‘asvsuggested by the authors, fO(Pb+Bi) has been
calculated. It is seen that from Fig. 6.5, the calculated
values exhibit a small positivé deviation from the
measured values. This is to be expected beéause\the binary
alloys show a negative deviation from Raults' law and
the difference between l“fO(Pb) and lnfO(Bi) is not signi-
ficantly large. Similar observations have been seen in

case of In-Sb-0 [37] system.
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The activity coefficient of oxygen in the system,
Pb-Bi-0 under study has also been calculated on the basis
~of Wagner's model [157] with one adjustable energy para-
meter, h. Knowing this parameter and the thermodynamic
properties of the non-metallic solute viz oxygeﬁ in the
separate metal-oxygen binary systems constituting the
ternafy system, A-B-O at any temperature;. the wvariation
of activity coefficient of the solute with allov compo-
sition can be easily computed. Using Eq. 4.25 (Chapter
IV) and the value of h as 544 J gatom | at T=1034; Infy py.pj)
has been calculated and presented in Table 5.6. The effect
of bismuth on the activity of oxygen in Pb+Bi alloys,
1nfgi has been obtained employing relation\f.Zl and sepa-
rately presented in Table 5,7 and plotted in Fig.&.5
for comparison with the experimentally determined values
in the present study. It is seén that the predicted values
on lnfO(Pb+Bi) or lnfgi very closely match with the measured
data. Similar prediction of experimental data was observed
by Ossuka et al. [48b] at 1073K in Bi-Pb-0 éystem with
the value of h=600 J.gatomfl.

In his treatment Wagner assumed the solvent
atoms A & B in a system A-B-O exhibit ideai solution
‘behaviour with oxygen atoms occupying quasi-interstitial
sites and a binomial distribution of complexes consisted
of oxygen surrounded by solvent metals in varying propor—

tions.
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To calculate the wvalue of energy parameter,
h, Chang and Coworkers [163,166] proposed an empirical
relationship given as Eq. 4.26 in Chapter IV. This was
based on a knowledge of thermodynamic properties of
respective binaries ‘and applicable to systems wherein,

GO(A)> GO(B) and (Vb/Va)2<‘1. vy, and V, are the valances

of the solvent metals A and B given by.Pauling [192].
lnfO(Pb+Bi) value haVe been calculated using
Egqs. 4.26 and 4.27. In these calculations values of 2.56
and 1.56 were used as metallic valences of Pb and Bi
respectively as given by Pauling. Values for regular
solution parameter, ¢, were estimated using the relation,

€ = AH/NA.N where H is the value of mixing enthalpy

B’
,df A-B alloys. The value of ¢ was eStimated as»—4{4 KJ_'
gatom_l. This gives a value of h from Eq,4.26_ész—l.Q&§J-
KJ gatom_1 against‘0;66 K.]'.ga.‘l:'om—-1 calculated-byﬂOtsukaf s
et al. [48b] at 1073K for Bi—Pb—O system. The'véiué of
'activity coefficient calculated using this wvalue 1leads
to eronous results énd. does not fit with the measured
data.-It is felt that better correlétioh needs to be pré—
posed for éystems such as Pb-Bi-O with AGO(A)<-AG0(B) ,
not covered by Eqg. 4.27 proposed by Chang and COfworkers'
for the estimation of h.

Chiang and Chang [162] further modified Wagner's

equation by introducing two energy parameters hl andlla.
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However, in view of very dilute concentration of bismuth
(1-3 atom pct.) taken for this study, it is felt that
the predicted values on the basis of this model would
not be significantly different from those predicted by
Wagner's Equation. Calculations based on Chiang and Ch:ang's
model have therefore been not attempted for the inter-
pretation of resﬁlts on Pb-Bi-0 systém under study. For
similar reasons, the calculation of lnfO(Pb+Bi) on the
basis of statistical models {187,193] have not been

attempted.
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CHAPTER - VI
LEAD-TIN-OXYGEN SYSTEM

In the multistage refining of lead bullion,
the removal of copper is followed by an oxidation stage
during which tin, arsenic and antimony are eliminated.
The influence of tin on the activity coefficient of
oxygén in lead is therefore important. A kﬁowledge
of thermodynamic behaviour of dilute soelution of »x:ygen
in liguid lead-tin alloys is also impsrtant in  the
design of alloys. However, only one study [23] has
been reported to evaluate the thermodynamic data on
the solution of oxygen in lead-tin alloys. It was there-
fore decided to reinvestigate this system in the dilute
solution range.

| Further a number of theoretical models have
been reviewed jJIAChapter I. These have been suggested
to predict the behaviour of oxygen in binary metallic
solvents. Most of the model§, were developed after Jacob
and Jeffes study on Pb-Sn-0 system and hence these
authors interpreted their results on the basis of regular
solution model [152]. Iﬁ this chapter these models
shall be applied to arrive at the one, most suitable
for theoretical prédiction of thermddynamic properties

of oxygen in lead-tin system.
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6.1 RESULTS AND CALCULATIONS

The experimental set up used and procedure
adopted for study has been discussed in detail in
Chapter II. While (PbO) slag was employed for variation
of oxygen concentration in Pb-Cu and Pb-Bi alloys;
such an arrangement was risky in the study of Pb-Sn-0
system. The free energies of formation of PbO [2?,
AGOPbO(s) when combined with the corresponding value of
SnO

AG [23]3rﬂ$the :standard free energy change

2> BGg
SnO2

for the reaction,
(PbO) + [Sn] = [Pb] +(Sn0,) (6.1)

where, small brackets indicate the slag phase, square

brackets the components in the metallic phase.

