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ABSTRACT

PHASE RELATION AND THERMODYNAll!CS

IN IRON-LEAD-SULFTJR dYSTBM

In this investigation, phase relat1~o!itsand thermodynamic
properties in the ternary system Fe-Pb-S were determined.

High temperature phase relations in the FaS-PbSbj.nary
system were established by quenching samples equilibrated
in evacuated and sealed silicla t.ubes. The euteatic
temperature was found to be 842"C at 46 atQIIlicperc€lnt
PhS. Acti vi ties of PbS in this system were measured at
1100· and 1200°C by the dew-point technique, and negative
deviations were observed.' Kr:upkowskisolution model was
applied to the measured activities and exp.:trimentaly
measured liquidus lines were vorified.

Within the Fe-Pb-S ternary f,ystem, the boundaries of the
immiscibility region tc)glather with the tie-line
distributions were drawn at 1200°C. Activities of lead
were measured by the dewpoint technique. FUlcthermore,
lead, iron and sulphur activities were calculated by
modelling alonq the ternary miscibility gap.
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ACHIEVEMENTS

FeS-PbS phase diagram was redrawn. PbS activities in
FeS-PbS m.eltsat 1100, 1200"C were measured and lllodelled.

Within the Fe-Pb-S ternary system, the boundaries of the
ternary miscibility gap were found at 1200°C. Pb
activities were measured at 1200"C, Pb, Fe and S
activities wer'e calculated by modelling along the
rniscibi"ity gap.
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1..INTRODUCTION

properties and phase
the 11igh temperature thermodynamic
equilibria of many binary and
systems is rather limited and

is not ~vailable. These are

Current knowledge of

ternary metal-sulphur
adequate literature
essential in the understar.,1ing, designing and
improvement of the extr~ction and refining processes,
p&rticularly those of non-ferrous metals.

Especially at higher temperatures where liquid phases are
involved, this lack of information and data is more
pronounced. Solid state regions of metal-sulphur systems
received more
and optical
Ne'Tertheless,
boundaries and

attention due to the promising
properties of some sulphide
accurate determination of

electronic
compounds.

liquidus
liquid solubility of sulphur in such

regions are also essenti~l in order to produce, develop
and improve the propert_es of semiconducting sulphides.
On the other hand, for metal extracti~n processes like
smelting, converting or refining, a thorough
understanding of thermodynamic activities and thus
partial molar quantities of components in liquid
solutions as well as phase equilibria are needed.

./1

o

The above mentioned considerations are particularly true
for the Fe-Pb-S ternary systeml a knowledge of which is
essential for the continuous di~ect-smelting process of
lead sulphide ooncentrates in high intensity
counter-current reactors. The most recent trend in lead
production is direct smelting of lead sulphide in a
single step. The only known ~ulphide of lead, galena and
sulphides of iron such as pyrite, marcasite ~nd

( pyrrhoti te, -occur in natu:r.e under ~, wide range of
geological conditions allover the world. Despite prior

1



processing of lead ore by s~lective flotation before the
smelting operation, certain amounts of it'on sulphide
,till remains in the are, and during smelting iron
sulfide becomes a component of the matte phase.
Therefore. an understanding of the equilibrium relations
among
the

metal, matte, slag and gas phases is essential for
successful operation and design of the smelting

process.

The system involving FeS and PbS is also of interest to
researchers belonging to fialds other than laetallurgy.
Geochemists, for example, contributed much of 'che
understanding of phase equilibria in such systems, with
the aim of establishing the rock formation behaviour of
sulfides, while research by geologists were aimed at
correlating and outlining the stability fields of the
geologically important assemblages with their occurence
in nature.

o

For a binary or ternary solution phase I many diverse set.s
of experimental thermodynamio data can be available~
Activ'lty of one or more components of various
com~~jsJ.ti"'Ins and temperatures can be measured by
electromotive force, vapour pressure, mass spectrometric
or other techniques. Enthalpies of m~x~ng can- be
determined calorimetrically. The experimental equilibr,ium
phase diagram is also a source c,fthermodyn";1micdata. lnor
example, if tIlestandard Gibbs Free Energy ::fusiun of a
stoichiomet.ric component is known, then the activity of
this component in the liquid phase can be calculated even
nonisothermally along its liquidus. Miscibility gap is
also a source of thermodynamic data, since the activity
of either comp~nent is the same at both ends of the
tie-line, even th(;llgh the actual values of the activities
may not be known.•

•
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The aim of this work is to generate thermodynamic datq on
F'e-Pb-S ternary and FeS-PbS pseudo-binary systems by
using the Dew-Point and classical equilibration-quenching
techniques of thermochemical research. Th~ new-Point
technique relies upon the high volatility of a component
in a metallic or non-metallic solution. The measurements
are conducted in a closed system where advantage is taken
from the evaporation and condensation phenomena which
become a ,~obl~m in experiments using open systems.

'l'he obj':r.:ltiveof this study is to obtain specific
informatior~ \:..dth respect to the following:

A. ~le direction of conjugation lines between
the coexisting liquid sulphide and liquid
metal phas~s by quenching experiments at
1200°C and thus determining the boundaries
of the i;lnmiscibility region (Phase
Equil~bria study).

B. Activities of PbS in PbS-FeS melts and
activities of Pb in the ternary Fe-Pb-S
me1'..:sat 1200°C through the Dew-Point
l.1.easu:r.:emtmt{Theril1odynamicStudy) •

•
C. Calculation and

solutions in tbe
results permit.

modelling
Fe-Pb-S

of
system

liquid
where

o The information gathered in the steps described above
would be applicable to the analysis of the thermodynamic~
of the Fe-FeS-PbS-Pb portion in the Fe-Pb-S t,ernat-,;:·
system,

3



2. RE'\l'IEW OF LITERATURE

2.1 PHASE RELATIONS

Many tel:.l'1arysystems of extractive men:allu:t'gywhich
generate interest consist of 'cwometals and one nonmetal
such as m!ygen or sulphur. In the liqt'Lidstate, two
metals arG:::usually completely soluble in each ot!ler,
while miscibility gaps often form in the :rn.etal-oxygel:'lor
metal sulptrur binaries, and ....he iIt'.mi~,;cibility region
extends into the ternary compos Ltions-..Usually the
composition of orseof the liquid phases lies quite close
to the pure metal component. Fer many of the systems, the
only information available is that of the tie line
distributions in the two liquid fields of the ternary
systems.

The information available in literatUre on systems
pertinent to the present study is as follows:

2.1.1 THE SYSTEM FeS-PbS

o

The FeS-PbS pseudobinary system has been investigated
several times (Friedrich!, Kopylov2, Kerby3 I

Brett4). Kerby3 melted stoichiometric FeS and PbS
and found a simple eutectic behaviour, with the
eutectic at 835°C and 48 mol % of PbS. Earlier work
of Brett4 and Brett36 indicated a eutectic
temperature of 84SoC f.or the Fe1_XS-PbS mixtures.
~oth phase diagrams are reproduced in Figure 1. The
results of Kerby3 and Brett4, when considered
together, suggest the existence of a eutectic at a
composition slightly on the iron sulphide side of the
FeS-PbS line, as well as negligible mutual
~~lubilities in solid state.

•
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2.1.2 THE SYSTEM Fe-Pb-S

In the Fe-Pb-S ternary system, the bounding binaries
Fe-FeS, Fe-Pb, Pb-PbS are quite well known.

The system Ph-PbS which is of primary interest in
lead metallurgy, is a part of the main Pb-S binary.
Kullerud5,6 examined the ~haso relations in the
Pb-S system twice and observed a monotectic and thus
liquid immiscibility. His first diagrC!._"represented
in Figure 2, showed the monotectic isotherm at
1043~C, and that the monotectic liquid contained 84
mole per cent PbS. In the second diagram, shown by
solid lines in Figure 2, the monotectic isotherm did
not change much (1041°C), but the composition of
monotectic liquid shifted to 65 mole per cent PbS and
the immiscibility region was narrower.

•

EriQ7 has applied the subregular solution model to
his experimentc], data on the Pb-PbS system at 1200~C
and constructe..," a mCldel phase diagram for the high
temperature portion of the PbS liquids as shown in
Figure 3. Liquidus lines from MillerS and Komarek
and Hansen9 were included for comparison. This
recent work clearly excluded the possibility of
liquid immiscibility at nigh temperatures in the
Pb-PbS system.

o
The thermodynamic and phase equilibrium data of the
sub-system Fe-FeS of the Fe-S binary were evaluated
by Hillert and staffanson8, taking pyrrhotite tr) bo
a stoichiometric compound at equal atomic fr.actionof
the components Fe and S. Subsequently, th~ data for
the entire system were evaluated by Sharma and
Chang9 takin~J into consideration tl'.:: homogeneity
range of pyrrhotite.

6
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For the liquid phase, sharma and chang9 used an
associated solution modlelin order to account for the
rapid change of the component activities in the
~ricini ty of equal fil,tomic compositiOlo.~ Recently,
Fernandez Guilermant I Hillert r Jonson, a~lCt
sundman10 re-evaluated the Fe-S system using a. :.,......
sub-lattice modi:!].fo:r: the liquid and pyrrhotite
phases , Chuang, Hsieh, Austin Chang11 also
re-e'/aluated th(::" Fe...S system, as shown in Figu:re 4,

using the same model.s. as Sharma and chang9 for the
liCitLid and pyrrhotitEI phase. This is an improvement
of Jthe ear'.ier evaluation of Sharma and Chang.

