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ABSTRACT

A study of phase relations and thermodynamc properties in iron,
tin, sulphide system was conducted.

High temp'erature phase ‘relations in the ‘FeS~SnS system were
established by quenching samples equilibriated in evacuated and.

sealed silica capsules. FeS-SnS phase '- 'd_iagmm. was drawn. The

eutectic temperature is 818 "C with cam'positim at Xsus=0.767.

- §nS activities were obtained at 1273 13’?3, 1473 X by dew<point

method and  in aceoprdance mth the phase dxagram posit.xve :
. deviations wera abserved. ' -

Within the Fe-Sn-5 teérnary system, the boundaries of the

 immiscibility region together with the tie-line distributions

were established at 1473 K also by quénching experiments,
--Act'i'vities of Fe, Sn and S alcmg the misczhillty gap were
Lculated by utilizing the bnundmg binary themodynam;.cs,-

| phase equilibria and tia-l:.nes.. o



ammms :

Fe:s~8ns phase diagram was re&:ann.
*’melts at 1000°, 1100“, 1200°C were measured ang mc:delled.

Activities of 8nS in FeS5-SnS

within the Fe—Sn—S tarnary system ' t:he boundaries of the ternary
miscz.hility gab were found ak 1200 "'C', Activitien of Fe, Sn,
and S along the misczhil:.ty gab were cal;:ulated,
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1 INTRODUCTION

Tin ores in the world are getting leaner in their tin contents.
It is well known that tin smelting of oxide ores requires a
two-stage operation due to the difficulties encountered in the
separation of tin from iron. This is due to similar thermodynamic
stabilities of both oxides SnO and FeO. As tin ores are getting
leaner in tin, due to relative increases in Fe/Sn ratio, the
above mentioned separation problem increases its magnitude,
Here comes the advantage of sulphur conta ining systems. SnS is
a relatively volatile compound, and thus tin can be separated
trom the bulk of the ore or concentrate by vaporization when
favorable conditions are provided. This process is known as the
fuming technigue and involves Ffirst the sulphidization of tin
" oxides in the concentrate by pyrite additions ‘at smelting
temperaturé.s.. Thus an iron-tin matte is formed and subsequently
sns is eVaporatad. For this process to operate satisfactorily
basic _infomatiari_, that is phase equilibria and thermodynamics
of the FeS-SnS system should be known. For example if positive
deviation exists in thermodynamic behavior of PeS-SnS mattes,
this will help the fuming process. If negative feviation exists,
spacial precautions must be devised. Afterwards the eQuilihrium
of this matte systenm with the slag éystem should be delineated
for actual process cbndit_ions because inevitably iron-tin mattes
will not be stoichiometric sulphide solutions. They will probably
dissolve oxygen in them and thus be sulphur deficient. This
 condition will mean that the conpoeition of these mattes will
end-up within the ternary field of the Fe-Sn-8§ system, on which
no information exists. This is particularly important as Sn-Sn§ .
and Fe-Sn systems are characterized by large ligquid miscibility
gaps at smelting temperatures which will definitely extend to
the ternary field and possibly join therein. The boundaries of
immiscibilty and thus phase relations should be determined as



this will have direct process implications. The distribution
of tie lines within this two liquid region are also essential
because these will give the compositions of sulphur deficient
mattes in equilibrium with metallic phase containing hoth tin
and iron. From a process point of view such an eguilibrium may
be favorable if the direction of conjugation lines dictate an
acceptable level of i.on dissolved in tin. If not, such an
equilibrium may be avoided by careful control of fuming furnace
atmosphere and proper adjustment of matte and slag composition.

It is appareht that SnS is one of the most eritical constituents
along with ¥e$ in matte fuming operations to extract metallic
tin from low grade ores. Almost equally important are the liquid
systens containing Fe, FeS and Sn together with snS for a better
understanding of the extraction and refining processes.

The systems involving SnS and FeS are also of interest to
researcher:; belonging to fields other than metallurgy.
Geochenists, for example, contributed +to much of the
understanding of phase equi'libria in such systems with the ain
of establishing the rock formation behavior of sulphides.
Materials Scientiste, on the other hand, generated a substantial -
amount of solid state thermodynamic data with respect to
semiconducting properties of sulphide compounds. The liguidus
curves and pertinent phase equilibria daia in binary and ternary
metal-sulphur systems are also of particular interest to those
concerned with the growth and perfection of these semiconducting
compounds. o :

For a binary or té:_rnary solution phase, many diverse sets of
experimental thermodynamic data may bz available. Activity of
one or more components of various compositions and temperatures
may have been measured by electromotive force, vapor pressure,
mass spectrometric or other techniques. Enthalpies of mixing
' may have been determined calorimetrically. The experimental



data. If the standard Gibbs Free Energy of fusion of a stoi-
chiometric component is known, for example, then the activity
of this component im the liquid phase can be calculated even
nonisothermally along its liquidus. Miscibility gap is alse a
' source of thermodynamic data, since the activity of either
' compeonent is the same at both endr of tie~line, even though the
actual values of the activities may no% be known. '

The aim of this work is to generate thermodynamic data on Fe-sSn-8
ternary and FeS-6nS pseudo-binary systems by using :he Dew-Point
and classical equilibration-quenching techniques of thermo—
. chemical regearch. The dew-point technique rely upon the high
" yolatility of a component in a metallic or non-metallic soclution.
The measurements are conductad in a closed system where the
advantage is taken from evaporation and condensation phencmena
which become a problem in experiments using open systems.

The plan of work is designed to obtain specific in_farma.tion
-with respect to the following.

A )} The direction of conjugation lines between the coexisting
liquid sulphide and liguid metal phases by quenching experiments
at 1200 °C and thus, determine the boundaries of the immiscibility
region (‘hase Equilihria Study) .

B ) Activities of SnS in SnS~-FeS melts at 1200 °C through the
Dew-Point measurement (Thermodynamic Study).

¢ ) Calculation and muielling of ls.quid solutions in the Fe~Sn-8
system whare results permit.

The information gathered in the steps desoribed above would be
applicable to the analysis of the thermodynamius of the
Fe~FeS~8nS-Sn portion of the mother Fe~Sn-S ternary systenm.



2 REVIEW OF LITERATURE
2.1 PHAASE RELATIONS

Many ternary systems of extractive metallurgical interes’
consigt of two metals and one nonmetal such as oxygen or
sulphur. In the liquid state, two metals are usually completely
soluble in each other, while the miscibility gaps often form
in the metal-oxygen or metal sulphur binaries, with the
immigcibilty region extending into the ternary compositions.
Usually the composition of one of the liguid phases lies

- quite close to the pure metal component. For many »=f the
systems, the only information available is that ot the tie
line distributions in the twe liquid phase fields of the
ternary systems.

The information available in literature on systems pertinent
to the present study is presented in the following.

2.1.1 THE SYSTEM FeS-SnS

SnS-FeS Phase diagram was first constructed by Haanl in
1913, Secondly, phase diagram of this system, on the
assumption of no solid solubility of either component and
regqular solution behavior of the liguid matte phase was
cop. ructed showing liquidus curves, from vapor pressure
me’ 5 irements by Davey and Joffe2 in 1972. Both phase
diagrams are reproduced in Figure 1. The FeS-SnS binary
gystem is characterized by a single eutectic invariant at
797 °C and 18.4 weight percent Fa2S5 according to Dawey and
Joffred., At 1200 °C both sulphides form continuous
homogensous liquid solution. As seen in Figure 1, Haan"s}
experimental points tend to lie somewhat lower than Joffre
and Daweys? calculated liguidus. The agreement can be |



considered fairly good. The greatest deviation of Haan"sl

peints from Dawey and Joffre*s? calculated liguidus is
around 50 to 60 prrcent Pes.
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Figure 1. Sn$-FeS Phase diagram from vapour measure-

ments. L: liquid phase, S3: SnS, Sp: FeS. After Haanl
and Dawey and Joffre-2



2.1.2 THE SYSTEM Fe-Sn-5

In the Fe-5n-8 ternary system, the bouhding binaries
Fe-FeS, Fe-Sn are quite well lnown, whereas Sn-SnS have
recently been established by Eric3 and Bilgin and Eric7.

The éystem Sn-SnS which is of interest in tin metallurgy
is a part of the main Sn-S binary. Eric3 has applied the
Regular Associate Solution model (RAS) to this binary system '
and constructad a model phase diagram. Sn rich eutectic is
at 232 °C. The RAS model predicts a stable miscibility gap
with a critical temperature of 1090 °C and a monotectic
temperature of 860 °C. The liquidus data for this system
‘was mainly from compilations of Hansen% and Eliottd but
the solubility measurement of sulphur in Sn from Cheng and
Alcock8, were also taken into consideratien through the
following equation, valid in the temparature range 500-600
°cC.

Log atom %8 in Sn(1)=-3225/T+3.40 ......(1)

Recently Sn-SnS system were examined experimentally by
quenching techhique by Bilgin and Eric’, The system was
found to form a large miscibility gap above 860 °C. The
phase diagram is reproduced Figure 2. The agreement between
the two diagrams reported by Eric3 aud Bilgin and Eric? is
quite good apart from the boundaries of the miscibility

gap. The experimental diagram’ does not show a critical | _

temperature for the closure of the gap where else the
calculated oned shows. This can be attributed to the
inevitable assumptions inherit in the Regular Associated
Solution model. | o
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The thermodynamic and phase equilibrium data of the
s'uhsy'stem' Fe-Fes of the Fe-S binary were evaluated by
Hillert and Staffanson® taking pyrrhotite to be a
stoichiometric compound at equal atomic fraction of the
components Fe and 8. Subseguently, the data for the entire
system were evaluated by Sharma and Chang? taking into
pans_iﬁaration' the hamo'genei{:y range of pyrrhotite. For the
liquid phase, Sharma and Chang? used an associated solution
model in order to account for the ramid change of the
' component activities in the vicinity of equal atomic
'campdaitidﬁ. Recently, Fernandez Guilermaht Hillert,
: Hannsun, and Sundmanll re-evaluated the Fe-§ system using
a two sublattice model for the liguid and pyrrhotite pl‘iaaes.
Chuang, Heieh, Austin Changl? alse re-evaluated the Fe-8
system, as shown in Figure 3, using the same models as
Sharma and Chang? for the liguid and pyrrhotite phase. This
is an impmvement: of an. earlier avaluation ¢f Sharma and
Chang. ' '

. The Fe-s_n phass diagram reviewed by O Kubaschewskil® is
gshown in Figure 4. There are ten irvariant reactions in
‘this system. At 1130 °C, a monotectic reaction sccurs where
liguid L ﬁecompnses to body centered iron and tin-rich
1iquid (Sn) The iiquid chihility gap closes at about 50 -
a'c._om .‘k_ (68 wt%) ‘8n and 1528 "0 ' :

The liguidug projection in the Fami'eS*Snaés rég:wn of the

Fe-Sn-S system was studied by ¥MA Sokolova15 Figure 5 is
part'.ly adapted from his data. The priwary regions of
crystallization ara o Y, Fen {,,,S, Srs, U, FegSng, Fe8n,
FeSn, and 8n. The liquid miscibility gap in the Fe-Sn

 system, extends r1ly slightly into the triangle and closes

on itself at the 1nwer critical point t.:". On the other hand
+ the m:.qcu.bility gap in the; tin rich part of the Sn-8 .

