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ALSTRACT

PHASE RELATION AND THERMODYNAMICS

IN IRON-LEAD-SULFUR sSYSTEM

In this investigation, phase relations and thermodynamic
properties in the ternaryv system Fe-Pb-S were determined.

High temperature phase relations in the FeS-~PbS binary
system were established by quenching samples equilibrated
in evacuated and sealed =silica tubes., The eutectic
temperature was found to De 842°C at 46 atomic percent
Pos. Activities of Pbs in this system were measured at
1100° and 1200°C by the dew-point technique, and negative
deviations were obsarved.  Krupkowski solution nmodel was
applied to the measured activities and expaerimentaly
measured liquidus lines were verified.

Within the Fe~Pb~S ternary system, the boundaries of the
impiscibility region togather with the tie-line
distributions were drawn at 1200°C. Activities of lead
were neasured by the dew point technique. Furthermore,
lead, iron and sulphur activities were calculated by '
modelling along the ternary miscibility gap.
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ACHIEVEMENTS

FeS-PbS phase dilagram was redrawn. PhS activities in
FeS-PbS melts at 1100, 1200°C were measured and modelled.

Within the Fe~Pb~S ternary svstem, the boundaries of the
ternary niscibility gap were found at 1200°c. Fb
activities were measured at 1200°C, Ph, Fe and S

activities were calculated by modelling along the

miscibi ity gap.
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1. INTRODUCTION

Current knowledge of the high temperature thermodynamic
properties and phase eqguilibria of many binary and
ternary metal-sulphur systems is rather 1limited and
édequate literature is not =available., These are
essential in the understarding, designing and
improvement of the extraction and refining processes,
particularly those of non-ferrous metals.

Especially at higher temperatures where liguid phases are
involved, this 1lack of information and data is more
pronounced. Scolid state regions of metal-sulphur systens
received more attention due to the promising electrenic
and optical ©properties of some sulphide compounds.
Nevertheless, acourate determination of 1liguidus
boundaries and liquid solubility of sulphur in such
regions are also essential in order to produce, develop
and improve the propert.és of semiconducting sulphides.
On the other hand, for metal extraction processes like
snmelting, converting or refining, a thorough
understanding of thermodynamic activities and thus
partial molar quantities of components in 1liguid
solutions as well as phase eguilibria are needed.

The above mentioned considerations are particularly true

for the Fe-Pb-S ternary system, a knowledge of which is
essential for the continuous divect-smelting process of
lead sulphide concentrates 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 sulphide of lead, galena and
sulphides of iron such as pyrite, marcasite and
pyrrhotite, -occur in nature under & wide range of
geological conditions all over the world. Despite priorxr
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processing of lead ore by melective flotation before the
smelting operaticn, certain amounts of iron sulphide
+tiil vremwains in the ore, and during smelting iron
sulfide becomes a component of the matte phase.
Therefore, an understanding of the equilibrium relaticns
among metal, matte, slag and gas phases is essential for
the successful operation and design of the smelting
process.

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

For a binary or ternary solution phase, many diverse sets
of experimental thermodynamic data can be available.
Activity of one or @more components of various
compusgitins and temperatures can be measured by
electromotive forcé, vapour pressure, mass spectrometric
or other techniques. Enthalpies of mixing. can- be
determined ocalorimetrically. The experimental equilibrium
phase <&lagram is also a source of thermodynamic data. for
exanple, if the standard Gibbs Free Energy ' % fusion of a
stoichiometric component is known, then the activity of
this cowmponent in the liguid phase can be calculated even
nonigothermally along its liquidus. Miscibility gap is
also a source of thermodynamic data, since the activity
of either compenent is the same at both ends of the
tie-line, even though the actual values of the activities
may not be known.
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The aim of this work is to generate thermodynamic data on
Fe~Pb~5 ternary and FeS-PbS pseudo-binary systems by
using the Dew~Point and classical equilibration-quenching
technigques of thermochemical research. The Dew-Point
technique relies upon the high volatility of a component
in a metalllc or non-metallic solution. The measurements
are conducted in a closed system where advantage iz taken
from the evaporation and condensation phenomena which
becone a , vobiin in experiments using open systenms.

The obiwctive of this study is to obtain specific
information with respect to the following:

A. The direction of conjugation lines between
the coexisting liquid sulphide and liquid
metal phases by quenching experiments at
1200°¢ and thus determining the boundaries
of the immiscibility region  (Phase
Bguilibria sStudy).

B. -  Activities of Pb8 in PbhS-FeS melts and

“ . activities of Pb in the ternary Fe-Pb-S

melis at = 1200°C through the Dew-Point
jieasurenent {Theraodynamic Study).

C. Calculation and modelling of liquia
solutions in the Fe-Ph-8 system where
results permit.

The information gathered in the steps described above
would be applicable to the analysis of the thermodynamics.
of tha Fe-FeS-PhS-Pb portion in the Fe~Ph-S ternafs"
system. :
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2. REVIEW OF LITERATURE

2.1 PHASE RELATIONS

'Many ternary systems of extractive metallurgy which

generate interest consist of two metals and oite nonmetzi
such as oxygen or sulphur. In the licgquid state, two
netals are usually completely soluble 1in each other,
while miscibility gaps often form in the metal-oxygen or
metal sulpbur binaries, and “he immiscibility region
extends into  the ternary compositions. Usually the
composition of ¢ne of the liguid phaséﬂ lies quite close
to the pure metal component. Fcor many of the systeus, the
only information available is that of the tie linpe
distributions in the +two liquid fields of the ternary

systens.

The information available in 1literature on systems
pertinent to the present study is as follows:

2.1.1 THR SYSTEM FeS-PbS

The FeS~PbhS pseudobinary system has been investigated
several tines (Friedrichl, 'Kopylovz, Kerbya,
Brett4). Kerby3 melted stolchiometric FeS and PLS
and found a simple eutectiec behaviour, with the
eutectic at 835°C and 48 mol % of PbS. Earlier work
of Brett4 and Brett36 indicated a eutectic
temperature of 848°C for the Fe, , 5-PbS mixtures.
Zoth 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

zolubillities in solid state.
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2.1.2 THE SYSTEM Fe~Pb-S

In the Fe-Pb-8 ternary system, the bounding binaries
Fe-Fa8, Fe~Pb, Ph-PbS are quite well known.

The system Pb-PhS whick is of primary interest in
lead metallurgy, is a part of the main Pb-38 binary.
Kullexruda®’®  examined the phasc relations in the
Pb-5 system +twice and chserved a monotectic and thus
liquid immiseibility. His first diagro.s, represented
in PFigure 2, showed the mnonotectic isotherm at
1043°C, and that the monotectic liguid contaired 84
mole per cent PbS. In the second diagram, shown by
golid Jlines in Pigure 2, the monotectic isotherm did
not change much (1041°C), but the composition of
monotectic liguid shiftad to 65 mole per cent PbS and
the immiscibility region was narrower.

Erig7 has applied the subregular solution model to
his experimentsl data on the Pb~PbS system at 1200°C
and constructe.. a model phase diagram for the high
tenperature portion of the PbS ligquids as shown in
Figure 3. Liguidus 1lines from Miller® and Komarek
and Hansen® were included for comparison. This
recent work clearly excluded the possibility of
liguid immiscibility at nigh temperatures in the
PirPbhb3 system.

The thermodynamic and phase equilibrium data of the
sub-system FPFe~FeS of the Fa-3 binary were evaluated
by Hillext and Staffansona, taking pyrrhotite to be
a stoichiometric compound at equal atomic fractizn of
the components Fe and S, Subsequently, thu Jdata for
the entire system were evaluated by Gharma and
chang9 taking into consideration tnz homogeneity
range of pyrrhotite.
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For the 1ligquid phase, Sharma and chang9 used an
associated solution model in order to account for the
rapid change of the component activities in - tha
vicinity of equal atomic composition. Recent:ly,
Fernandez Guilermant, Hillert, Jonson, ana
Sundman10 re-evaluated the Fe-3 system using a <o
sub-lattice model for +the ligquid and pyrrhotite
phaseas. Chuang, Heieh, Austin C'hang11 also
re-gvaluated the Fe«S system, as shown in FiQure 4,
using the same models as Sharma and Changg for the
Jiguid and pyrrhotite phase. This is an improvement
of the earlier evaluation of Sharma and Chang.

Due to the extremely small mnutual solubilities of
iron and lead, the Fe-Pb phase diagram has not baen
determinmed  fully. Xubachewskil? estimated the
solubility of lead in liquid iron between 1530 and
1700°C as : '

log (at.¥Pb)==13,4C0/T(K) + 6.1 {1)

The solubility of iron in liguid lead varies from
8.10™% at.¥ Pe at 600°C to about 0.2 at.% Fe at
1300°C, A monotectic reaction occurs at 1530°C, where
lilquid of 0.05 at.% Pb yields bee iron(ea) with 2.7 X
10™% at.% Pb and a lead-rich liguid.

The ~ invariant reactions corresponding te the
polymorphic” transformations in iron and final
solidification of lead are not known. Fe~-Pb binary
phase diagram is shown in Figure 5.