Due
iron

to
and

the extremely small mutual SOltIDilities of
lead, the Fe-Pb phase diagram has l10t been

fully. Kubachewski12 estimated tbe
of lead in liquid iron between 1'5::'0and

determined
solubility
1700~Cas :

log (at.%Pb)~-13,4GO/T(K) + 6.1~ (1)

The solubility
8.10-4 at.% Fe

of
at

iron in
600"C to

liquid lead varies fl:om
about 0.2 at. % FEIat

•
1300°C. A monotectic reaction occurs at 1530°C, where
liquid of 0.05 at,,% Pb yj.elds bec iron(a) with 2.7 X
10-4 at. % Pb and a lead-ri(.:h liquid.

o

Tt,e . invariant reactiol'1Ls corresponding to the
polymorphic transformations in iron and final
solidification of lead are not known. Fe-Pb binary
phase diagram is shown irl F'igure 5~

(I

The information avail/able on Fe-Pb-S ternary E:;'Y13tem
comes ma.inly from the work of Brett4, who tstudied
the FeS-S-PbS region. On the basis of their
experiments on compositions that lie in the FI3S-S-PbEl

9



region of the ternary diagram, a liquidus surface was
drawn, as given in Figure 6. The primary regions of
crystallization are; Fe1_XS, Fes2, PbS and S. A
ternary monotectic reaction M2 occurs at 716cC. At
723°C, the ternary liquid oompos Ltii.oncrosses the
FeS2-PbS line and at 848°C, it crosses the
Fe1_X-PbS line. The peritectic univariant line that
starts at 743°C from P2 on the Fe-S side meets the
mcnoeect ic line m2 from the Fe-S side at 740°C to
undergo the U4 reaction (Figure 6).

The two liquidus lines
•go from U4

719 and 716°C

resulting from this
to meet the U5
respectively.

transition
and the 1-12reaction

point.sat

8(1) is a product of
Its solidification occurs
reaction E~ postulated

<It.

sulphur corner.

the monotectic reaction M2•
~hrough a ternary eutectic
at about 114°C; close to the

c

Not much is known about the liquidus surface for the
bottom half of the triangle, that is, in the
F~-FeS-PbS-Pb region. Brett4 indicated the
possibility of the occurence of another ternary
liquid in this region. Assuming this to be the case a
hypothetical sur-race for this region ~,as included in
Figu:r:e 6. The reigions of primary crystallizations are
a, 'Y I Fe1_XS, PbS and Pb. Two transitions U1 and
U2 occur before (i.e. at higher tnmperature) the
ternary l!.quid reaches a ternary ruonotecticreaction
plane (MI), assumed to be at about 800°C.

Bre·tt4 gave five isothermal sections at 730, 720,
716, 730 and 850°C in their earlier workl3• Figure
7 and 8 give the isothermal sections at 850 and 730°C
af~tersli9ht modifications to match the binary data.

10
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o

Figure 7. Fe-Pb-S isothermal section at 850·C in atomic
percent. After Brett4.
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(1
Figure 8. Fe-Pb-S isothermal section at 730dC in atomic
percent. ~fter Brett4.
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2.2 THERMODYNAMICS

The available information relevant to the present study
is summarized in the following sUbsections.

2.2.1 THE SYSTEM FeS-PbS

Lead sulphide is highly volatile and this high
volatility is maintained over a broad range of
sulphur pressures. This behaviour represents a
challenge to the engineer searching for an effective
means of separating lead from raw materials.

Eric; and . . 18Tl.m1.lc;an have used the fol1owi.ngvapor
pressure equations for pure PbS:

log PpbS (atlll)= -11 694/T + 7.497 (2)

log PpbS(atm) = -9114/T + 5.636 (3)

Equation 2 and 3 are reported18 to be valid in the
temperature ranges T<1113- and T>1113°C respectively.

Equation
of Colin
similar
express

2 was det'ivedl4 from the vaporization data
and orowart23• Numerous linear equations,

to equation 3, ar~ availableI4,37,38 to
the vapor pressures of pure liquid PbS; the

o
constants of various equations, and hence the values
of PpbS' are affected by the heat of fusion value,
6Hf, selected for PbS. Equation 3 is obtained18

by combining Equation 2 with the value 49 400 J/mole
measured by Shamsuddin16 for ~Hf of PbS.
Schuhmann 14 assigned a value of 46 423 J/mole to
.uHf so that the resulting vapor pressure equatio:i1
could be used to describe the behaviour of

(
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Pb-PbS solutions0 The PPbS
their equation were within
Equation 3.

values calculated from
2 pet of those given by

Colin and Drowart23 studied the vaporization
chemistry of PbS by mass spectrometricmeasurements
and determined the composition of the lead sulphide
vapor phase as a function of temperature in the
interval 979 to 1182 K. Their results reveal that the
vapor phase consists of species PbS, Pb2S2, Pb
and S2 where PbS is by far the predominant
component. From an extrapolation of the data23 '1':0
1200·C, it can be estimated that the concentration of
Ph and Pb2S2 will be less than 1 pet eac';.and
that of S2 will be negligibJ.y small in the gas
phase.

The change in standard free energy attending the
fusion of PbS according to the reaction:

PbS (s) = PbS(1 ) ( 4 )

has been estimated14 as

AG~ = 46423-33.45T J/mole (5)

of fusion (46423 J/mole) in this
equation was made higher than the value recommended
by Elliott and Gleiser15 (36418 J/mole) in order to

The enthalpy

(I keep the regul.arsolution model for Pb-PbS solntions
valid over th4i!entire composition range as was
already discuslsed above.. This arbitrary vellue
compares fairly well with the direct measurement of
ShamsUddinj'·6, who reported a value of 49400 ± 2100

J/mole for the enthalpy of fusion of PbS obtained by
DTA calorimetry. The standard free

<>
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energy of fusion calculated by using
errcha Ipy is

this new

~GO = 49400 - 35,64 T J/mole (6)

This equation was used in the calculations necessary
for this study.

In equation (6) the melting point of PbS was taken as
1113°C, and variation of PbS activity with
temperature can be expressed as~

(7)

There are several expressions on the sta~dard free
energy of formation of pure solid and liquid PbS. For
the equilibrium:

Pb(l) + \S2(g) ~ PbS(s) (8)

14schuhnanr- modified the change in standard free
energy as~

AGO ~ -159905 + 84.35T J/mole (9)

By addiIlg equilibrium (8) to equilibrium (4) and
equation Co} to equation (9), the stahdard free
energy of formation of liquid PbS can be obtained as:

o Pb(l) + \S2(g) ~ PbS(l) (10)

and

AGe ~ -110505 + 48.71T J'/Jttole (11)

Throughout this investigation equation (11) was
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employed to calculate tho standard free energy of
formation of liq~id PbS.

The following vapor-pressure equation for Ph within
the t.emperature interval of 1100 K r~~ 1500 K .ras
d,erived from the vaporization data for lead compiled

35by 1<'e1log •

log apb(atm) ::-9558/T + 4.7475 (12)

The Gjbbs free energy difference for the reaotion

was calculated at 1473 K as ~Go=33065.77 J/mole from
JANAI~ data41 .•

The change in the standard free energy of formation
of li.quid FeS for the reaction

(14)

was report/ad by Hiller1.;and staffanssons36 as

• AGO = -148 841.6 + 50.8 T (J/mole) (15)

For melting of Fes1?

FeS(s) = FeS(l) (16)
o

aGe> = 32310.7 + 22.01 T (J/mole) (17)

("

frfJm which the follo'totingactivity equation for FeS
can be obtained:

InaFes= -3886.1/T + 2.647 (18)
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EriQ18
liquid

calculated activities of
s01utions at 12009C

PbS
by

in FeS - PbS
using their

experimental date, and found an ideal behaviour.
However, a previous study ~ NestEJ..c,ov19observed a
negative depar.tures from ideality on their
measurements of PbS activities of XPbS S 0.35 in the
range of 1000 - 1250q~. The PbS activities determined
by both of the investigators are substantially
different as shown in Figure 9. Nesterov et.al19
have derived a vapor pressure equdtion for PbS from
transport. measurements i11" the range.8500 to 11000 C
and extrapolated this up to 1250°C without
considering the change of s~ate in PbS and estimated
a negative bella·:.riour.On th,,' ~'~herhand, the ideal
bahaviour obtained by EriQ18 "i'''':~lld be affected by
the higher measured dew point temperatures of PbS. In
fact, the author reported18 the need to again
investigate the phase relations ~.n this system
because of the anomaly observed in Ph~ activities
obtained from the PbS branch of liquidus.

i

~
I

o

(
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Figure 9. Activity composition relations in FeS-PbS melts
at 1200°C. After EriQ18 and Nesterov et a.l19•
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2.2.1 THE SYSTEM Fe-Pb-S

There are no experimentally measured or indirectly
calculated activities of components within the
ternary fiE~ld or miscibility gap of the Fe-Pb-S
system. Irl the Fe-Pb-S system, thermodynamic
properties in the bounding binaries Fe-FeS and Pb-PbS
are quite well known.

'l'heFe-S binary is characteri:t>~dby a congruent
melting phase v pyrrhotite, at about 50 atomic percent
S, and eut(~ctic between Fe and pyrrhotite and a
monotectic between pyrrhotite and 511,2°. The
liquidus in equilibrium with Fe at about 20 atomic
percent S i.s rather flat, suggesting a tendency
toward immis,ci.bilityin the liquid. pyrrhotite has
ordered NiA,s structure (B8l ) and exists over a
rather large range of homogeneity. The general
features of the phase relationships in the Fe-S
binary sugge:sts a stable liquid solution around 50
atomj,~~
either
activity

percent S and relatively weak solutions cn
side of the aqua-atomic composition. The
datzlof sulfur in the liquid phase increases

monotonously from pure Fe to about 50 atomic percent
S and then increases rapidly with composition,
similar to that of component in a highly stable solid
phase11,21,22.

22

o chUang11 esti:lIlatedsulfur activities fJ:'ompure iron
to Xs = 0,,5. Their cal.culations and the results
obtained by other researchers are shown in Figure 1Q.