.
A



binary systems extends deep into the ternary region. The
- eutectic line from e; of the FeS-SnS pseudobinary swaetiori
neets the liguidus bounding this miscibility gap at around
750 °C, where the ternary monotectic reaction M ocours.
The eutectic line from e; of the Fe-S system is postulated
to meet the metatectic line from mgy of the same systenm
zround 950 °C at Uy. The composition of the product ligquid
from U; moves toward the tin corner with decreasing
temperature. As many as six invariant reactions involving
the tin rich liguid are nzeded at tlm tin corner, befare
the solida.fication is complete.

. Approximate isotherms at 100 °c :.ntervala are drawn in -
Figure 5 using the resu.r.ts of MA Sokolova16 and the binary
data. - :

“ No data are available on the liquldus surface of the
FeS-S-SnS region of the ternary system. 2 hypothetical'
surface for this region is included in Figure - 5.The
monctectic univariant lines from the Fe~S and SnS systems
meet at U, around §00 °C. The final solidification of
product liguid I ie{j assumed to occ".ur.; through a | ternaxry
_eutectic reaction Ey at about 700 °C

GH Mohl7? gave two isothermal sections at 600 and 450 °C.
Figure 6 and 7 give the igothermal sections at 600 °C and
450 °C, after slight modifications to match the binary
data, At 450 °C, 8n, FeSn and FeSng are in divaviant
“equilibrium with Fey.,)5. In Figure 6 and 7, all Sns
"c:omptbunds are the low temperature « forms. Fey. x,S ig in
divariant equilibrium with FeSy, SnSp, SnySs and SnS. SnS,
and FeSy are stable cmly with the most sulphur rich Fe a- x,s '

At the other extrema, almost stoichiometric Fes (troil:.te)

. coexists with SnS. Snysy is in equillhrium with a range of
compasitmns af Fe (1,,,,3 :
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2.2 THERNODYNAMICS |
Since the knowledge of high temperature thermodynamlc
properties of Fe-Sn-S system is essential for a proper
. understanding of the extraction and refining processes of
iron and tin, the available information pertinent to the
present work is summarized in *he following subsections.
2.2.1 THE SYSTEM FeS-SnS |
- Pin sulphide is highly volatile and this high volatility
‘is maintainedl? over a broad range of sulphur pressures.
This behavior represents a challenge to the engineer
searchinyg for an effective fmeans of smparatmg tin from
_ ra,w materials.
Davey and Joffre? have determined the vapor preasure.a of

- pure Sns ; over both solm and liquid forms by the use . of
transportation method. Their equations are: |

1agcpm)=-109é\aﬂ+? S4atm)....(2)

10G(P 55) = ~BE7T/T +5.81¢atm)...,.(3)
Equatidn 2 is for "*rz;porization of pure solid sSns wherelse
egquation 3 is for vaporization of pure liquid sns. Equations
- 2 and 3 are reported to be valid in the temperature ranges
: 975-1143 K and 1143-1500 K, resppetively. Thus fcr the
 reactiom: . '
' SnS(s)#S_n'S(g).....(*@)
. L]

'I‘he temperature dependence of the standard free energy’
change in . the mte.rval 800-1143 K was formulated as?

- 15



LGS = 209853 146, 23T(J/mol) ..... (S) -
‘For the reactmn:

SrS(i)= SRS () (6)

The change in standard free emergy, in the interval '_
1143-1500 K was given as?

AG®=169921~111.21T (1 /mol).....(T)

For the same ?aporization equilibria (reactions 4 and ) ;
the tabulated data reported by Kelloggl3d was expressed.
after a linear regression analysis as

- AG® =f212080-r147,93T(J--/moc_f)'_(_sohdSnS)....,(8)
and | ' | '

AG® =="16??-8 ?-- 109, ZGT(Jlmal)(Ziq'u.idSnS) o {9)

- The agreement between respective equations 5, 8 and 7, 9

were repnrtad to be excellent.

Kallagg13 also reports that the vapor pha,ae iz composed of |
two- tin sulphide bearing species, Sns and Bny8;.However
the concentration of the dimer Sn232 gas is very much less
as campa.red to that of monomeric tin sulphide. Using the
‘data given by Kelloggl? it can be calculated that, at 1400

. K, the vapor pressure of SnB gas over licguid SnS is twe

orders of magm.tut!e greater 'I:han vapor. preasure of Sn252
gas. . - |
The latent heat of qusibn of SnS was calculated by Dawey
.and Joffre? by taking the d:.t’ference in enthalphy terns of
equatmz:s (8) and {7}, as: :



AH® ;= 209853~ 169921 = 39932(J /mol).....(10)

The melting point of SnS is egual to 881 °C. Thus the
entyopy of fusiun is 34.60 J\K-mol, and for the equillbr:l,am,

.Sn.S‘(s) SnS(i} eras{11)
Tha standard free energy change can be given as: )

AG®=39932~34.60T (J/mol)....(12)

. Standard fi-e.e ener.’-gy -change equation yi_.elds.

Ina s,,$=-§r53-?—3-+4 162.... (13)

. For melting of FasZ
FeS(s)=FeS(£} n{14)
==32310 7-‘-22 OIT(J’/moI).. . {15)

| Dawej)" and Jogfre? ca'lculated- activities of FeS and Sns in

these liguid solutions at 00 °C and 1000 °C by using their

data on SnS gathered by the transportation met:hod. ‘I'ha:.r
rasults are reproducea in Figure 8. :

There are several exprassions on the standard free enexgy
- af formation of pure solid and liquid SnS.  For the
equilibrmm" L - '

i
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| Figure 5. Activities in FaS-5ns system at 800 and 1000 °C
aft:er Dawey and chfrez _ v
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Sn(l)*-»}ész(g) = SRS(§ Y00 (17)

The tabulated data given by Eliiott and Gleiserl® when
treated by regression analysis yields the following linear
aquation in the temperature range 505-1154 Ki

AG® =~144139 +94.22T (J/mol).....(18)

When reactions 11 and 17 and equations 12 and 18 are |
respectively combined, the standard free energy of for-
mation of 1i.qmid SnS can be obtained as:

| .sﬂ(z)-:-%sz(gjé sns-(z_).._...(fé)

AG® ““10420?*59 62T(J!mol)‘ . (2&)

on the other hand, when the tabular data of Kellagq13 is
treated by regresgion analysis in temperature range

1200-1500.X, the standard free energy of formation of liguid
sns (for reaction 19) can be directly obtalned as t.he
"ol:l.awing 1inaar equation:

AG® =~133654+60.84T (J/mol).....(21)

'- This}reiationship is in good agreemant with that reported
by Barin and Knackel® for liquid sns:

AE"=~136398 +59, 927(J/n-;az3 o (22)

I can sasily be saen that equation 20 pradicts almost 27k
less values at 1423 K for the standard trea enexgy ol
formation of liquid 5nS than equutions 21 and 22, It is
estimated that the data given by Elliott and Gleisex:® are
~in  error. ‘That is because  direct vappur pressure
" measurements of Dawey and Joffred over pure solid and liquid
§nS ave in good agreement with the values given by Kelloggl3,
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Tharefore their enthalpy oZf fusion value for SnS seems to
be correct., This presumably shows possible errors in the
tabulated datd of Elliott and Gleiserl® for the standard
free energy of formation of solid SnS. Throughout this
investigation aquai'iun 12 was employed to calculate the
standard free energy of fusion of SnS.

2.2.2 THE SYSTEM Fe-Sn-g

There are no experimentally measurad or indirectly
calculated activities of components within the ternary
f£ield or miscibility gap of the Fe-Sn-§ system. In the
Fe~3n=5 system, the baund:.ng binaries Fe-Fes Fe=8n, Sn-8ns
;j-a.re 'uite weli, known, . |

In literature thermodynamic activities of components of
Sn-sns systen is available from the experimental study of
Bilgin and Eric’- They have measured $n$ activities in the
Sn-snS subsystem by using the dew-point technigue. This
was possible because vapour pressure of $n is more than
three orders of magnitude smaller than the vapour pressure
of $n8 at temperature above 1000 °C. "Their results are
‘shown in Figure 9. Activities of both cumponents of the
Sn-5ns systam show great positive departures from ideality
in accord with the experimentally determined phase diagran,
Eric? has also calculated the activities of Sn$ and Sn by
employing the Requiar Associated Solution (RAS) model. The
analytical calculations of Eric¢ by RAS model also pradict
positive departures for activities of campanent& but his _
values are considerably iower than the experimental values,
The reason for this discrepancy lies in the RAS treatment
which predicts a stable mmsclba.lty gap closmg at tem-
parature of 1090 °C. '
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k;:tivity data for the system Fe-Sn have been astimated
from the phase diagram by Daveyl4. Davey has made calcu-
lations on the basgis of several models. Davey proposed
the following equations as & best estimate for the
a.ct:ivit_? coefficient of iron in iron-tin liquiqd solution
at 1401 K. |

16g (V£¢) = 0.072+0.85N%,.....(23)
10g(‘vsu) ;_-.Otss.Ngavii |¢(24) .