1

AGe = -361288.4 + 104.26T Jmol (6.2)

The large negative wvalue of AG®° as per Eg.46 .2
in the temperature range, 973-1095K selected for this
investigation will favour the oxidation of solute tin
in the Pb-Sn alloys, when equilibrated underneath a
(PbO) slag. In view of this the Pb-Sn-O system in the
dilute concentration range was not investigated with
a slag cover, rather wunder an enert gas atmosphere
as has been discribed in Chapter II. The oxygen concen-
tration in the alloy was raised by adding a weighed
amount of analr grade lead oxide (melted in alumina

crucible and preserved as solid specimen). The activity
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‘of SnO in the experiment at 1095K calculated by the
use of standard free energy of formation of SnO [23a)
given by,

1

A Go = -266186.1 + 87.236T Jmol (6.3)

SnO
U»\ﬁa the activity of tin in the lead tin alloys [1]
’gm& the chemical potential of okygen in the solution
z=% obtained from the emf data;is very low*, Loss of
oxygen as SnO vapour is therefore unlikely at 1095K
or in the range 973-1095K, selected for this study.
Further no discoloration or penetration of the solid
electrolyte tube by Sn0O was observed indicating the
negligible activity of SnO vapours. Loss or gain of
oxygen by the melt during the course of experiment
was checked with or without titanium as internal getter
as was done by Jacob and Jeffes in their study on the

system [23] and the possibility for such an exchange

was ruled out.

The dissolution of oxygen in the molten alloys

may be rewritten as,

3{0,}= (0] (6-4)
The concentration of oxygen as well as tin in the alloys

samples has been determined analytically as described

*(Sn] + [Q] = (Sn0)
agno = ag,+ 230 .Exo(-AG/RT)

at T

"

1095K; ag, =0,173(at NSn=0'OS)

3.0 x 151

25n0
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in Chapter II and given in Table 6.1 along with the
emf data at different temperatures. The value of oxygen
partial pressure may be calculated from the cell emf, .

using,
E = -RT/2F{ln Ng/(py )%} | (6.5)
2 .

where NO is the atom fraction of oxygen in the alloy.
Table ¢ .2 give the calculated values of oxygen partial
pressure along with the oxygen content of the alloy.
Equilibrium constant, KPb—Snfor dissolution of oxygen in

‘the Pb-Sn alloys can be expressed as,

K (6 .6)

1
Pb-Sn - ho/(Poz)a

or taking logarithm and rearranging,
a z
1n {[at.% O]/(poz) b= 1n Kpy o, - lnfy (6.7)

where hO represents the henrian activity coefficient

and f , the activity coefficient of oxygen in the meta-
@) ' .
1lic solution. Calculated values of parameter,

In {[at.% Ol/(py )¥}
2

are given in Table 6.2.

6.2 CALCULATION OF INTERACTION PARAMETERS

The interpretation of experimental results

and their quantitative expression in terms of standard

parameters is arrived at on the basis of following
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Table 6.1 EMF data on Pb-Sn-0 system at different
temperatures and values of Tin concentration

Temperature Tin conc. EME Oxygen Conc.
(K) (atom pct.) (mv) { atom pct.xlOZ)

9731 o.ogo 77?8 2.130
0.892 22.4 1.080
1.499 -87.3 0.123
1.795 -33.8 ' 0.552
2.691 . -89.6 0.284
2.988 -172.8 0.048¢
3.597 -145.9 0.145
4.456 ~264.1 0.0163
4.496 -201.8 0.0746

, 5.368 ~256.1 0.0389

1014 0.000 81.6 3.727
0.892 32.7 | 2.124
1.499 - -63.1 : 0.346
1.795 -16.8 1.203
2.691 . =66.0 0.685
2.988 -144.7 0.136
3.597 -115.7 0.387
4.456  -225.2 . 0.054.
4.496 -165.0 0.220
5.368 -212.8 S 0.127
5.917 -305.4 0.0216

1054 ©0.000 85. 4 6.318
0.892 40.5 . 3.852.
1.499 . -50.5 0.720
1.795 - -4.5 2.336
2.691 -49.4 1.423
2.988 125.1 0.316

Contd..
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1 2 3 4
1054 3.597 -94.8 0.863
4.496 -139.9 0.525
4,455 -198.7 0.141
5.368 -183.6 0.324
5.917 -271.9 0.0628
1095 0.000 89.5 10.450
0.892 46.8 6.627
1.499 -41.9 1.372
1.795 -3.5 4,183
2.691 -39.4 2.651
2.988 113.2 0.644
3.597 -82.8 1.672
4.496 -125.9 1.058
- 4.455 -183.6 0.305
5.368 -167.7 0.879
5.917 -253.6 0.145
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two formulations.
6.2.1 Wagners Interaction Parameter Formulation

In this formulation, the effect of additive,
Sn on oxygen in sclution is considered to be incorpora-
ted in the activity coefficient term, fo, and the wvalue
of equilibrium constant, KPb—Snis considered to be equal
to that of oxygen in the major solvent component lead
i.e. KPb—Sn ~ KPb' further, the function, 1nfo because of
continuity conditions, can be assumed to be expressed

in terms of Taylor series as follows,

lnfo = {1nfo/ [at.% 0]} - [at.% O]

+ lnfol [at.% Sn] .{at.% Sn] +...
(6.8)
As the concentration of oxygen and tin in the metallic
solution are small, one can neglect higher order terms
of the series and write, | |

Infy=cJ.[at.3 O] + eg“. [at.3 Sn] O (6.9)

where, 58 is. the self interaction parameter of oxygen
Su
o

in solution, and, €1", the interaction parameter of tin

on oxygen in solution. This Eq. (.9 can be rewritten as,

)
In{[at.% O]/(po Y2}= 1n Kpy - €8[at.
2

oo

0]

+ €gn[at.% Sn] + .....
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For the calculation of interaction parameter, ECS)D, one can make
use of value of KPb and €8 obtained from Pb-0 system.But
this method will suffer from the drawback that any

error in these two parameters will be <carried over

to calculated value of sgn. Therefore, to avoid this error,

U

instead of this method, multivariant linear regression

technique is used to evaluate €8n. The computer programme
for the analysis 1is given in Appendix T. Values of
S .

