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Abstract

he Sulphide capacity, C, = We. % S(pOQ/psz)_?é_, has

been determined for the melts, Mn0 + AlgOz, MzO + SiOg,
AlsCxz + S5i0p, MnO 4 M20 + S5i0p, MnO + SiOgz + AlgOgz,
M:0 + SiOg + AlpOz and pure crystalline Ca0, M:O,
Al50z and Si0gp, at 1650°C, by establishing the equilibrium
between a gas phase of known oxygen and sulphur potentials
and the sample, CS was found to decreasc with decreasing
basic oxide concentration in the melt and at constant
NSiOg , to decrease from one binary to the next in the
order MnO + Si0p » MgO + Sifz 5 Alg03 + S5i0s. The results
obtained for the Mn0 + ¥M:0 + Si0Oz nelts were used to check
the validity of Flood's Eyuation which was supported by them
in the range of compozition studied.

Saturation 1limits of sulphur in crystalline lime at 1650°C
and in lime-alumina and lime-silica melts at 1500°C were

measured by equilibriuvm studies of the reaction:

(ca0) + %82 = (CaS) + 202

The activity coefficient of calcium sulphide, calculated

from the saturation limits, was found to be 1600 at NC%S

of 0.00063 in crystalline lime, while it ranges from 72.5

to 28.0 between 0.43 and 0.30 N in the lime-alumina
Al 203

melts and from 8.5 to 17.3 between 0.58 and 0.42 NSi02

in lime~silica. The activities derived from the calcium



sulphide saturation limits in lime-alumina melts agree well
with the free energics of formatior of crystalline sluminates,
and in lime silica melts with those of crystalline meta-
and ortho-silicates. The free energies of formation,
obtained from the activity data for lime-silica melts, together
with those of IO + Si0Op and with those of Fel -+ S5iOg,
were used to calculate the free energies of formation of
silicates for the ternaries MnO + Cal0 + SiOg and FeQ + Cal +
Si0g respectively, using the ideal mixing theory. They were
compared with experimental values. Good agreement in the
meta-silicate region and negative deviation in the ortho-~
gilicate region were observed.

Activity coefficients of sulphides in the melts
MnO + Alg0z, MgO + S5i0g, MnO + Si0g + Alg0z and Cal +
Si0z + AlgOz were also derived from the relevant activity
and sulphide capacity data. The activity coefficient was
scen to increase with decrease in integral frse energy
of formation of the melt and was maximum at the minimum
in  AG° curve,

The activity of manganese oxide in MnO + Alp0z and
Ma0 + SiOg + AlgOz systems at 1650°C was measured by equil-
ibration of mangznese between the melt and a thin platinum
coil embedded in it, in an atmosphere of known oxygen partial
pressure, The activity in MnO + SiOp + 4103 melts was found
to be constant at congtant mole fraction of mangancse

oxide,
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INTRODUCTION

General

Metallurgical slags, the most important solvents
of the pyrometallurgist, play a significant role in the
extraction and refining of metals. They are used to collect
waste products in the former and extract impurities in the
latter. The potential efficiency of these processes is
dependent on the thermcdynamic properties of these slags, the
knowledge of which, therefore, is imperative and useful to
obtain. The smelter or the refiner may also utilise this
knowledge of thermodynamics, as an aid in process control,
to predict the way in which his slag metal equilibria will
be infliuenced by changes in composition, in temperature and
in oxygen snd sulphur partial pressures, The academic
chemist may be guided for his atomic models by the measure of
binding energy between two atoms or groups of atoms from
enthalry changes (AH), and by the distribution of these atoms
or groups of atoms with respect to each other from the entropy

changes (AS).

The present work was designed to study the thermo-
dynemics of solutions of sulphides and oxides in aluminate and
silicate melts, The simple binary and ternary melts were
selected for study to gain the basic understanding upon which
the chemistry of more complex systems such as metallurgical

slags may be built.



The chemical behaviour of sulphur in iron and
steel-making has long been a subject of research to better
the control of sulphur in the finished product. A large
amount of data has zlso been reported on the desulphurizing
powers of slags, but most of this has been obtained from the
messurement of the partition of sulphur between the metal
and slag, Only recently the sulphur holding capacities of
slags have been determined by studying the equilibrium between
the melt and the gas phase (1 - 8). This technique has been
employed here to derive the sulphur holding capacities of some
slags over a wide range of compositions, the limiting solu-
bilities of sulphur and activities in aluminate and silicate
melts., The solid solubility of caleium sulphide in crystalline
lime and the sulphur holding capacities of crystalline calcium,

magnesium, aluminium and silicon oxides have also been measured.



Relevant Previous Work

A.  Sulphur in Aluminate and Silicate Melts.

(1) Suaivhide capacities

Fincham and Richardson’s2 studied the equilibrium
of sulphur and oxygen batiween melts and the gas phase by the
samz ‘technigue as that used in this work. The melts used by
these authors were mixtures of Cal® + S5i0p, MgO + S5i0p,

FeO + 8105 and Cal + Alp0z. They made a detailed study of
the effeots of temperature, oxygen potential in the gas rphase

and melt composition on the gas-slag equilibrium,

The main conclusions from this work were that, when
the oxygen partial pressurs is less than about 10:'5 atm,, &8
sulphur atom can only enter the melt by displacing a suitable
oxygen atom, The sulphur is then held in the melt entirely
a8 sulphide, its concentration being controlled by the equilie

briams-

% SZ + <O)melt = % 08 + (S)melt (1)
This equilibrium moves to the right with increasing temperature.

However, when the oxygen pressure is greater then
about 10~% atm,, the sulphur is held in the melt as sulphate

according to the equilibrium:-
3
S+ /202 + (O)pery = (80)p014 (2)

The equilibrium moves to the left with increasing temperature,



Deviesd, using the same technique, investigated
the equilibriunm of axvgen and sulphur between the gas phase
and silicate melts nonsisting of Cal + Si0s, MgO + 5403,
Ca0 + MgO + Si0, MnO + SiOp and Ca0 + MnO + Si0O;., His work
also showed that, =t ovyger partial pressures of approximately
10'6 30 1077 atm,, the transfer of sulphur proceeded according

to the equilibrium raastion (1).

The sulphide capacities of binary MnO + 5i0y and
ternary CaQ + MnO + Si0, melts determined at 1500°C, 1575°C
and 1650°C, were found to increase with temperature. These
results were also used to check the validity of Floed's
equation»9 This equation is a relation between the equilibrium
constants K',n, K') and K'y for the reacticn (1) at constant
8ilica mole fraction for a ternary system AO + BO + SiOp and
binary systems AO + Si03 and BO + Si0p respectively, AO and
BO are basic oxides, Floods derivation leads to the equation:

Log K'AB = NA++ log K'A + Ng++ log K'B

vhere Ny++ and N_,. are the ionic fractions of the cations At

B
and B*" in the melt. This equation involves the assumptien
that AS for the reaction (1) is independent of cation concen-

tration, and
OH = Np++AHy + Ng++ AHp

Reasonable agreement with the predictions of Flood!s equation
was found in the Ca0 + Mg0 + SiOy system, whereas little agree-

ment was observed in the Ca0 + MnO + Si0p system.