Above calculation was on the basis of regular solution
behaviour at 1401 X. Davey has suggestéd that iron~tin
solutions are reqular with respect to ihe solvent tin and,
althciu_gh the relations for log(Ye.) and log(yr) suggest a
constant alpha function, this does not prove reguiar
behaviour. Strdnq positive daviations from ideality
exhibited by the Fe-8n solution and the existence of
miscibility gap do not suggest random mixing of iron and
tin atoms in the solution and regular behaviour would not
be expectad. The activity of tin and iron in liquid iron~tin
alloys at 1438 X has been determined by vapour pressure
measurements by SY Shiraishi and HB Belll5, The alloys sho'
positive deviations from ideallty as shown in Figqure 10,
as would be expected from the existence of a mizmecibility

gap. The data can be summarized in the expressions: -

1og{Ve)=0.613NE,~0.371N3,.....(25)
10g(Vee)=1.169N %, - 0.371N 3,.....(26)

Throughout this investigation, equatian.s 4% and 26 were
used. : '
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The Fe~§ binary is characterized by a congruent melting
phase, pyrrhotite, at about 50 atomic percent §, an eutectic
between Fe and pyrrhotite and a monotectic between pyrr-
hotite and 529,21.7he ligquidus in equilibrium with Fe at
“about 20 atomic percént & ic rather flat, suggesting a
tendency toward immiscibility in the ligquid. Pyrrhotite
“has an ordered Nids structure {B83) and exists over & rather
large range of homogeneity. The general futures of the
phase relationships in the Fe-S binary suggests a stable
liguid solution around 5¢ atomic percent S and relatively
weak solutions on either side of the equa-a‘qqmic com-
| ; positién. The activity data of sulfur in the liquid phase
increases monotonously from pure Fe to about 50 atomic
percent 8 and then i'ncz:eaaas' rapidly with camposit’ion,'
similar to that of component in a highly stabla solid
phase22,23,
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3 EXPERIMENTAL METHODS AND PROCEDURE
3.1 GENERAL REMARKS ON EXPERIMENTAL PROCEDURE

Phase eguilibrium studies in the systems FeS-$nS and Fe-Sn-§
were performed by using the quenching method, For this purpose,
samples belonging to these systens were contained in evacuated
silica capsules and heated in a vertical tube furnace at
selected temperatures until equilibrium phases have
developed. The capsules vere subsaguently quenched into water,
and the phases were examined metallographically. Portions of
quenc.fhéd samples were analyzed chemically and by Enerqgy
 Dispersive Analyses of X Ray in order to ascertain the
compoé‘.itioﬁs of phases. The data obtained were used to
delineate the liguidus lines in the FeS-SnS system, and
the distribution of conjugation lines between co-existing
 liguids in the Fe-5n-§ cystem. |

For' activity measurements, the dew-point method was used.
Other methods, like gas equilibration and emf measurements
which operate well in ‘open systems were inapplicable in the
present study owing to the condensation of §nS vapors in
cooler parts of the furnace tube. ' |

In the course of activity measurements, ac_tivi‘-l:ies of Sn8 in
FeS~SnS binary system were determined by the dew-point method
at 1000°, 11.00° and 1200 °C. |

3.2 DETAILS

Experimental details on furhaces, sample preparation,
gquenching, dew-point measurements and analyses are presented
in the following. |
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3.3 STARTING MATERIALS

The primary starting materials were Sr, Fe, S§. The source
of iron was fine electrolytic powder of 99.9 % purity from
‘South African Chemicals. Sulphur, from South African
Chemicals had also 99.9 % purity. Analytical reagent grade
granular tin was melted and solidified in small alumina boats
under a flow of hydrogen gas at 500 °C in a horizontal tube
furnace prior to use. - | | |

Tin sulphide vas prepared by reacting a stoichiometric mixture
' of tin and sulpbur step wise at temperatures 600 °C and 900
_"C. Tin chips and ‘sulphur pellé.t_s ’ :Eorm,:f.ng a total mass of
about 30 grams, "w_rere contained in a silica tube. The tube
was evacuated to }approx_imately 5 x 1075 torr with the help
- of a rotary-diffusion pump unit. The tube so 'ptéparea. was
sealed by hydrogen torch and kept at 600 °C for a week and
the temperature was increased up to 900 °C by 100 °C increments
per week, The heating at 900 °C was for 2 hours. Tin and
'sulphur became molten in the first stage low. temperature
processing, forming solid SnS. At the last stage heating,-

'~ 5nS was melted for homogenizing the entire product. The Sns

' so0 formed and homogenized was cocled to room temperature,
removed from the silica tube, and analyzed by X ray diffraction
to verify that the final product was completely SnS.

Iroh sulphide was synthesized from its eléments by the same
procedure described for the pruductibh of SnS ,' except that
tha initial heating was done at 600 °C for 3 weeks and final
melting was accomplished at 1200 °C for 2 hours.
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3.4 FURNACES AND TEMPERATURE CONTROL

Three different furnaces were employed throughout this
investigation. Muffle furnace heated by silicon carbide
elements was used during the syntheses of starting sulphides.
This furnace could operate at temperatures up 1_:0' 1200 °C;
temperatures inside the muffle were maintainsd within + 10
*C of their set values by Eurctherm on/off controller activated
thfbugh a Platinum/Platinum-13% Rhodium thermccouple.

" The second furnace was a vertical alumina tube furnace which
could reach _1256 ec by wound kanthal wire heating element.
This arrangement provided a 5 cm. long uniform hot zone over
vhich the temperatures could be maintained constant to within
¥1°C by means of thyristor coupled Eurotherm controller .
activated through a  Platinum/Platinum-13%  Rhodium
thermocouple. This vertical type tube was used for the phase
equilibrium studies in the FeS-SnS and Fe~-Sn-S systems. .

The last of the heating units which proved to be the major
trnol of experi:mentatinn for aai:iVity deternminations was the
Dew-Point furnace (DPF). Because of the fact that such furnaces -
has to be built according to specific needs for research,
they are not manufactured commercially.

A ver_ticai section through the midplane of the DPF used in
present research is showxfn in Figure 11. The main mullite
furnace tube, 46 ¢m long, 26 mm in diameter carried four
different heating coils wound from 0.71 mm kanthal wire. The
first three wvoils at the bottom were comnected by the
eleckrical circuit shown in Figure 12. The resistors in series
‘with the second and third coils were adju.takle so that the
input power could be distributed between the three coils to
obtain any desired temperature profile along the furnace
tube. A typical temperature-distance curve is shown in Figure
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13. The i:or'ztrol of temperature along 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 Eurath_;erm temperature controller. Both temperature
controllers were activated by Pt-Pt 13% Rh thermocouples.
This arrangement permitted to manipulate the temperatures at
‘the tip of the silica sample tube to within * 1/2 °C of the
set. temperature values. e
_33 cm-long 16 mw in diameter guartz tube was inserted into
the DPF tube to help minimize the temparature gradients.
| Betwéen the third and fourth . coila two 7 mm in diameter

‘alumina tubes were inserted in transverse position into the
furnace tube for the purpose of viewing the tip of the sample
tubae. Fach of _thése'-almnina_ tubes were 10 ¢m.in lenzth.

An alumina plig with a vertical alumina tube for sample tube
‘positioning was used to cover the top of tha DPF tube. A
Pt-Pt 13% Rh thermocouple was éuspanded through the alumina
- ftube of the plug to measure the temperature at the tip of
- the sample tube. "_rhe temperature of the liquid_ sample at the
' bottom of the sample were measvred by means of a second Pt-Pt
13% Rh. thermocouple led through the hole of the cemented
alunina pedestal whmh Was supparte.d by a i3 m in dlametar
Quartz tube. - -

29



rr A
3~

r,

Controller
 {Tep) |

/' Rheostols

N

J Contraller = e}
{Boltom} ¢ i

' Figure 12. Schematic drawing of the. electrical circuit of
., the dew-point furnace | o :

30



'ﬁmnﬂmtuiu c

lzoe . ) . ) Coniraliar st pelamy @ 1606 €
. : - R LT - T RY T T R
S Gl Renlitar PP ARM

1} 00 ". ApROE tDarRsAeRDIN - : o _ Baisbw ThernarsLpin

wuo.._..;"i.-:—--*‘"’* — ‘ﬁ\\\\j

DPY probis.

ool

rinwinghols - Mo Go 2nd Col)

| 80@-

1 ! _ L g o

11

F

“DISTANCE (cty

Lo

6

”Figure' | 1;3.'u3-. Typié&i ;i;emﬁér'atufe préfil._,e of the ciev-pt:int. o '

- furnace L T

%

E2



'_ to within + 1 ° ol

3.5 PRINCIPLES (F DEW-POINT TECHNIQUE -
The -Dew-ﬁ'oiht :hec:hnique of activity measursments takes

advantage of thy volatility of a component in the solution
under-_bonsideratian.. In thzf.s method the prassure of the.

' volatile compoyent over a sample is determined from

observations of' the ten#perature at which condensation of the

-vnpaur ogéurs. fhe method is said to be applicable bast when

the vapour. prersure of the components (in a auinary system

 for example) vould d:tffer _hy at laast three mrde_rs_ of
_magmtude” ' o | | S

|'. +
For dew~peint maasurements, the sampla be:.ng stuclied is placed
in _an evacuateg{l a;nd cz.os_:ed long transparent sxl:.ca tube. The

 tube is heated jin DPY under a temperature gradient maintained.
 batweern the bqt:’cnm of the tube at terperature T and the top

of the tube at ‘temperature T' . The tube and its contents are
heaetad for a suffmiently long time until a guseaus phasa in
aqm.librium with the condensed phase at T d’w&lapa. Then the

- top of the tuiue ig m:soled until candansation from the gas

phase is cbsewed The temparature Te Al which the condensation
oc:curs is calll%d khe dew-point. of tha volacta.le species. The |
vapour pressurie of the condensing species above its pure

refarence condehsed state at T¢ is idertical with the partial

pressure of tha aon&ansing species ahn!éﬂ thé ccmdenaed phase
at Ta : . B ) .

: o .
Temparatures at hath ands of tha sil r:r.x tube ave mea.sured by
thermocouples and by repaateﬂ “heating and ceoling, .

dew~point tempa;;rature Te ‘can. be deta;mmad pres:isaly hyc,
ahserw.nq tha ucv\pensmg partic:leﬁ i:hrough viawing hcles down

i
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_once the dew«-puint temperature T¢ is established, the activity

of the volatile component at T can be calc',ulated from the
follaw:.ng equattinn.

a,= P,(Tg)/P",(T)_....._(E?} |

Where Pj(Tg) is the vapour pressure of uomponent i at Tg,
and P°(T, is the vapour pressure of i at T. Both Pj(Tg) and
P°(T) ecan be obtained from the vapour pressire equations :
pf i available in literature. The method is guite fruitful

~ in that, in a single sample numerous activitiee of i can be

determined at various temperatures T by measuring the
carrasporxqur dew-point temperatures To. '

3.6 PR_EI’&R&TH:OH oF D?E?-PGIHT PROBES

The dew-poinl measurements involved the use of clesed and
evacuated ttaﬁaparent silica tubes for containing the samples.