EOII thus obtained for various temperatures are given 1in

Table 6;3. Further it has been found that wvalues of
KPb and 98 thus obtained, vary within error limits from

those obtained from corresponding binary systems. 1In

Sn

Fig. 5.1, EO

is plotted against 1/T. It has been found:

to follow the relationship,

i) Molar basis
Sn _ -3
©0(Pb) = 139 - 20.6161x10 /T (+4) (6.11)
ii) Atom percent basis
Sn _ a 3. ,
eO(Pb) = 1.39 0.2062x10°/T | (£ ) (6.12)

Also plotted in Fig. 6..1, are the values ob-
tained by Jacob and Jeffes [23]; They aiso followed
a similar experimental technique and wetked 1in the
temperature range of 1023-1173K and arrived at the

following relationship:

Sn — 4
= 115 - 18.3x10 .
EO(Pb) X /T (6 .13)
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Table 6.3 Calculated galues of ternary interaction
n :
parameter, EO at different temperatures.

eSn

Temperature Ternary interaction parameter, 0(pb)

(K) Molar basis Atom pct.basis
973 -74.2 -.742

1014 -62.8 | - -.628

1054 -55.2 _ | -.552

1095 ~55.8 -.508

Calaculated wvalues for this study as well as that of
Jacob and Jeffes are given in Table 6.4 at different
temperatures of study in the range 973-1095K. It is
seen that all the values show a good agreement almost
at all temperatures.

The linear formulation as is evident from
Eg. 6.9 is épplicable only in very dilute solution
ranges and also for solute components which do not
show a wvast difference in tﬁeir reactivity towards
the solvent components. In all other cases the quasi-

chemical formulation is better suited.
6.2.2 Quasichemical Formulation

In this formulation all effects due to the

solute itself i.e. oxygen are summed up in the henrian

activity coefficient, %8 for oxygen, whreas the effect
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Table 6.4 Comnarison of ternary interaction parameter

€S?Pb)atdifferent tempergture

Temperature Ternary interaction parameter, E%?;b)
(K) This Study Jacob & Jeffes
973 -74.2 -73.08

(-0.742) ‘ (-0.731)
1014 -62.8 - ~75.47
(-0.628) (-0.654)
1054 -55.2 ~-58.62
(=-0.552) . - (-0.586)
1095 -50.8 -52.12
(-0.508) (-0.521)

*Value in parenthesis refer to those on atom pct. basis;
while others refer to those on molar basis.

of solvent components are summed up in the value of
equilibrium constant K. This equation 6.9 can be re-

written as,

0

In {[at.% 01/ (pg )%} = 1n K O(Pb+Sn)

2

(Pb+gn) +0f

‘6 .14)
where, K(Pb+Sn)and f8(Pb+Sn) represent respectively the
equilibrium constant for dissolution of oxygen in Pb-Sn
alloys and activity coefficient of oxygen. For the

special case of [at.% O] > 0, f8(Pb+Sn)~*1’ one can write,

In {[at.3 01/<p02)%} In X (ppasn)

[at.$ O] >0 ,
(6.15)

The effect due to presence of a minor component viz.
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Sn as solute and expressed as, fg?Pb)’ may be defined as,
1nf>" = Ink 1nK (6.16)
0 O(Pb) O(Pb+Sn) ’

where, KO(Pb) and KO(Pb#Sn) are respectively ‘the equili-
brium constants for dissolution of oxygen in pure lead
and Pb-Sn binary alloys.

It may be pointed out that both parameters,

KO(PB+Sn) and f4ph.gn) in Eq. €.14 are functions of

composition. As oxygen content of the solution is very
small, one can rewrite Eg. 6.14 as follows,

O

nKG(Pb+sn) " €0(Pb+sn) - 123 O]

1n {[at.% O1/(p, yE}= 1
2

(6.17)
) . . .
Where ?O(Eb+5n) is the self interaction parameter of oxygen
in the binary Pb-Sn alloy. The above equation suggests

values of KO(Pb+Sn) and 88(Pb+5n)can be determined experi-

mentally by conducting a series of experiments each
ion a-solvent of fixed composition and by varying'oxygén
éontent as 1s done in coulometric technique. However,
a precise control of oxygen content of the alloy becomes
difficult. In the present set up of experiments it
has not been possible to make use of this procedure.
Therefore, to calculate KO(Pb+Sn)s°me approximation had
to be made. According to Anik, Kapoor and Frohberg

0 .