Abraham,6’8 by a sinilar method, dotermined the
sulphide cepacities of the following mixtures: Mn0O + SiOp,
Cal + P205, Cal + 8i0y + P205, €al + Alp03 + P305 and
Ca0 + Mg0 + Si0p + Alp03. The results for MnO + 5i0; at
1500°C and 1650°C indicated thet the sulphide capacity increased
with increasing temperature and manganese oxide concentration

and decreasing Si0O; concentration in the melta.

Abraham also observed during the measurements of
Cg in the melts containing P205 that the platinum cups are
unsuitable as containers. Iridium cups are found satisfactory
for these melts. The P04 volatfiised from the melts at the
temperature of the experiment. On asccount of this, measure-~
ments could be made with Ca0 + P05 mixtures containing up to
0.27 mole fraction Py0g5 only; with the Ca0 + SiOp + P305 and
CaO + Alp0z + P05 mixtures the maximum was 0.07 mole fraction
of Pp05. By a cemparison of the values of Cs for CaO + Al,05,
Ca0 + 8510z end Cal + P205 melts, it could be shown that on a
mole for mole basis the addition of P20g to lime leads to much
lowersulphide capzciiies than the addition of Alz0z or Si0O;p.
It was also ovscrved from the sulphide capacities for the systems
Ca0 + Aly0z + SiOz, Cald + Si0p + P205 and Cal + Alp03 + Pp05
that the substitution of phosphorus pentoxide for ailica or
alumina greatly lowers the asulphide capacity, the effect being

greater with silica than with Al,0s.



The results obtained with Ca0 + 510z and
Ca0 + Si0p + P205 and with Ca0 + Als0z and Ca0 + Alpx03 + PZOS
indiocated that one mole of P0g is equivalent to 2.2-2.3 mole
of gilica or 1.5 - 1,75 mole of alumina in lowering the sul~

phide ocapacity of a melts

The results obtoined for Cal + Mgl + Alp03 + 5103
melts at 1500°C showed that the substitution of MgO for Cal
or of Si0, for Al;0z (mole for mole) leads to lower sulphide

capacities, This observation was at variance with the work

of 0sborn'® et al., who stated that the sulphur partitions

Cal + Mg0
SiOz + A1203

that, provided this ratio is constant, the sulphide capacities

are determined solely by the wt % ratio and

are unaffected by the alumina content. When the sulphide
capacity of one of the slags of composifion 30% Si0;, 43% Ca0,
12% MgO and 15% Alp0s by weight, was compared in the laboratory
with that of a normal blast furnace type slag containing

31.8% S105, 42.2% Cal, 2,5% Mg0 and 195 Al303 by weight, the
two Cs values were in ratio 2.2 : 1, vhile in practice the ratio
of two partition ratios was 4 : 1. The explanation given for
this was that the equilibrium distribution of sulphur is more
closely approached on industrigl scale with the high magnesia
slags than with more ordinary types, possible because of their

lower viscosity.



Carter and Macfarlane5 investigated the equilibrium
between CO + COp + S0z gas mixtures and melts consisting ef
lime-silica and lime-alumina at 1500°C, The Cs values cal-
culated for their results are in agreement with those measured

in the present work (see later).

St. Pierre and Chipman4 studied the effect of compo-
sition changes on the gsulphur capacity of slags by equilibration
with a gas mixture of 50, to CO ratio = 34.1. The compositions
gtudied included pure iron oxide, iron oxide containing lime
up to saturation and lime-silica-iron oxide slags with molar
ratios of lime to silica of 2.24, 1.28 and 0.52. According
to these workers, for a fixed silica content, the sulphide capa-
city is independent of the relative amounfs of lime and iron
oxide over the range of composition studied, Further, at high
silica contents, the value is also independent of silica concen-
tration, Abreham reports that the results in the MnO + Cal +
S1i0, melts® are in disagreement with the findings of St, Pierre

and Chipman in the region where comparison was possible,

Dewing and Richardson'!

gave a more reliable value

for the dissociation energies of SO and Sy than those used earlier
by Fincham and Richardson! and Davies and Richardson®., Abraham
used these new values for the calculation of PO, and PS; which

were found to be significantly different from those of Fincham

and Richardson and Davies and Richardson, As & result of this



he revised the Ca values reported earlier using these new
values of PO, and PS,. The validity of Flood's equation’
was tested for the pseudo binaries MnOSiOz + Ca0S5i0y and
Mg0Si0, + Ca0SiOz. Agrecement with prediction made by the
equation was good for the pseudo binary Mg0Si0p; + Ca0SiOz

and approximate for MnO0SiO; + Ca05i0;.
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(11) Limiting solubilities of sulphur and activities
in crystalline lime and lime-alumina and lime-

silica melts.
(a) Solubility of sulphur in crystalline lime

and lime-alumina and lime-gilica melts,

S+, Pierre and Chipman4 equilibrated two samples of
powdered lime with a ges mixture containing $0,/C0 = 34,1 at
1550°C.,  One sample contained 8.9% sulphur by weight added as
calcium sulphide, and the other had no sulphur initially,

They reported a solid solubility of calcium sulphide of 1.42

mole percent in calcium oxide at 1550°C.

MacCaffery and Oesterle12 measured the solubility
of caleium sulphide in ternary lime-alumina-silica melts by
constructing phase diagrams for the pseudg-binary systems
calcium sulphide-oxide mixtures from cooling curves, They
found that solubility is more dependent on temperature than on
composition. At 1500°C the solubility corresponded to about
8% of sulphur for acid melts and 11% of sulphur for more basic

melts,

Glaser'? found the solubility of calcium sulphide
in a pure calcium meta silicate (CaSiQS) melt to cerrespond to
5.5% of sulphur at 1500°C. A region of liquid immiscibility

was found at higher sulphur contents and temperatures,
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Filler and Darfen14, using a blast Iurnace slag
containing lims, megregia, alumine and silica (with also a
small amount of mangarese oxide), found the solubility of
calcium sulphide to correspond to between 3.5 - 4.5% of sulphur

at 1500°C.

(b) Activities in lime-alumina melts

Activities in lime + alumina melts, estimated in
different ways, have been reported by Fincham and Richardaon1,
Carter and Macfarlane? and Chipman15. In the first two methods

use was made cf measured sulphide capacities defined as

1
, P =
Cs = wt %S, 02\)
P
\ S2

In the third, the lime activitles were deduced by combining
thermal data for crystalline aluminates with the sulphide capacity

data,

The uncertainties of all these estimates arise from

a lack of knowledge of activity coefficients of calcium sulphide

1

in the melts. Fincham and Richardson' assumed a value of 5

for the solid sulphide, in all the melts at 1650°C, Carter and
Macfarlane® found the Cs values at 1500°C for the slag 60,6 wt %
Ca0, 32.4 wt % Aly0s, 7 wt % Si0p and for a series of Ca0 + Aly0z

16 5t 1g

mixtures. From the Cal + Al;0z + Si0y phase diagram
known that the lime activity in the first melt is unity at 1500°C,

If it is assumed that the activity coefficient of CaS is the same



in all the melts investigated, one can write

20ad = =
Cs

vhere Cs denotes the sulphide capacity of the lime + alumina
slag and (s that of the standard slag in which the lime
activity is one. Thie assumption is almost certainly in error,
for it has been shown recently7 that the activity coefficient

of manganese sulphide in MnO + 5103 melts7 increases by a factor

of at least 3 as the mecle fraction of MnO falls from 0.72 to 0.48.