- Furthemore, in order to avoid the oxidation of metallic tin

and other sulphida ‘conponents of the systems studied in this
invaanatxon, the sample*s were flushed and evacuated in the

follcw:mg nanner.

One end of a :Lcang transparent ailma tuba of 10 mm in d:.ameter
was closed by a hydrogen _torch. A sample of desired com-
position, weighing about 5 grams wad placed in the tube, The
tube was narrowed by the torch at a distance of 18 ¢m from
the .closed end to form nipple and neck. This distance was
dictated by tha temperature profile of the DPF. Then the
silica” tube was connected to the Rdwards EINS combined outfit
vacuum gystem and evacuated down to appraximtely 5 % 1072

torr by means of the rotary pump. ecmmerc;/ ly pure argon
- gas was allawed to flush the tube by maans of a thras-way

mopqpck connected to the vacuum _syatem. This procedure of
evactation followed by flushing was repeated two times for

L)
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each s}eimpla. Then the gas train was closad and the tube was
evacuated down to about 5 x 10~5 torr through the use of the.
‘diffusion pump. Afterwards, the tube was sealed at the neck
~ under vacuum so that it was ready t‘.c_usé in the DPF.

3.7 MEASUREMENT OF DEW-FOINT TEMPERATURE

The dew-point probes were introduced into the DEF from bettom
slowly and stayed in place on a. cemented alumina pedesta:!..
supported by guartz tube, This pedestal also sarved as a
' radiatian sha.eld. Through the inaide of the quartz tube and
- a smg;l.:l. hole in the centrs of pqaestal a Pt<Pt 13 &Rh
 thermocouple was introduced to measurs the actual sample

 temperatures. The dew-point probe was centred with the help
. of the alumina tube of the alumina plug covering the top of

" the DPF tube, so that the tip of the.probe was clearly visible .
through the viewing hole. & second Pt-Pt 13 $Rh thermocouple

. was suspendad ‘through the alumina tuha from top for the

aaauramexnt cf dew-point temperaturas at. the tip uf the probe. '

At the beg:.nning of each experimant ‘ hath ends ot ‘tha DPF
was. kept at the same temperature {1200:°C) for abaut». 16 hours
(cverm.gm:] to. ensure that eguilibrium between the vapour
~and condepsed phases has been reached’?. later, by means of
temperature contrpl devices of the fonrth coil, the tip of
‘the probe was cooled slowly until small condensing particles
were observed through a telescope dirscted to the probe i:ip :
from the alumir:a viewing tubes, |

"Ene vondensate wa:s re—evaparated and- re»c:amiensed savaral
tirfes whila dacreasmg c:ontinuausly the, tamperatura interval

- of the super heating and ccalmq. This procedure allowed to

determine the dew-paint tamparaturas af Sns withm * 1€ to
: —h 4 ﬂc. . ._;: . . o . : A . . /ﬁ'\._ .
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‘Upon complet-idn- of a dew-point éxperimenﬁt_ the probe was

removed from the furh_ace. No reactions were cbserved between
tha ligquid samples and the silica containers. Furthermore,

" the tubes re.mained un~collapsed thraughout each expermental
TUn,. ;

" The dew-pm.nt procedura was applied to dei:emine tha $ns
activit:.es in I"'es—Sns system.i R '

- 3.8 PROGEDBRE !’(91?. QHEN'EHING EI?ERIW

 The classical equillbration - aguenc:hiug techniyue was used
‘o establish thﬁ equilibrium yelabichs between lmiscible
- malts of the Fe-Sn-s system an& the pas.:.t*‘on of t.{ e liquidus

- in the Fes-Sns B(inm:y systam, which resdltad m tha con=
' struction of the x-'as-ms phase diagram. :

) The &istmbutian df the tie—}.ines in the ternary miaﬂibility
gap of the. ayatem ﬁ'e.-s:t-s was ascertained by ﬂeterr .‘mg the
cam;ma:.tmns of su‘lphlde saturated and 5ulphur ‘saturated _
liquid phasaa whian were in equilibrium with each other at
1200 °C. The samplais for this study were pmparedff by mixing.
elements Pe, Sn, . aﬂd $ 'in such 2 manner that their gross
cnmposition would 1ia alcng the midrange of the miscibility |
‘gap. These samples, dach welighing about 5 grams, were placed
 in silica tubes, eacn flushed with argen twice and avacuated
‘down to 5 x 10~5 torr. Then they were sealed to a final iength
' af 40 mm. Thesa capsulas again contained in silica crucibles
wem suspendad by 2 :.‘alat:l.num wire into the vertical tube
furnace ‘and heated at 1200 °C for a sufficiently long time
to affect the melting of the charge, its separation into two
liguids, and the attainment of equilibrium. betyeen these
1iquids, Time to reach aquil:.brium was established in initial
experiments by chtamical analysis of st.ratif.ied liquids at
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intervals of two hours for a total of eight hours. Those

~ analyses ravealed that five hours would be a sufficiant

duration for equilibratmn, actual *uns, however took at
least six hours each, for sake of convenience. '

Dur:.ng eqm.llibration ; the sulphide rich and metal rich phases
formed two 1iquids which were virtually immiscible in each
other; the sulph:l.de melt floated on top of the metal melt

_'bacause of its lower density. This stratification was pre-

sarved when the samples wersa quens::hed to room temperature by
dropm.ng the capsules carefully into water at the e.nd of the -

" equ:.libration run.

- The guenched samplas were removed from the capsulas, the

immiscible phases were separated readily from each other,

- and represgntative portions of these were analyzed chemically
for their ¥e, Sn and § in order to determine their composition.
~ tie-lines repreaenting salid-liquid equilibria at the iren
. rich corner of the system were mainly determined by Energy

stperswe Analyses oi: x~rays {EDAX) coupled to & scanm.ng' .
Electron Micrnsc:ape. S .

._”

_ _fﬂ.'ha position af the 11qu:.c}us and autactic 1ine in the Fes-SnS

bindry within tha_temperature im:_arval 800-1200 “c were also _
determined by same technique as summarized above. Equili-
bration time for FeS-Sn$ was determined to be about twelve

“hours and after attainment of equilibrium the capsules wefe
. guenched to room temperature by carefully dropping them into
water., The samples were ‘removed and representative portions
:wera analyzed ﬂhemic&lly, metallographically and by EDAX

where app:l.:.ca.‘bla. “The powiticn of the liguidus - houndaries.

~and eutec.tm line was astahlished wmainly by metallcgraphic-

examination and. EDAX - For- metallnqraphy and ‘:‘.‘DAX, the
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. specimens were mounted in liquid epoxy resin which permeated
the pores and cracks of the sample before hardening and
greatly facilitated grinding and polishing.

Phase iﬁentiflcatlon were made mth a reflected 1ight
microscope. Samples quenched from above the lxqu:Ldus line .
showed no solid phases but only the quenched dentritic liquid.

On the other hand, samples guenched from below the liquidus .

- curve evidenced the two phase region. Metallographic exam-
ination of such samples revealed existence of small globules
of solid phase embedded in matrix of dentritic quenched -
liguid. Hetallographj-.c phase identification and results of
EDAX analyses are m Table 1. | '

_Er.:rqr estimatitm in EDAX results is less than 0.070 wt$ s,'
~ 0.697 wt%¥ Fe and 0.275 wt% 8n, Effect of these results on
mole fractlon FeS and $nS were %0.1 and $0,032. )

3 8 GHEHICBI: ENBE’YBES PROCEDURE

Chemicul analyses for iron, tin and su‘,vhur were performed
at M:.ntek to determine the ct;mpasitions of the samples obtained
s»from ‘quenching and occasionally from dew-point experiments.

'For iron and t_in__ determination; _the sample would be fused in
Nap0 and leached in water, then acidified, an internal standard
(scandium) was added  then made to volume. The elements
_ requested were then datem:r.ned using emissa.on spectroscopy |
. w.q,th an inductively coupled plasma source, The estimated-
: ad\rur of tin and iron determmatmn vere less than 5% .

8 lphur deteminatmn. Sulphur was determined usmg a LECO
~SBulphur determinator. The pl‘.‘inc;ple of tha.s apparatus is to
burn the sulphur while passmg oxygen over the sample so. that
503 is formed. This gas is collected and titrated by mdme
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- and the sulphur content of the samplé is diz:ectiy read fr:im
mstrumant The estimated arrot of snlphur deternination
reported to be less than 1% .
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4 EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results of this study are presented in two
éectidns' (1) Data on phases present at ths equilibration
tenperatures in the ¢ ystem Pes-SnS, and the data on compositions
of go-existing liquids and solid liquid equilibria at 1200 °C
in the system Fe-Sn~S are givei: 'in the section of "Phase
Equilihria"' (2} The results of measurements on dew-point
temperatures for FeS—-SnS system and ac:tivity calculaticns of
Fe~Sn=-5 system are presented both in tabular and graphica‘ forms
'in the section “Thermodynamics".

L .‘l. PE:&BE« EQHILIBRI&

4. 1.1 EEE&EM!&IL.H oF _EEIZLL IN Fes-gns SYSTEM

Ei'he phases presant in various samples of the FesS-8SnsS at

the equil ibration temperatures as ideatified by the methods

discussed earlier, are listed on Tables la and 1b. These

data were obtained mainly with the purpose of delineating

the liguidus lines, eutect:i.c temperatura,.: and soluhil:.ty
. curves. :

| The data contained in Table la and 1b are summarized in
_' -Figure 14 showing the position of the liquidus, solid
‘solubility curves and the sutectic line. '

; Occ:asmnally chemica.l analyses ‘ware perfomad on equili-
brated samples to check whether the overall composition of
the samples have changed or not. The chemical analyses
confirmed that the samples have kept their stoichiometric
compcsitians within the errar ].mits of the chemical
analyses, - ’
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 fable la; Experimental data of Quenching Experiments on
FeS-SnS Binary systen,

Compositicn of the samples | Equitfbrius Tenpersture |
{mote fraction) Phase Identified

Hsns 1 ' res _ rUc _ -
.16 . 0.8 : 1100 _ Sol id+Liquid
026 ' 0.7% 1100 _ Liquid
] I B X RE 1050 _ " solidgrLiquid
.41 - 0.5¢ 1056 - Liguid
0.42 . .58 1000 golid iquid
0.5% 0.47 - 1000 ' Liguid
0.5 g5 | L . solidrligquid
.65 - 0.3 = | wo ' Ligwtd  *
0.4t - 039 1 ] . Soligél iquid
07 B % R 900 - tiguid
0.8 i e : 850 sol{déLfquid
. D48 - - E50 Liquid

[ S | 0.6 _ T ICR solideLiquid
L L o | Selidsolic?