[1871], EO(Pb+Sn)ln a binary solvent can be expressed as,
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e
O(Pb+Sn)

0

. 0
Pb O(Pb)

- £
=N * N7 0(sn)

+ §q Ng . -Npp (6.18)

The tin content in this study being very small, fmaximum
being 5.45 at ‘percent, the last two terms in the above
Eq. 5.18 may be neglected and expression rewritten
as,

0 0

€ > g

O(Pb+Sn)  "O(Pb) (6.19)

with this approximation Eq. 6.17 assumes the form,

0
O(Pb"

(6.20)

] = In{lat.$ Ol/(py )¥}+ ¢ [2t.%0]
2

DKo (Pb+Sn)

One can therefore, calculate the wvalue of params:ter,

i1nK from a knowledge of the self interaction para-

O(Pb+Sn)
meter of oxygen in pure lead, eg(Pb) and experimental
data on [at.% O] and Pg in different alloy compositions.
2

The values of 1nKO(Pb+Sn)thus calculated are presented in
Table 6.5,

In Fig. 6.2 the function, 1HKO(P€#5mwiS plotted
against tin concentration of the alloys for wvarious
temperatures. It is seen that addition of tin to lead
increases the value of anO(Pb+Sn)‘ Further with increase

in temperature anO(Pb+Sn)decreases.
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Table 6.5

Activity  coeficient of

system at
conentrations

different

oxygen,

in

temperatures
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-Pb-Sn-0
and tin

Temperature ~ Tin conc. 1nKO(Pb+Sn) 1nfgn
(K) (atom pct.)
1 2 3 4

973 0.000 12.9780 0.000
0.892 13,6409 -0.663

1.499 14.0907 -1.114

1.795 14,3109 -1.332

2.691 14,9754 -1.997

2.988 15.1949 -2.218

3.597 15.6467 -2.669

4.456 16.2839 -3.307

4.496 16.3008 -3.323

5.368 16.9546 -3.977

1014 0.000 12.3801 0.000
0.892 12.9441 -0.564

1.499 13;3254 -0.945

1.795 13.5111 -1.131

2.691 14.0739 -1.694

2.988 14.2604 -1.880

3.597 14.6428 -2.263

4.456 - 15.1820 -2.802

4.496 15.2070 -2.827

5.368 15.7549 -3.375

5.917 16.0999 -3.719

Contd....
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1 2 3 4
1054 0.000 11.8422 0.0000
0.892 12.3401 -0.4979

1.499 12.6696 -0.8274

1.795 12.8329 -0.9908

2.691 13.3275 ~1.4852

2.988 13.4916 -1.6494

3.597 13.8277 -1.9855

4.456 14.3015 ~2.4594

4.496 14.3239 -2.4817

5.368 14.8053 -2.9631

5.917 15.1084 ~3.2662

1095 0.000 11.3277 0.000
0.892 11.7809 -0.4532

1.499 12.0891 -0.7614

1.795 12.2395 -0.9119

2.691 12.6947 -1.3671

2.988 12.8455 -1.5178

3.597 13.1549 -1.8273

4.456 13.5911 -2.2633

4.496 13.6116 -2.2839

5.368 14.0545 -2.7268

5,917 14.3334 ~3.0051
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6.3 DISCUSSION OF RESULTS

In the study on Pb-Sn-0 system, the oxygen level
was of the order of 16-80 ppm in the lead.nmlts. This
is well below the levels of oxygen in lead for the preci-
pitation of added tin as SnOZ. The tin content obtained
by chemical analysis of the metal samples drawn from
the melt during the course of experiment was in accordance

with the weight of Pb+Sn master alloys added to the bath.

This confirms that no tin was lost by oxidation as SnO2

from the alloys melt.

The wvariation of lnfgn at experimental tempera-
tures with composition is shown in FigrAégZ. The linear
variation in the dilute concentration range of the meta-
llic solute, tin up to 5 atom pct. enables the calculatibn

: . . Sn
of ternary interaction parameter, €

o- in the Pb-Sn-0 system

using the relation,

€g" = ( 1nfol 1laN_ (6.21)

AN > 1
sn

The data obtained is given in Table 6.3 and 6.4 are in
good agreement with those of Jacob & Jeffes [23]. Using

Fig. 6.3 values on lnfgn at‘several atomic percents of
tin at different temperatures of study were obtained
and presented in Table 6.6. These are plotted in Fig.6.4
vs 1/T. From these straight line plots, the relative
partial molar enthalpy AHBO and entropy, ASO .of oxygen

dissolution in binary Pb-Sn alloys wrt gaseous oxygen
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Table 6.6 : lnf(s)n in lead at different atom pct Sn at

‘different expzrimental temps.

Tem%§§ature lnfgn, at conc. of tin
1 atom 2 atom 2 atom 4 pct
pct pct pct atom
973 -0.775 -1.515 -2.27 -3.00
1014 -0.635 -1.265 -1.895 -2.525
1054 -0.555 -1.113 -1.670 -2.215
1095 -0.520 -1.013 -1.502 -2.025

as the standard state have been arrived at. This was
done using linear regression technique (Appendix I) in

comparison with the relation,

infO = AHO/R.T - ASO/R . (6.22)

The values on AHO & ASO at different concentration of

tin are presented in Table 6.7.

Table 6.7 : AHO & A50 at different atom pct tin

Atom pct Sn _ 1.0 ' 2.0 3.0 4.0
-AHO, K.J.gatom 1 18.65 36.44 55.50  69.75
~A%0, J gatom g1 12.90 25.10 38.60  48.50

As will be observed, addition of tin lowers both partial

molar enthalpy and entropy of solution of oxygen in

lead-tin alloys.This decrease in AHO in lead rich alloys

is probably due to the increased number of Sn~-0 bonds
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in preference to Pb-O bonds in solution. In other words
the ratio Sn~-0/Pb-0 bonds would be greater than the ratio
of mole fraction of tin and lead. The tin atoms are there-
fore likely to cluster aroundvthe oxygen atoms and lower:
the activity coefficient of oxygen in lead.

As pointed out by Jacob & Jeffes [23], addition
of tin to lead-oxygen solution is likely td decrease
" both the configurational and vibrational entropy of oxygen.
The configuration contribution arises from the clustering
of tin atoms around oxygen atoms. The mole fraction of
tin around oxygen is higher than in the bulk of solution.
The vibration contribution is associated with the stronger
bonds formed by oxygen and tin atoms. The later is obvious
from the for higher enthalpy of formation of tin oxide
as compared with lead oxide.