(¢) Activities in lime-silica melts.

The published data on activities in the system lime +

7

gilica are conflicting. Kay and Taylor1 measured the activity
of silica by means of the equilibrium

3 ¢ (graphite) + Si0; (cryst.) = SiC + 2 CO

In the presence of both graphite and SiC, the activity of silica
is proportional to the square of the pressure of carbon monoxide,
They first measured the CO pressures in the presence of pure
silica and then in slags of varying SiO, concentrations, making
adequate correction for the partial pressure of 5i0. The
gsilica activities were obbtained by the relation

. (F2go)2
SlOz = 5
(P1eo)

where pféb and pféb are the partial pressures of CO in the

presence of pure silica and over the melt respectively.
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Young et alj8 determined the silica activitieé in
the liguidus of the Cal + Si0p system at 1627°C, by using the
effusion method for measuriing the pressures of $i0 and 02
above the melt and above pure crystobalite., From the consid-
eration of the equation

2(8i05) = 2 5i0 (g) + 03 (&)

it can be seen that

)
8540, = \//; 510 Po, /P s10 Po,

where primes refer to the pressures above pure crystobalite
and absence of primes is above the melt in question. Allowance
was made for oxygen atoms in the gas phase at the temperature of

the experiment,

Langenberg, XKaplan and Chipman19 obtained the silica
activities by the distribution of silicon between graphite-
saturated Fe-C-Si alloys and slag containing silica. The
following equilibrium was carried out in graphite crucibles in
CO at one atmosphere:

Si0p +2C = &ﬂFe+mo

where [?i]Fe is the amount of silicon in Fe-C-Si alloy, When
the melts were made under one atmosphere CO, and were graphite-
saturated, then the egnilibrium constant K reduces to

a[Sj] Fe

X
#3105
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The activities of silica were obtained from the
equilibrium data, the activity of silicon in Fe-C-5i alloys

and the free energy change of the reaction,

20 calculated the calcium oxide

Carter and Macfarlane
activities in Ca0 -+ 5i0, melts at 1500°C by measuring the sul-
phide capacities ef a standard lime saturated Ca0 + Si0p + Alz03
slag and Ca0 + Si0; melts. They assumed the activity coefficient
of calcium sulphide to be equal to 16 in the standard alag and

12 in all other melts. Lime aftivities obtained by the relation

12 Cs
16 Chy

a'Ca,() =

where C's d4s the sulphide capacity of the standard slag and Cs

is that of any other melt.

Richards<.n21

derived the activities in Ca0 + 5i0p
melts at 1600°C vging the avrailable thermodynamic data of the

celcivm silicates and Ca0 - 5i0, phase diagram.

Sanbongi and Omori22 obtained the silica activities

by the measurement of reversible e.m.f, in a deuble cell,



-~ 14 -

B. Maneanese Oxide Activities in Aluminate and Silicate

Turkdogan?® has calculated the activity coefficients
of manganese oxide in gquaternary Cal + Al,0z + Si0z + MnO
melts from the experimental results of Stuckel and Cocubinsky24,
who determined the distribution of manganese between blast-
furnace type slag and metal by equilibrating these two phases
in a graphite cﬁ%pible at one atmosphere of CO, If the activity
of manganese in carbon-saturated iron is known, that of manganese
oxide in the melt can be calculated from the available data on

the free energy change of the reaction

[Mzi] +co (g) = (Mno) +-f_c]

& (¥mo

a[Mﬁ]

I =

The activity coefficient of manganese in carbon-
saturated iron was not known and so it was taken as being
approximately equal to that of iron in carbon-saturated iron.
It was also assumed that, in carbon-saturated Fe-Mn melts,
small percentages of manganese would not affect the activity

coefficient of iron,

Activity coefficients were calculated from the
manganese oxide activities eo obtained in the quartermary melts

and plotted for the pseudo termary system Ca0 + Al;0z + S5i0p
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containing 5% by weight of mangsnese oxide. The following con-
clusions were made frem these plots:

(i) For a given Cal content Yymo 1increases as alumina

ig replaced by Si0p

(i1) For a given Si0, content Ym0 incresgses as alumina

is replaced by lime

(iii)For a given alumina content Yy increases as S0

e is replaced by lime at low CaO/SiOz
ratios, but at higher basicities, further in-
crease in lime content of the slag at the expense
of silica decreases im0 *

Turkdogan and Hancock®? determined the silica activi-
ties in the binary MnO + Si0p system by measuring the amounts of
gilica reduced into carbon-saturated manganese from the binary
silicates at one atmosphere of CO, and from silica-saturated melts

at CO pressures ranging from 0 to 6 atmospheres

(8102) gt o + 2C = [si] + 20 (0 to 6 atm.) (1)
(810p)per + 2¢ = [8if + 200 (1 atm.) (2)

B pzzCO

Si0z = gz -

17¢o

where pfgo and pFg, are the pressures of CO in equilibrium with
Mn-~-C~Si alloys of egqual silicon concentration in the twe cases,
They determined the silica activities at 1350°C, 1400°C and
1450°C, The activities were seen to increase below and decrease
above 0,49 mole fraction of silica with increase in temperature,
In fact the activity curves were found to cross over at about

0.49 mole fraction.



Davies® measured the activities of manganese oxide
in binary MaO + Si05 and ternary Cal + MnO + 5iOp melts at
1500°C, 1575°C and 1650°C.,  The activitles in the binary
MmO + Si0; melts showed a pronounced deviation from Raoult's
law except at high manganese oxide contents. Silica activities,
calculated by the application of Gihbs-Duhem equation, and the
free energy of formation of binary manganous oxide-silica

melts, derived from the activities were also reported.

Davies, by correlating the manganese oxide activities
in the ternary system with the sulphide capacities in these
melts, found a definite oonnection butween the metal oxide

activity and the sulvhide capacity of the melt.

Abraham6

redetermined the manganese oxide activities
in the binary MnO + SiOz and the ternary MnO + Cal + SiOj

melts at 1500°C and 1650°C, This was because Abraham and
26,27

Barton disagreed on the data for pure manganese oxide,
which were 1o be used in the calculation of manganese oxide
activities described later. After necessary correctien in
the data for pure manganese oxide, Daviesfrresults agreed with
those of Abraham, It was also observed, from the results of
MnO + Si0p and Ca0 + MnO + SiOp melts, that the manganese
oxide activities decreased with temperature, while Turkdogan

reports that émno in MnO + Si0p melts increases below and

decreases above 0,049 mole fraction of gilica with temperature.
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The results of MnO + Ca0 + Si0O, melts have been also used to
test the validity of the ideal mixing theory27 (see Discussien).
Reasonable agreement between the calculated values and measured
ones in the meta~silicate region and negative deviations in

the orth-silicate region were observed.

Abranam® also Jetermined the manganese oxide activi-
ties at 1650°C in Cal i MnO + SiOp + 41303 melts in the range
of compositions of interest tc blast furnace and open hearth
operators. YMnO was observed to be constant up to 8 wt %
of MnO in these melts at constant ratios of Cal : Si0p s Aly03
52,0-30.0; 37.2-63,%33 10.8-6,7. The following conclusiens
were drawn from the results obtained for the melts, each of
which contained 5 wt % MnO.