'I‘ahle 1b; SEM EDAX Results of Quanchlng Experiments on
' Fé8-5nS Binary system.

. Composition of the sanples Equilibriun Teperature- | $EM EDAX RESULTS OF 10RM- |

' {wola fraction) | ' TIFIED SOLID PHASES
Xeng . Aees T Xsns Xres
L5 0.8 - 1 1100 ' 0.005¢ | - 0.995"
2.3 0.69 1050 g.010" | 0.990"
0.42 s ] 1000 0,910 0.490%
0.55 0.45 950 : a.s” 0.985"
0.61 039 | 00 | 0.1 | o.o8s*
JEX B 7 i B - ase _ o.021" B.o79" -
0,40 | .60 a1z | s.0: | 07"
0.40 ' 0.40 T8 0.020" 0.580"
0.40 060 T 767 6,015* g.985*
0.40 0.8 812 o0.985™* 0.415"
040 - 0.60". S T b sase™ 1 o.010™
0.40 9.50 ‘ w0 | ooee™ | on0™

* Fes rieh solid soiution
*t $ng rich solid solution
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It is well known that FeS is a non-stoichiometric compound
with the actual formula Fe ;.; S or FeS ,., . However, the
homogeneity range is very narrow and is a function of
sulphur partial pressure, In the present case pure iron
sulphide prepared by the method described earlier when
analyzed for its iron and sulphur contents (63.28% Fe and
36.72% S) yielded the chemical formula FeS,o . Therefore
in all the presentations and calculations iron sulphide
was assumed to be a sto:.chiomatric FeS.

SEM~EDAX - analyses of solid phases in th.e equ:.l:.brated
'samples data of which is collected in Table ib have permitted

the construction of solid solubility curves at both ends

_of the diagram. In reality the solid phases were ‘micro-
analyzed -l:iy SEM-EDAX for their ¢in, iron and sulphur
contents. In general, the analyses for the chemical
‘constituents totalled 99.6 + 0.8 percent. These were
normalized to 100 % and converted to stoichiometric mole
fractions of SnS and FeS. In these calculations an excess
5 QF daficieiicy of sulphur was not encountered within the
“error limits of mié::aanalyses. This is a fu::ther pxoaf of
ttm snundness of expermental reselts.

' 4.1.2 DISCUSSION OF RESULIS IN Fed-Sns SYSTEN

‘The ﬁhaé'e diagrem of FeS-5Sns bina::y system was constructed
both by experiments and mathematical modelling of the
activity data to be presented later. Eutectic temperature
of FeS-SnS system was found as 815 °C and eutectic come
position was obtained at.Xgng=0.767 by extrapolation of

two ligquid boundary curves obtained from the mathematical

modelling of the liguidus curves. The experimental points



lie at both sides of the calculated 1liguidus lines
confirming the soundness of the solution model. The melting
points of both components were taken from literature2:7,

The general shape of the phase diagram constructed in this
investigation is slightly different when it is compared

with the published diagram of Davey and Joffre2. Their

eutectic line is slightly lower than the present study

indicating a eutectic temperature of 797 °C at Xgng=0.721.

They calculated liquidus curves at the FeS-5nS phase diagram

on the assumption of nc solid solubility of either

component, and regular solution behavior of the liquid

‘matte phase. The present findings through SEM~EDAX however,
indicate small solid solubility ranges at both ends of the

diagramn. |
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FeS X sns SnS

Figure 14. FeS-SnS phase diagram of the present study

43



4,1,3 PRESENTATION OF RESULTS IN Fe-Sn—S SYSTEM

In the total ternary Fe-Sn~S, the region of greatest
.metal}.urgical interest is that bounded by the compositions
Fe-FeS-SnS-5n. Within this field a large ternary 1liguid
niscibility gap exists at 1200 °C originating from the
Sn-3#nS side’. There is another much smaller liguid
immiscibility region originating from the Fe-Sn binaryl0.
' However, this miscibility gap does not penetrate much into
the ternary field. Tie 1lines joining the equilibrium
compositions of co~existing sulphur rich and metal rich
liquid phases were determined at 1200 °C by the method
described in section (3.8) and the boundaries of liquid
immiscibilty were redrawn based on the compositions of the
end points of the tie lines. A sample belonging to the
Fe-8n binary was equilibrated to confirm the boundary of
the liquid immiscibility region originating from the Fe~Sn
side. The boundary of this small immiscibility fegion was
however taken from literaturel®, The relevant data are
given in Table 2 and Figure 15 is a graphical summary of
the results. The liquidus curve running from about X ,=0.6
on the Fe-FeS side to X;,=0.25 on the Fe-Sn side was also
determined mainly by SEM-EDAX analyses of equilibrated
samples involving solid liquid equilibria.

Data on tie-lines representing FG(Y) - liquid and Fe(a)~ fiquid
phase assesblages determined as explained above are given
in table 2b and are shown in Figure 15. By making use of
the availakle information on Fe-Sn phase diagraml9.15, znq
the tie line data it was possible to constru t the complex
phase equilibria at the iron rich .orner of the Fe-Sn-S
ternary. Two samples belonging to the three phase region,
Fe(a) + liquid + Fe(y) were also equilibrated at 1200 °C.

The SEM-FDAX microanalyses of these three phases hac
pPermitted tiie construction of this triangular thrse pha
region completing the phase relations at the iron rich corner
of the diagram. N
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Table 2a; Experimental data on Tie-Lines of the Fe-~Sn-$
system at 1200 °C

Compoaitiond (mole fraction)
i Tie lime - Along metal rich boundary . Along sulphur rich boundary
| ruroer ' 0
s ffe T T LI Xre - s Xg
1 _0.008 0.950 0,045 0.013 0.827 8.460
2 0.010 0.952 0.038 - 0,027 0.%13 0.480
3 0.020 ¢.530 0,050 0.045 0.500 |  6.488
4 p.0% 0.910 0.056 0.67 - 0.450 0,462
5 2.056 0.904 | 00k 5,110 0,430 0,360
3 0,670 0.870 0.080 - 0,160 0,380 D480
7 0,107 o.821 4.072 2,223 0.3 0,485
8 bz | 0.7ve 0.07% 0.310 0,223 | 0.447
¢ 015 0,750 . 0.086 6.38 | 0.150 0,470
10 0,204 0.69& 0.100 0,450 4.080 0,470
1 0.256 0.640 8. 110 0.508- 9,090 0.405
12 | s 0.597 . o113 £.500 0.210 0.2
13" 0,580 0,520 9.0 S oste | 0.e% 6,0

* e Ifm o tht.iramtin Birary.
Table 2b; Experimental data on Tie-Lines of the Fe~Sn-S
system at 1200 °C on Fe rich side '

. Corpesitions (mols fraction,
Tie tine | Mlong y=Fesolid solus | Aleog a- £ solid selus | Along Liquid salubility
© rumber bility surve biliey curve . eurve

_ XFe Y | % Kre s Xg Kre Xsa | %

1 o.%65 | 0.010 | 0,010 | - = ]« 1o | o3 ) 033

2 097 | 0097 | ooca | - - < boos | o078 | 0.225

’ a.97ﬁ ﬂ‘ﬂas 5.0@5 ﬁ.m 5.905 aem 4 B.m f D. 1u0 0.1”

& . . . 0.90% ; 0073 f 0.022 | 0.735 [ 0.150 | Q.31

5 . . ~ | o | 0,088 | 0,006 | 0.70 | 0.2¢0 | D.020
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4.1.4 DISCUSSION OF RESULTS IN Fe-Sn-§ SYSTEM

In literature there is no comparable ternary isothermal
section of the Fe-sSn~8 diagram at 1200 “C. Therefore, this
is the first study revealing phase relations in this systen
at 1200 °C. However, the liquidus projection of Fe-Sn-S
system available in 1literature although based on
'extrapoiations rather than experimental findings predicts
a large ternary immiscibility region which is in accord
with the present findings. The predicted immiscibility
region at 1200 °C from ligquidus projection is quite sinilar
in shape to the one drawn in Figure 15 with slight
differences- especially towards the tin corner of the
diagram. The critical point of the miscibility gap shown
as point C was actually taken from the literature. During
experimental runs samples whose composition lied bet:wee_n
point € and the small immiscibility region originating from
the Fe-Sn side, did not separate into two liguids, always -
showing a quenched homogeneous single 1ligquid phase
structure. : '

" The distribution of _tie-iine."s at 1200 °C in the ternary
miscibility gap, illustrated in Figure 15 cover the whole
composition range from the Sn~8nS side upto almost critical
‘point €. Again in literature there is no comparable
information. The direction of tie-lines are clesely related
to soundness of chemical analyses. Especially at high tin
containing regions of the miscibility gap small errors in
the analyses may result in different orientations of
tie-lines. In order to minimize the ez:rdra, during this
investigation, each tie-line was determined by
equilibrating more than one sample of the same initial
composition. Chemical analyses of the stratified liquids
of each of these samples for their iron, tin and sulphur
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contenta _sarved to obtain an average composition value for
the end points of each tie-1ine. In subsequent thermodynanic
calculations end points of tie-lines were directly read
from the'boundary curves. Since Fa-Sn metallic meits exhil;it
positive deviations from idealityl5, the distribution of
tie~lines illustrated in Figure 15 is also an indication
of possible positive deviations in E‘es«-Sns melts but at a
less magmtude. ' .