6.3.1 Applicability of Solution Models

The activity coefficient, fO(Pb+Sn) in the Pb+Sn
liquid alloys at T=1014K has been calculated ﬁsing diffe-
rent classical models. The binary data required for
necessary calculations -are adopted from compilations
of Hultgren et al.[1]. The data on fO(Pb) has been taken
from Taskinen's [59] work wviz., 1nfO(Pb) = 6.133-14040/T
and that on fO(Sn) has been calculated from the gibb's
free energies of oxygen disolution in pure metals vis.

AGO(Pb) and &GO(Sn) using the relation,
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In[fO(Pb)/£fO(Sn)] = 1/RT[AGO(PH-AGO(Sn)] (6.23)

The value of AGO(Sn) has been taken from the work of
Bedford et al. [26] viz., AGO(Sn) = - 182464.2+25.648T
J gatom_l.

The values of 1nfO(Pb+Sn) thus calculated
have been used to arrive at the effect of tin in Pb-0

solution, fgn using the relation,

1nf8n = 1nfO(Pb+Sn)-1nfO(Pb) (6.24)

The parameters, 1nfO(Pb+Sn) and lngn so obtained are

presented in Tables 6.8 and 6.9 and plotted respectively
in Figs. 6.5 and 6.6 alongwith the experimental results

at T=1014K for comparison.

Alcock and Richardson [152] assumed random.dis—
tribution of atoms, A and B in a system A-B-0O i.e. the
ratio of the no. of A-O bonds to B-0O bonds being given
as,

n(B-0/n(A-0) = NB/NA (6.25)
with this, they arrived at the following expression to
predict the activity coefficient of oxygen,-

1nfO(A+B) = N,1n[£O(A)/fA(A+B)] +

NBln[fO(B)/fB(A+B)] (6.26)

For the Pb-Sn-0 system, the values of lnfgn thus

calculated, as is observed from Fig. 6.5 do not match
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with the measured data, the predicted values being on
the higher side. This mismatch may be attributed to the
greater difference in the pairwise energies of interaction
between Pb~0 and Sn~0 pairs. This 1is obvious from the
greater interaction between Sn-0O atoms as seen by, fO(Pb)/
fO(Sn)~ 454 at T=1014K.

To account for systems with larger differenceun
energies of interaction of the metal atoms with oxygen,
Alcock & Richardson [154] in their quasichemical treatment
obtained the ratio of the two types of metal-oxygen bonds

through the relationship,
n(Sn-0)/n(Pb-0) = Ng_/Np, exp (- pore¥change pr) (6.27)

where, GXS,exchange

is the excess free ‘énergy change
which occurs when an A-0O contact is changed to a B-0O
contact by the exchange of an A atom in the co-ordination
shall of the oxygen atom with a B atom in the body of
the melt. The model lead to following expression to calcu-
léte the activity co-efficient of oxygen invthe A-B alloy

viz.,

]1/2

[1/£0(A+B) - NA[fA(A+B)/fo(A)]1/Z

1/2

+ NB[fB(A¥B)/fO(B)] (6.28)

Where, Z is the co-ordination number assumed to be the
same for the atoms constituting the system. The values
of activity coefficient so obtained at T=1014K with Z=2

and 4 are shownin Fig.6.5. As is observed, the predicted
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values with Z=2 are in close agreement with the éxperi—
mental results. The agreement at higher temperatures
is still closer because the difference in activity coeffi-~
cients of oxygen in pure metals:. Pb & Sn decreases and
thev predicted valﬁes become more negative approaching
the experimental results. Fig; 6.6 shows predicted values
of 1nfO(Pb+Sn) with those computed from experimental
results. The applicability of this model to the system
Pb-Sn-0 is apparent from the ratio, fO(Pb)/fO(Sn) >> 1
as well as from the more negative heat of formation of
tin oxide as compared to that of lead oxide. This leads
to the conclusion that paif wise- interaction energies
" 0of oxygen with each surrounding metallnatom Pb and Sn
varies considerabiy with alloy  composition. The data
on AHO in Table 6.7 also account for the same.

Alcock & Richardsonsg' Eq. 6.28 has been found
to fit the experimental data only when low coordination
number, Z=2 is assigned to all the atoms in solution.
It is therefore conceivable that strong electronegative
solutes, oxygen or sulphur make smaller number of bonds
than the metal atoms. Jacob and Alcock [156] therefore,
developed‘a treatment using different co—ordinafion numbers
for oxygen (n) and metal atoms (Z) and giving quasi-
chemical treatment obtain an éxpression,

1/n

1/f01/masmy = NA[an(A;B)/fO (A) ]+

1/n

NB[fBa(A+B)/fO (B)] (6.29)
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Eq. 6.29 represents the degree to which metal-metal
bonds are weakened with oxygen dissolution in metallic
solution. Using n=4 and @ =1/2 as proposed by Jacob
& Alcock, the predicted values are shown in Fig.6.6.
The predicted values on 1nfO(Pb+Sn) showing positive
deviation wrt the experimental data. In their treatment
Jacob & Alcock assumed that the stronger oxygen-metal
bonds (Sn-0) distort the electronic configuration and
- thereby reduce the strength of bonds formed Aby these
metal atoms with neighbouring metal (viz. Pb) atoms.
By fitting their generalized equatien in se - veral alloy
systems,Athe authors demonstrated that large number of
systems viz. Cu-Sn-O and Ag-Sn-0O [156]; Cu-In-0 [46& ]
etc. can Be accounted on the assumption that oxygen makes
four bonds only in the solution in metallic alloys and
that half of the metal-metal bonds which are normally
ﬁade by the metal atoms in the bulk of the alloy are
broken when atoms of metals forming stronger bonds with
oxygen viz. tin are added. such a reduction of the metal-
metal bonds lead to a significant deviation of average
composition of the metal atoms adjacent to those bonded
to oxygen from the bulk of the alloy. This has not been
ﬁonidered in‘deriﬁation of Eq. 6.29 and results in the
lowering of the energy of the system. The measured values
on InfO(Pb-Sn) thus show a negative deviation wrt the