(i) Tor a given Ca0 content, 'MnO decreased as

Al,03 was replaced by Si03.

(ii) For a given SiO, content, im0 increased as
L1503 was replaced by Ca0.

(1i1) For & given Al,0z content, ‘In0 increased
as 510, was replaced by Ca0 at all Ca0/SiOp
TaTL105 .

(iv) At low lime-silica ratios, the addition of
aluaina at constant Ca0/Si0Oy ratios, increased
the ¥n0 activity coefficients, whereas, when
this ratie is about one, the addition of Aly0z

to the melt, did not have any appreciable

effect on the activity coefficient,



The conclusions (i), (iii) and (iv) are in disa-
greemeht with those of Turkdogan?3, The values of the MnO
activity coefficients also differed by a factor of ten from

those reported by Turkdogan.

Filer and Da.rken14 measured the partition of mangan-
ese between blast-furnace slag and metal by bringing the two
into equilibrium in the presence of carbon. The slag compo-~
sitions were 0.11-0.46 wi % MO, 2~6 wt % Mg0, 31-34 wt % Si0;
and 13-15 wt % Al,03. The activity coefficient of manganese
oxide, calculated on the assumption that Yin is equal te Yre
in carbon-saturated iron was in reasonable agreement with that

obtained by Abraham from his results.
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Approach Adopted in the Present Work

A, Sulpeur Fquilibrium Between the Melt and Gas Phasge.

(i) Sulphide capacities

1

Fincham and Richardson' have shown that, when a
gilicate melt is egquilibrated with a gas phase of known oxygen
and sulphur partial pressures, if the oxygen partial pressure
is less than 1072 a*m, then the sulvhur atom enters the melt

by displacing o suitahle oxygen atom, The sulphur atom 1s

held as gulphide according +o the equation

% SZ + (O>me]t = % OZ + (S>me]_-t
L
(8) Poy®
X = ———r
(0) s

It can be assumed that the activity of replaceable
oxygen in the melt is not significantly altered by the substi-
tution of small amounts of sulphur and that for low concentrations
of sulphur the activity of sulphur (S) is preportional to the
sulphur concentration, then the quantity wt % S (pOz/pSZ)%
defined as sulphide capacity Cs of a melt remains constant at

given f{emperature,

The experimental technique consisted of bringing
the melts, contained in platinum cups, into equilibrium with a
gas phase of known oxygen and sulphur potentials at the desired
temperature, The sulphur in the melt, after quenching, was

analysed at the end of the experiment. The gas phase was made



by mixing nitrogen, carbon dicxide, hydrogen and sulphur dioxide
in calculated prognrtions. This mixture established the
required sulphur and oxygen pressures at the temperature of

the experiment. The calculations for p03 and psz are given

in the Appendix, Details of the apparatus used and experi-

mental procedure .are given later.

In the present work the sulphide capacities of the
melts MnO + Al,03, Mgl + SiCp, Al;0s5 + SiOz, MnO + Alp0sz + Si0;,
MnO + MgO + Si0,, MgO + SiOp + A1,03 and pure Ca0d, MgO, SiO,
and Al,03 were determined at 1650°C by the technique described

above,
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IT Limiting Solubilities of Sulphur and Activities

in Crystalline Lime and Lime-alumina and Lime-

silice Melt=.

(a) Crystalline lime and lime-alumina melts

The limiting solubilities of sulphﬁr in crystal-
line lime and lime-alumina melts could be determined by

congidering the egquation

(Ca0) + &S, = (CaS) + % 03
K - 2282 (Poy/p )E (1)
ACa0 " Sg )

x
2

when (Psz/po )% is increased, 8p,q Or wt % sulphur in
2

crystalline lime or in the melt should also increase
(provided aggo does not change appreciably). Beyend this

1
limit, when aggg is unity, if (Psz/poz)?3 is slightly in-

creased, wb % sulphur will increase markedly. This will
continue to increase until the 2040 has been sufficiently
lowered to establigh equilibrium again, This happens
because Cal0 is consumed in conversion to CaS in the melt.
If log wt % sulphur in the melt is plotted against
(Psz/pOz)%, a smooth curve with a sudden discontinuity
(Fig. 8) is obtained. The discontinuity is caused by the
formation of CaS in the second phase, This point of dis-
continuity will give the sulphur in the melt at saturation

at that particular (pS Po.. )® ratio.
2/ Y0y



PHa(1)

In thoe actaal proceéurs, the ratie
1 A px H pcoz(i)
plotted against log wt % suiphur (Fig. 8), since this is

1
directly related to (pSZ/P02)§ (see Appendix).

The satuarstion limits of sulphur in crystalline
lime at 1650°C and in lime-alumina melts at 1500°C were
obtained by this +echnique, The gas mixture used consisted
of N5, Hp, COp and 5Up.  More details of the procedure are

given on page. 85.

Lime activities in Ca0 + Al,Oz melts, saturated

with sulphur, can be derived from the relation (1) using
. L

the experimental values of (psg/poz)2 and the value of X

28, 29, 30 The activities in the

derived from the data.
binary Ca0 + Al,Cs melts were obtained from the corresponding
values in the ternary on the assumption that ap. 4 is

dependent only on Cad to Al,0z ratie when only a small amount

of Ca3 is present, FParther details are given on pege 87.

(b) Lime-silica melts

Lime-silica melts, unlike the lime-alumina melts,
under the conditions described in the previous section, did
not show sherp increases in wt % sulphur or Ny, q when the
limits of CaS solubility were exceeded, This was becuase
the activities of lime in the silicates are much lower than
in the corresponding sluminates and fall more rapidly as -

CaS is produced by the sulphurizing gas mixture at the expense



of Ca0, Thus, even when the ratio pSz/poz for the gas
substantially exceeds that for equilibrium with both melt
and free CaS, the melt does not need to lose much of ite
lime as golid sulphide before its lime activity becomes
gufficiently low for the eguilibrium with free CaS and gas

to be re~establishad,

The gas mixture Ny, Hy, COp and S0y d4id not produce
sufficiently high suiphur to oxygen potential ratios to
saturate the Ca0 + S5i0p melts with sulphur. A different
gas mixture of Np, Hy, COp and HyS was found and used, This
gas mixture geve the required sulphur to oxygen partial pres-

sure ratios for all the melts studied.

The gas mixtures used herein were more reducing than
those previously used. S5i0s was reduced into the platinum
cups, giving lcw melting alloys of Pt-5i, and thus making
platinum an unsuitable material for containers, Iridium cups
were therefore used; they bshaved well under experimental

conditions.