The information available on Fe-Fb-S5 ternary system
comes mainly from the work of Brett4, who studied
the PeS-S-PbS region. On the baais of their
experiments on compositions that lie in the FeS-S-Pbs



region of the ternary diagram, a liquidus surface was
drawn, as given in Figure 6. The primary regions of
crystallization are; Fe,_ S, FeS,, PbS and s. A
ternary monotectic reaction M, occurs at 716°C. At
723°C, the ‘ternary liquid composition crosses the
Fes,~PbS line and at 848°C, it crosses the
Fe,_,~PbS line. The peritectic univariant line that
starts at 743°C from p, on the Fe-S side meets the
monotectic line m, from the ¥Ye-8 side at 740°C to
undergo the U4 reaction {Figure 6).

The two liguidus lines resulting from this transition
reaction go from U; to meet the Uy and the M,
points at 719 and 716°C respectively.

S(l) is a product of +the monotectic reaqtion M,.
Its solidification occurs through a ternary eutectic
reaction E, postulated at sbout 114°C, close to the
sulphur corner.

Not much is known about the liquiadus surface for the
bottom half o©of +the triangle, that is, in the
Fo-Fe$~PbS~Pb region.’ Brett* indicated the
possibility of the occurence of another ternary
liguid in this region. Assuming this to be the case a
hypothetical surface for this region was inceluded in
Figure 6. The regions of primary crystallizations are
a, ¥ , Fe, .S, Pbs and Pb. Two transitions U, and
U2 occur before (i.e. at higher temperature) the
ternary liquid reaches a ternary monotectic reaction

plane (M,), assumed to be at about 800°C.

Brett? gave five isothermal sections at 730, 720,
716, 730 and 8850°C in their earlier work>3. Figure
7 and 8 give the isothermal sections at 850 and 730°C
after slight modifications to match the binary data.

10



" Ly -Felel,
- 4 - 1263 —JISDO-
£ | r-reteFa s ;
W 1200, f 7T 41200.
h e m - Fo, a8+, h
1100. - 1100.
" {a-FelsFa .8 H0IS 3
1000 - —1800.
300. - - - 2e00.
[ ]
800. |- 800.
[ FeS, 4L, ]
700. [ ~1700.
N FETE I i W IPH P S Y
500- 51 2 3 e e .o
;3 MOLE-FRACTION §
L O '

. Figure 4. Fe-S phase diagram with isobar values of

% ¢ Sztgj up to latm=1.01325x10+5 pa. The critical
? temperature of pure S is 1313K, After YY Chuang, KC Hsieh
: 11

and YA Chan
\x..-.d' g

11



Weight Percent Lead

mf"‘!? @ ? 4P lw uf' 7Fl 59" ¥ ? il Ml :qu
L + L, s
1500
! (6Fe) + L
Hm‘u.--.----.--a.u-.u.-.--------------.m...:Jm'c ETTY - wemmagl
¢’ .
g {yPe) + L
- 1 1800 r T ;
g L i""
& 1 mssodewn L + Ix}
ﬁ : 3
j = 12004 1300 - . -
1 1450 4 (6?0) + L
o0 ] 1400 32N -
. 1 {yFe) + L
lﬂ ¥ J 1 T - .
0000 DRt A0S O0OYS 000
oo T Y r Y 7 r prrrr— Ty
0 0 20 - I L 50 ] 0 [ ] o
Fe Atomic Percent Lead Pb

Figure 5. Fe-Pb phase diagram.

12



Lo e

& M
2 KK
@;;" s

Figure 6, Fe-Pb-S liquidus projection in atomic percent.
After Brett®.

Alamic Percent Lead

13




O

"\_,J

Figure 7. Fe-Ph-8
percent. After Brettq.

Atomic Percent Lead

isothermal section at 850°C in atomic

14



G

a-ﬁ, 23 ¢ (Pb)j

3 ° S $ ® $ C S §  teor

Figure 8. Fe-Pb-S

Alomic Percent Laad

isothermal section at 730°C in atomic

percent., After Brett4.

i5



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.

Erig and Timuginls have used the folliowing vapor
pressure equations for pure PhS:

log PPbS(atm) = =11 694/T + 7.497 {2)

log P, .(atm) = -9114/T + 5.636 (3)

Pbs
Equation 2 and 3 are reportedla to be valid in the
temperature ranges T<1113' and T>1113°C respectively.

Egquation 2 was derivedl4 from the vaporization data
of Colin and Drowart23, Numerous linear equations,
similar to0 equation 3, are availablel®/37/38 4,
express the vapor pressures of pure liguid PbS; the
constants of various equations, and hence the values
of PPbs' are affected by the heat of fusion value,
AH;, selected for PbS. Equation 3 is obtained'®
by combining Equation 2 with the value 49 400 J/mole
measured by Shamsuddin'®  for AH, of Pbs.
Schuhmannl?4 assigned a value of 46 423 J/mole to
Aﬂf so that the resulting vapor pressure equatioa
could be used to describe the behaviour of

lé
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Ph~PbS solutions. The Pppg Values calculated from
their equation were within 2 pct of those given by
Egquation 3.

Colin and Drowart?3 studied the vaporizaticn
chemistry of ©PbS by mass spectrometric measurements
and determined the composition of the lead sulphide
vapor phase as a function of tenperature in the
interval 979 to 1182 K. Their results reveal that the
vapor phase consists of species Pbs, szsz, Pbh
and Sy where Pb8 is by far the predominant
component, From an extrapolation of the data?3 to
1200°C, it can be estimated that the concentration of
Pb and szsz will be less than 1 pct eacu and
that of 8, will be negligibly small in the gas
phase.

2

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

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

has been eatimated14 as

AG® = 46423-33.45T7 J/wole (5

The enthalpy of fusion (46423 J/mole) in this
equation was made higher than the value recommended
by Elliott and Gleiser'® (36418 J/mole) in order to
keep the regular solution model for Pb-PbS solutions
valid over the entire composition range as was
already discussed above. This arbitrary value
compares fairly well with the direct measurement of
Shamsuddinis, who reported a wvalue of 49400 % 2100
J/mole for the enthalpy of fusion of PbS obtained by
DTA calorimetry. The standard free

17



energy of fusion calculated by using this new
enthalpy is

AG® = 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 PkS was taken as
1113°¢, and wvariation of Pbe activity with
temperature can be expressed as:;

lnag, .= -5942/T + 4.287 | (7)

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

Pb(1l) + %Sz(g) = PbS(s) (8)

Schuhmanml4 modified the change in standard free

enercy as:

AG® = -159905 + 84.35T J/mole | (9)
By adding egquilibrium (8) to equilibrium (4) and
equation (6) to equatison (9), the standard free
energy of formation of liquid PbS can be obtained as:

Pb(1) + %¥S,(g) = PbS(1) (19)

and

AG® = -110505 + 48.71T J/mole (11)

Throughout this investigation equation (11) was
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employed t¢ calculate the standard free energy of
formation of liguid Pbs.

The following wvapor-pressure equation for Pb within

the +Yemperature interval of 1100 kK 7T £ 1500 K “mas
derived from the vaporization data for lead compiled

by Kellog->,
10g apy(atm) = -9558/T + 4.7475 (12}

The Gibbs free energy difference for the reaction

§8,9 = $(1) (13)
was calculated at 1473 K as AG'=33065.77 J/mole from
JANAI data®l,

The - change 1in the standard free energy of formation
of liquid Fes for the reaction

Fe(l} * &sz(g) = FeS(l) (14)
was raportéd by Hillert and staffanssons36 as’
AG® = -148 841.6 + 50.8 T (J/mole) (15)
For melting of Fes’
PesS(s) = FesS(l) ' (16)
AG® = 32310.7 + 22.01 T (J/mole) ¥ (17)

from which the following activity eguation for FeS
can be obtained:

1naFeSm ~3886.1/T + 2.647 (18)
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Erigla calculated activities of Pb8 in Fes - Pbs
liguid solutions at 1200°C by |using their
experimental date, and found an ideal behaviour.
However, a previous study, Nesteznvlg ohserved a
negative departures from ideality on their
negsurements of PbS activities of XPbs £ 0.35 in the
range of 1000 -~ 1250°7, The PbS activities determined
by both of the investigators are substantially
different as shown in Figure 9., Nesterov et a11?
have derived a vapor pressure eguation for PbS from
transport measurements ir the range 850° to 1100°C
and extrapolated this up to 1250°C without
considering the change of state in PbS and estimated
a negative behaviour. On <tk other hand, the ideal
behaviour obtained by Erig’® ruld be affected by
the higher measured dew point temperatures of PbS. In
fact, ~the author reportedls the need to again
investigate the phase relations in this systen
because of the enomaly cbserved in Phi activities
cbtained from the PbS branch of liguidus.
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2.2.1 THE SYSTEM Fe-Fb~S

There are no experimentally measured or indirectly
calculated 4ctivities of components within the
ternary field or miscibility gap of the Fe-Pb-8
systen. In the Fe~-Pb=-5 agystem, thermodynamic
properties in the bounding binaries Fe-FeS and Pb~PbS
are guite well known.

The Fe-S binary is characterizad by a congruent
melting phase, pyrrhotite, at abput 50 atomic percent
8, and eutectic between Fe and pyrrhotite and a
monotectic betwean  pyrrhotite and §t1s20 qne
liquidus in equilibrium with Fe at about 20 atomic
percent S is rather flat, suggesting a tendency
toward immiscibiiity in the Iiquid. Pyrrhotite has
ordered Nids structure (B8,) and exists over a
rather large range of homogeneity. The general
features of the phase relationships in the Fe-8
binary =suggests a stable liguid solution around 50
atomiz percent S and relatively weak soluticns con
either side of the equa-atomic composition. The
actlvity dats of sulfur in the liquid phase increases
monotonously f£rom pure Fe to about 50 atomic percent
8 and then increases rapidly with composition,

similar to that of component in a highly stable sclid
phasell,al,zz.