calculated wvalues.
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Wagner proposed another theoretical model with
one adjustable energy parameter, h. It was assumed that
the dissolved oxygen atoms occupy interstitial positions
on octa hedral sites with Z=6 and the solvation energy
exhibits parabolic dependence on the number of metal
atoms A and B . in the solvation shell around oxygen atoms.
With these basic assumptions, he arrived at an expression

to calculate at fO(A+B) viz.,

7 .
1/£0(A+B) = 2 (Zy [N, /0l Z(ay1 BT,

i=0 1 -

(Ng/£01 /2 (B) 1t expl(2-i)ih /ZRT]

| (6.30)
To arrive at the value of h, Chang and HU [164,166] derived
an empirical relationship from the experimental data
for alloy systems satisfying the condition, (Vb/Va)?
< or 'z 1 and AGO(A) > AGO(B); applicable to Pb-Sn-0O

system with VPb and VSn each beinec [2.56] viz.,

h = 2B/22 + 0.09€ (Vb/Va)+0.04[AGO(A)~AGO(B)]

(6.31)

in Eq. 6.31 is the regular solution parameter and can
be calculated from the mixing enthalpy AH, of A-B alloy
viz. € = AH/NANB . With these at T=1014K, h comes out
as 3113 Jgato@-l. The corresponding results on activity
coefficient 1nfO(Pb+Sn) or lnfgn are presented in Tables

6.8 & 6.9 and do not fit with the experimental data.
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In the absence of experimental data on fO(Sn), the upper
limiting value of hmax may be calculated using an expre-—

ssion suggested by Wagner,

hmax = 2/5Z[AHO(A)-AHO(B) ] (6.32)

where AHO(A) & AHO(B) are the enthalpy changes for disso-
lution of oxygen in pure metals A and B respectively.
For Pb-Sn-0 system, the value of hmaX comes out as 4276
J gatom_l. This improves the calculated values but still
these exhibit positive deviation when compared with the
corresponding experimental results. In particular the
predicted values fit to show the compositional dependence
of activity coefficient with cémposition of solute Sn.
This may be on account of the fact that the Pb-Sn-0 system,
Pb-Sn alloy in the dilute concentration range exhibit
strong positive departure from ideality [l]. Thus signi-
ficant deviations from random distribution of Pb and
S% atoms may occur in contradiction to the Wagner's assump-
tion, Further, in the derivation of Eq. 6.30 Wagner did
not-coﬁsider the effect due to change in the ratio of
the number of conduction electrones with alloy compoition.
This plays a significant role in Pb-Sn-0O system, because
at a given oxygen activity, the solubility of oxygen
in tin is far greater than in liquid lead. This is obvious
from the distinct parallelism between the solubility

of oxygen in metal and the stability of respective solid
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oxides, expressed in terms of the negative heats of forma-
tion per gatom oxygen [152]. This is an indication that
the transfer of electrones from tin to oxygen atoms occur
to a greater extent than from lead atoms. It may be surmi-
zed that upon gradual replacement of lead by tin atoms,
in the solvation shell of an oxygen atom, the extent
of electron transfer per tin atom is especially large
fof first tin atom and decreases gradually with the subse-

quent increase of tin atoms in solution.

Chiang & Chang [162] further modified Wagner's
equation, by introducing two energy parameters h, and
h2' Howe&er in View of very dilute concentration of tin
(upto 6 atom pct) taken for this study, it is felt that
the predictéd values on the basis of this model would
not be significantly different from those predicted
by Wagner's equation. Calculations based on Chang and
Chang's model have therefore been not attempted for the
interpretation of results on the Pb-Sn-O0 system.For simi-
lar reasons the calculations of -activity coefficient,
I1nfO(Pb+Sn) on the basis of statistical models put'forth

by Anil, Kapoor and 'Froberg [187,188]» and Blander

et al, [193] have not been attempted.
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CHAPTER - VII
SUMMARY AND CONCLUSIONS

Important results obtained in the present investi-

gation and conclusions drawn from them are summarised

below:
1. LEAD OXYGEN BINARY SYSTEM
i) The standard free-energy of formation of solid
lead oxide by the reaction, Pb(l)+} 0,(g)=PbO(s)
in the temperature range 933-1095K is expressed
as:
-1
o -
AGBo(s) = —224+0.1078T (+ 400) KJ.mole
ii) The Gibb's energy change, AGU(Pb) for the disso-

lution of molecular oxygen in pure lead and the
. . 0] :
self interaction parameter, sO(Pb) at different

temperatures are given as,

| -1 %)
T(K) AGu(Pb) J mol EO(Pb)
933 -105,503 -24.4
967 -105,058 -19.17
1010 -104,499 -14,84
1053 ‘ . -103,897 -10.25

1095 -103,403 - 6.06




I1.

ii)

iii)
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The temperature dependence of these binary lead

oxygen parameters may be expressed as,

A = -117616.4+12.983T (£400) J gatom ©

Go(Pb)

0 - -
eO(Pb) = 97.35 113,270/T (+0.8)

LEAD-COPPER-OXYGEN TERNARY SYSTEM

Variation of lnfS?Pb)with atomic percent cppper is

linear up to 3.5 atom percent copper, 1in the
temperature range 967-1095K.