Sulpmr saturation limits in these melis were obtained

by a graphical method as follows:

The compositirns of the melts, after the experiment,
having the corstituents Cal, 5i0; and CaS were plotted on a
ternary graph., Consider the relation (1) again, In a homo-

geneous melt, aleng any line of constant Ca0 to Si0y ratic



on this ternary diagram Ng,g should increase with the increase
1
in (pSZ/Poz)B ratio, Calculations based on the thermadynamical

data for GOy, HpS, Hy0, Sy and 5207 I

have shown that the
(pSZ/pOZ)% ratio is proportional to pHZS/pCO2 as shown in
Figure %8, Thus, for a melt of constant lime to silica
ratio, ¥g,g should increase with pHZS/pCO2 , being zero when
;ﬁzs is zero, At and beyond the point where free CalS is

produced, the composition of the remaining melt, and hence

of the gas, should remain constant. Now along this line of

constant lime to silica ratio the plot of against

PCoz
Npog increases at first and then becomes constant; the point
at wnich this change occurs will give the Np,g in the melt
at saturation at that particular pHZS/pCOZ ratio. Due to
the difficuliy of getting the final compositions along the
constant lime to silica ratio, the actual experiments were
conducted to get the final compositions along constant mole
fraction of silica in the melt, Further details of the
procedure by which the compositions of the melts along a
constant lime to silica ratio were obtained from the above
experimental results by interpolations and the derivation

of the subsequent golubility limits from them are given on

rage 94.

Activities of lime in the ternary Ca0 + 5105 + CaS

melts at Cad ssturation were determined by the relation (1)

28, 29, 30

from the wvalue of X obbained from the data and the
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+
experimental valuss of (pSB/pOz)g. The lime activities in
the binary Ca0 + Si0p melts were obtained from them-on the-.
agsumption that'Yého remains constant with constant lime to

silica ratio. More detzils are given on page 96.



B Manganese Oxide Activities in Aluminate and Silicate

The activity of manganese oxide in each of the
aluminate and silicate melts was determined from the amount
of manganese reduced into a thin platinum coil embedded in
the melt, when the latter reached equilibrium with the coil

et a given oxygen pressure and temperature, Consider the

following reactions:

r -
LMof o, + %0z = (MO) 0 (1)
{ Ml by TEO = MmO (2)

From (1) and (2)

#(mno) = £

The primes refer to the activity and oxygen
partial pressure for the melt and the absence of primes to

these for pure manganese oxlde,

A
2

o
Ay 02
(ln0) = _—&.

02%

3

when the compositions of Mn-Pt alloys are the same in both

the cases,
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Manganese ovide activities in the binary MnO + Al;0z
and ternary MnO + Aly0z + Si0g mélts at 1650°C were calculated
by determining the compositions of Mn-It alloys for the
various melts at oxygen partial pressure of 1079 atm, The
oxygen partial pressure of 10™5 atm., wags obtained from g gas
mixture of nitrogen, hydrogen and carbon dioxide in calculated
proportions. (Calculations in Appendix). The required
oxygen partial pressures corresponding to these Mn~-Pt alloys
in equilibrium with pure oxide were obtained f{rom the relation-
ship vetween equilibrinm oxygen partial pregsures and ¥Mn-Pt

6

alloy compositions for pure manganese oxide. (The actual

plot is given in Appendix),.
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ITYI EXPERIMENTAL METHODS

1.  Apparatus:

Tie apparatus used in all the exreriments hay been
the saxe. Differences in technique will be Adiscussed under
"Procedure',

() Gas Train

(i) The gas train is shown diagramatically
in Fig., 1. It consists of four standard flow meters (F)
for sdmittirg the gases 1o *he system. The gases came from
cylinders and were maintained at constant pressurs by means
of "vlow offg" (B) fitted on the in-going side of the flow
meters. ‘The "blow offs”, in the vreliminsry experiments,
contained water which was later on replaced by n-dibutyl
rhthalate. The gases passed through the drying towers (D).
Carbon dioxide was dried by anhydrous magnesium perchlorate
(anhydrone), ard sulphur dioxide by anhydrous calcium
chloride . When H3S was uBed, it was purified by passing over
iodine and ther passing four times through water and drying
again with CaCl,, The drying towers for nitrogen and hydrogen
contained "Sofnolite" (sodium hydroxide plus an indicator
supported on an inert base) followed by anhydrene. The
Scfnolite was meant to renmove CCj. The geses after passing
through the mixing chamber (M) (filled with pieces of broken
glasa) were iled into the equilibrium furnace at a constant
flow rate of 500 cc per minute and then to waste through e

bubbler (0), The flow rates of the individual gases cculd
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be varied by altering the heads of liquid in the "blew cffs"
(B). EBach "blow off" except that for sulphur dioxide had

a pool of mercury (A) in +he bottom and could be raised,
when not in use, to dip the tip of the inlet tube undor the
gurface of mercury. This was done to stop the liquid being
sucked back intc the apparatus., The sulphur dioxide "blow
off" was sealed off from the atmosphere to allow the "blow
off" gas to be sent to the fume cuphoaxd. 4 three way stop
cock was incorporated which enabled the "blow off" to be
igsolated from the rest cf the system. The number ef joins
was kept to a minimum and all joins and leads were made with
pressure rubber tubing. The apparatus was regularly tested

for gas tightness,

(i1) Cases:

Commercial gases of high purity were used,
The (oxygen free) nitroger and hydrogen contained $9.95% of
Ny and Hy respectively, after drying and less than ten volumes
per million of oxygen31. The carbon dioxide contained on the
average 99.5% of {03, the remainder being meinly air, The
amount of air, however, could be as much as 1% in some cases32,
The sulphur dioxide was aboub 99.6% pure, . Vhile the H,S
used®3in place of SO; was of initial 98,5% purity  Its purity,

checked by analysis, increased to rmore than 99% after purification,
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Four capillary flow-meters (F) of the
conventional pattern were used, Their manometers contained
n~dibutyl phthalate. Bach of them was calibrated by means
of a "soap bubble" flow-meter by noting the time taken for
the gas t0 sweep a soap film through a known volume, The
reproducibility of the method was better than * 4%. However,
it is not considered that the absolute accuracy of the flow
meters so calibrated was better than f 1%. The calibrations
of the flow-meters were checked and necessary corrections

were made before each experiment.

(b) Furnace:

A horizontal molybdenum wound furnece (Fig. 2) was
used in all the experiments., The heating element (X) was
molybdenum tape, 0,02 inch thick and /g inch wide. It
was wound at approximately six turns per inch on recrystal-
2ised alumina tube (A) of about two feet leng and two inches
in diameter. The total resistance was nearly 0.6 ohm when
cold. This tube (A) was sealed into the steel furnace
casing (P) by means of a gland at either end, packed with
asbestos string impregnated with graphite oil, The furnace
case was filled with the alumina powder (L) for insulation.
A slow stream of "forming" gas (90% Ny, 10% Hy) or cracked -
ammonia was passed through it to protect the molybdenum

tape from omidation. All joints and electrical leads (M) were



FORMING GAS L
ouT \-<-i p— -
M
GAsouT & D> |[A [ K T
R * } ———————— J_/_ — J/E b
\%{c \ S Om < Qoo’é
P{ E_]_ﬁﬁ// v N Vavavs | f 3 Ji\x, G /F _ % GAS
e ZY
1 e |
GAS IN M
L CRACKED
— AMONILA

FIG2, ARRANGEMENT

IN  EQUILIBRIDM  FURNACE,



sealed with a caloium fluoride-sodiumsailicate.,  The
reaction twoe (R) of recrystallised alumina, three feet long
and 1.2 inch diameter, was held in positicn in the furnace
tube (A) by asbestos wool between the tubes, and by Jobilee
clips on both ends. The ends were cooled by passing water
through coils of compo tubing (E). The rubber bungs were
protected by radiation shields (D) made of silica insulating
brick. The fuwnace had a zone of 1.5 inch . over which the

temperature was constant to within 5°C at 1500° - 1650°C.