4. 2 'I'HERHOI?!YMICS

. The activity maasurements in FeS-SnS melts were carriad cut :

- by the dew-point technigue at 10‘)0’_ 1100%, 1200 °C. The

activities of tin , iron and qulphur wex 2 caleulated amplaying '
the tie-line data and binary thermodynamic infomatian, A1l |
these are prasented in the fullowing. :

.2-1Wﬂm&mmwm

' 8n8 activities of the binary sns-¥es liqui{gi samples at 1200
°C, 1100 °C, 1000 °*C were datermined b:{r the dew-point

- technique described  earlier in sectmny (3.5, 3.7).
Equatien 3, giving the vapour pressure’of kiquici SnsS as a
function of temparature wag enployed to canveﬁt the measured
- dew~-point temperature into ar:twity values. 'izhe dew-point
temperatures of selacted FeS-Sns samples were inserted into
equation 3 and thus the ratio of calculated partial pressure

"of Sn8 to the vapour pressure of pure Miquid sns gave the
required activities with pure ligquid sn§ as the standarc}
state thrnuqh*

aSuS'Ps::S/P SnS’”"_‘(za_)

Upon completion of a dew-point nm the siiida-- tube was -
‘quenched in air and the sample was removed for phase
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identification = and occasional chemical  analyses.
' Microscopic examination of samples revealed the existence
of one phase only in all the samples studied at all the
temperatures in accord with the redrawn FeS-SnS phase
diagram. The occasional chemical analyse. for iron, tin
 and sulphur content of the samples revealed that there was
- nqj{;’i change in the composition of the samples within
analftiéa’l”_errqr 1imits. The relevant data covering the
cumpnsitibﬁ;%, dew point temperatures with their error
ranges and activities are collected in Table 3 and Tigure
16 alil of which also inciude calculated &nS and Fes
activities through a subregular solution model, o

: The_'.cx-_ func._t'ipn" for a species "i" is defined é.s_ follows: -
Cg=Iny /(- X )% (29)
. where v, is the _activity'coefficipent (@i=v.X) and X, is the

- mole fraction of species "iv, The o function for SnS; % _
‘derived from the edperimental activity data summarived in’

o Tables 3 was found to vary linearly with composition at

_ the three experimental temperatures. This is illustrated.
in Figury 17. This behavior was compatible with Hardy e24
‘subregular solution'model in which thermodynamic functions

could be expressed by %two constant equations, In the

-sul_aré;gulap solution model for binary systems the chemical
potentials of the components are expressed as24:

BB =RTIRX, X324, 45)* X3(24,-24,)....(30)
Mg = RTIRX,+ X3(245~ A1)+ X3(24, = 245) ... (31)
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. fThe chemical potential difference on the left hand side of
equations 30, 31 are identical to the relative partial
molar Gibbs free energy of components in 'salution; ¥,
whiéh is directly related _to activities through:

: RT.’.naﬁRTInXﬁRTlny;. (32)

The first term after the second equality sign in equation: '
32 gives the ideal contribution te G¥ and second tem'
(RTiny,) shows the deviation from 1deality by making use
of activity coefficient. This term is also the definition
of partial excess Gibbs free energy of ccmponent i in the
" golution; GF. That is

Gf"‘RTanl-nn(SS)
In vther)words :Gi“_ is mpde up of tﬁo t.rms as shown below:
=Gl G c343 -

_ Thus by comparing &quatmn 32 with the chemical patential

aquatmns 30, 31 it" is obvious that partial exXcess G:Lbbs
frea energy of components in a binary subregular solution

" can be writ:ten asgt |

' G‘-x (2A1 )«r\*g(z,ﬁ;a 2,41)., ..(35)
GE-’X (2.{12 1)+Xl(2A1“3A2)"on(36}

 From tha defihitiﬁn of partial excess free energy; equation.
33 at constant temperature, the o functions tor the
components can be derived by maki.nq use of equations 35,
36. In order to incorparate the two constants, temperature,

T (at constant temparature) and gas canstant, R, two new L.

' constanta are defined:
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' A=2A2,RT ----- (37)
| B-=2A /RT.....(SB)

With these new rzonstants, The a,; and 0’.2 can be derﬁ%& as-

Q= A/24 X (B~ A)ernn(39)
@y=B/2+ Xy(A=B)0ern(40) i

These two general o fl.u'. ;tion equatlons for \subregular
solutions clearly demonstrate the linearity of o with
t:ompasition with two v ,tants at constant temperature. As
 the exper:.mental U gns function also behaved linearly with
composit:.on in the FeS-8nS liquid salution, it was decided
to madal the FeS-SnS 1iqu1d solution by the subregular
. technique. Since the data was available at three different -
tempe.r.iturés, it v_as found justified that -?l_;ne a function:
could also be made a ° :tion of temperature. This would
algo be an 'i!ﬁprovem* over the rclassical subregular
snlution modal developed by Hardy24 In order to do that
with the 1inited tebperature data at 1000°, 1100° and 1200
o dt was decided to express  the non-compositional
_barameters of equatidns 39, 40 as }.inear equatfmns of

inveraa absalute tempera.ture. Thus: :

'Afz==a/'r+h. ..(41)
B/2==cf?'+d i (42)

'I.'hese wuuld yield L P and Wes functiona\;t:a}cing component

1 as sns and component 2 as Fes)

E=1

® gp5 = (%"‘ b)*Xs::s(f,:‘*.‘ f)..._..tllﬁ)

K ,,;,s'a(§+d) " Xm( -;44-;).'.‘...(4"4). |



Where ccmstamt e and £ axa related ta constant a, b, ¢ and
d thraugh' !

" e~=2(c-a)..' {48)
F= 2(:! 0):....(46)
' zn order to conduct a multa.wcaeffmient regrassion analyaas.
to the data gathered on ag,s as a function of compasition
-and tamperature the fnrm of aquation 43 was altered to take
the form; C '
o naxl+fx2+ex3+b (’47)--

__Wiﬁ%& the aonstants a, b, e and s hava the some meaning
Xl's_i'/’r.-.__.a,(tl_a_l)' |
Xz X gpgeinni(49)

,' Tl;d'rﬁ;l.a#ant #eg_ressian __e_maiirses applied to experime_ni:_al

' data gathared from dey~point experiments as a function of
o compaa:.tion at temperatyres 1060’ 1100° and 1200 °C resulted -

[ in the following equatim for am with a correlation factor
af 0.9595, ' S

gul
o

'I‘h:.s equation wheh- cenverted to its proper fom as in
'-aquat:.an 63 bacane :

g™ (35?,3 s-—lSlS) Xs,.s(“s':s'?ﬁ*é ?21)' ‘"':52}

i~ . . )

‘;‘hé \corres;mndin_g a;.s'cbuld ."than ba -eaaily' abta‘"_iﬂad:’ |

o
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d;,sg(a“?f 5.1 874)«-;(,,3(351? T22+0. 721) (53)

- Meking use of the nodel g _éna flrs equations derived
~above, it was a matter of'mathematical manipulatiun to
express the activity coefficient and activity of both Sns

-and PeS analytically through basic definitions. Thus. for
SnS: _

3583 5. 359 9

~1 513~ Xs,,s(

mvsﬂs*(ﬂ Xs,.s) ( +0. 721)) ~(S4.3)

1.513-1{3“3(35;‘

3583 ]
T

tnﬂsns-' lhxs,,s*(l Xsns) ( ""0-721)).....(54.&)
and 'a\imilarly for FeS

'.:.-'lnvnsn(]. an) (343.3'5"1 874 Xpas(as.z? 9""0 ?21\'} (55.1‘.!)

3403.5 359.9

mahs" mxns"‘(l xns) (—'-F" 1374 Xs.s(

+D. ?21)) (58, b)-

-'I'he last two columbs of Table 3 contain calam,aeed _activit:y
_values from equations 54.b and 55.b at 1209°, 1100° and 1000

- °C ‘respactively for comparigon with experimenta.lly neasured

valuss. In Figure 16, the full 1ines repres:ented 'l:he'
activities calculated thraugh model equations. :

_-By the use of the equat:ton 13 which gives the amtiw.ty of
sns in equ:.librium wit:h solid sns, it was posgible to derive
the liguidus temperature of SnS analytically. Combining
- aquation 13 with equation 54. b and solving for- temperature B
"-_'I', the position of the sShs liquidus was obtained, This is
__ paasz,hla only when it is assumed that no -snlid solub:.li‘l‘.y
exists. Since the axperimentally found solid solubilities

. - of .both ends of the diagram were very small, they were

E neglected in liquidus temperature calculations.
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Table 3a; Data on Dew-Point temperatures and results of
activity calculations in FeS-8nS System at 1200 °C -

Sample Comporition teasuied Dew-Point Experimental Activities by subregular
~ mote fraction . temperaturss | sctivities of sn§ solution model '
Yeng | Xpes | . T'C . 8ns - | %58 _ Fes
o b oee ] e a30 0.187 0.1 0912 -
02 0.8 - 1087.3 3.0 0.37 . | 0.320 . 0.839.
03 | o7 1110 £3.0 0.418 0.410 | 0775
&4 ] BB 1126.0 2680 |- o485 - | o487 | 0.706
0.5 B.5 - MU0 430 i p.561 0,550 b.629
cea | 04 | 11 w25 | o 0.635 | 0539
8.7 9.3 |  nsao 3.0 8715 Rt n429
1 %8 | o2 e 25 o803 - | 0.805- 8301
4 me b o0 L uwao a5 : 0.901 - o901 8.155

| ‘Table 3b; Data on Dew-Ppint temperatures and results of -
- activity caloulations in FeS-8nS system at 1100 °C.

| swole comosttion ] . seasured Dew-point | Eparimentsl | Activities by svbregular
f. owole fraction - |- temperatures | actiiivies of SnS] - solution model
X5 | Xres | 0 . T " wins ~ Psps BFes
oot e o . AR T
e | ol 1014,0 33 | 0,369 |  0.3%8 0.847
| 03 § &7 { - 10327 a3 C 0Bk 0.446 |  o.788
CDA P ME b 134 a3 0527 %174 0.727 -
Joos ] o8 | 1053 0.59% | 0.584 D.658
Cas ek | 108y a2 ] B.52 1 0.682 0,47%
es oy} w708 23 | 072 | omr | D
0.8 |- 0.2 081,60 3 - - 0809 Poo0.B3 | 033
e F st T 1000.7 83 0903 a.902 0.178
- nliﬁ'* Liguia two pliasg regien ’
| o
& )
1 <y
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moie fraction

sanple coapaaition |

“measured Dew-Point -
terperatures

Experimentsi

acefytties of sSne{

Activities by sub-reguiar
solytion model -

x| e

C e

" fgng |

_ Bsps

¥res

N EA
0.8*
o
0.6"

Rt
o |
e

S8 Dt

2.7 1 03

1 s 0

. 0.5 0.5 ! I
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568 .
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oo o1

e

0.756

0.59%

0.517
0.382
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'In an exactly similar "ifiay combinihg equation 16 with

' . equation 55.b and solvimy for temperature T, the position.
- of  the FeS 11quidus was nbtalned with aga:m no - sol:.d_

solub:.llty assumptian .