In literature thermodynamic activities of components
of Pb-PbS systElmare available from the experime;t\tal



study of Eric; and TimuQin 7
• 'l'heyhave measured PbS

activities in the Pb-PbS system by using isopiestic
techniqu'e at 1200"C. This technique involved the
equilibration of Pb-PbS samples with CU2S-P:bS
sampleA of known activity through the vapor phase in
sealed silica capsules. Activity composition
diagram7 in Pb-PbS melts at 1473 K is shown in
Figure 11. Activities of both components show
positive departures from the ideal in accord with the
experimentally determinev phase diagram. EriQ7 has
calculated the act,ivities of PbS and Pb by employing
t.he subregular solution model and also derived an
analytical expression de~cribing the position of the
PbS liquidus~ The model liquidus and activities were
in excellent agreement with the actual direct
experimental results. Tre activities reported by
Yazawa et a137 are cQnsiderably highe~ than the
values estimated by EriQ7. yazawa3? mea~~red PbS
vapor pressure over Pb-PbS solutions by the
transpiration-carrier gas method. In such systelllS,
both Pb and PbS are vaporized from Pb-PbS melts, and
they apparently measured the sum of Ppb and PpbS'
rather than only PpbS' 'Whichwould explain the high
activities derived.,
There is no measured activity data for the system
Fe-Pb in literature, but since the coapcnerrcs are
virtually immiscible in each other, their activities
will always be around 1.0.

\_.) 23
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3. EXPERIMENTAL METHODS AND PROCEDURE

3.1 GENERAL REMARKS ON EXPERIMENTAL PROCEDURE

Phase equilibrium studies in the systems FeS-PbS and
Fe-Pb-S were performed by using the quenching method. For
this purpose, samples belonging to these systems were
placed in evacuated silica capsules and heat~d in a
vertical tube furnace at selected temperatures until
equilibrium phases had developed. The capsules were
subsequently quenched into water, and the phases were
examined metallographically. Portions of quenched samples
were! analyzed chemically and by Energy Dispersive
Analyses of X-Ray (EDAX) in order to ascertain the
compositions of phases. The data obtained were used to
delineate the liquidus lines in the FeS-PbS system, and
the distribution of conjugation lines between co-existing
liquids in the Fe-Pb-S system.

For activity measurements, the dew-point method was used.
other methods, like gas equilibration and emf
measurements which operates, well in open systems were
inapplicable in the present study owing to the
condensation of PbS vapors in cooler parts of the furnace
tube.

()

In the course of activity measuremen~s, activities of PbS
in FeS-PbS binary systems were determinlad by the
dew·'point method at 1100 and 1200°C, as well as those of
Pb, along the ternary miscibility gap of the Fe-Pb-S
syst.em~

2E;

3.2 STARTINGMATERIALS

The primary starting materials were pure Fe, Pb, S. The



source of iron was fine electrolytic powder of 99.9 %
purity from South African Chemicals. Sulphur, from the
same source, also had 99.9% purity_ Analytical reagent
grade granular lead was melted and solidified in small
alumina cr.ucibles under a flow of hydrogen gas at 500°C
in a horizontal tube furnace prior to use.

Lead sulphide wa~; prepared by reacting a stoichiomE~tric
mixture of lead and sulphur step wise at tempera1:ures
6000 C to 12000 C. Lead chips and sulphur pellets, fOl:~ming
a total mass of about, 30 grams, were placed in a silica
tube. The tube was evacuated to approximately 5 x 10-5
torr with the help of a rotary-diffusion pump unit,
sealed by hydrogen tor(::hand then heated at GOOGC for a
week. Thereafter the tE~mperatur.e was increased 'lP to
12000 C by 2000 C increment:s per.day. The heating at 12100a C
was for 2 hours. Lead and l~ulphur became molten in the
first stage low tempera.ture processing, forming s()lid
PbS. At the last stage heating, PbS was melted for
homogenizing the entire product. The PbS so formed and
homoqend aed
the !;ilica
verif~7that

was cooled to room t~'mperature, removed from
trube , and al:'lalyzedby X ray diffraction to

the final product was completely PbS.

, Iron sulphide was synthE~sized frol\\:l<"0 elements by '!:he
same procedure described fc)rthe produ(~.;:tonof PbS.

3•3 FURNACES AND 'l'EMPERA'1't.1RECONTROL
o

Three different furllaces were employed in this
investigation. Muffle furnace heated by si~icon carbide
elements was used during the syntheses of starting
sulphides.. Thj,s furnace could operate at temperatures in
excess of 1200°C; temperatures inside the muffle were
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maintained within
Eurotherm on/off
Platinum/Platinum-13%

±10°C of their set values by
controller activated through
Rhodium thermocouple.

an
a

The second
which could

furnace was a vertical alumina tube furnace
reach 1250°C by a wound kanthal wire heating

element. This arrangement provided a 5 cm. long uniform
hot zone over which the temperatures could be maintained
constant within floC by means of thyristor coupled
Eurotherm controller activated through a Platinum /
Platinum-13% Rhodium thermocouple. This vertical type
tube furnace was used for the phas~ equilibrium studies
in the FaS-PbS and Fe-Pb-S systems.

The last of the heating units which proved to be the
major tool of experimentation for activity determinations
was the Dew-Point furnace (DPF). Since such furnaces have
to be bllilt according to specific needs for re:search,
they are not manufactured commercially.

(I

A vertical section through the midplane of the DPF used
in this study is shown in Figure 1~. The main mullite
furnace tube, 46 cm long, 26 romin diameter carried fout'
diffe:r:ent heating coils wound from 0.71 mm kanthal wire.
The first three coils at the bottom were connected by the
electrical circuit shown in Figure 13. The :r:esistorsin
series with the second and third coils were adjustable so

the input power could be tiistribu'cedbetween the
coils to obtain any desired temperature prOfile
the furnace tube. A typical temperature-distance
is shown in Figure 14. The control of temperature
these bottom coils was accomplished by a Eurotherm

temperature controller coupled to a tyristor unit. The
fourth and topmost coil was powered and controlled
separately from the others with the aid of its own

that
three

(J along
curve
along
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Eurotherm temperature controller. Both temperature
controllers were activated by PtjPt-13% Rh thermocouples.
This arrangement permitted the manipulation of
temperatures at the tip of the silica sample tube to
within ±~oC of the set temperature values.

A 33 cm
inserted

long
into

and
the

16 mm in diameter quartz tube was
DPF tube to help minimize the

temperature gradients. Between the third and fourth coils
two 7 mm diameter alumina tubes were inserted in
transverse positions into the furnace
purpose of viewing the tip of the sample
these alumina tubes were 10 cm in length.

tube for the
tube. Each of

An alumina plug
tube positioning
tube. A PtjPt-13%

with a vertical alumina tube for sample
was used to co.verthe top of the DPF

Rh thermocouple was suspended through
the alumina tube of the plug to measure the tempel:'ature
at the tip of the sample tube. The temperature at the
bottom of the liquid sample was measured by means of a
second PtjPt-13% Rh thermocouple led through the hole of
the cemented alumina pedestal which was supported by a 13
~mn. diameter quartz tube.

I

o

(
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3.4 ~RINCIPLES OF DEW-POINT TECHNIQUE

The Dew-Point technique of act.Lvt ty measuremerrcs tak.es
advancaqe of the volatili ty of a component; in the
solution under C011.sideration. In th:'s method the pressure
of the volatile componentover sample is dlatermined from
observations of the temperature at which condensat.Lon of
th~ vapour occurs. This method is said ';;.0 be most
muitwI:l,s when the vapour pressure of the components (in a
bd.nar system for example) would differ by at least three
tt' L~woorders of magnitl.lde7 u

•

For dew-point measurements, the sample being studied is
placed in an evacuated and enclosed tran:sparent silica
tube. The tube is heated in OPF tinder a temperature
gradient maintained between the bottom and ~he top of the
tube at temperature T. The tube and its contents are
heElted for a sUfficient period for a gaSf' ?US phase in
eqttilibrium with the condensed phase at 'I' to develope.
ThEI top of the -cube is then cooled until condensation
from the gas phase is observed. The temperature '11e at
which the ccndense+Ion occurs is callE~dthe dew-point of
the volatile speci.es. The vapour pr~ssure of the
condensing species above its pure refel:'ence condensed
state at Tc is idEmtical with the partial p.cessure 0.0

the condensing apecd.es ar'?ve the condensed phase at T.

Temperatures at both ends of the silica tube are measllred
by thermocouples, and by repeated heating and co~ling the
dew-point temperature To can be determined accurately
by observing the condensing particles through vie\'ling
holes to within itOC.

(I Once the dew-point tempero;~.ureTo is established, the

33



activity of the volatile component; at T can be calculated
from the follm<1ing equaticln:

a.~ p., ('1' )/Pp. (T)~ c 1.
(1'9 )

Where Pi (r.rc) i8 the vapour pressure of component i at
Tol and pOi(T) is the vapour pressure of i at To Both
Pi(Tc) and pOi (II') can be obtained frOll the vapour
pressure e,:!uations of i a\'ailable in literature. This
method is quite efficient in that numerous activities of
i can be deter,nil1ed in a single saThple at vaz-Loue
",emperatm.'C'sT by measuring the corresponding dew-point
temperatures Tc'

:;;•5 PREPARATIO~J OF DEW-POINT PROBES

Enclosed and evacuated transparent silica tubes
containing the samples were used for dew-point
measurements. In order to aviod the oxidation of metallic
lead and other sulphide components the samples were argon
flushed and evacuaced in ttl€"following manner:

(

One end of a long transparent silica tube 10 romin
diame,ter was sealed with II hydrogen torch. A sample of
desi:csd composition, weighing about 5 grams was placed in
the tube. The tube was narrowed with the torch at a
distance of 15 em from the closed end to form a nipple
and neck. This distance was dicteted by the temperature
profile of the OPF. The silica tube was then connected to
the Edwards ElMS combined outfit VGcuum system and

-?evacuat~d to approximately 5 x 10 ~ torr by means of
the rotary pump. Commercially pure argon gas wa~ allowed
to flush the tube by maans of ~ three-way stopcock
connected to the vacuum system~ This procedure of

•
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evacuation followed by flushing was repeated twice for
each sample. The gas train was then clos,ed and the tube
was evacuated to approximately ~ x 10-,5 torr by using
the diffusion pump. Finally, the tube was sealed at the
neck under vacuum so that it was ready for use in the
OPF.