The samples were contained in platinum or iridium
cups (H) supported on an alumina tray (G). A platinum wire
loop attached to one end of this tray, or a vertical hole on
this end, enabled the tray to be pulled out of the hot zone
along the alumina gutter (F). The gutter was a strip oat
longitudinally from an alumina tube. It was designed to
protect the main reaction tube, from being cracked, due to
thermal shock dvring introduction &nd removal of the speeimens,
The gutter (F) wes made of 4wo equal halves. A% the end of
the experiment one half in the cooler par: ef the reaction
tube was removed, cleaned together with the tube, and was
placed back into the position. This was done to avoid the
error in melt composition during quenching from the condensed
sulphur in the cooler part of the reaction tube. The gases
were led into the furnace through an alumina tube (C) of % inch

in diameter in order to minimise thermal diffusion errors.
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A small elumina crucible (I) was placed over one end of

tube (C). At the other end was attached a standard B,

cone over which a T tube can be fitted. Through one limb

of T, the mixed gas entered the furnaece. A glass disc (W)
was cemented on to the other end as shown in the diagram.

This served as a window through which an optical pyrometer could
be sighted down to the base of the crucible (I) placed within
the even temperature zone of the furnaea, Alongside of the
sighting tube, an alumina sheath (B) % inch in diameter was
placed, This was used for inserting thermo-couple (x) o
measure the temperature. Current to the furnace was supplied

from a "Variac" auto-transformer.

(¢) Temperature Measurement and Control

The temperature was measured by sighting a Leeds
gnd Northrup disappearing filament optical pyremeter con to
the base of the crucible (I) through the wirndow (W). The
pyrometer was calibrated against a 5% Rh-Pt : 20 Rh-Pt
thermocouple by placing the junction of the thermocouple in
the even temperature mone of the furnace and taking simultaneous
readings of the pyrometer and the thermocouple. The cali-
bration was made up to 1650°C. The temperature observed by
the optical pyrometer was also frequently checked by a 5%
Rh-Pt ; 20 Rh~Pt thermocouple (X) placed in the alumina sheath

(B) during the experiment.



The temperature of the furnace was controlled auto-
matically by a Kelvin and Hughes eleotronic eontroller of the
proportionsl type operating a mercury relay, which interrupted
the whole of the furnace current, The control thermocouple
was inserted between the furnace tube and the reaction tube,
The hot junction was placed at a point 100° - 150°C lower
than the temperature of the even zone, in order to prevent
the too rapid deterioration which occurs at temperatures above
1600°C, With this arrangement, the fluctuation was main-

tained within 2°C at 1650°C.

(4) Semple Holding Assemblies

(i) Platinum end iridium cups:

The samples were held in small platinum cups of
roughly hemispherical shapes, with diameters of about % inch,
They were made from a platinum sheet (0.C05 inch thick) by
cutting out a circular disc of 0.6 inch diameter with a punch

and then pressing these discs into cups with a small press,

Platinum cups were found unsuitable for holding melts
in reducing atmospheres of oxygen partial pressurs of ‘l(')"8 atm,
and below it, Iridium cups were therefore used. They were
made in the same way as platinum cups except that the press
was heated to approximately 800°C before use, They were
0.3 inches in diameter and 0,2 inches deep. They were able

to hold 0,3 gm. of melt.



(i1) Alumina supportss
lumina trays for holding the cups were made from
alumina blocks by drilling a number of depressions, These
depressions werc so spaced that vhen the tray was in posi-
tion, all the cups would be within the even temperature
gzane of the furnace, This allowed only six platinum cups

or four irtdium cups in the furnace at a time.

The blocks used for making trays were made frsm
alumina cement, which consisted of alumina powder with a
small proportion of an organic binder. The cement was made
into a paste with water and aliowed to set in a flat mould
(usually a filter paper box) and then dried at 100°C fer
24 hours. The blocks were then cut out and shaped with a
file, The depressions on it were made with a drill, The
Plocks wera fired a2t 1500°C before use, This treatment made

them hard and quite resistant to thermal shock,

Those melts which had a high manganese oxide content,
crept out of the cups during the experiment. This was avoided
by using a special support to hold the cups, made of platinum

wires on an alumina boat.



2, Preparation of Materials

(i} Calcium oxide was prepared by igniting
Analar calcium carbonate at 1000°C for 2 hours in a platinum
dish and cooling in a desiccator.

(ii) Silica was obtained from clear mineral
quartz. This was crushed to powder, washed several times
with dilute hydrochloric acid to remove traces of iron, end
finally washed with water., It was then dried at 110°C,

- (41i) Alumine was obtained by igniting Analar
aluminium oxide at 1000°C for two hours in a platinum dish
and then cooling in a desiccator,

(iv) Magnesia was obtained by igniting fused
magnesia (98% MgO) powder at 1000°C for £ hours in a platinum
dish and cooling in a desiccator,

(v) Manganese oxide was prepared Irom 99.9%%
pure electrolytic manganese., The metal was dissolved in
concentrated nitric acid and the solution so obtained was
evapcrated to dryness. The manganese dioxide so formed was
reduced in a stream of hydrogen at 1100°C for two hours,

Green menganocus oxide was formed,

The samples were prepared by weighing out the calcu-
lated amounts of the constituents and mixing them together
in an sgate morter. The quantity of sample taken for the

experiment was approximately 0.4 gm., but in the case of



A1,03 + Si0p and MgO + Sily malws, and pure oxides
for most of the samples it was 0.8 -~ 1 gm. taken in lour
different cups.

3.  Brocedure:

A, Sulphur in aluminate and silicate melts:

The procedure adopted for the measurecmeniw of
sulphide capacities and limiting solubilities of sulphur
in lime-alumina, lime~silica melts and pure crystalline Ca0,
was the same, First of all the molybdenum furnace, gener-
ally at 1200°C when not in use, was brought to the reguired
temperature, The Kelvin and Hughes proportional controller
was adjusted to keep the furnace at this temperature for the
duration of the experiment., The furnace was flushed with
nitrogean, The cups containing the samples of desired compo-
sitions, were placed on the alumina tray and this was pushed
glowly into the even temperature zone of the furnazce over a
period of ten to fifteen minutes. The furnace was then
closed, The passage of nitrogen was continued ifor a further
fifteen minutes, during which time the samples attained the
required temperature. The mixed gases from the flow meter
system, adjusted to the required composition, were then passed
through the furnace at a flow rate of 500 cc per minute. The
flow meter readings were checked at regular intervals and

adjusted if necessary.
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The Gomperaturs wag measured regularly by optical
ryrometer and also by a thermocouple, Under similar
experimental conditiens, Fincham54 found, by plotting the welght
percent sulphur in the melt against the time, that equilib-
rium was attained in about five hours., He alse checked the
equilibrium time by approaching the equilibrium from the
higher sulphur side, In the present work, experiments were
nsually conducted for eight hours, although in the measurements
of sulphur in pure oxides and in some of the other experiments
%o check the squilibrium time, the duratior was Increased to

24 hours.