The solid lines in Figura 14 represent the calculated |

liquidus curves as explained ahove. The intersection of

two ligquidus curves, that for Fe§ and 8nS yielded the
o eutectic temparature af 815 °C and its composmtian at
Rgng=0.767. S B
~ From aquatmm s%a'aﬁd 55.a, ‘it was also pasaib}.é to obtain
" Henrian activity coefficient of for both $nS end FeS in an

analytical form as a function of temperature in infinitely

" dilute solutions' T

3583 5

_n«y m’ ~1.513. ...(56)

I0y° s = 3‘*2,3'5 1.874.. (5_7)_

: Howeveﬂ these equa‘tiona' must be used in the vicinity of
- tha tamperature reg:..ons whera homogenaous lz.quid sulutigns
 exists. . e " N
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- Figure 16 FeS-8nS Activity curves of present itudy .
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Figure 17 o function of Sn$ versus mole fraction of Sn$ in

Fes-SnS system
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4.2.2 DISCUSSION OF __mg IN FeS-SnS SYSTEM

Activities of both components of the FeS-5nS system ahow
pos:.t:r.ve departures from ideality in acrord with

experimentally determined phase diagram as shown in Figure
. 16. Activities of FeS and $nS in these liquid solutions

were calculated at 800 *C and 1000 °C by Davey and Joffre2

by using their data on 8nS gathered by the transportation
method, Their results also show positive deviation as
repraduced in Figure 8. Thair values at 1000 °C are slightly
lover than the exg.;r_imental values of this investigation,
However in their a:xtivity composition diagram, there is a
- serious fundamental error. This arises from the fact that
their activity composition curves at both temperatures
indicate that 'th_ere- is a homogeneous single ligquid phase
~ all throughout the composition range. As seen in the FeS-SnS
| phase'diagxam, for example at 1000 °C, for 0<Xs.s<0.5,
- there are two phases in equilibrimn, meaning that activities
" of both components should remain constant. Thus their
activity data for compositions in the above interval at
1000 °C is completely unreliable. The situation is even
worse at 800 °C.

An analysis .of the e.rrqrs involved in using the dew-point
method of activity determination has been made by Eric25
and Birchenail and Cheng32. The largest source of error is
. an incorrect maasufement of the dew-point temperature. The |
repraducibility of ths dew-point temperatures in this work,
for the FeS-SnS system changed from 1 to 4§ °C at 1200 °C.
- Hence starting from the highest value, the maximum error
_3n a measured Sns ‘activity can be estimated as follows:
' The temperature cqef_ficiérit ‘of $n§ vapor pressure for pure
. 8nS at 1200 °C from equation 3 is 4P/dT = 5,72 x 10-3 atm/K.
'Hence_'_a' maximum error of 4 °C in dew-point temperature
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corresponds to an error of Ape . =572x10 "° atm in
measuring the value P°g,.=0.607 atm for re SnS. For this
particular sampla with maximum error, the activity is 0.483
and the equilibrium vapor pressure is Ps,s=0.292 atm, The
error in this Psas turns out to be APgs=1.2x10 "2 atm.
The ah'sélute error in the activity is related to the ralative
-errpi:s in pressures by the following equation2® |

Aa,/a,=(P° AP~ P,AP° )/ (P(P°+AP°)).....(58)

By inserting AP®g,s.P sus< AP spss PPspsvalues calculated above
into e.quatién ‘58, the absolute percentage error in
determining of agng = 0.483 for this particular sample
becomes 0. 325 %. By using the same method, in determining
of agps = 0.805 at 1100 °C and agpg = 0.610 at 1000 °C for .
" these particular samples become 0.338 % and 0.031 %_.The
ancuracy improves further faor samples m.th less uncerta:.nty
in t.hau: mdasured dew-point temperatures, Thus it can be
" concluded that the contribution of uncertainties .
dew-point temperatures to. the reported activitie.s are-
' 'negligibla.

The second source of error in dew-point measurements is
the change of the original sample composition due to Sns
vaporization into the specimen tube. In present study this
type of error was also negligible, because from the ideal
gas equation it was calculated that at 1200 °C 8.92 mg of
5n8, at 1100 °C 2.3 x 10”2 mg of SnS, and 1000 °C 7.78 x
10*3 mg of $n8 in the vapor phase would e sufficient to
E maintain the equili hrium tin sulphide vapor pressure over

. a sample of pure SnS. 8.92 mg of 8n8 represents the highest

amount of SnS in the vapor phase among all samples. The
total weight of the specimen in each. run was about 5 to &

grams, hence the Sn$ removed by vaporization would not
cause a tangible change in the original composition of the
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specimen. The changes in sample composition due to con-
densation of SnS at the tip of the dew-péint probe were
also negligible, because they wers very small and not teo
much in number in many of the runs. '

'4.2.3 PRESENTATION AND DISCUSSION OF RESULTS IN Ee=Sp-§
 Activities of iren, tin and sulphur were calculated
along the miscibility gap of the Fe~Sn~S ternary system
from the experimentally'determined'tie-linés and the
knowledge on pertinent binary thermodynamic properties
by the method déveloped by Choudary and Chang25,27, This
integration method is described in the followinq.

. At constant temperatura T, and preasure P, the general-

- -1zad Gibbs-nuhem relation is:

) 1,00, =0.....(59)

where rij's refer to number of moles of the component
and 0, is any partial molar thermodynamic property of
the ith component. Following Chipman28, the concentra-
‘tion variable n; are changed to the new concentration
variable yj, henceforth refer:Ed to as the "atom ratio™
~of comporent i. The definitions of the atom ratios in "
- ternary A~B-C system where A and B are matals and ¢ is a
non-metal, are given below: r '

".VA "“ﬂ,‘z{(nd*nﬁ?)': 1 fya....._(éoa)'

¥a=ng/ (N +ng)....(60b)
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Expressing eq_uatian. 59 in terms of activity cosfficisnts
and substituting nj by yi from equations 60 yiclds.

ysdiny +ypdiny,+ycdiny,=0.....(61)

Figure 18 shows lines of constant yc and y, (or ys), the
miscibility gap along which equation 61 is to be integrated

and the composition notations. y.=0 shows metallic A-B

binary: v.=y, shows compositions of non-metal saturated
metallic phases in equilibrium with metal poor phases
: dﬂi"{luﬂd by Y=y

From equation 61 and following Wagner2® an mportant
relation was developed by Choundary and Chang?6.27,
expressing the variation of In(y,/v,) with yc in terms of

the change of Iny.with v,. Know_ihg the tie line~distribution
.in the two liquid phase field and the boundary binary

thermodynamics, this relatianship may be utilized to

- compute all the part:r.nant themadynam;w data along the

misc:.bil ity gap.

In derivation of this new equation Vs and ye are inde-
pendent variables with y,=1-Yy:, Thus fram equation 61

~the following relations are written:
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Figure 18. Schumatic of an isothermal section showinq a
miseibllity gap in a ternary system A~B-C,
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- diny, ) ( diny, ) ( dinye -
(1~ ——— ey | e vy | ——e = 0.....(62
¢ y’)( dy s Yo\ T dy; Ye\ Tay, J (62)

_ dinvy, ) ( dinvy, ) ( diny. )
1~ e B4 - + ————— = {,,.,, 63
( 3‘/3)( dye Ys dye Ye ae (63)

Differentiation of equations 62 and 63 with respect to ye

and yp respectively, and upon subtraction and subsequent
rearrangenent of the terms yields the above mentioned
important relationship26.27;

| ( | dm(YB/_YA)_ )=__( _dfn_‘fc
dye / dys

)”.“(54)

Inﬁegrating equation 64 from y.=0 to yc= vp along constand

¥a and ¥p yields the foiloﬁring equation for In(yz/v,.) along
the metal-rich miscibility gap boundary as

- - f diny®

| (xn.‘ﬁi) -i-y_c( L ) (65)
( ¥a ) Yﬂ 4 y‘) ya Yg
et L ) |

Where v°; is the limiting activity coefficient of C at

infinite dilution in a~B solutions. Equation 65 i= strictly
valid only if the variation (diny;/dy;) with y. is constant
in the compositional range 0<y <y This is a reascnable
approximation provided that the metal rich boundary'of the
miscibility gap lies close to the metallic binary A-B. Thus
the ratios of the activity coefficients and activities of
B and A may be readily obtained from equation 65 by utilizing
the thermodynamic properties of the metallic hinary A-B
and the limiting thermedynamic properties of the non-me-
tallie ¢ in the binary A-B.
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Knowing the ratios of activity coefficients of B and A
along the metal rich miscibility dap boundary as a function
of metal atom ratic from equation &5, it is possibie to
calculate the activities of all three components by uti-
lizing tie~line distribution data, through the following
relations for coéxisting liquid phases in the miscibility

- gap: _ -

(1-y3)dina, +yhdina,+yidinag=0.....(66a)

(1-y3)dlna ,,+ysdina,+yedina,.=0.....(66b)

Subtracting equation 665 from equation 66a and rearranging
the terms yield: :

d(lnac) . -=( z‘f:if)dm(ag/ad) 3,-;'.....(67)
- . c~Ye /. | 8

Multiplying 'e:qi;ation 66a by Y: and 66b by vy, and upon

substraction and rearrangement of ta:ms' yield a relation
for the activity of A as: _ -

d(Ina ) . -('- 'y“zz:zfyc )dln(aa/a,,) ,y eee(68)
. . c

Inthe calculation of activities in Fe-~5n § system equations

65, 67 and 68 were used with A for tin, B for iron and C
for sulphur. Since the exparimental values for the limiting
activity-coefficient of sulphur in tin-iron melts were not
available, they were calculated from the quasichemical
relation of Jacokb and Jeffes30, |

2HY

e 11 (69
AT (69)

iny*® S(Sn~Fa) _’Ys;nlﬂ‘f" steny FYRIADYT gire)
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Where BM is the enthalpy of mixing for the Fe-Sn solutions.
Fquation 70 is reported2? to predict good agreement between
experimental values of y°; and calculated values for the
systems Cu-Ag-8, 2Ag-Pb-S and Ag-Sn~S. Thus the computed
values of InV® g(pe-sny Were expected to be reasonable. With
the quasichemical relati.anship of Jacob and Jeefes3O,

equation 65 for Fe-8Sn-5 system takes the following form
when expressed for activities27:

& ; M_ oM :
]1’1(9"{") (lnlp.:g_) (anﬂ)'*ys(l (Y, SeFa} )+_?_(H Hra )..4.(70)
- &8 ¥n a iy
i ( ryer: ) ! ( ) .