3 ~s MEASUREMENT 0);0" DEW-POINT TEMPERATURE

The dew-point probes were gradually inse:!'t;edinto the DPF
from the bottom slowly and was held in position on a
cemented alumina pedestal supported by quartz tube. This
pedestal
of the
pedectal

served as a radiation shield. Through the inside
quartz tube and a small hole in the centre of
a Pt/Pt-13 % Rh thermocouple was inserted to

measure the sample temperatures. The dew-point probe was
centered by an alumina tube suspended from an alumina
plug situated at the top of the OFF tube, so that the tip
of the probe was clearly visible through the viewing
hole. A second Pt/Pt-13 % Rh thermocouple was suspended
through this alumina tube for the measurement of
dew-poirt temperatures at the tip of the probe •

•

()

At the beginning of each experiment, both ends of the OPF
was kept at the same temperature (1200°C) for
approximately 16 hours (overnight) to ensure t:l1at
equilibrium between the vapour and condensed phases has
been reached7• Thereafter, by means of temperature
control devices of the fourth coil, the tip of the probe
was cooled gradually until small condensing part5.cles
were obse~led through a telescope directed at the tip of
the probe fro311 the alumina viewing t,ubes.

I

f.

t
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The condensate was r1a-evaporateti and r."e-condensed,several
times while corrcd.nuousLy decreasing the temperature
interval of the super heating and cooling. Tll~s procedure
allowed the determi:rlation Qf the det,l~·pointtemperatures
of Pb and PbS, within ±4°C.

Upon completion of Cit de'v!Kpointexperiment the probe was
removed from the furnace In all of the experiments, no
rE:!actiol'l was observed between the liquid sample and the
silica container.. Furthermore, the tubes remained intact
throughout each experimental run.

The dew-point procedure was applied to determine the Pb::)
activities in FeS-PbS binary and plJ activities in Fe-Pb-'S
ternary systelRs.

3.7 PlO¢El'UltE FOR QUENCIlING EXPERIMMT

The classical equilibration quenching technique 'was
used to establish the equilibrium relations betNaen
immiscible melt.s of the Fe-Pb-S system and the posdtLcn
of the liquid1lls in the FeS-PbS binary system, ~'rhich
resl1,lted in the construction of the FeS-PbS and Fe'''Ph-S
phase diagrams.

(

The distributicm of the tie-lines in the ternary
miscibility gap of: the system Fe-Pb-S was ascertained by
determining the c(.)mpositions of sulphide saturE.\ted and
sulphur saturated liquid phases which were in equilibrium
with each other at 1200"c. The sa:mples for tbis study
were prepared by mixing elements Fe, Pb and S in such a
m~nner that their gross composition would lie along the
midrange of the miscibility gap. These samIJ'les, each
weighing approxima'tely 5 grams, were placed in silica
tubes, each flushed with argon twice and evacuaced to 5 x

36
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10-5 torr. They were then sealed to a fi:n:t~.1' length of
40 rom. These tubes were placed in alumina crucibles and
suspended by a platinum wire into the vertical tube
furnace. They were then heated at 1200°C for a period
sufficient to affect the melting of t,~'lecharge, its
separation into two liquids, and the attaj.nment of
equilibrium between these liquids. The time taken to
reach equilibrium was established in initial experiments
by chemical analyses of stratified li:J'l'ddsat il'lt,ervals
of two hours for a total of eight nouxs . These analyses
revealed that five hours would be sufficiel'ltfor
equilibrium to be achieved. Actual runs, hO\lievc:r.',were
undertaken for at least six hours eacn for absolute
(.::ertainty.

During equ:i.llibration,the sulphide rich and metal rich
phases formed two liq~ids which were virtll:lllyimmis(~ible
in each other; the sulphide melt floa'Cp.don top ot~the
metal melt because of its lower density. This
stra'tification was preserved when the samples w'ere
quenched to room temperature by carefully dropping the
capsules into the water at the end of 'tht!!equilibrat~ion
run.

The quenche~ samples were removed from the capsules, the
immiscible phases were separated readily from each other,
and representative portions of these were analyzed
chemically for their Fe, Pb and S contents :i.norder to
determine the boundaries of immiscibility region.

o

c

The position of the liquidus and eutectic line in the
FeS··PbS binary within the temperature interval SOO-

1200°C were also determined by same technique as
summarized above. Equilibration time for FeS-PbS system
was determ~.ned to be about twelve hours and after
attainment

37
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of equilibrium the capsules were quenched to room
temperature by carefully dropping them into cooled water.
The samples were removed and representative portions were
analyzed chemically, metallographically and by Energy
Dispersive Analysis of X Rays (EDAX), where applicable.
The position of the liquidus boundaries and eutectic line
was established mainly by metallographic examination and
EDAX. For metallography and EDAX, the specimens were
mounted in liquid epoxy resin which permeated the pores
and cracks of the sample before hardening. This greatly
facilitated grinding and polishing.

Phase identifications were made with a reflected light
microscope. Samples quenched from above the liquidus line
showed no solid phases but only the quenched dendritic
liquid. On the other hand, samples quenched from below
the liquidus curve showed the two phase region.
Metallographic examination of such samples revealed the
existence of small globules of solid phase embedded in
matrix of dendritic quenched liquid.

The error estimation for EOAX analyses are as follows:
s: less than 0.07 wt %
Fe: less than 0.7 wt %

ill Pb: less thalfl0.3 wt %

3.8 CHEMICAL ANALYSES PROCEDURE

dew"'point experill'lents.

0 Chemical analyses fo~' iron, lead and sulphur were
perfo~'med at ~tintek to determine the compositions of the
samples ¢btained from quenching and occas Lonak ty trom

(
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For iron and lead determination; the sample was fused in
Na20 and leached in water, then acidified. An internal
standard (scandium) was added and then made to volume.
The weight percentages of the elements were then
determined using emission spectroscopy with an
inductively coupled pla.sma ccurce , The estimated error in
rr- !)C' L oi: lead and lr·on6~termination was less than 5%.

The dl,lount o~'" ,J.:ir W~~ established by using a LEC()

Sulphur dete:r.1!linato:t..This apparatus operates by burning
the sulphur while !)::issingoxygen over the sample so that
S02 is formed. This gas is collected and filtrated by
iodine and the sulphur content of thE!sample is directly
read from the instrument. The estimated error of sulphur
dete~mination was reported to be less than 1%.

•

For stoichiometric FeS-PbS solutions the analysis for the
elements namely Fe, Pb and S totalled 99.4 ± 0.8 %. These
were corrected slightly to make the total 100 % from
which compositions of stoichiometric species FeS and PbS
were calculated. It was observed that the calculated
composition$ for these species after experiments were
within 1 % of the starting compositi-:>ns.Furthermore, the
analysis for PbS corresponded to the stoichiometric
formula and that for FeS yielded FeS1•011 •

o
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4. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results of this study are presented in
two sections: (1) Results on phases present at the
equilibration temperatures in the system FeS-PbS, and
compositions of co-existing liquids ~t 1200"C in the
system Fe-Pb-S are given in the section of "Phase
Equilibria". (2) The results of measurements on dew-point
temperatures for F'eS-PbS s~tstemand activity calculations
of Fe-Pb-S systems are presented Doth in tabular and
graphical forms in the section "Thermodynamics".

4.1 PHASE EQUILIBRIA

4.1.1 PRESENTATION OF RESULTS IN FeS-PbS SYSTEM

The phases present in vari~us samples of the FeS-PbS
system at the equilibration temperatures as
identified by the 1'Iletllodsrliscussed earlier, are
listed in Tables 18.and lb..Thl.!~sedata were obtaine,d
mainly with the purpose of delineating the liquidus
lines, eutectic temperature, and solubility curves.

The results given in Tables la and 1b are summarized
in Figure 15 showing the position of the liquidus,
solid solubility curves and the eutectic line.

occasionally chemical analyses were perforr,ted on
equilibrated samples to check whether the overall
composition of the samples nave changed or not. The
chemical analyses confirmed that the samples have
kept their stoichiometric compositions wi.thi.n the
error limits of the ohemical analyses.
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It is well known that 'FE~S is a non""stoichimnetric
compound with the actual fornmla Fel_~'s or
Fes1+y• However, the hom,ogeneity r,~nge if; very
narrow and is a function of ~;ulphur par1:ial preasuee ,
In the present case pure i.ron sulphide prepared by
the method described earlier when analyzed for its
iron and sul~hur contents (63.28% Fe and 36.,72% S)
yielded the ch~mical formula F';~Sl.01•

Table 1a; Experimental data oft Quenching Exp,;r,t'iments
on FeS-PbS Binary system•

o

..--- -
Sample composition Equilibri urn Phase

(Mole Fraction) Temperatul:es :tdem:ified
--...; ....