At the end of the experiment, the mixed gases were
turned off aund only nitrogen was kept flowing. One half of
the gubter was removed, cleaned together with the reaction
tube, and was placed back into position, The alumina tray
witn the samples, was quickly pullied from the 20t zone into
to coid end of the reaction tube. This was donc by means of
2 gilica rod having a small right argle L0ok av 1¢s one end,
which hooked the platinum lcop attached to ths tray er the
vertical hole on its end. Because of their small size, the
samples cooled rapidly. Under these conditioas, Fincham34

has shown that no significant loss of sulphur, as sulphur

dioxide, takes place during guenching.



After guenching, the wmelis were crushad out of the
cups end analysed for sulphur, The melts containing mangenese
oxide, because of the alteration in composition arising from
reduction of MnOC into the platinum, were analysed for mangan-
ese oxide at the end of experiment in addition to the sulphur
analysie., The process of determining the sulpaide capacities
and the limiting solubilities of sulphur in lime-alumina,
lime-gilica melts and crystalline calcium oxide, and derivatien
of the activities in these systems from them, have been des-

cribed on pages 21 - 25,

B, Activities of manganese oxide in aluminate

and silicate melts.

The method followed herein has been deseribed by
Tavies® and Abrahamb. The theory has been described on

pages 26 and 27,

The experimental procedure was alicsd the same as
outiined in the previous section, FHowersr, in “his case, a
small platinum coil, 0.002 inch *hick and 0.7 inch wide, was
exbedded in each of the samples of the powdered nelts before
pushing into the furnace. The gasecous mixturse consisted of
nitrogen, hydrogen and carbon diovide only. As described in
the previous section, the gases from the flow meters were turned
on after putting the samples in the even het zone of the

furnace, Thé manganese oxide from the melt was reduced at



the low cxyess prosaure prevailine in the furnace and dissolved
in ths »latimam cell. The manganiage platinun alloyr forming
in this way., 2eached eguilibrinm with the melt and zaseeus

phase in abhou’ 5-6 hours, This has algo heen observed by
P

6

Daviesd and Abraham’, who reported six hcurs as a sufficient

pariod for the attainment of equilibrium.

The hydrogen and carbon dioxide were turned off after
the samples had been in the furnace for eight hours. The
gamples were then pulled quickly into the cooler end of the

reaction tube and allowed to cool in the nitrogen atmosphere,

The solidified melts and the platinum coils were
renovet from the cups and then were separsted from each other.
The coils so obtained were cleaned with emery paper and oxamined
under a binocular microscope to make sure thet no gpeck of
manganese oxide was adhering tc them., Both the melts and

the alloys were then analysed for manganese,

As mentioned earlier, the compasition of the meltd
changed dve to the reduction of mangsnese oxide frem the melt
inte +the platinum cup. This made the prediction of the final
composition of the melt from its initial composition impossible.
However, by the following procedure it was possible to know
the activity of manganese oxide in a given compositien., The
gsample cf the desired composition waz prepared. To the

different portions of this sample, various extra amounts of
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pure manganes: cxide were added, The experiment was then
carried out in the usual way. fter *the experiment, these
samples contained varying proportions of manganese oxides,
some more and some less than the desired composition, The
activities of manganese oxides in all these samples were cal-
culated in the usual way and the activity in the desired

composition could be obtained by interpolation,

4. Analvtical Methods:

A, Sulphur

Sulphur in the melts was determined by the stoichi-
ometric combustion method35. In most cases about 0.3 gm. of
the powdered sample in an aluminous porcelain combustion boat
(preheated to drive off any svlphur present) was placed in a
gtream of carbon dioxide at about 1450°C, Hovever, in the
case of Al;Cz + Si0j, MgO + Si0g melts, and CaC, MgO, Aly03
and Si0p, ths quantity taken for analysisc was zbcat C,.8 gm.
Cal to 41305 + 510y, £1505 to M5O + Sily, (Si0z + Al1,03)
to Ca0 and to Mg0, (CaQ + S103) toc Alz03 and (Cal + Aly0s)
to 510, were also added in suitable proportions, before analysis,
to bring down the m.,p. of the respective samples, Th=z com=
buation was carried out in a recrystallised alumina reaction
tube, heated by platinum wound electric resistance furrace,
The sulphur in the sample was converted to sulphur dioxide,
which was absorbed into distilled water. The sulphurous acid

formed was estimated by titration with standard iodine solution
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using starch as zn indicator, The titraticn was perfermed
while the sulphur dioxmide was heing eveolved. It tnck &
hours for the msunganese oxide containing melts to evolve
all the sulphur, whereas the other melts gave up within
3 hours. Corractions were made for small traces of sulphur
dioxide present in the carbon dioxide. The sulphur analysis
was standardised by analysing Analar calcium guiphate as

r
describad by Fincham and Richardson,aj

B, Manganese oxide

About 0,15 gm. of the sample was weighed accurately
and fused with potassium bisulphate in a platinum dish,
&fter cocling, the product was dissolved in a mixture of
5 cc of 40% Hydrofluoric acid and 5 cc of 50% sulphuric acid
in the game platinum dish, The solution was then heated te
fumes and almost evaporated to dryness., Thils ensured the
removal of silica as silicon tetrafloride. After cooling
the solution was carefully diluted and made up to a litre,

A ¥nowm wvolume of this solution was pipetted out (the volume
depending on the manganese content of the melt) and the man-
ganese was oxidized to permanganate by potassium pericdate,
The oxidised sclution was made to 250 ml. The manganese was
determined colourimetrically using a Unicam SP 600 Spectro-

photometer set at 525 Angstroms,



c. Manganese in Mn-P4 alloys

The coil of Mn-Pt alloy was cleaned thoroughly
from the adhering manganese oxide with emexy paper. About
10-20 mgm of the alloy was weighed accurately and dissolved
in aqua»r#}ia. The solution was evgporated to dryness.
The residue was treated with concentrated sulphuric acid
and heated to fumes to remove chlorice and nityﬁzf ions,
The solution was diluted. Manganese was oxid%gfo perman-

ganate by potassium periodate and estimated colourimetrically

as earlier.

5. Note on thermal diffusion:

The equilibrium studies of the present types involve
flowing gaseous mixtures and condensed phases. The thermal
diffusion can be a serious problem. Alcock and Richardson36,
using hydrogen and hydrogen sulphide mixtures, measured the
evtent of thermal diffusion in thefr apparatus at varying

flow rates and showed that in a static system, an error up to

100% could occur at 1200°K,

To avoid significant error dve to thermnal diffusion,
the gas flow rate should be such that (i) it is fast enough
to overcome the thermal diffusion in the ingoing temperature
gradient, and (ii) slow enough to allow the gases to reach the
equilibrium temperature before coming into conbact with the

condensed phase, There is thus an optimum range of flow



rates where tnevual diffusion s a4 ainimes. Fincham34
varied the gas flow rate frowm 1.5 ve w 17.3 ce per see,

at S.,7.P, and found no significant difference in che experi-
mental results. According to this, the Ilow rave of

530 c¢o per minute in the present woik, should no’ imvolve

any appreciabie error due to fthermal diffusion.
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Detimatesof Twmews

Brvors, ia the erperimental sosulits, will b2

conasidered here, valle thosc in ? s al Do, are dlscusand
in the "Appendix 1". PErrors in the zalcvliated data will

be glven along with thseir reepective dincuseiov,

A. Temperature
In the experiments up to 1650°C, where a thermo-

couple a3 well as an optical pyrometer was used, the stated

temperaturaes are sccurate to within ¥ 5°C /% 3% thermocouple
errcr, * 2°C fluctustions in furnace temperature). Vhere
only an optical pyrometer calibrated by a thermocouple was
used, the uncertainty became & 8°C. Fincham 4 has shomn
that these orrors in the temperature measurements did net
cause significant errors il the measured sulvhur for a given
copesibion o the ingoing gas. These should alse not lead
to the serious errors in the ecvtivities data, as the tempera-
{vre co-sfficients of activities are not grent. (i.e. the

activity is no% expected to charge more than 10% for 100°C).