¥s5a (Y sty ) RT (l-vyg)
The term HY in the above relation represents the relative

g0

partial molar enthalphy of Fe in binary Fe-Sn sclutions.
The thermodynamic properties of Fe-Sn solutions, namely
HY and H -ﬁ-‘, as a function of composition were taken from
S Wagner and GS Pierre3l yhich was reported at 1537 °C. In
literature there is no available data at 1200 °C. Due to
- this rwozson, there was no choice but to assume that
enthalpies were temperature independent and the 1837 °C
data was directly used. This is not a kad assumption in
the lack of data since enthalpies are slow functions of
temperature. Henrian activity coefficient of sulphur at
infinite dilution in 1liquid iron was obtained as
Y s =1.83x10 “° at 1200 °C from YY Chuang, KC Hsieh,
YA Changl?, The self interaction coefficient of iron; €f?
was calculated by applying the regression analyses to
equation 26 developed by Shiraishi and Bel115, 'The natural
logarithm of the activity coefficients calculated from
equation 26 were plotted against mole fraction as shown in
Figure 19 in the interval 0<X,<0.25. The straight line of
Figure 1% can be represented by the following linear
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regression equation; legy,=-2.764X.+1.835 The slope of
this equation is the &ibbs energy self interaction
coefficient of iron, €f=-2.764.

Henrian activity coefficient of sulphur at infinite

 dilution in liguid tin; ¥° g =4.49x10 % at 1200 °C

and self interaction parameter of sulphur in liquid tin:
€3=~-5.95, the activities agy=0.958 and ag=1.63x1073 along

‘the binary immiscibilty region and the boundaries of the
immiscibility region of the Sn-SnS system; Xg i =0.0487,

X s" =0.4?3_8'Wiare all taken from AS Bilgin and RY Eric7.
The interaction parameters €7, and €3, were assumed to equal

~zero in all calculations due to lack of the data in

literature.

' All the above mentioneld thermodynamic information for the
" binaries were used in connection with the experimentally

determined tie-line data {Table 2, 'Figure- 15} teo determine -

& consistent set of activitiss along the niscibility gap -

of the Fe-Sn—S system at 1473 K. Equation 70 permitted the

caloculation of the ratio ludy/as, aleag the lower sulphur

saturation boundary from which activities of sulphur, tin

~and iron were evaluated by the following integrated form
‘of equations &7 and 68
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| (Iﬂas)(y;_‘)“ (Enas)(y;_u§)+ L " nd(lnah)( """ (71la)

_ - p YR ._Zna. re -
(lnasn)(y;.)a (.lnasn)(y;.-.o) + '/; Bd(-— . )( .“”‘(71b)

s

3':&] o

e X1

(lnay), .. =(lnag), , +f )xd_(lna-“) veenn(710€)
R e RO o3
Where .Q, 6, A are deflned by.

| ﬂ 3"1-‘9 Y}-‘e/}’s :Vsu-v (720'»)
8= (YreYs™ ySnY.s-)f('Y's'.‘YS)-'--J-'--_(?zz?)
A=(Yon¥ s~ Ysn¥5)/ (¥s—Ys)ere(720)

The integrals of eguations 71 were evalualed ‘graphically
" as'the area under the curves e, 0, A against ln(a_,/as,‘) '
' These integration plots a.re shown, respectlvely in Figure
21 of Appendix. The results of integration are summarized
S 'rable 4 giving the activities of all components ok eemz ot

.....

| aib fr.)he thermodynamic data gathered with the procedure
eiﬁpiamed above, along the ternary miscx.blllty gap of the
Fe-5n~S system were used to construct the diagrams shown
in Figure 20 which show ‘igso~activities of iron, tin and
snlphur:. : -

Since the t:.e—line distribution is known down £0 Yo, = O 994

(t:.e-linel) from the expermental work, tha uncerta:.nties |
in the lower int'_eqratian limits obtained by extrapolation
of the activity values of tin and sulphur from the Sn-5nS
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'I.'able. 4. The resul‘{w of activity calculatians in the system
Fe-Sn~5 at 1473 X

5 cllmlatl'd nczivities alang the metal rich beundary
" Tie-line maber ' BFg a5n | ag
1 . 0.08T 2,959 1591073
2 T g.088 2 1 d.sextee3
3 X ' X1 | 1.36x1073
4 s - 097 (Tt Lo
% 87 7 . os8 ' 1.21x10°3
6 o 0,208 . 0.E9 o ta0xtpe3
7 oo _ 0.838 L 9.BXI0A
5 G 8332 0.8y = CATEE L
9 B ¥ Y T 6.822 - 7.87x10%4
10 L D450 S :1T I GBI
1 B.487 BN | 6.33%10"%
12 n.ssa _ - S R ,5.eaxm~ -

Bmary ara minim;l.zeﬁ. The value of. agn and ag a.t ys,,*c 994
(tie-line 1) were“‘c‘.a}:en as 0.950 and 1.50x10™3, respectively

by utilizing tha& s.ﬂmilahla activ:.ty coeffica.ents and self

 interaction paramater stated above. By wusing the same

methad ’ act.wity of iron was calculated q;rom the J.ran-tin
bmary at ys,, (twnline ¥) as ape=0.047.

In the calcnlaticm ‘procedure, the end pomts wf ’che t:l.a—
lines were read :Ers::-er the smooth miscibz.lity gap boundarias
to decraase the scatter of points. ' :

' The unc.artamty in the derived aﬂtiviFies ecan be re'aadily '
assessed by analyzing the mdividual-uncertanitias in

varwus terms of equations 71, These equa.tians are .

_ thamndynamicany exact and the errors in the activities
along- the miscibiliyty gap can be attributed to the

uncertainties in a) the integration function Q, 9 and A,

b) the salculated act:mq& ratio, and o) “the intagration |

L
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From the tie-line data presented ir Table 2 and Figure 15
the maximum .error in the integration function I, A and 9
due to the error of chemical analysis is estimated to be
* 0.03, ¥ 0.01 and + 0,06.Referring the equation 70, the
uncartainty in the calcula ed ln(a;,/as,.) values along the -
mchibilltY gap is due to a) the érrors in the binary Fe-Sn )
' activ:.ty data and b) the errors in the third term of the
‘right hand side of sgquation 70¢ w_hich_ consists of ys and
- _ the term in the bracket. The term in the bracket was derived
from _"the guasichemical model of Jacob and Jeffes30, The
ﬂerived values are reported by Chang et Al26 to have an
uncertainty of + 20%.Even if 40% uncertainty is assumed
- for the values of this term, with that of * 0.05 in the
_' ""iralues__ of In{x ;._)as.;) in the Fe-Sn binary and of + 0.03 in
&g, The derived values of In(a;/as,) alony the miscibility
gap will not be in error by‘ more than + 0.22 units.

| Howaver, ag’ mentianed earlier all the thermodynamic data

which were used for the calculation of In{@r/0s.) were -

not at 1200 "C In th}) aa_lculation procedure for ln;; the

activity ‘data of Shiraishi and BelllS was used, Their
 activity values at 1165 °C were extrapolated to 1200 °C by
agsuming regular solution l:iehavior of Fe~Sn liquids within
the small temperature range. Since the temperature range
of extrag.lation is quite gmall (35 °Cy, the error
contributinn from this snpree can bé assumed negligible.

. The last source of _a_xrc:r is due to the graphical.integration_

procedure. It can well be seen that the integration
". functiong €, A and © result in very smooth curves in which
integration errors would be negligible. Therefore, the
~total uncertainty in a.atwity values is nat expected to be
ctreater than 10 %, '
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5 sm! AND QONCHUSION

The objective of this work was to generai:e thermodynamm and
phase equilibria data on tin containing sulphide systems by
- uming the dew-point and guenching technigue of thermochemical
' research. The specific systems selected for thermodynamic
c:ansideratian during the present work were ¢
“i.) The Fes-SnS binary : '
. 2.) The Pe~8n~8 ternary : :
. The information gathered with respect to the ahove syatems were
‘the following. | - - -
1.) High temperature phase ralationé in the FeS-8SnS system were
examined by guenching technigue. Eutectir"tamperature of this
- system wye found at 815 °C. Activity meaaurements ware carried

- _ out in thp,s syatem at 1200°, 1100°, 1000 °C by measurmg dew-point

~ temperatures of SnS. Activities showed positive d_eviatians from

__ deality, The snS-Fes liquid solutions weras modelled and SnS
| Xd Fes activities wers calx:ulatad by applying the subregular
solution model. This model permitted the calculation of liquidus
I1mes, ‘eutectio temperature and composition of *he FeS-Sns phase
diagram in excellent agreement with experimental determination.

'2.) InFe-Sn-§melts, the direction of conjugation lines between
la.quid matte -and l:v.quld metal phases at 1200 o were found by
quenchinq experiments. The activities of tin, iren and sulphur
along the ternary miscmility gap of the Fe«Sn-§ systam were .
calculated t.hmugh the recent. mathod devalaped by Choundary and
Chang?6:27, from the tie-line distributions and ;&\ odynamic

- _infnrmatian of t.he bnunding bmaries, Fe~Sn, sn-ﬁx §. The

~ distribution of tie~lines were in concordance with the behaviar'
- of at;t.ivit:y in both Fas-$ns and Fe-sn. melts. |

\J X .

<y 1

I | :
o : Y :

i Lo

i

N
RN



The gatheved informativn on high temperature thermecdynamic
_-propertias and phase equilibria of Fe-Sn~5 melts is essential
for. a prupar ynderstanding of the extract:ian and ref:.ning
- processes of tin. Further work  is neczessaxy for a better and

sfEicient design of matte fuming process for tin. The equilibrium '

 between FeS-Sns mattes and  oxide slau; phage shculd be
-_ z.nvestigated.

CORMa
. -:I’
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7 APPENDIX

INTEGRATION FUNCTIGNS OF Fe, Sr AND 8 IN Fe-Sn-5 SYSTEM

The a, A and ) functions which were used in ternary Gibbs-Duhem

integrations tn'derive Fe, Sn and 8 activities along the ternary
migcibility gap of the system Fe«8n-S at 1200 °C are illustrated
in Pigures A.2ia, A.21b and A.21c respectively.
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-3.48 -2.20 108  ea20

Figure A.21a The integration function 6 against In(as/as,) used
to evalugte Fe activities in the system Fe-Sn-S at 1200 °C
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Figure A,21b The integration function A against !n(as/as.) used
to evaluate Sn activities in the system Fe-Sn~5 at 1200 °C
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Figure A.21c The integration function () against In{ar./as,) used
to evaluate 5 activities in the system Fe-S$n-§ at 1200 °C
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