XpbS XFe5 '1' ·c
0.07 0.':i3 1125 solid+liquid
0.15 0.85 1125 liquid
0.17 0.83 1050 soli.d+ liquid
0.25 0.75 1050 liquid
0.27 0.72 975 solid+liquid
0.3.5 0.65 975 liquid
0.36 0.64 885 so1id+liquid
0.46 0.54 885 J.iquid
0.57 0.43 aos solid+1iquid
0.62

I
0.38 975 liquid

0.72 0.28 975 solid+liquid
0.79 0.21 1050 liqu.id
0.88 0.12 1050 solid+liquid
0.26 0.74 845 solid+J.iquid
0.26 0.74 83$ solid.l+.:olid2

(i
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Table 1b; SEM EDAX Results of QUEmching Experiments
on the two..·solid region of the FeS-PbS Binary system

lSample composition
SEM EDAX results

Equilibrium of identified
(Mole Fraction) Temperature solid phases- -xpbS XFd T ·c XPll~ xFes--0.07 0.93 1125 3xlO~4k 0.9997*
0.27 0.73 1050 9'xlO~4 '" 0.9991*
0.36 0.64 885 1.. 4xl0~3* 0.9986*
0.26 0.74 795 2.:dO~4* 0.9998*
0.72 0.28 lG.30 0.9992** 8:11:1O~4**
0.57 0.43 975 0.9996** 4J1:10~4**
0.26 0.74 795 10.99997** 3J1:10~5**

'I< FeS rl.cr.~ SOJ.utJ.on --
** Pb::' rich solu'Cion

Therefore ill all the presentations and calculations,
iron sulphide was assumed to be stoichiometric FeS.

o

SEM-EDAX analyses of so],idphases in the equilibrated
samples, data of whicb is collected in Table 1b, have
permitted the construction of solid solubility at
both ends of the diagram. In reality the solid phases
were micro-analyzed by SEM-EDAX for their lead, iron
and sulphur contents. In general, the analyses for
the chemical constituents totalled 99.4 ± 0.8%. These
~ere nOr"'.dl.alizedto 100% and converted to
s,toichiomet;ricmole fractions of PbS and FeS. In
these calculations an excess or deficiency of sulphur
was not encountered within the error limits of
micI·oanalyses. This is a further proo,f of the
soundness of the experimental results.

(;
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DISCUSSION OF RESULTS IN FeS-PbS SYSTEM

The phase diagram of FeS-PbS binary system was
constructed both by experiments and mathematical
modelling of the activity data, to be presented
later. Eutectic temperature of FeS-PbS system was
found as 842°C and eutectic composition was obtained
at XpbS = 0.46 by extrapolation of two liquid
boundary curves, obtained from mathematical modelling
of the liquidus curves. The experimental points lie
at both sides of the calculated liquidus lines,
confirming the soundness of the solution model. The
melting points of both components were obtained from
literature16.17•

The solid solubility of each component in ea.chother,
as can be seen from Table la is very small and for
practical purposes negligihle.

The general shape of the phase diagram constructed in
this investigation is slightly different when
compared with the published diagram of Kerby3 and
Brett4., Kerby's eutectic line is slightly lower
than the pres~mt study, indicating a eutectic
tempe'rat~ure of 8350 C at XpbS = 0.48. However,
Brett4 found a eutectic: temperature Te=848 0 C which
is high~~rthan the present study.

(1

(,
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Figure 15. FeS-PbS phase diagram of the present study.
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PRESENTATION OF RESULTS I~ Fe-Ph-S SYSTEM

In the Fe-Pb-S ternary system, the region of greatest
metallurgical interest is that bounded by the
compositions Fe-~eS-PbS-Pb. Within this field a
ternary liquid immiscibility gap exists at 12QO"C.
Tie-lines Jo~n1nq the equilibrium compositions of
co-existing sUlphur rich and metal rich liquid phases
were de.termined at 1200·C by the method ~escribed in
section (3.7) and the boundarLes of liquid
immiscibili ty lr1ereredrawn based on the compositions
of the end points of the tie-lines. C~mpos:tions of
the regicn Fe,,( +Ll in Fe-FeS side and Fey+Pb(l) in
Fe'''Pb side were taken from both binary diagrams
available in literature11,12. The relevant data are
given in Table 2 and Figure 16 is a graphical summary
of the results.

In F'igure the full circles represent the
the tie-lines. The heavy lines

boundaries of the miscibility gap
the tie-line data. The heavy straight

16
end-points
represent

of
the

derived from
line joining
stoichiometric
hypothetir.!ale

the co~positions FeS and PbS represents
FeS-PbS liquid solutions and is

c

\._)
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Table 2; Experimental data on Tie-lines of the
Fe-Pb-S system at 1200°C

I ~
Compositions (mole fraction)

Along metal rich Along sull2"'urr~l.~h
Tie Line boundary boundary
NUinber

XFe :X:pb Xs XF. XPh Xs.
1 0.002 0.993 0.005 0.585 0.015 0.400
2 0.013 0.970 0.017 0.550 0.038 0.4:12
3 0.014 0.961 0.1)25 0.510 0.°"0 I

0.430
4 0.014 0.945 0.041 0.1170 0.090 0.440
5 0.014 0.930 0.056 0.430 I 0.101 0.469
6 0.016 0.912 0.,072 0.390 0.J.40 0.470
7 0,018 0.908 0.073 0.352 0.168 0.480
8 0.023 0.865 0.112 0.305 0.210 0.485
9 0.021 0.844 0.135 0.256 0.255 0.490
10 0.023 0.82 0.157 0.199 0.30E 0." )3
11 0.033 0.73 0.237 ~.125 O.3!10 0.485
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DlSOUSSIONS OF RESULTS IN Fe-~b-$ SYSTEM
I)

In literature there is no comparable ternary
isothermal section of the Fe-Pb-S diagram at 1200·C.
Therefor.a, this is the first study revealing ~Llse
relations in this system at 120UoC. However, the
liquidus projection of Fo-Pb~S system available in
literature, although based on extrapolations rather
than experimental findings, predicts a small ternary
immiscibility region which is in accord with the
present findings. This region as shown in Figure 7
was the starting point for this in7estigation durin~
quenching experiments in Fe-Pb-S system.

•

The distribution of tie-lines at 1200"C in the
ternary immi.scibility gap, illustrated in Figure 16,
oover the whole composition range between the
straight linef separating the two liquid region from
the th~ee phaGe r~gion, ~rawn from the Fe-FeS side
(Xpe=0.62) to Pb corner, and upper boundary towards
PbS co~ner. This line Was drawn by the use of
information available in literature11• A sample
whose composition was just below and at about
midpoint of the straight line joi~ing XFe=0¥62 to
Pb corner, after equilibl'ation and examirlation
following quenching, revealed the three phases
(primary solid Fe-l and two liquids) confirming the
eKtent of inuniscibility. The direction of tie-lines

o
are closell.'related tl'
analyses. Especially at
of the lllbicil'oilitygap,

the soundness of ohemical
sulphide saturation regions

small errors in the analyses

t

(

may result in different ol-ientatiol1Sof tie-lines. In
order to minimize the errors, chemic"l arialyses has
been don~ twice for eaoh sample and an average
compositi.on value has been taken to position the end
points of each tie-line. In subsequent thermodynamic
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calculations, the end points of tie-lines were
directly read from the boundary curves.

4.2 THERMODYNAMICS

The activity measurements in FeS-PbS melts were carried
out by the dew-point technique at 1100 and 1200"C. The
activities of Pb at 1200~C were also measured by the dew'
point technique in samples selected from the lead-rich
ends of the previously determined tie lines. The
activities of iron, sulphur, as well as lead itself were
calculated employing the tie-line data and binary
thermodynamic infonnation.

= (20)

PRESENTATION OF RESULTS IN FaS-PbS SYSTEM

PbS activities of the binary F~S-PbS liquid samples
at 1;H'O0 c1 11000 C were determined by the dew-point
techrlique described earlier in sections (3.4v 3.6).
Equations 2 and 3, giving the vapour pressure of
solid and liquid PbS respectively as a function of
temperature was employed to convert the measured
dew-point temperature into activity values. The
dew-point temperatures of s~:i.ectedFeS-PbS samples
were inserted into equation 2 or 3 and thus the ratio
of calculated partial pressure of PbS (PPbS) to the
vapour pressure of pure liquid PbS (pOPbS) gave the
required activities with pu~e liquid PbS es the
standard state from the follow:!.ng:

(
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upon completion
was quenched in

of a
aix'

dew-point run the silica tube
and the sample was removed for

phase identification and occasional ohemical
analyses. Microscopic examination of samples revealed
the existence of onE~ phase only in all the samples
studied at each temperature This is in accord with
the redrawn FeB-PbS phase diagram. The occasional
chemical analyses for iron, lead and sulphur content
of the samples revealed that there was no change in
the composition of the samples within analytical
error limits. The It'elevant data covering the
compositions, dew point temp&ratures with their error
ranges and activities are collected in Table 3 and
Figure 17, all of which also include calculated PbS
and FeS activities through Krupkowski formalism.

= (21)

To calculate activity of a species in a solution a
function may be used. The a fun~tion for a species is
defined as follows;

where "f i is the activity coefficient (ai= 'tiXi)
and Xi is the mole !~action of species Pi". Since
the a function for PbS deri.ved from the experi,mental

(4

activity data did not show linear behaviour with
composition, the regular solution models could not

be applied fClr thi;& syst~\m. After trying other
solution models, it has been found that Krupkowksi
formalism could well describe the FeS-PbS system,
which showed negative deviatior,\from Raoul tis :tJaw.

KrupkowSki33 has employc~]
for binary' solutions:

(J

(22)

so

l,j
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(23)

Equation 23 is derived from the Gibbs-Duhem equation
(x1dln y 1+X2dln Y 2=0) assuming that equation 22
applies for component; 1. The function WeT) and
parameter m muat; be determined from experimental
data. As indicated by equation 22, the exponent m can
be obtained from the slope 0:';' a plot of In(ln'Y1) vs
In(l-X1) ; the intercept yiel{!s In 'Vl(T) I or once m
is fixed WeT) can be calculated from equation 22.

Over a limited temperature range, m is usually but
not necessarily independent of tamperature. Such a
procedure generally applies for systems with positive
deviations from Rao~lt's Law and then the parameter
m, which is called the assymmetry coefficient, takes
the values 1<m<2. The closer m is to unity, the
greater the assymetry of the thermodynamic functions.