Chuangll estimated sulfur activities firom pure iron
te Xg = 0.5. Their calculationa and the results
ohtained by other researchers are shown in Figure l10.

In literature thermodynamic activities of components
of Pb-PhS system are available from the experimental
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study of Erig and Timugin?. They have measured Pbs
activities in the Pb-PbS system bv using isopiestic
technique at 1200°C, This technique involved the
equilibration of Pb-FbS samples with cuzs-Pbs
samples of known activity through the vapor phase in
sealed siilica capsules. Activity conmposition
diagram7 in Pb-PbsS melts at 1473 K is shown in
Figure 11. Activities of both components show
pesitive departures from the ideal in accord with the
experimentally determined phase diagran. Erig7 has
calculated the activities of PhS and Pb by employing
the subreqular solution mnoedel and alse derived an
analytical expression describing the position of the
Pbs ligquidus. The nodel liguidus and activities were
in excellent agreement with the actual direct
experimental results. Tre activities reported by
Yazawa et a1’  are considerably higher than  ‘the
values estimated by Eriq7. Yazawa3? mea.ired PbS
vapor pressure over Pb-PbS solutions by the
transpiration-carrier gas mnethod. In such systeus,
both Pb and PbS are vaporized from Pb~FPbS melts, and
they apparently mneasured the sum of P and Ppbs'
rather than only Ppui, which would explain the high
activities derived.

There is no measured activity data for the system
Fe-Pb in literature, but since the components are
virtually immiscible in each other, their activities
will always be around 1.0,
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3. EXPERIMENTAL METHODS AND PROCEDURE

3.1 GENERAL REMARKS ON EXPERIMENTAL PROCEDURE

Phase equilibrium studies in the systems FaS-PbS and

Fe-Pb~S were performed by using the gquenching method. For

this purpose, samples belonging to these systems were
placed In evacuated silica capsules and heated in a
vertical tube furnace at selected temperatures until)
equilibrium phases had developed. The capsules were
subsequently quenched inte water, and the phases were
examined metallographically. Portions of guenched samples
were analyzed chemically and by Energy Dispersive
Analyses of X-Ray (EDAX) in order to ascertain the
compogitions of phases. The data obtained were used to
delineate the ligquidus lines in the FeS-PbS system, and
the distribution of conjugation lines between co-existing
liguids in the Fe~-Ph-S system.

For activity measurements, the dew-point method was used.
Other ‘methods, like gas equilibration and enf
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 measurements, activities of PbS
in FeS~PbS |binary systems were determined by the
dew~point method at 1100 and 1200°C, as well as those of

Pb along the ternary misclbility gap of +tho Fe-Pb-8
systen,

3.2 STARTING MATERIALS
The primary starting materials were pure Fe, Pb, S. The
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source of iron was fine electrolytic powder of 99.9 %
purity from South African Chemicals. Sulphur, from the
same source, also had 89.9% purity. Analytical reagent
grade granular lead was mnelted and solidified in small

alumina orucibles under a flow of hydrogen gas at 500°C -

in a horizontal tube furnace prior to use.

Lead sulphide was prepared by reacting a stoichiometric
mixture of lead and sulphur step wise at temperatures
600°C *o 21200°C, iead chips and sulphur pellets, forming
a total mass of about 20 grams, were placed in a silica
tube. The tube was evacuated to approximately 5 x 107>
torr with the help of a rotary-diffusion pump unit,
sealed by hydrogen torch and then heated at 600°C for a
week., Thereafter the temperature was increased '1p to
1200°C by 200°C increments per day. The heating at 1200°C
was for 2 hours. Lead and sulphur became molten in the
first stage 1low temperature processing, forming solid
PbS. At the 1last stage heating, PbS was melted for
homogenizing the entire product. The Ph8S so formed and
homogenized was cooled to room temperature, removed from
the ¢ilica tube, and analyzed by X ray diffraction to
verify that the final product was completely FbS.

Iron sulphide was synthesized from i elements by the
gsame procedure described for the produc.ion of PbS.

3.3 FURNACES AND TEMPERATURE CONTROL

Three different furnaces were  employed in this
investigation. Muffle furnace heated by =si.icon carbide
elements was used during the syntheses of starting
sulphides. This furnace could operate at temperatures in
excess of 1200°C; temperatures inside the muffle were

27




maintained within 10°C of their set wvalues by an
Eurotherm on/off controller activated through a
Platinum/Platinum~13% Rhodium thermocoupile.

The second furnace was a vertical alumina tube furnace
which could 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 1°C by means of thyristor coupled
Eurotherm controller activated through a Platinum /
Platinum-13% Rhodium thermocouple. This vertical type
tube furnace was used for the phass equilibrium studies
in the FeS~-PbS and Pe~Pb-8 systems.

The last of the bheating units which proved to be the
major tool of experimentation for activity determinations
wags the Dew-Point furnace (DPF). Since such furnaces have
to be built according to speclfic needs for research,
they are not manufactured commercially.

A vertical section through the midplane of the DPF used
in this study is shown in Figure 12. The main mullite

furnace “tube, 46 cm long, 26 mm in diameter carried four

different heating coils wound from 0.71 mm kanthal wire.
The first three ceoils at the bottom were connected by the
electrical circuit shown in Figure 13. The resistors in
series with the second and third coils were adjustable so
that the input power could be distributed between the
three coils to obtain any dJdesired temperature profile
along the furnace  tube. A typical temperature-distance
curve is shown in Figure l4. The control of temperature
along these bottom coils was accomplished by a Eurotherm
temperature controller coupled to a tyristor unit. The
fourth and topnmost coil was powered and controlled
seperately from the others with thé aid of its own
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Eurotherm  temperature  controller. Both  temperature
controllers were activated by Pt/Pt-13% Rh thermocouples.
This arrangement permitted the manipulation of
temperatures at the tip of the silica sample tube to
within #%°C of the set temperature values.

A 33 cm long and 16 mm in diameter gquartz tube was
inserted into the DPF tube teo help mnminimize the
temperature gradients. Between the third and fourth colls
two 7 mm diameter alumina tubes were inserted in
transverse positions into the furnace tube for = the
purpose of viewing the tip of the sample tube. Each of
these alumina tubes were 10 cm in length.

An alumina plug with a vertical alumina tube for sample
tube positioning was used to cover the top of the DPF
tube. A PL/Pt-13% Rh thermocouple was suspended through
the alumina tube of the plug to measure the temperature
at the tip of the =sample tube. The temperature at the
bottom of the ligquid sample was measured by means of a
gecond Pt/Pt-13% Rh thermocouple led through the hole of
the cemented alumina pedestal which was supported by a 13
uwm diameter quartz tube.
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3.4 PRINCIPLES OF DEW-POINT TECHNIQUE

The Dew-Point technigque of activity measurements takes
advantage of the volatllity of a occmponent in the
solution under consideration. In this method the pressure
of the wvolatile component over sample is determined from
obgservations of the temperature at which condensation of
the wvapour occurs. This method iz sald ©o be mbst
suitai*le when the vapour pressure of the conponents (in a
binar, system for example) would differ by at least three
to Lwo orders of magnitude7“

For dew-point measurements, the sample belng studied is
placed in an evacuated and enclosed transparent silica
tube., The tube is heated in DPF under a temperature
gradient malntained between the bottom and the top of the
tube at temperature T. The tube and its contents are
heated for a sufficient period for a gaseous phase in
equilibrium with the g¢ondensed phase at 'f to develope.
The top of +the tube is then cooled until condensation
from the gas phase is observed. The temperature T, at
which the condensation occurs is called the dew-point of
the wvolatile specles., The vapour pressure of the
condensing species above 1ts pure reference condenszed
state at Te is identical with the partial pressure o”
the condensing species ahave the condensed phase at T.

Temperatures at both ends of the silica tube are measured
by thermocouples, and by repeated heating and covling the
dew-point temperature T, can be determined accurately
by observing the condensing particles through viewing
holes to within #1°C.

Once the dew-point temperngure Tc is established, the
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activity of the volatile componeniz at T can be calculated
from the following equaticn:

a; = Pi(Tc)/P“i(T) : - (19}
Where Pi{Tc) is the vapour pressure of component i at
Tor and P’;(T) 1is the vapour pressure of i at T. Both
Pi(Tc) and P“i(T] can be obtained from the vapour
pressure ermations of 1 available in literature. This
method is quite efficient in that numerous activities of
1 can be determined in a sgingle sawple at various
venperatures T by measuring the corresponding dew-point

tenperatures T+

3.5 PREPARATION OF DEW-POINT PROBES

Enclosed and evacuated transparent silica @ tubes
contairing the samples = were used for dew-point
measurenents. In order to aviod the oxidation of metallic
lead and other sulphide components the samples were argon
flushed and evacuated in tiue following manner:

One end of a long transparent silica tube 10 mm in
diameter was sealed with a hydrogen torch. A sample of
desired composition, weighing about 5 grams was placed in
the tube. The tube was narrowed with the torch at a
distance of 15 om £from the closed end to form a nipple
and neck. This distance was dictated by the temperature
profile of the DPF. The silica tube was then connected to
the Edwards EIM5 combined outfit vcouum system and
evacuated to approximately 5 x 10”2  torr by means of
the rotary pump. Commercially pure avgon gas was allowed
to flush the tube by means of a three-way stopcock
connected to the vacuum system. This procedure of

34




=~

\-\\“\

evacuation followed by flushing was repeated twice for
each sanple. The gas train was then closed and the tube
was evacuated to approximately 5 x 10°° torr by using
the diffusion pumg. Finally, the tube was sealed at the
neck under vacuum so that it was ready for use in the
DPF.