. . .. Cu
The ternary interaction coefficient, €O(Pb) found

at different temperatures are:

T(K) 967 1010 1053 1095
e Cu ~7.095 —6.464 -4.566  -3.53
O(Pb) '] - [ ] -

Cu

The temperature dependence of €O(Pb) may be repre-

sented as,

Cu _ 3
€O(Pb) = 23.9—30-3}{10 /T, (iO-S)

The wvariation of lnfgu in lead with atom pct.copper

at different temperatures are:

Cuy

Temperature lnfO

1 atom 2 atom 3 atom

pct.Cu pct.Cu " pct.Cu
967 -0.070 ~-0.137 -0.2015
1010 -0.065 . -0.123 -0.185
1053 -0.045 -0.950 -0.142
1095 -0.035 -0.070 -0.102

lnfgu at 1095 is present in Fig.7.1
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The relative partial molar enthalpy, Aﬁb and éntropy,
AT

0 of oxygen dissolution relative to gaseous

oxygen in lead copper~oxygen sytem is given as,

atom pct.Cu 1.0 3.0 3.0
-8H, ,KJ gatom ' 2.56  4.69 6.98

1

05, ,7 gatom 'K ' 2.06 = 3.67 5.47

The measured value of lnfgu may be predicted using
Wagner's theoretical model with one adjustable
energy parameter, h =3620 jgatom_l. This accounts
for a preferential attachment of oxygen for a
particular component in solution. A fair agreement
between predicted and measured values is observed
with »three bond model of Jacob & Alcock. The

predicted values being on the higher side.

LEAD-BISMUTH-OXYGEN TERNARY SYSTEM

lnfg?Pb) has a linear variation with atom percent
bismuth up to 3 atom pct. i.e. up to the dilute
solution range studied.

The measured values of ternary interaction para-

meter, E%?Pb) at the temperatures of study are,

T(K) 1913 953 993 1034
Bi :
EO(Pb) 3.57 2.69 1.88 1.11

The interaction parameter dicreases with increase

in temperature. The temperature dependence of

Bi
EO?Pb) may be expressed as,
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Bi 3
€O(Pb) 17.454+19.2x10°/T (+0.3)

lnfgl at different atom pct. Bi found at different

experimental temperatures are;

T(X) Infpt
1 atom , 2 atom 3 atom
pct.Bi pct.Bi pct.Bi
913 0.013 0.026 0.039
953 0.020 0.040 0.061
993 0.031 0.062 0.092
1034 0.038 0.075 0.113

(1095) (0.047) - (0.097) (0.147)

The values within the brackets are found by.extra—
polation and are plotted in Fig.7.1.

The relative partial moalr enthalpy, AHy and entropy,
Ago.of oxygen dissolution relative to gaseous oxvgen
in Pb~Bi-0O ternary system in the temperature range

913-1034K are,

Atom pct.Bi 1.0 2.0 3.0
-AH,,KJ. gatom | 1.66 3,29 4.93
-A%.,7 gatom lg71 '

o*J gatom K 1.91 3.81 5.71

‘ Bi .
The measgred values of lnfO(Pb) may be approxi-
mately predicted wusing Alcock and Richardson's
quasichemical equation with Z=2. A close repre-

sentation of the measured data is possible with
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Wgner's theoretical model with one adjustable

energy parameter, h=544 J gatom-~1 at 1034K.
LEAD-TIN-OXYGEN TERNARY SYSTEM

lnfg?Pb) atom percent Sn follows a linear varia-
tion up to 6 atom percent tin under study in
the temperature range 973-1095K.

Sn

Ternary interaction parameter, EO(Pb) measured at

different temperatures are,

T(K) 973 1014 1054 1095

Sn

O(Pb) -74.2 -62.8 =-55.2 -50.8

The temperature dependence of eg?Pb) may be expressed

as,

Sn _ _ 3
sO(Pb) = 139-20.616x103/T, (x4)

lnfgn‘ in lead at different atom pct.Sn found at

different experimental temperatures are:

T(X) ‘ 1nf8n
1 atom 2 atom 3 atom 4 atom 5 atom
pct.Sn pct.Sn pct.Sn pct.Sn  pct.Sn
973 -0.775 -1.5156 -2.27 -3.00 -3,22
1014 -0.637 -1.265 -1.895 -2.5256 -3.14
1054 -0.555 -1.113 -1.67 -2.215 -2.77
1095 -0.520 -1.013 -1.502 -2.025 -2.54

lnfgn at 1095K is presented in Fig. 7.1.
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The relative partial molar enthalpy, Aﬁo and entropy,
A§O of oxygen dissolution relative to gaseous oxygen
in lead-tin-oxygen system in the temperature range

973-1095K are,

atom pct.Sn 1.0 2.0 3.0 4.0

-8H,,KJ.gatom ! 18.65  36.44 55.50  69.76

-1

-485,,7 gatom 'k71 12.9 25.1  38.6 48.5

Larger values of Aﬁb in Pb-Sn-0 as compared to
Pb-Cu-0 accounts for clustering of tin atoms aroud
oxygen atoms.

The measured values of lnfg?Pb) may be predicted
using Alcock and Richardson's quasichemical equa-
tion with Z=2. This equation is applicable as
the energy of interaction of the solute, oxygen
with two metal solvents,'PE and Sn differs widely

viz. 438 at 1014K. This leads to

fopb)/ fo(sn)
the conclusion that pair wise interaction energies
of oxygen with each of surrounding metal atom

viz. Pb and Sn may wvary considerably with alloy

composition.
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SUGGESTIONS FOR FUTURE WORK

Lot of work is required to be carried out on lead
base alloys. Effect of solutes commonly present
as impurities in lead bullion viz Zn, Fe, As, S

and Ag has not been investigated on oxygen in lead.
Besides, more work 1is required to be done on Pb-
Cu-0, Pb-Sn-O0 and Pb-Bi-O in different temperature
ranges and at higher concentration of the metallic

solutes.