Moser34 has shown that the val.uesof m>2 appear :i.n
systems with nega~:ive deviations from ideal' :y and in
the case of such systems W(T)<O. The function WeT) is
temperature dependent and for many systems takes the
form A/T - B•

•
with the application of the formalism to the
experimentally det.:armined PbS activit.i.esin FeS"'PbS
binary system, thE~ inter-cept ; WeT) and slope ; :m
values wer& calculated from the plot of In(-lnYpbS)
vs ID(l-XPbS' as : WeT) = -1.034, m = 2.4 at 1200·C

and ti('l') :::::-1.4\')2,in = 2.031 at 1.100·C after relevant
:!:'egressil:''.Inanaryses with a correlation factor of

( c ..~
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rherefore, In Y PbS and InapbS at 12000 C can be

expressed as:

(24)

(25)

The corresponding In Y FeS and InaFeS could then
easily be obtained:
Iny 'es--1. 034 [ (X,eS) 2'''-1.71 (X,es) 1.4+0.714] (26)

By using 'I!he same pr-ocedure InapbS and lnapes at
l.100°C can be expressed as:

last two ccLumns of Table 3 also contain
activity values from equations 25; 27, ~8

at 1200°C and 1100°C respectively for
calculated
and 29

experimentally measured values. In
full lines represent the activities

(I

compar Lscn with
figure 17, the
calculated by model equations.

By
of
to

applying the eqllaticm 7 I which gives the
PbS in equil.ibrium with solid PbS, it was

derive the liqu.idus temperature

activity
possible
of PbS

(; analytically.
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Table 3a; Data on Dew-Point temperatures and results
of activity calculations in FeS-PbS system at 1200·C.

~- nt~l'''~'_''''~

Sample, Measured-· Experimental A<ltivities
composition Dew-Point Activities e.~..t.culatedby

(Mole Fraction) Temperatures of PbS Model
-=::0'-. ..

XPbS XFes T ·C al'loS aptos GF.S

0.1 0.9 ! 7.1 ± 3.0 0.042 0.045 0.889
0.2 O.S 1030.2 ± 3.0 0.118 o .l!'!!l 0.763
0.3 0.7 1065.0 ± 3.0 0.204 0.193 0.632
0.4 0.6 1090.0 ± 3.0 0.293 0.295 0.504
0.5 0.5 1110.1 ± 4.0 O.~96 0.411 0.384
0.6 0.4 1142.0 ± 3.0 0.532 0.535 0.279
0.7 0.3 1159.9 ± 3.0 0.669 0.661 0.188
0.8 0.2 1174.5 ± 3.0 0.780 0.783 0.113
0.9 0.1 1189.1 ± 3,0 0.897 0.896 0.051

Table 3b; Data on Dew-point temperatures and results
of activity calculations in FeS-PbS system at 1100·C.

Sample Measured Dew- Experimental Activities
compoaLt Lon Point Activities Calculated by
Melle Fraction Temperatures of PbS Model

X'bS Xru T ·C ans a'bS a"I>.'---0.1' 0.9' - - - -
0.2 O.S 944.0 ± 3.0 0.081 0.082 0.756
0.3 0.7 973.2 :!: 3.0 0.135 0.152 0.616
0.4 0.6 1009.2 :!: 3.0 0.249 0.243 0.479
0.5 0.5 1032.0 t 4.0 0.358 0.355 0.352
0.6 0.4 1054.1 ± 3.0 0.486 0.482 0.242
0,'7 0.3 1067.4 ± 3.0 0.622 0.620 0.152
0.8 0.2 1081. 5 ± 2.5 0.766 1).770 0.082
0.9 0.1 1091. 6 :!: 3.0 0.886 O.BSS 0.033

l.- I~.... ).' l·. "·'IW·of.' J.\tv. ~~b

* solid + liquid phase region
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combining equation 7 with equation 25 and solving for
temperature T, the position of the PbS liquidus
was obtai.ned. This is possible only when it is

no solid solubility exists. Since the
found solid solubilities at both ends

assumed that
experimentally
of the diagram were very small, they were neglected
in liquidus temperature calculations.

In a similar
equation 27

combining 18 with
the

with,

equationbyway
solving for

FeS liquidus
and Temperatt'!re T,

was obtainedposition of· the
again, no solid solubility a~sumption.

The solid lines in ~'igure15 represent the calculated
liquidus curves ~s explained abOve. The intersection
of two liquidus curves, that for FeS and PbS, yield.ed
the eutectic temperature of 842·C and its composition
at XpbS=O.46.

Henrian activity coefficient for both PbS and FeS can
be calculated from equations 24 and 26 at 1200·C when
the appropriate mole fractions tend to zero as
l'PbS=O.356 and Y·~es=O.478.

I (i
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Figure 17. FeS-PbS Activity curves of present study
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4.2.2 D!SCUS~ION OF RESULTS IN FeS-PbS SYSTEM

Activities of both components of the FeS-PbS system
show moderate negative departures from ideality in
accord with an experimentally d~termined phase
diagram, as shown in Figure 17.

Nesterov19 measured the vapor pressures of PbS by
the <transpiration method ovez FeS-PbS mel tl:> in the
range 1000 - 1250°C: the PbS activities were.observed
to exhibit negative beh~viour from id~ality, as
reproduced in Figure 9. These data.,howevet',cover-ed
only a lim!ted compC';r:.ition range, XpbS '$0..3~ f and
hence were insufficient to derive information on the
activities of
calculation of
the dew-point
ideal behavicur

FeS. On
Eric;:18

the other hand, the activity
based on the data obtained by

technique in th~ same system showed
for bo'th Pb$ and FeS activities.

Howeverr they reported the necessity of a
reinvest,igation of phase relat.ions in the system
because of the anomaly observed in PbS activities
obtained from the PbS branch of liquiduS.

An analysis of th~ errors involved in using the
of activity determinat.ioil'lhas been
and Birchenall and Cheng25• The

dew-point
made by

method
EriQ24

o

largest source of error is an incorrect measurement
of the dew-point temperature. This reproducibility of
the dew-point temperatures in the FeS-PbS system
changed from 1 to 4QC at 1200°Cc Hence, starting from
the highest value, the maximum error in a measurea
PbS activity can be estimated as follows: The

coefficient of PbS vapour pressure for
1200°C from aquation 3 is dP/dT = 2.72

Therefore a maximum error of 4°C in

temperature
pure PbS at
10-3 atm/K.
dew-point temperature corresponds to an error of

\J
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£\pOPbS -- 1.1 x 10-2 atm in measuring the value
pO Pbs = ()•281 atm f()rpure PbS. For tilisparticular
sample wi1:.h maximum error, the activity is 0.396 and
the equilibrium vapour pressure is PpbS = '.>.111
atm. The "error in this PpbS results in ~PPbS:;:
4.8 x 10-3 atm. The absolute error in the:activity is
related to the relative erro:r:sin pressures by the
following equation24:

(30)

By inserting
calculated above
percentage error
this particular
same method, in determining apbS = 0.358 at 1J.00°C,
becomes 0.47%.

A P °PbS I PPbS' APPbS' P·PbS values
into equation 30, the absolute

in determining apbS := 0.396 for
sample becomes 0.39%. By using the

57'

The accuracy Lmproves further for samples:wi ';;'_1 less
uncertainty in their measured dew-point temperatures.
Thus it can be concluded that the leffect of
uncertainties in dew-point temperatures to the
reported activities are negligible.

o

The second source of error in dew-point neasureaerres
is the chanqe of the original sample composition due
to PbS vapot'ization into the specimen tube. In this
study this type of error was also negligible, since
.it was calculated fro}):tthe ideal gas equation that at
1200·C 6.55 mg of PbS, and at 1100°C 2.38 mg of PbS
would be
sUlphide
6.55 mg

sufficient to maintain the equilibrium lead
vapou: peessure over a sample of pure PbS.
of PbS represents the highest amount of PbS

vapour phase among all samples. The total
of the specimen in each run was approximately(:

in the
weight

o



5 to 6 grams, hence the PbS removed by vaporization
would not cav~e a significant change in the original
composition of the specimen. The changes in sample
composition due to PbS condensates at the tip of the
dew-point probe were also neglible, because the few
that were formed were also very small.

4..2.3 PRESENTATION AND DISCUSSIONS OF RESULTS IN
F'e-.Pb-SSYSTEM

Activities in Fe-Pb-S ternary system were evaluated
by two different methods, both of which are based on
thfa Gibbs-Duhem relation. Firstly, by using the
method developed by Choudary and Chang26, 27
activities of iron, lead and sulphur were calculated
from the experim,-;mtally determined tie-lines along
the miscibility gQ.p of the Fe-Pb-S ternary system .
Secondly, by ternazy Gibbs-Duhem integration, Fe and
S activities were calculated using experimentally
measured Pb activities of samples selected from the
lead-rich ends of the experimentally determined
t;s-lines. These methods are as follows:

i) Activity calculations by the method of Choudary
and chang,,6, 27:

At constant temperature T, and prE'"}....lre P, the
generalized Gibbs-Duhem relation is:

o

(31)

where n.'s refer
].

component and Qi
property of the

to the number of moles of the
is any partial molar thermodynamic

ith component. Following Chipman28,
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the concentration variable n. j~ changed to the new
].

concentration variable Yi, henceforth referred to
"atom ration of ccmponent i. The definitions
atom ratios in ternary A-B-C system ~fi:lereA

are metals and C is a non-metal, are given

as the
of the
and B

'I.

below;

Expressing equation 31 in
coefficients and substituting
equations 32 yields:

terms of
by

activity
y. from
].

n.
l.