3.6 MEASUREMENT 0OF DEW-POINT TEMPERATURE

The dew=-point probes were gradually inserted into the DPF
from the bottom slowly and was held in position on a
cemented alumrina pedestal supported by quartz tube. This
pedestal served as a radiation shield. Through the inside
of the ¢guartz tube and a small hole in the centre of
pedectal a& Pt/Pt-13 % Rh thermocouple was inserted to
measure the sanple temperatures. The dew-point probe was
centerad by an alumina +tube suspended from an alumina
plug situated at the top of the DPF 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 neasuremont of
dew-poirt temperatures at the tip of the probe. a

At the beginning of each experiment, both ends of the DPF
was kept at the same temperature (1200°C) for
approximately 16 hours (overnight) to ensure that
eguilibrium between the wvapour and condensed phases has
been reached’. Thereafter, by means of temperature
contreol devices of the fourth coil, the tip of the probe
was cooled gradually until small condensing particles

- were observed through a telescope directed at the tip of

the probe from the alumina viewing tubes.
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The condensate was re-evaporated and rs-condensed several
times while continuousiy decreasing the temperature
interval of the super heating and cooling. Thisg procedure
allowed the determination of the dew-point temperatures
of Pb and Pb8, within +4°C.

Upon completion of a dew-point experiment the probe was
removed from the furnace. In all of the experiments, no
reaction was observed between the liquid sample and the
silica ceontainer. Furthermore, the Lubes remained intact
throughout each experimental run.

The dew-point procedure was applied to determine the Pb3
activities in FeS-PbS binary and Pk activities in Fe~Pb-3
ternary systems.

3.7 PROCEDURE FOR QUENCHING EXPERIMENT

The classical equilibration - quenching technique was
used to establish the equilibrium relations between
immiscible melts of the Fe-Pb~8 system and the position
of the liguidus in the FeS-PbS binary system, which
resulted in the construction of the Fes~Phs and Fe-Ph-35
phase diagrams.

The distribution of the tie-lines in the ternary

niscibility gap of the system Fe-Pb~S was ascertained by
determining the compositions of sulphide saturated and
sulphur saturated liguid phases which were in equilibrium
with each other =at 1200°¢. The semples for this study
were prepared by mnixing elements Fe, Pb and S in such a
manner that their gross composition would 1lie along the
nidrange of the miscibility gap. These samples, each
weighing approximately 5 grams, were placed in sllica
tubes, each flushed with argon twice and evacuated to 5 x
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107% torr. They were then sealed to a fine' length of

40 mm., Thaese tubes were placed in alumina crucibles and
suspended by a platinum wire into the vertical tubae
furnace. They were then heated at 1200°C for a period
sufficient to affect the melting of the charge, its
separation inte two liquids, and the attainment of
equilibrium between these ligquids. The time taken to
reach equilibrium was established in initial axperimehts
by chemical analyses of stratified liynids at intervals
of two hours for a total of eight hours. These analyses
revealed that £five hours would be sufficient for
equilibrium to be achieved. actual runs, however, were
undertaken for at Jleast six hours eacih for abmolute
certainty. :

Puring equillibxation, the sulphide rich and metal rich
phases formed twe liguids which were virtually immiscible
in each other:; the sulphide melt ficatved on top of the
metal melt because of ite lower <density. This
stratification was preserved when the samples were
quenched to room temperature by carefully dropping the
capsules into the water at the end of the equilibration
run.

The quenchert samples were removed from the capsules, the
immiscible phases were separated readily from each other,
and rapresentative portions of these were analyzed
chemically for their Fe, Pb and S contents in order to
determine the boundaries of immiscibility region.

The position of the liguidus and eutectic line in the
FeS-PpS binary within the temperature interval 800 -
1200°C were also determined by same technigque as
summarized above. Equilibration time for FeS-PbS system
was determined to be about twelve hours and after
attainment
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of eqguilibrium the capsules were guenched 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 wmainly by metallographic examination and
EDAX. For metalloagraphy and EDAX, the specimens were
nounted in liquid epoxy resin which permeated the pores
and coracks of the samnple before hardening. This greatly
facilitated grinding and polishing. '

Phage identifications were made with a reflected light
microscope. Samples quenched from above the liguidus line
showed no solid phases but only the guenched dendritic
liquid. On the other hand, samples quenched from below
the 1liguidus curve showed the two phase region.
Metallographic examination of such samples revealed the
existence of small globules of splid phase embedded in
matrix of dendritic quenched liguid.

The error estimation for EDAX analyses are as follows:
S: less than 0.07 wt %
Fae: less than 0.7 wt %
Pb: less than 0.3 wt %

3.8 CHEMICAL ANALY¥SES PROCEDURE

Chemical analyses for iron, lead and 'éulphur were
performed at Mintek to determine the compositions of the
samples obtained from quenching and occasionally irom
dew~point experinents. '
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For iron and lead determination; the sample was fused in
Na,0 and leached in water, then acidified. An internal
gtandard (scandium) was added and then made to volume.
The weight percentages of the elements were then
determined using emission spectroscopy with an
inductively coupled plisma riource. The estimated error in
r- pei & of lead and iron astermination was less than 5%.

The atount of .. w.uyr was established by using a LECO
Sulphur deterinator. This apparatus operates by burning
the sulphur while passing oxygen over the sample so that
80, is formed. This gas 1is collected and filtrated by
iodine and the sulphur content of the sample is directly
read from the instrument. The estimated error of sulphur
detexmination was reported to be less than 1%.

For stoichiometric FesS-PbS solutions the analysis for the
elements namely Fe, Pb and S totalled 99.4 % 0.8 %, These
were ocorrected slightly to make the total 100 % from
which compositions of stoichiometric species FeS and PbS
were calculated. It was observed that the caiculated
compositions for these species after 'experiments were
within 1 % of the starting compositibns. Furthermore, the
analysis for PbS corresponded to the stoichiometric
formule and that for FeS ylelded FeS, ..,-

39

T o e e o TS RS s S e T e T e




O

.

4. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results of this study are presented in
two sections: (1) Results on phases present at the
eguilibration temperatures in the system FeS-PbsS, and
compositions of co=existing liquids at 1200°C in the
system Fe-Pb~8 are given in the section of "Phase
Equilibria”. (2) The results of measurements on dew-point
temperatures for FeS-PbS system and activity calculations
of Fe-Pb-S sjstams are presented both in tabular and
graphical forms in the section "Thermodynamics”.

4.1 PHASE EQUILIBRIA
4.1.1 PRESENTATION OF RESULTS IN Fe3«PhS SYSTEM

The phases present in various samples of the Fes-Pbs
system at the equilibratﬁon tanperatures as
identified by the methods daiscussed earlier, are
listed in Tables la end 1k, Thﬁsa data were obtainegd
mainly with the purpose of delineating the liguidus
lines, eutectic temperature, and solubility curves.

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

Occasionally chemical analyses were perforned on
equilibrated samples +o check whether the overall
composition of +the samples have changed or not. The
chemical analyses confirmadl that the samples have
kept their stoichiometric compositions within the
error limits of the chemical analyses.
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It is well known that FeS is a non~stoichiometric
compound with the actual formula Fe,_,S or
Fesl+y. However, the hombgeneity range is very
narrow and is a function of sulphur partial pressure.
In the present case pure iron sulphide prepared by
the nethod described earlier when analyzed for its
iron and sulphur contents (63.28% Fe and 36.72% S)

yielded the chemical formula FeS, ...

Table 1la; Experiwmental data of Quenching Experiments
onh FeS~PbS Binary systen.

Sample c¢composition Equilibrium Phase

{Mole Fraction) Temperatures Identified
Xops Kees T C
0.07 .93 1125 solid+liquid
0.15 0.85 1125 liquid
0,17 0.83 1050 solid+liquid
0.25 9.75 1050 ' Liquid
0.27 0,72 975 solid+ligquid
.35 0.65 975 - ligquid
0.36 0.64 885 solid+liquid
0.46 0.54 885 Liquid
0.57 0.43 885 solid+liquid
0.62 0.38 975 ~ liquid
0.72 0.28 975 " solid+liquid
0.79 0.21 1050 liquid
0.88 0.12 1050 solid+licquid
0.26 0.74 845 solid+liquid
0.26 0.74 83% solidi+aolid2
4]
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Table 1b; SEM EDAX Results of Quenching Experiments

on the two-solid region of the FeS-PbS Binary System

SEM EDAX results

S5ample composition | Equilibrium of identified

{(Mole Fraction) Temperature solid phases

Kprs Kyes T C Kpuy Xees
6.07 0.93 1125 3x1Q74 0.9997*
0.27 0.73 1050 9x10"4x 0.9991%
0.36 0.64 aas 1.4x1073* 0.9586%*
0.26 0.74 785 _ 2x10™* 0.9938%
0.72 0.28 16350 [.9992%% Bl Ix%
0.5% 0.43 975 0.9996%% 4x1Q~1x%
¢.26 0.74 795 0.539997%% | 3x10-Sw#*

% Ee3 rich solution
*% PpPhf rich sclucion

Therefore in all the presentations and calculations,
iron sulphide was assumed to be stoichiometric FesS.