Leaving aside iron, copper etc. thermodynamic behaviour

of oxygen in alloy systems viz. bismuth base alloys,
chromium base alloys, manganese base alloys and
zinc base alloys require investigation. There is
hardly any work reported in literature on these

systems.

Even all the important metal-oxygen systems have
not been studied. More work is required to be done
to generate the thermodynamic data on interaction
parameters etc. in case of biharies such as Sn-0,
Al-0, Co-0, Mn-0, Mo-0O and Te-0O étc. Further hardly
any work has been reported on oxygen in mefals viz.

Al, B, Ti, Zn, Be etc.etc. These need investigation.

With the small data available in literature on some
of the systems viz. copper base and iron base; their
multicomponent systems can be eaily taken up for
study. Multicomponent systems infact form an open

field which require investigation.
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APPENDIX - I

LEAST SQUARE METHOD (LINEAR CURVE FITTING)

10

20

PROGRAM FOR STRAIGHT LINE FIT
DIMENSION X(10),Y(10)
OPEN(UNIT=1,DEVICE='DSK',FILE='LSQ.DAT")
OPEN(UNIT=2,DEVICE='DSK',FILE='LSQ.RES',ACCESS=
' APPEND ' )

CONTINUE

READ(1,*,END=60)N

READ(1,*(X((1),I=1,N)

READ(1,*)(Y(I),I=1,N)

WRITE(2,10)

FORMAT(5X, ' INPUT VALUES OF X AND Y'//14X,'X',
16X,'Y'//)

WRITE(2,20)(X(I),Y(I),I=1,N)

PRINT 20, (X(1),I=1,N)

FORMAT(5X,2E18.11)

SUMX=0. ; SUMY=0.. ; SUMXY=0. ; SUMX2=0.

DO 40 I=1,N

SUMX=SUMX+X (1)

SUMY=SUMY+Y(I)

SUMXY=SUMXY+X(I)*Y(I)

SUMX2=SUMX2+X(I1)*X(I)
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CONTINUE

A= (FLOAT(N)*SUMXY~-SUMX*SUMY )/ (FLOAT(N) *SUMX2 -
SUMX*SUMX )
B=(SUMY*SUMX2~SUMXY*SUMX )/ (FLOAT(N) *SUMX2-
SUMX*SUMX) |
WRITE(2,50)A,B

PRINT 50,A,B

FORMAT(5X, 'THE VALUES OF A AND B IN EQUATION
Y=A+B'/

1 5X,'A='",E18.11,2X,'B="',E18.11)

GO TO 1 |

STOP

END
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APPENDIX - II

SOLUTION OF MATRICS

DIMENSION A(50,500,B(50,XI(50),X2(50),Y(50)
OPEN(UNIT=1,DEVICE='DSK',FILE=INPUT.DAT)
READ(1,*)NOM

DO 3211 IJ=1,NOM

READ(1, *) NELEM
READ(1,*)(X1(I),I=1,NELEM)
READ(1,*,END=222)(X1(1),I=1,NELEM)
READ(1,*)(X2(1),I=1,NELEM)
READ(1,*)(Y(I),I=1,NELEM)

PRINT 4

PRINT 1,(X1(I),X2(I),Y(I),I=1,NELEM)
FORMAT(5X, 3E, 3E15.6)

FORMAT (/5X, ' INPUT DATA'/)

DO 2 I=1,3

B(I1)=0.0

DO 2 J=1,3

(A(I,J)=0.0

A(1,1)=FLOAT(NELEM)

DO 3 I=1,NELEM

A(1,2)=A(1,2)+X1(1)
A(1,3)=A(1,3)+X2(I)
A(2,2)=A(2,2)+X1(T1)*X1(1)

A(2,3)=A(2,3)+X1(1)*X2(I)
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02100 A(3,3)=A(3,3)+X2(1)*X2(1)
02200 B(1)=B(1)+Y(I)

02300 B(2)=B(2)+X1(1)*Y(I)
02400 B(3)=(B)+X2(1)*Y (1)

02500 3 CONT INUNE

02600 A(2,1)=A(1,2)

02700 A(3,1)=A(1,3)

02800 A(3,2)=A(2,3)

02900 N=3

03000 N1=N-1

03100 DO 10 I=1,N1

03200 K=I+1,

03300 | ATI=A(I,I)

03400 C IF(ABS(AII).LT.0.IE08)GO TO 333
03500 AII=1./AII

03600 DO 10 J=K,N

03700 F=-A(J,I)*AII

03800 DO 20 L=K,N

03900 20 A(J,L)=A(J,L)+F*A(I,L)
04000 B(J)=B(J)+F*B(I)

04100 10  CONTINUE

04150 C IF(ABS(A(N,N)).LT.0.IE-08)GO TO 333
04200 B(N)=B(N)/A(N,N)

04300 DO 30 K=1,N1

04400 I=N-K

04500 IP1=1+1
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SUM=0. 0
DO 40 J=IP1,N

SUM=SUM+A(1,J)*B(J)

B(I)=(B(I)-SUM)/A(I,I)

CONTINUE

PRINT 50

FORMAT(/5X, 'COEFFICIENTS Al A2 A3 ARE'/)
PRINT 60, (B(I),I=1,3)

FORMAT (5X,3E15.6//5X,45('*1))

GO TO 111

CONTINUE

STOP

PRINT 140

FORMAT ( /X, ' ** DIAGONAL COEFFICIENT ZERO **1!/)

END
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