(33)

•

Figure 18 shows lines of constant yC and YA (or
YB), the miscibility gap along wtich equation 33 is
to be integrated ar.d the composition notations.
Yc=O shows metallic A-B binary; Yi = Y~ shows
compositions of nOH-meta] saturated metallic phases
in equilibrium with metal poor phases denoted by y.~,
::: y. ~

l.

o

From equation 33 and following wagner29 em
ir.lportantrelatio11 was developed by Choundary all1d.
chang26,27, expressing the variation Clf
In(YB/YA) with y~ in terms of the change of
InYC with YB. KnoloJ'ingthe ti.~ line-distrib ..tLor,
in the two liquid phase and the boundary binary
thermodynamicg>I 'Lhis relationship may J.,,.. utilized to
compute all the pertinent t:hermodys~~micdata along
the miscibility gap.

(:
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(i F'igure 18. Schematic of an isothermal section showing a
miscibility gap in a ternary system A-B-C.
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In uerivation of t1:'d~ new equation 1'Band Yc are
independent variable~ Nith YA -. 1 - YB• Thus from
equat.Lcn 33 the following relations are written:

(34)

dlnYA dlnYB dlnyc
(l-y.e) ( )+Y.e( d )+Yc(--d-)""O

dYe Yc Yc

Differentiat ion OJ: eqJ.lations 34 and 35 with respect
to Yc and YB' and upon subtraction and subsequent
rearrangemer~t of the terms yields the following
important relationship26,27:

(35)

(36)

Integrating equation 36 from Yc=o
YB yields the

along the

'Ifto YC=Yc
following

metal-rich
along constant YA and
equation for In(YBIYA)
miscibility gap boundary as

(37)

o

Where 't" c is the limiting activity coefficj,ent of C
at infinite dilution in A-B solutions. Equation (37)
is strictly valid only if the variation
(dlnYc/dYa) with yc is constant in the
composit~,onal range O<Yc<Y~' This is a reasonable
approximation provided that the metal rich boundary
of the miscibility gap lies close to the binary A-B.
Thus the ratios of the activity coefficient and
activities of B and A may be readily obtained from

bl



equation (37) by utilizing the thexmodynamic
properties of the bim·,..yA-B and the limit:i.ng
thermodynamic properti.es of C in the binary A-B.

Knowing the ratios of activity coeffic:i.entsof Band
A along tl.....metal rich miscibility gap boundary as a
function of metal atom ratio from equation (37), it
is possible :0 calculate the activities of all three
components by utilizing tie-line distribution data,
through the following relations for coexisting liquid
~hases in the miscibility gap~

(38a)

(38b)

Subtracting equation (3ab) from equation (38a) and
rearranging the terms yield:

I

r
(39)

Multiplying equation (38a) by y~ and (3ab) by y~
and upon subtraction and rearrangement of terms yield
a relation for the activity of A as:

o

(40)

c'
In the calculation of
equations (37), (39),

activities in Fe-Pb-S system
and (40) were used with A for



....

.lead, B for sulphur, and C for iron. Due to end
points of the experimentally found tie lines being
closer to the Pb-PbS boundary, it was decided to use
the activity data from this boundary. Therefore the
above mentioned equations were adopted 'C.o these data .
Since the experimental vaLuee for the limit:i,ng
actiV'ity-coeffici.ent of iron in lead-sulphur melts
were not available I they were calculated f1;'omthe
quasichemical relation of Jacob and Jeffes30•

(41)

solutions.
is the enthalpy of mixing for the Pb-S
With the quasichemicaJ. relationship of

JeffeS30, equation (37) for Fe-Pb-S
the following form when expressed for

Where

Jacob and
system takes
activities27•

(42)

The term H~ in the above relation represents the
partial molar enthalpy of S in bina:.:'YPb-S

The thermodynamic properties of Pb-S
namely HM and ~ as a function of
were calculated with the use of data from

relative
solutions.
solutions,
composition
EriQ7.

o H.A. wriedt31 has developed a method of calculation

(l

in binary systems having miscibility
these calculations, it is assumed that
a. defined in tsrms of activity
1

coefficients, yi=ai!xi
fractions by the equation:

of activities
gaps. To make
the function

and atom or :mole
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is linear with compoaition, that is:

and by integration of binary Gibbs-Duhem equation,

(Xl=A+B{1/2+X1)=A+B(3/2-X2) (45)

In essence I the above assumption of linea~ity of (Xi
with the sub-regular solution

Hardy32. In sub-regular
and partial molar free
two constant equations32

function
model
solutions
energies
as well.

is identical
bydeveloped

the
are

integral
expressed by

The calculation of unkowns A and B expressed by
31t-lriedt as:

I' I_XlI
A_B(2XF+xjl-3)+ 1 [(l-Xi")ln( 2)+

"7'; ( l2 XU) 2 1 Xl2
L. X2 - 2 ' - 2

(46)

and

(I
l.l ( 12)

1n( X2. 1-X2 ) ]

xl2 (l-Xll)
It was shown:31 that for symmetrical and wide gaps
the activities calculated by the above equations were
in excellent agreement with available experimental
d;:'.ta.

(47)

\ )".............
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since
side)
':iecided

the miscibility gaps in both Fe-S (on the FeS-S
and Fe-Pb binary systems were very wide, it was

to use equations of Wriedt31 to calculate

".

Henrian activity coefficient of iron at 1~Iinite
dd Ltrt Lon in liquid sulphur ~;·II. .ir. liquid leaq\at
12000 C respectively. At tttlJ 0\;. "~mperature, the

compositions of the two liquids in eqlilibrium in the
Fe-S system were established as Xs = 0.605 and Xs
~- o,994 (Fig 4.). Renee r the values of A and B were
evaluated to yield the following aFe function.

(48)

where

(49)

Therefore

(50)

From equation
of iron in
'YFe (S) =1. 028.

(50) the limiting activity coefficient
liquid sulphur was estimated as

By the same method, taking XpbS=O.OOOl and
XpbS=O.998 from Fe-Pb binary (Fig.5) a
function was expressed as

c

(51)

And
(J

(52)
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from equation
of iron in
,,(1?e(Pb)=510.71.

(52) the limiting activity coefficient
liquid lead was found as

Henrian activity coefficient and self interaction
coefficient of sulphur at infinite dilution in liquid
lead were calculated by using activity data of
Eric7 in f'b-PbS system as In YOS(Pb)=-4.49 and
£;=-0.42 after a relevant regression analysis in
the interval of O<Xs<O.16, as shovn in Figure 19.

Although at first sight, In Y s versus Xs does not
look absolutely linear, within this very narrow
composition range, regression analysis
high correlation coefficient of r=0.96,
that lin~ar relationship is justified.

gave a very
indicating

All the above mentioned thermodynamic information for
the binaries was used in connection with the
experimentally determined tie-line data (Tabl~ 2,
Fi1ure 16) to calculate a consistent set of
act,ivities along the miscibility gap of tileFe-PbA·S
system at 1473K. Equation (42) permitted the
calculation of the ratio In(aS/apb) along the
lower lead rich boundary from which
activities of iron, lead and sulphur were evaluated
by the following integrated form of equations (39)

and (40)•
.~
",

c y;

(lnaF'e) (y;) - (lnaF'e}(y; ..o)+[!2 d (In :s ) (y;)
Pb

(53a)
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Figure 19. Activity coefficient of Sulphur versus mole
fraction of Sulphur in Pb-S system.
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I,

(53b)

(53c)

Where Q, A. and B are defined by:

(54a)

(54b)

e ( .. -' , ")/(' .).. YPb' YFe- YPb. YFe YF'e- YF'e (54C)

o

The integrals of equations (53) were eval.uated
graphically as the area under thE!curves Q I A. and

a against In(aS/apb)(ys)" These integration
plots are shown respectiveJ.y in Figures 21 of the
Appendix.

All the
precedure
miscibility

thermodynamic data gathered with the
explained above I along the ternary
gap of the FE:l-Pb-SSystellkswere used to

(: construct the diagrams shown in Figures 20a, band 0,
which show iso-activities of iron, lead and sulphu~.
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since the tie-line distribution is known down to
*Y S=0.005 (tie line 1) from the experimental

work, the uncertainties in the lower integration
limits obtained by extrapolation of the activity
values of lead and sulphur from the Pb-PbS bin~~:'Yare
minimized.

(tie-line 1) were
*and as at Ys =0 005

0.993 and -5as 5.6~10
the available activity

The value of

respectively by utili:dng
co.9fficients and self interaction parameters atated
above.

Activitie~s of iron were calcUlated by t;.kingthe
aCTivity of Fe ~Fe=l as reference on the bottom
line of the miscibility gap drawn from Fe-FeS side
towards the Pb corner separating two liquid region
from the three phase region: FC(Y)+L1+L2•

The c~lculated Fe, Pb and S activities on each
tie-line through the method of Choudary and
chang26,27 as outlined above are given in Table 4.

o

The uncertainty in the derived activities ~an be
readily assessed by analyzing the individual
uncertainties in various terms of equations (53).

These equations are thermodynamically e~act and the
errors in the activities along the miscibility gap
can be attributed to the uncertainties in a) the
ir,tegration function Q, A. and 9 b) the calculation
of ~ctivity ratio, and c) the integration procedure.

(I

From
Figure

the
16

tie-line data
the maxi!aum

presented
error in

in
the

Table 2 and
integration

fU.lction n , A. and e due to the error of chemical
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analysis is estimated to be ±OoOl!), ±0.02 and ±O.03.
to equat';.on (42), the uncertainty in the

In(aS/apb)(ys>. values along the
gap are due to a) the errors in the
activity d~ta and b) the errors in the
right hand side of equation (42) which
*consists of y Fe and the term in the bracket. The

term in the bracket was derived from the
quasichemical model of Jacob and Jeffes30• The
derived v~lues ~re reported by Choundary et al26 to
have an uncerta4nty of ±20%.