SEM-EDAX analyses of solid phases in the equilibrated
samples, data of which 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
waere normalized to 100% and converted to
stoichiometric mole fractions of PbS and FeS. In
these calculations an excess or deficiency of sulphur
was not encountered within the error limits of
microanalyses. This is a further procf of the
soundness of the experimental results,
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4.1.2. DISCUSSION OF RESULTS IN FeS~PbS SYSTEM

The phase diaqraﬁ of FeS-PbS binary system was
constructed both by experiments and mathematical
modelling of the activity data, to be presented
later. BEutectic temperature of FeS-PbS system was
found as 842°C and eutectic composition was obtained
at  Xpg = 0.46 by extrapolation of two liquid
boundary curves, obtained from mathematical modelling
of the 1liquidus curves. The experimental points lie
at both =sides of the calculated ligquidus lines,
confirning the soundness of the solution model. The
melting points of both components were obtained from

literaturale'lv.

The solid solubllity of each componant in each other,
as can be seen from Table la is very small and for
practical purposes negligible.

The general shape of the phase diagram constructed in
this investigation is slightly different when
compared with +the published diagram of Kerby3 and
Brett?. Rerby’s eutectic 1line is slightly lower
than the present study, indicating a eutectic
temperature of 835°C at Xppg 0.48. However,
Brett4 found a eutectic temperature Te=848"C which
is higher than the present study.

43

[ETTTL

P

i |, A ——

S T S o | W Sy

e e T T T




-

1300

1100

900 - 3

Te » 842°C !

¥ r - caiculated liquidua and ‘

/. eutectic line

L XPbS=0.46 / + two phasa region {g+l) |

700 XFeS-0.54 # ane phase regiona (1) ;

otwo asolld phase region | |

{

|

}

|

500 1 i ] [} ] L 1 ST AR SPNNOI

0 0.1 0.2 0.3 C.4 0.5 0.6 0.7 0.8 0.9 1
FeS PbS

Figure 15. FeS-PbS phase diagram of the present study.
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4.1.3. PRESENTATION OF RESULTS IN Fe~Pb-5 SYSTEH

In the Fe-Pb-S tarnary system, the region of greatest
metallurgical interest is that bounded by the
compositions  Fe-FeS~PbS-Pb. Within this field a
ternary liquid immiscibility gap exists at 1200°c.
Tie=lines joining the equilibrium compositions of
co~existing sulphur rich and metal rich liquid phases
wers determined at 1200°C by the method described in
section {3.7) and the Dboundaries of 1liquid
immiscibility were redrawn based on the compositions
of the end points of the tle-lines. Compos*tions of
the regicn Fey +L, in Fe~FeS side and Fe?+Ph(1) in
Pe=«Fb side were taken from both binary diagrams
available in 1itarature11'12. The relevant data are
given in Table 2 and Figure 16 is a graphical summary
of the results.

In TFigure 16 the full circles zrepresent the
end-points of the tie-lines, The heavy 1lines
represent the boundaries of the miscibility gap
derived from +the tie-line dJdata., The heavy straight
line joining the compositions FeS and PbS represants
stoichiometric FeS~-PbS liquid saolutions apd is
hypothetical.
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Table 2; Experimental data on Tie-lines of the
Fe~Pb~S system at 1200°C

Compositions (mole fraction)
Along metal rich Along sulp*ur rich
Tie Line boundary . boundary
Nunber
Xee xah_ b Kre Xpn, X
: 1 0.002 0.993 0.005 0.585 0.015 0.400
2 0.013 0.870 | 0.017 0.550 0.038 0.412
3 06.014 0,861 0.025 0.510 0.0R( 0,430
4 0.014 0.945 0.Q41 ¢.470 0.090 0.446]
5 0.014 0.530 1 0.058 0.430 § 0.101 . 0.469
6 0.016 | 0.912 | 0,672 | 0.396 | 0.140 | 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 0.258 0.255 0.490
10 0.023% 0.82 _0.15? 0.199 0.3%5¢E 0, :3
11 0.033 0.73 G.237 %.125 0.3%0 0,485

b3

%

\_
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rignre 16. Experimentally determined tie-lines in Fe-Pb-S melts at 1200°C
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4.1.4, DISCUSSICKNS OF RESULTS IN Pa-Pb~S SYSTER

In literature there is no comparable ternary
isothermal section of the Fe~Pb-S diagram at 1200°C.
Therefore, this is the first study revealing l.ise
relations in this system at 1200°¢C. However, the
ligquidus projéctioh of Fe~Pb-S system available in
literature, although based on extrapolations rsther
than experimental findings, predicts a small ternary
immiscibiliity region which is in accord with the
pregent findings. This region as shown in Figure 7
wag the starting point for this investigsation during
quanching experiments in Fe-Pb~S systen.

The distribution of tie-lines at 1200°C in the
ternary immisclbility gap, illustrated in Figure 16,
cover the whole composition range between +the
straight 1line, separating the two liguid region from
the three phase region, d4rawn from the Fe-FeS side
(xPe=o.sz) to Pb corner, and upper houndary towards
Pb8 cormner. This 1line was drawn by the use of
information available in literaturell. a sample
whose composition was just below and at about
midpoint of the straight line joining Xpe=0.62 to
Ph  corner, after equilibration and examination
following quenching, revealed the three phases

(primary solid Ye-~ Y and two liquids) confirming the
extent of immiscibility. The direction of tie-linas
are closely related to the soundness of chemical
analyses. Especially at sulphide saturation regions
of the wmiscikility gap, small errors in the analyses
may result in different orientations of tie-lines. In
order %o minimize the errors, chemical analyses has
bzen done twice {for each sawmple and an average
composition wvalue has besen taken to position the end
points of each tie-line. In subsequent thermodynamic
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calculations, the end poinks of tie-lines were
directly read from the boundary curves.

4.2 THERMODYNAMICS

The activity measurements in FeS-PbE nmelts were carried
out by the dJdew-pcint 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 enmploying <the tie~line data and binary
thermodynamic information.

4.2.1. PRESENTATION OF RESULTS IN FeS-PbS SYSTEM

PbS activities of the binary FeS-PbS liquid samples
at 12n0°C, 1100°C were daetermined by the dew-point
technique described esmrlier in sections (3.4, 3.6).
Equations 2 and 3, giving the wvapour pressure of
solid and liquid@ PbS respectively as a function of
temparature was employed to convert the measured
dew-point temperature into activity wvalues. The
dew-point temperatures of seiscted FeS-FhS samples
were inserted into equation 2 or 3 and thus the ratio
6of calculated partial pressure of PbS (PPbs) to the
vapour pressure of pure liquid PbS (P'p .} gave the
required activities with pure liquid PbS as the
standard state from the following:

8pps = Ppus/P pbs (20)
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Upon completion of a dew-point run the silica tube
was quenched in air and the sample was remocved for
phase identification and occasional chemical
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 FeS-PhS 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 <relevant data covering the
compositions, dew point temperatures with their error
ranges and activities are collected in Table 2 and
Figure 17, all of which also include calculated FbS
and FeS activities through Krupkowski formalism.

To calculate activity of a species in a sclution
function may be used. The a funckion for a species is
defined as follows;

o = nY i/(l-xi)' {21)

where Y, is the activity coefficlent '(a;= 7;X,)
and X, is the mole fraction of species "i", Since
the a function for PbS derived from the experimental
activity data did not show linear behaviour with
composition, the regular golution models could not
be applied for this system. After <rying other
solution models, it has besn found that Krupkowksi
formalism <ould well describe ¢the FeS~Fb§ systen,
which showed negative deviation from Raoult’s YLaw.

Krupkowsk133 has employed the following ~Losmuloo
for binary solutions:

1ny,=W(T) (1-X,)* (22)
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Equation 23 ig derived from the Gibbs~Duhem eguation
(x,dln ¥ 1% din ¥ ,=0) assuming that eyguation 322
applies for component 1. The function W(T) and
parameter m must be determined from experimental
data. As indicated by equation 22, the exponent m can
be obtained from the slope of a plot of In(lnY,) vs
1n(1~x1); the intercept yieltls 1n W(T), or once m
igs fiwed W(T) can be calculated from egquation 22.
Over a limited temperature range, m is usﬁally but
not necessarily independent of temperature. Such a
procedure generally applies for systems with positive
deviations from Raezlt’s TLaw and then the parameter
m, which is called the assymmetry coefficient, takes
the values 1l<m<2. The closer m is to unity, the
greater the assymetry of the thermodynamic functions.
Moser ? has shown that the values of m>2 appear in
systems with negative deviations from ideal: .y and in
the case of such systems W(T)<0. The functlon W(T) is
temperature dependent and for many systems takes the
form a/T - B.

With the application of the formalism to the
experimentally determined PbS activities in FeS-PbSs
binary system, the intercept ; W(T)} and slope ; m
values were calculated from the plot &f In(-InV, o)
vs In(l=X,..) as ; W(T) = -1.034, m = 2.4 at 1200°¢C
and W{P} = =1.402, m = 2,031 at 1100°C after relevant
ragression analyses with a correlation factor of
G.92,




Therefore, inY e and lnago at 1200°C can be

expressed as:

1ny pps=—1. 034 (1-Xp) 2.4 (24)

1n8,0% 10Xpps=1 » 034 (1-Xpp) 4 (25)

The corresponding 11:1’}’1...&s and lnag o could then
gasily bhe obtained:

10Y peg=—1. 034 [ (Xpee) =171 {Xpys) 1.440,714) {26)

1nag,g=1nXpes~1 0341 (Xpes) *4-1. 71 {Xees) 1440.714) (27)

By using vche same procedury lnap o and 1naFes at
1100°C can be expressed ast

1n8gg=10Xpps~1. 402 (1%, ) 2eon (28)

1na,, o= 10Xpgg=1 s 402 [ (Xpeg) 2091-1.97 (Xppo) 103140.97]  (29)

The last two columns of Table 3 also contain

calculated activity values from equations 285, 27, 28
and 29 at 1200°C and 1100°C respectively for
comparismon with experimentally measured values. In
figure 17, the £full lines represent the activities
calculated by model equations.

By applying the equation 7, which gives the activity
of PbS in egquilibrium with solid Pbs, it was possible
to derive the liquidus temperature of PhS
analytically.
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Table 3a; Data on Dew~Point temperatures and results
of activity calculations in FeS-PbS system at 1200°C.

Sample Measured- Experimental Astivities
composition Dew-Polnt Activities Suleulated by
{Mole Fraction) | Temperatures of PbS ‘Model
Kppg Eres T C Beng Bpps Epey 4;
0.1 0.9 r7.1 % 3.0 0.042 0.045 | 0.889 Ee
0.2 6.8 | 1030.2 3.0 0.118 0.108 | 0.763 E
0.3 0.7 | 1065.0 ¢ 3.0 0.204 0.193 { 0.632 é
0.4 0.6 1090.0 £ 3.0 0.293 0.295 | 0.504 E
0.5 0.5 | 1110.1 1 4.0 0.396 0.411 | 0.384 3
0.6 0.4 | 1142.0 + 3.0 0.532 0.535 | 0.279
0.7 0.3 | 1159.9 2 3.0 0.669 0.661 | 0.188
0.8 0.2 | 1174.5 ¢ 3.0 0.780 6.783 | 0.113
6.9 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
compesition Point Activities Calculated by
Mole Fraction Temparatures of Pbs Model

Hpes Zres T Bprg Bpns Apet
0.1" 0.9 - - - -
0.2 0.8 944.0 + 3.0 0.081 0,082 - 0.75%

0.3 0.1 873.2 ¢+ 3.0 0.135 0.152 0.616
0.4 0.6 1008.2 ¢t 3.0 0.249 0.243 0.479
0.5 0.5 1032.0 ¢ 2.0 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 0.62Z2 0.620 8,152
0.8 0.2 1081.5 ¢ 2.5 0.766 9,770 0.082
0.9 0.1 1091.6 ¢ 3.0 0.886 0.888 0.033

e nvmaned men aetema

* solid + liquid phase regien
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Ccombining equation 7 with equation 25 and solving for
temperature T, the position of the PbS liguidus
was obtained. This is possible only when it 1is
assumed that no solid solubility exists. Since the
experimentally found solid solubilities at both ends
of the diagram were very small, they were neglected
in liquidus temperature calculations.

In a similar way by combining equation 18 with
equation 27 and solving for Temperature T, the
position of the PeS liquidus was obtained with,
again, no solid solubility assumption.

The eo0lid line=s in Figure 15 represent the calculated

liquidus curves as explained above. The intersection
of two liquidus curves, that for FesS and PbS, yielded
the eutectic temperature of 842°C and its composition

at X bsuo .46,

" Henrian activity coefficieht for both PhS and FeS can

be calculated from equations 24 and 26 at 1200°C when
the appropriate mole fractions tend to zero as
T ppg=0+356 and Y, ,=0.478.
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4.2.2 DISCUSSION OF RESULTS IN FeS-PbS SYSTEM

Activitles of both components of the Fed-phS system
show moderate negative departures from ideality in
accord with an experimentally determined phase
diagram, as shown in Figure 17.

Nesterovlg
the transpiration method over FeS-PbS melts in the
range 1000 - 1250°C: the PbS activities were obssrved
to exhibit negative behaviour from ideality, as
reproduced in Figure 9. These data, howavex, coverad
only a 1limited compusition range, ¥ppg $0.35, and
hence were Iinsufficient to derive information on the
activities of Fes. On the other kand, the activity
calculation of Erigla based on the data obtained by
the dew-point technique in thes same system showed
ideal behavicar for both Pb% and FeS activities.
However, they ©reported the necessity of a
reinvestigation of phase relatiocns in the systen
because of the anomaly ohserved in PbS activities
cbtained from the PbS branch of liquidus.

An analysis of the errors involved in using the
dew-point method of activity determination has been
made by Er1924 andéd Birchenall and chengzs. The
largest source of error is an incorrect measursment
of the dew-point temperature. This reproducibility of
the dew-point temperatures in the FeS~FPbS system
changed from 1 to 4°C at 1200°C. Hence, starting from
the highest value, the maximum error in a measured
Phs activity can be estimated as follows: The
temperature coefficient of PbS vapour pressure for
pure PbS at 1200°C from equation 3 is dAP/AT = 2.72
10”3 atm/K. Therefore a maximum error of 4°C in

dew-point temperature corresponds to an error of
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. -2
AP b = 1.1 x10

s atm in measuring the value
Pons = 0.281 atm for pure PbS. For this particular
sample with maximum error, the activity is 0.396 and
the equilibrium vapour pressure is PPbs = 9,111
atm. Tﬁg error in this Pppg results in JﬁPPbS =
4.8x 10 atm. The absolute error in the activity is
related to the relative errors in pressures by the

following aquation24=

Aa,/a=(PIAP,~P APY) [ (P, (Pi+AP}) ) (30)

By inserting AP.PbS'PPbS' Appbs’ P'Pbs values
galculated above into equation 30, the absolute
percentage errxor in determining Appg = 0.396 for
this particular sample becomes 0.39%. By using the
same method, in determining a, . = 0.358 at 1100°C,
becomes 0.47%. '

The accuracy improves further for samples with less
uncertainty in their measured dew-point temperatures.
Thus it can be concluded that the effect of
uncertainties in dew-point temperatures to the
reported activities are negligible.

The second source of error in dew-point measurements
is the change of the original sample composition due
to ¥bS vaporization into the specimen tube. In this
study this +type of error was also negligible, since
it was calculated from the ideal gas equation that at
1200"°C 6.55 mg of PbS, and at 1100°C 2.38 mg of Pbs
would be sufficient to maintain the equilibrium lead
sulphide vapou: pressure over a sampie of pure PbhS.
6.56 mg of PbS represents the highest amount of PbhSs
in the vapour phase among all samples. The total
weight of the specimen in each run was approximately
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5 to 6 grams, hence the PbS removed by vaporization
would not cavse a significant change in the original
compozition 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 smail.

4.2.3 PRESENTATION AND DISCUSSIONS OF RESULTS IN
Fe=-Pb—~S SYSTEM

Activities in Fe~Pb-S ternary system were evaluated
by two different methods, both of which are based on
the Gibbs-Duhem relation. Firstly, by wusing the
mnethod developed by Choudary and Changzs' 27,
activities of iron, lead and sulphur were calculated
from +the experimentally determined tie-lines along
the miscibility gap of the Fe-Pb~S ternary system .
Secondly, by ternary Gibbs~Duhem integration, Fe and
8 activities were calculated using experimentally
measured Pb activities of samples sclected from the
lead-rich ends of the experimentally determined
tie~lines. These methods are as follows:

i) Activity calculations by the method of Choudary
and Changzs' 27:

At constant temperature T, and prei.dare P, the
generalized Gibbs-Duhem relation is:

E nidg-_{-o (31}

where ni's refer to the number of wmoles of the
component and Q; is any partial molar thermodynamic

property of the ith component. Following Chipmanza,
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the concentration variable ny is changed to the new
concentration wvariable Yir henceforth referred to
as the "atom ratic" of component i. The definitions o
of the atom ratics in ternary A~B-C system where A ;s
and B are metals and € is a non-metal, are given |

below:
¥a=n,/ (nptng) =1-y, (32a)
Ya=Na/ (naﬂ?a) (32b)

yemhe/ {Na+iip) {32c)
Expressing equation 31 in terms of activity
coefficients and substituting n; Dby vy; from
equations 32 vields:

y,diny,+y,diny +y.diny =0 (33)

Figure 18 shows lines of constant Yo ang ¥a (or
yp)s the miscibility gap along wkich equation 23 is
to be integrated and the composition notations.
Yo=0 shows metallic A-B binary; y; = y; shows
compositions of noi-metal saturated metallic phases
in equilibrium with metal poor phases denoted by ¥y

r2 y{,

e o R T LT L LI

From egquation 33 and following Wagner29 an

inmportant relation was developed by Choundary and
cnan926'27, expressing the variation of
In{y/Y,) with yE in terms of the change of
1nY, with Yg- Knowing the ti. line~distrib..tiomn
in the two 1liquid phase and the bouncary binary
thermodynamics, +ihis relationship may .. utilized to
compute all the pertinent thermodynamic data along
the miscibility gap.

59

e e o e P i e e 1= A TR i AL e L et i et e, et ket e+ g 1o e g et ——— i
. N . " _ C i \ s U
& : o 3 o X LT



Eh

&

h Y 1S CONSTANT
!
@
I Ye=Ye
. Je/
L1+ L7
|
!
P A B
: Yo "Yc YC=0
G
ﬁ'
o Figure 18. Schematic of an isothermal section showing a
"\ _J miscibility gap in a ternary system A-8-C.