Raferring

misc:ibility
binary Pb-S
term of the

Even if 40% uncertainty is assumed for the values of
this term, Yl:.th that of ±O.OS in the values of
In(as/apb) in the Pb-S binary and of ±O.03 in
* . fY Fe' the der1ved values 0 In(aS/apb) alon~

the miscibility gap will not be in error by more than
±0.22 units.

The last source 0, error is due to the graphical
integration procedure. It can well be seen that the
i.ntegration functions n I A and e result in very

•
s~ooth curves in which
negligible. Therefore,
activity values is not
10%.

integration
the total
expected to

errors would be
uncertainty in
be greater than

o

{:
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Figure 20a. Iso-activities of Fe in Fe-Pb-S melts at
1200·C
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Figure 20b. Iso-activities of lead in Fe-Pb-S melts at
1200°C.
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Figure 20c. Iso-activities of S in Fe-Pb-S melts at
1200°C.
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ii) Activity calculations by Gibbs-Duhem ternary
integration:

'rhe activities of Pb at 1200°C along the sulphur
saturation boundary of the ternary miscibility gap
were determined by measurement of the dew-point
temperatures of samples selected from the lead-rich
ends of the previously determined tie-lines. Pb
activities were determined
described in section 4.2.1.
temperatures into equation

by the same method as
by inserting dew-point
12. Mea~mred lead

activities re also given in Tabl: 4.

Since the sulphide saturated end of the tie-line
(no 9) was very olose to the FeS-PbS binary on which
activity data at 1200·C is available in this study,
it was decided to use ternary Gibbs-Duhem eguations
to calculate activities of Fe and S by using
experimentally measured activities of Pb.

For the s'Hphide-saturated LI.quidphase:

(55)

For the lead-rich liql.l.idphase:

(56)

.
,-:._,

When equation (55) is multiplied by x~
(56) by XS' and the terms with
eliminated, the following equation is
the activity of iron:

and equation
dlogas are

ob'tained for

(57)

74



where the composition parameter ~ was given by

(58)

The integral of equation 57 can be written as
"~Pb

logare-loga;et J <IJ C:logClpb
a;1II

(59)

This integral can be pez ozmad to evaluate logape
when 10ga;e at the starting point of integration is
known, and when the data on apb are sufficiently
comp1e~e as a function of parameter ~. The tie-line
number 9 on which apb=O.B94 served as starting
line. At that point, t.he SUlphide activities were
taken as apbS=o ."11 and aFes=o. 384 frOII\the
activity data available in this study for FeS-PbS
binary solutions (Table 3a).

By use of the measured apb and apbS from this
free energy of liquid PbS14

the partial. pressure of
was found to be 3.8X10-4

,

stU)! and the standard
at 1200°C (equation 11),
sulphur on this tie-line
atm. From the standard free energy of formation of
liquid FeS (equation 15), the available apes=O.384
value, and PS2 as calculated above, aFe on this
particular tie-line was calculated as a;e=O.045.
With this value as the starting point, the integral
of equation (59) was evaluated as the area under the
curve for • ag'ainst logapb'

o
The sulphur activity at starting point was found to

... -3be aS~1.3X10 fr.om the standard free energy
change of reaction (13) by empl,oying sulphur partial
pressure of 3.ax10-4atm on this particular line.

(.1
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After
(55)

elimination
and (56) I

of dlogape
the final

terms from equations
equation for sulphur

activity was found as
a,.

logas",loga;+ f '¥ dlogapb
a;.

(60)

where
'IV .. - (;(..eXpb-XFe)(Pb) I <Xr()t XFe:<S) (6'. )

* -3Again with the known value of as=1.3Xl0 ¢Itthe
starting point, the integral of equation (60) was
evaluated as the area under th~ curve for V against
logapb•

The results of activity calculations by ternary
Gibbs··Duhem integration are 9iven in Table 4 together
with the results obtained from the method of Choudary
and chang26, 27 for comparison. As can b9 seen the
agreement is excellent also providing the fact that
the experimental methods involved in both phase
equilibria and activity determinations are sound.

It should be mentioned
calculated

that
by the

the iron and sulphur
help of i and 'IVactivities

functions
slopes of
'l' with
after

of equations 59 and 60 are sensitive to the
these functions. Plots were drawn for t and

respect to the logarithm of activity of lead

o
known activity
line from the
obtained within

successive iterations sO that for example the
of iron (aFe=l.O) along the straight
Fe-FeS side to Pb corner could be

0.002 units.

()

This procedure yielded a set of activities consistent
w.ith the phase relations, and the excellent agreement
of activities obtained by two different methods
strongly support this.
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~Iot'

Activities Calculated by the Activities Calculated by 'l'~l:"iary

Method of Choudary et al26•n Gibbs-Duhem Integrat.i·\:'.
-~ '".,~

Tie-Line Dew-Point
Number ale aN) as Temperatures ('C) apb (rne as u r ed) aft! a",.

1
. 0.9S1 0.993 5.6 10~S, - - - -

2 0.840 0.992 7.6 1O-~ 1199.4. 0.994 0.842 7.4 10 '
3 0.740 0.989 9.7 10-5 - - -
4 0.614 0.982 1.2 10-4 1198.5 0.984 0.624 1.3 lOt

5 J.386 0.962 2.3 10'" - - - -
G l.282 0.946 3.7 10'4 1194.3 0.948 0.285 3.9 10 4

7 \).231 0.935 7.5 10'4 - - - -
8 0.148 0.911 1.1 lO~3 1191.0 0.910 0.146 1.1 10 J

9 0.046 0.893 1.3 10-J )189.1 0.894 0.045 1.3 10 J

10 0.034 0.877 1.5 10') - - - -
11 0.006 0 d07 3.0 10-3 11 77 .5 0.796 0.006 3.2 10 l

! (:

Table 4. The results of activity calculations in the
system Fe-Pb-S at 1473R.
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SUMMARY AND CONCLUSIONS

The aim of this investigation was to generate
thermodynamic and phase relations data on lead containing
sulphide systems by using the dew-point and quenching
technique of thermochemical research. The specific
systems selected for thermodynamic r.onsiderationduring
t.'t~isstudy were:

1.) F'eS-PbSbinary system
2~) The Fe-Pb-S ternary system

The information gathered wl.th respect to the above
systems were the following:

1.) High t,emperature phase :..'elationsin the FeS-PbS
system were examined by quenching technique. Eutectic
temperature of this system was found at 46 atomIc
percent PbS at 842"C. ActivH:y measurements were
carried out in this system at 1200 and 1100°C by
measuring dew-point temperatures of PbS. Activities
showed negative deviations from ideality. The FeS-PbS
liquid solJltions were modelled and PbS and FeS
activities were calculated by applying the Krupkowski
formalism. Liquidus lines, eutectic temperature and
composition of the FeS-PbS phase diagram calculated
through formalism were in complete agreement with
results obtain~~ experimentally.

o
2.) In Fe-Pb-S melts, the immiscibility region and the

direction of conjugation lines between liquid matte
~nd liquid metal phases at 1200°C were found by
~uenching experiments. The activities of lead along
the ternary miscibility gap were measured by the
dew-point technique at 1200°C. using the measured
lead activities, activities of iron and sUlphur were
calculated through ternary Gibbs-Duhem integration.

(I
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In addition, the activities of lead, iron and sulphur
along the ternary miscibility gap of the Fe-Pb-s
system we~e calculated through the recent method
developed by Choundary and chang26,27, from the
tie-line
of the
Both of

distributions and thermodynamic information
bounding binaries Pb-PbS, Fe-FeS and Fe-Pb.
the results obtained from these two methods

were in good agreement. The distribution of tie-lines
were in accordance with the behaviour of activity in
both Pb-PbS and FeS-PbS melts.

compounds in liquid state. An estimate on FeS

The sulfide melts studied in this study are not
simple stoichiometric mixtures of FeS and PbS but may
contain additional species like Fe, Pb and S as t:he
result of dissociation reactions common to these

dissociation can be obtained from the thermodynamic
analysis presented by Sharma and chang9 for Fe-S
liquid solutions; their approach yields that at
1200°C the ferrous sulfide liquid phase will contain
XFes=O.9770, XFe==O.00115, and Xs=O.01153 For
the same reasons as described for Fe-S melts9, the
Pb-S melts can be regarded to consist of the species
PbS, Pb dnti S. The concentrations of these species
are governed by the equilibrium:

PbS(I)=Pb(I)+S(I) (62)

o
for which the following equilibrium constant
expression can be developed from the data available
in literature39,40,41.

InK= -5652/T - 13.784 + 1.630 In T (63)

f In the Pb-S phase diagram, the lead rich solidus of
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PbS has Xpb=O.50021 and Xs=O.49979 near the
~elting point of Pbs42 Using these and the value
of K at 1200°C from equation (63) the dissociation of
PbS can be treated in a manner similar to the method
described by Lumsden43, this procedure reveals that
the composition of the molten lead sulfide at 1200·C
is XpbS=0.983, Xpb=O.009 and Xs=o.ooa.

It appears from the preceding discussion that FeS and
PbS do not dissociate extensively a't 1200°C.
Therefore, although the sulfide melts are not
strictly stoichiometric, their compositions can be

represented adequately in terms of the end-member
compounds. This conclusion is also supported by the
results of occasional chemical analyses done on
sulphide samples.

(

o
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7. APPENDIX

Integration Functions of Fe, Pb and S in Fe-Pb-S system.
The Q I A and 9 function'Swhich were used in the method
developed by Choudary and chang26,27 to derive Fe,Pb
and s activities along the ternary miscibility gap of the
syst.~m Fe-Pb-S at 1200°C are illustrated in Figures
A.21a, A.21b and A.21c respectively. The t(1.nd'V
functions employed in the calculation of iron and sulphur
activities by the classical ternary Gibbs-Duhem
integration as shown in Figures A.22a and A.22b.

o

()
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