60




In derivation of thit new equation ¥, and y, are
independent variable< yith Yo = 1 = yg. Thus from
equaticn 33 the following relations are written:

) diny, diny, diny, 14

(1-y,) ( 3. }+yy T } + c{—a——) =0 (34)
d_

-y (T ey St + c._gﬁ)*-o (35)

Differentiation of eguations 34 and 35 with respect
to Ye and Yg and upon subtraction and subsequent
rearrangemer.t ©of the terms yields the following
important relationship26'27:

dlo(Ys/Ya) | d1n%e, (36)
djfc dYB

Integrating equation 36 from y =0 to Yc=Y;

{

along constant Ya and Yi yields the following

equation for ln(TB/YA) along the metal-rich
miscibility gap boundary as

dai
(11‘575) a _(ln'fs)(y.’ —-af-.r—c)tr,j

PRRTTL Ta

Where ¥', 1is the limiting activity coefficient of ¢
at infinite dilution in A-p solutions. Equation (37)
is strictily valid only if the variation
(dinY./dy,) with Yo is constant in the
compositional range 0<y.<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

(37)

6l



eguaticn  (37) by utilizing the therwmodynamic
properties of the binrry A~-B and the limiting
thermodynamic properties of C in the binary A-B.

Knowing the ratios of activity coefficients of B and
A2 along th. metal rich miscibility gap boundary as a
function of metal atom ratio from egquation {(37), it
is possible o calculate the activities of all three
components by utiiizing tie-line distribution data,'
through the following relations for coexisting liguid
rhases in the miscibility gaps

(1-y3) dlna,+ysdlnag+ycdlna =0 (38a)

(L-yp) dlna,+ysdlina e yedlina =0 (38b)-

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

d{lnag) ,=( Yya~Yi ydln(ag/a,) (39)

Ye—Ye

Multiplying equation (38a) by y. and (38b) by v
and wupon subtraction and rearrangement of terms yield
a relation for the activity of A as:

YiYe-YeYe
Ye-ye
In the calculation of activities in Fe-Pb-S systenm

equations (37), (39), and (40) were used with A for

d{lna,) ,.={ ydln(a,/a,) . (40)



{

lead, B for sulphur, and C for iron. Due to end
points of the experimentally found tie lines being
closer o the Pb-PbS boundary, it was decided to use
the activity data from this boundary. Therefore the
above mentioned equations were adopted to these data.
Since the  experimental values for the limiting
activity-coeffiqienﬁ of iron in lead-sulphur melts
were not available, they were calculated fiom the
quasichemical relation of Jaccb and Jeffes30

InY* ce(ob-s) ™ Veul DY rotomy # V1Y persy “-%R{JI—‘:" ' (41)
where H" is the enthalpy of wixing for the Pb-8
solutions. With the quasichemical relationship of
Jacob  and JEffesso equation (37} f£for Fe-Pb-8
system takes the following <form when expressed for
activities®’

ln(i?.) P R 15 ¢ P b LE I-i-(ln 2)+y e, I1n o Felsl)
. Pb {yu"}ﬁ'l ke Yn"c YP ( Fele)
2 (HM"Hns) (42)

R {170

The term H% in fthe above relation represents the
relative partial mnolar enthalpy of S8 in binaicy Pb-§
solutions. The thermodynamic properties of Pb-S
solutions, namely HH and H% as a function of
canpgsition were calculated with the use of data from
Exrig’.

H.A. Wriedt3! has developed a method of calculation
of activities in binary systems having miscibility
gaps. To make these calculations, it is assumed that
the function o defined in terms of activity
coafficients, Ti=&i/xi ‘ and atom or Tole

fractions by the equation:
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is linear with compogition, that is:

@, A+BX, =A+B(1-X,) | (443
and by integration of binary Gibbs-Duhem eguation,

o, =A+B{1/2+X, )=A+B(3/2~X,) (45)

In essencé, the above assumption pf linearity of a;
function is identical with the sub-regular solution
model, developed by Hardy32. In sub-regular
solutions the integral and partial molar free
ensrgies are expressed by two constant equations32
as well.

The calculation of unkowns A and B expressed by

Wriedt31 as:?

11

a=2 (2525 %8 3) b 1 (1 ~x#) ] n(___nn
-z( 2 2 ) ( Xz‘u} 2 L 1 X
x!
xFin ()] (46)
X5
and
2 1-X1 11, 12
B s [21n( zn)'l'(xa +X5 ) »
(Xé - )3 1-X

Xz.l.‘l ( 1- xgl?)
lez ( l_lel )

It was shown31 that for symmetrical and wide gaps

the activities calculated by the above equatlons were
in excellent agreement with available experimental
data. .

(47)
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Since the miscibility gaps in both Fe~S8 (on the FeS~S
side) and Fe-Fb binary systems were very wide, it was
decided to use eguations of wriedt3* to calculate
Henrian activity coefficient of iron at infinite
dilution in 1liguid sulphur 4 in liquid lea& at
1200°C  respectively. At this Yumperature, ‘the
compositions of the two liguids in egailibrium in the
Fe~8 system were established as Xs = 0,605 and XS
= (0.994 (Fig 4.). Hence, the values of A and B were
evaluated to yield the following Cre fuqction.

aFe=15.65-30.07(1/z+xFe) - (48)
where

pmInY po/(1-Xy ) ? (49)
Therefore

1n'¥F9=[(15.06-30.07(a+xFe)](1—xFe)2 {50)

From - equation (50) the limiting activity coefficient
of iron in liguid sulphur was estimated as

7Fe(3)=1‘°28‘
By the same method, taking beS#O.OOOI and
beSwO.QBB from Fe-Ph binary (Fig.5) o

function was expressed as

@R =5-5  W37(H+Xg,) (51)

Fe
And
2
ln'?Fem[5.55+1.37(§+XFe)}(l-XFe) {52}
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from equation (52) the limiting activity coefficient
of iron in liquid lead was found as

1 pe(pb)=510- 71+

Henrian activity coefficient and self interaction
coefficient of sulphur at infinite dilution in liquid
lead were calculated by using activity data of
Eric’ in Eb-PbS system as 1n Y g(pp)y=—4-49 and
£5=-0.42 after a relevant regression analysis ip
the interval of o<xs<0.16, as shown in Figure 19.
Although at first sight, 1n'¥S versus Xg does not
look absolutely 1linear, within this wvery narrow
composition range, regression analysis gave a very
high correlation coefficient of r=0.96, indicating
that linear relationship is justified. |

All the above mentioned thermodynamic information for
the Dbinaries was used in connection with the
experimentally determined tie-<line data (Table 2,
Fijure = 16) to calculate a consistent set of
activities along the miscibility gap of the Fe~Pb-S
system at  1473K. Equation (42) permitted the
calculation of the ratio ln(as/apb) along the
lower lead rich boundary from which
activities of iron, Jlead and sulphur were evaluated
by the following integrated form of equations (39)
and (40}.

1]

(1nag,) 5= (1nag,) +! Q d(ln.;i) (i) (53a)
£b

{yiv0)
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Figure 19. Activity coefficient of Sulphur versus mole
fraction of Sulphur in Pb-S systen.
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a
(lnapg‘ﬁ,-{lna%)iﬁw}+J'l d(ln:i;){ﬁ’ {53b)

¥
a

(Inag) = (1nag) gyt [ 8 d(1n22) (53c)

4 App
Where O, A and 6 are defined by:
Qa(ys-yi) / (YVie=Vie) {54a)
Am (Y5 ViemYs - Vie) / (V=Yoo - (54b)
O= (Vb Yie=Yho- Yre) / {¥ie=Yre) (54¢)

The integrals of equations ({53) were evaluated
graphically as the area under the curves Q, A and
[+ against 1n(as/apb)(ys). These  iIinteyration
plots are shown respectively in Figures 21 of the
Appendix. o ’

All the thermodynamic data gathered with the
precedure explained above, along the ternary
miscibility gap of the Fe-Pb-S systems were used to
construct the dlagrams shown in Figures 20a, b and ¢,
which show iso-activities of iron, lead and sulphur.
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Since the tie-line distribution is known down to
y ¢=0.005 (tie 1line 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~PhS bhinary are
ninimized.

The value of an, and ag at Y; =0.005
(tie«line 1) were taken as 0.993 and 5.6x10 °
respectively by utilizing the available activity
coafficients and self interaction parameters stated
above.,

Activities of iron were calculated by t7king the
activity of Fe 4po=1 as reference on the bottom
line of the mniscibility gap drawn from Fe-FeS side
towards the Pb corner separating two liquid region
from the three phase region: Fe(Y)+L,+L,.

The calculated Fe, Pb and S activities on each
tie-line through the methed of Choudary and
Changzs'27 as outlined above are given in Table 4.

The uncertainty in the derived activities c¢an be
readily assessaed by analyzing the individual
uncertainties in varicus terms of egquations (53).
These eguations are thermodynamically exact and the
errors in the activities along the miseibilify gap
can be attributed to the uncertainties in a) the
integration function Q , A and 8 b) the calculation
of activity ratio, and c) the integration procedure.

From the tie-~line dJdata presented in ‘Table 2 and

Figure 16 the maximum error in the integration
fuaction @ , A and 8 due to the error of chemical
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- analysis is estimated to be #0.01%5, $0.02 and +0.03.

Referring to equation (42), the uncertainty in the
calzulated ln(aS/ankyg) values along the
niseiblility gap are due to a) the errors in the
binary Pb~S activity dasta and b) the errors in the
term of 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

guasichemical model of Jacoeb and Jetfes®®. The

-derived wvalues -are reported by Choundary et a126 o

have an uncertainty of £20%.

Even if 40% uncertainty is assumed for the values of
this term, wlth that of *0.05 in the values of
in(a_/ag.) in the Pb-S binary and cof +0.03 in
Y*F or the derived values of 1ln(ag/a,) along
the miscibility gap will not be in error by wmore than
20.22 units.

The last source & . error is due to the graphical
integration procedura. It can well be seen that the
integration functions Q , A and @ result in very
smocth curves in which integration errors would be
negligible. Therefore, the total uncertainty in
activity wvalues is nout expected to ba greater than
10%.
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ii) Activity calculations by Gibbs-Duhem ternary
integration:

The 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 by the same methed as
described in section 4.2.1. by inserting dew-point
temperaturés inte egquation 12. Measured lead
activities re also given in Tabl : 4.

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

For the sulphide~-saturated liquid phase:

Xedlogag +X,dloga,+X dloga =0 ' (55)
For the lead-rich liguid phase:

Xeadlogap,+ Xhudloga,,+Xsd10ga =0 {56)

When equation (55) is multiplied by Xg and equation
(56) by XS, and the terms with dlogas are
eliminated, the following equation is obtained for
the activity of iron:

diogag=® dlogay, {57)
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where the composition parameter & was given by

D = (XX =K Xop) ] { KeX pa=X sXre) (58}

The integral of eguation 57 can be written as

e
logape-loga;e+f d dloga,, {59)

A
This integral can be pei ormed to evaluate logaFe
when 1oga;e at the starting point of integration is
known, and when the data on a, are sufficiently
comple.e as a function of parameter #. The tie-line
nunber 9 on which apb=0.89¢ served as starting
line. at that peint, the sulphide activities were
taken as apbs=0.dll and Apag™0 384 from the

‘activity data available in this study for FeS~Pbs

binary solutions (Table 3a).

By use «of the mnmeasured Aph and appa from this
stv y and the standard free energy of liquid pbslt
at 1200°C (equation 11), the partial pressure of
sulphur on this tie-line was found to be 3.83:10-4
atm. From tha standard free energy of formation of
ligquid FeS (equation 15), the available aFas=°'334
value, and Py, as calculated above, ape ©ON this
particular tie-line was calculated as a;e=o.u45.
Wwith this value as the starting point, the integral
of equation (59) was evaluated as the area under the

curve for & against logag,, .

The sulphur activity at starting point was found to

be a;=1.3x10‘3 from the standard free energy

change of resaction (13) by empioying sulphur partial
pressure of 3.8x10"%atn on this particular line.
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After elimination of dlogay, terme from equations
(58) and (56), the final equation for sulphur

activity was found as

logas-loga;+f ¥ dloga,, (60)
where
Y o (KhoXpp =Xy Xoo} / (XeeX - XeuXe) (63)

Again with the known valuwe of agw1.3x1o"3 at the
starting point, the integrai of equation (50) was
evaluated as the area under the curve for W against

logapb.

The results of activity calculations by ternary
Gihbs-Duhem integration are given in Table 4 together
with the results obtained from the method of Choudary
and changze' 27 for comparison. As can be seen the
agreement is excellent also providing the fact that
the experimental methods involived in bhoth phase
equilibria and activity determinsations are sound.

It should be mentioned that the iron and sulphur
activities calculated by the help of & and V¥
functions of equations 59 and 60 are sensitive to the
slopes of these functions. Plots were drawn for ¢ and
¥ with respect to the logarithm of activity of lead
after successive iterations so that for example the
known activity of iron (ap,=1.0) along the straight
line from the Fe~-Fe8 side to Pb corner could be
obtained within 0.002 units. '

This preocedurs yielded a set of activities consistent
with the phase relations, and the excellent agreement
of activities obtained by two different methods
strongly support this.
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Activities Calculated by the Activities Caleculated by Tarnary ' : : _ }\H
Method of Choudary et al®é? Gibbs-Duhem Integrati=i '
Tie-Line Paw-Point
Numbex Bry Bpy, ag Termperatures {"C} ap, fmeagured) .. é,.“
1 i 0.951 0.993 5.6 10° - - -
2 0.840 0.992 7.6 10® 1199.4 0,994 0.842
3 0.740 G.989 9.7 107 - -
3 4 0.614 0.982 1.2 107 1198.5 0.984 0.624
5 4,386 0.962 2,310 - - -
5 (.282 0.946 3.7 10 1194.3 0.948 0.285
! X 7 9,231 0.935 7.5 10 - - - ;
; 8 6.148 0.811 1.1 17 1191.0 0.910 0.146
9 0.046 0.843 1,3 10" 1189.1 0.894 0.045
i 10 0.034 0.877 1.5 10 - - -
i 11 0.006 0.307 3,0 107 1177.5 0.796 0.006 3.2 10
|
| |
] (? '
i %
. j i
Table 4. The results of activity calculations in the
system Fe-Pb-S at 1473X. ;' };
]' -
L0 '
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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
technigue of  thermochemical research. The specific
systems selected for thermodynamic rconsideration during
this study were:

1.) FeS~-FbS binary system
2,.) The Fe~Pb~8 ternary system

The information gathered with respect to the above
systems were the following:

"~ 1.) High temperature phase welations in the FeS~PbS

gsystem were examined by quenching technigue. Eutectic
temperature of this system was found at 46 atomic
percent PbhS at 842°C. Activity measurements were
carried out in this system at 1200 and 1100°C by
neasuring dew-point temperatures of PbS. Activities

- showed negative deviations from ideality. The FeS-PbS
liguid solutions were modelled and PbS s&and Fes
activities were calculated by applying the Xrupkowski
formalism. Ligquidus 1ines, eutectic temperature and
composition of the FeS-PbS phase diagram calculated
through formalism were in complete agreement with
results obtained experimentally.

2.) In Fe~Pb~S melts, the immiscibility region and the
direction of conjugation lines between ligquid matte
and liguid metal phases at 1200°C were found by
Juenching experiments, The activities of lead along
the ternary mniscihility gap were measured by the
dew-point technique at 1200°C. Using the measured
lead activities, activities of iron and sulphur were
caloulated through ternary Gibbs-bDuhem integration.
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In addition, the activities of lead, iron and sulphur
along the ternary miscibility gap of the Fe~Pb-8
system wevra calculated through the recent meéthod
developed by Choundary and Chang25’27, from the
tie~line d&istributions and thermodynamic information
of the bounding binaries Pb-PbS, Fe-FeS and Fe-Pb.
Both of 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

beoth Ph«PhS and FeS-PbS melts.

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 8 as the
result of dissociation reactions common to these
compounds in liquid state. An estimate on Fes
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 liguid phase will contain
xFes=o.977o, xFa=0'¢0115' and xSﬂ0.0115.9 For
the same reasons as described for Fe-S melts™, the
Pb-S melts c¢an be regarded to consist of the species
PbS8, Pb and S. The concentrations of these species

are governed by the eguilibrium:
PosS(1)=Pb(1)+S(1) {62)

for which the [following equilibrium constant

expression can be developed from the data available

in literature39'4o'41.

1lnK= -5652/T - 13.784 + 1.630 1n T (63)
In the Pb-S phase diagram, the lead rich solidus of
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PhsS  has Xpy,=0.50021 and Xs=0.49979 near the
nelting point of rhet2, Using these and the value
of K at 1200°C from equation (63) the dissociatiocn of
PbS can be treated in a manner similar to the method
described by Lumsden43, this procedure revaals that
the composition of the molten lead sulfide at 1200°C

i beS=0 . 983, XPb==0 .009 and Xsﬂﬂ .008.

It appears from the preceding discussion that FeS and
PbS do not dissociate extensively at 1200°C.
Therefore, although the sulfide melts are not
strictly stoichiometric, their compositions can be
represented adequately Iin terms of the end-member
compounds. This oconclusion is also supported by the
results: of occasional chemical analyses done on
sulphlde sampies,.
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7. APPENDIX

Integration Functions of Fe, Pb and S in Fe-Pb-S system.
The 2 , A and 8 functions which were used in the method
developed by Choudary and Changzs’27 to derive ¥e,Pb
and S activities along the ternary miscibility gap of the
system Fe-Pb-S at 1200°C are 4{llustrated in TFigures

A.2ia, A.21b and A.21c respectively. The ¢andV
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.

86




0

=08 F
- 1I2 ~
- 1.5 -
“2.4

-3 : f : } : s -

~8.15 ~7.84 ~7.22 -8.30 ~6,29 ~56.64

a
{in ';;i L
Figure A.21la. The Integration function {} against
1n(a5/apb) used to evaluate Fe activities in the

system Fe~Pb-S8 at 1200°C
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Figiv—e  A.21b. The integration function 3 against
ln(aS/an) used to evaluate Pb activities in the

system Fe-Fb~S at 1200°C.
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in(ag/ap) used +to evaluate 8 activities
system Fe-Pb-S at 1200°C.
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Figure A.22 a. The integration function ¢ against
logay, used to evaluate Fe activities in the system
Fe~-Pb=-S at 1200°C.
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Figure A. 22 b. The integration function V¥ against
logag, used to evaluate S activities in the system

Fe~Pb«S at 1200°C.
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