B, Gas mixtures

Tach of the flow meters had a maximun error of I 19,
Thie would cause a maximum error of ¥ 2% in +he proportion of
any one constituent. A possivle error of ¥ 4% in the propor-
tions of carbon dioxide and nitrngen, due to the presence of
up to 1% (average %%) of air in the carbon dioxide, is also

included in this,



C. Suiphur enalysis
For sulohur contentz above 0,410 the error is ¥ 2%,

RBelow sbout 0,05% sulphur, the accumacy is low.

b. Manganese enalysis

An error of I 1% is esvimated in the analysis of
manganese in the melts. The analysis of manganese in the
Mn-Pt alloys should also be sccurate to within T 1% where
the manganese content is between 4,5% to 5.5%., But the
accuracy becomes low in the alloys of higher econcentration

of manganese,
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General
(a) The results are presented ia tabular form. The
guantities, calculated from messured results, have been
marked by asterisks, The tables have heen divided into
the fellowing main seections,
4, Sulphur in Aluminate and Silicate Melts
and Crystalline Oxides.
(1) Sulphide capacities
(i1) Limiting solubilities of sulphur
and activities in ecrystalline lims
and lime-slumina and lime-silica
melts,
B, Activities of Merngenese Oxide in Aluminate

and Silica‘e Melts

Activity Coef{icients of Sulphides in

Aluminate and Silicate Melwes.

{b) Melt compositions are clearly shown ir the tables.
The mcle fraction is indicated by the symbol N,  Sulphur con-

tent in the melt in weight percentsge is indicated as wt % S,

(¢) Reproducibility of the measurements is expressed
in terms of meximum deviation from the best line drewn through

the experimental results,
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(4) The samples were normally kept inside the
furnace mder the experimental conditions for eight hours,
but in the measurements of sulphur in Al,0z + 5i0y, MgO + S103

melts and in pure oxides, they were kept for 24 hours.

(e) EBach of the partial pwessvres is Zsnoted in

atmospheres by a small p with subscript. e.g. by, means
oxygen partial pressure in atmospheres. A subscript (i)
indicates the partisl pressure of the gas in the ingoirg
gas nmixture, e.g.sz(i) is the partial pressure of hydrogen,

in atmospheres, in the ingoing gas mixture.

(£) 90, and kg, are the calculated values of the
oxygen and sulphur partial pressures at the temperature of
the experiment. (Details in Appendix 1). No corrections
have been made for vafiations in atmosphere (total) pressure,
psz for a glven gas composition and temperaturs varies with
the total pressure, but the necessary corrections are insign-
ificant in comparison with th:2 uncertainties ia the Thermo-
dynamic deta used in the calculations, poz is independent
of total pressure when obtained from a gas mixture of Hy, COs
and N3, Since it is determined by the equilibrium constants

Po  Po, F Pr,0 Pgo

L Pco, ’ Kz = sz Pco,



A.  Sulphur in Aluniuste et Silicats Msits end Crysialline Cxideg

(1)  Sulphids cepacities

Binary Mn0 + A1.0x melts, Temupevatvrs 1650°C
.Y Y] £

PNa(i) = 0,5 Bprg) = 0,154

h

n

8

- Tt - 7 . oA
pCOZ(i"’ ==} 00926 £ '\,‘_);_, ! —"L/, sut Q 90{_
’

o , wE ] ol
Po, = 1,115 z 1070 PFs, = 1,839 x 074

Wi % Mn0 ¥yng Wy %5

55,6 0.6%3 0.211 1.786
62,5 0,705 0,349 1.567
64.0 0.720 0,405 1.450
67.0 5,745 0.540 1.380
69.5 0.765 0,689 1,272
71,0 0.780 0.676 1,280
1.5 0,782 0.521 1,392
16,7 0,825 1.025 1.098
77.0 | 0,828 0,813 1,20
79,5 0.847 0.915 1.147
80.0 0,852 0,670 1,284
84,0 0,882 0.545 1,350
86,7 0,904 0,517 1.396
87 -0 0,905 0.735 1.243
87.7 0,210 1,953 1.367
91,5 0.940 0.314 1,630
94,0 0.956 0,15 1.930

Maximum deviation & 8%



oo

Binary g0 + i

Fa(i) = 050 PHa(s)
Pcog(i> = 0,116 5025
POy = 1,030 = 167° P35 =
Wo % MO o) Wt %S
30.0 0.39 0.0349
30,7 0,40 0,0328
35.0 0.44 0,0350
36.0 0.456 0.,0410
39,5 0.49 0,0516
40&0 0050 09042
4395 0053 000566

Meximom deviation * 8%

i

0.354

0,02
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TABLE_IIT

Binary AlsO5 + S50z melts. Temperature 15650°C

pNz(j_) = 0,50 sz(ij = 0.364
Peoz(4) = 0.116 P805(5) = 0.02
Po, = 1,038 x 1078 Ps, = 2,958 x 1073
Wt % Al,0s V31,05 Wt % S ~lug Cs
304 0,020 0.0183 4,466
3.7 0,025 0.0207 4,412
6.7 0,040 0.0310 4.26
7.0 0.040 0.0341 4,195
9,0 0.056 0.0343 4,191
10.0 0,066 0,0527 4,00
16.0 0,09 0.0360 4,17
16,2 0.09 0,0261 4431
2000 00128 00027 4'.30
22,0 0.14 0.0378 4.24
29,6 0.20" 0.0325 4,22

Accuracy within ¥ 10%
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TABLE IV

Ternary MnO + A150s + Si0; melts, Tempsrature 1€50°C

Fia(s) = 05 Hiagyy = 0,104
Coz(g) = 0.726 pSOa{i) = 0,02

Po, = 4,115 = 1070 Ps, - 1.839 x 1074

Mo  Vsi0, Ma1,05 Wt %S -log Ca

.656 «257 ,087 0.269 1,68

525 <371 104 0,0610 2,323

633 262 105 0.115 2,049

» 445 462 092 0,04 2.507

<503 +290 .210 0.387 2,522

.388 ~484 .128 0.0314 2,613
<785 078 <137 0,0479 1.43
590 +146 264 0.1464 1.95
510 .315 175 0,0586 2,37

716 .070 0214 0.320 1,604
565 . 103 «335 0,403 2,504
. 709 104 » 187 0.3313 1,539
424 «206 0368 0.0379 2,530
,610 .110 280 0,1958 1,817
568 247 s 164 0.0403 1,936
.765 o141 094 0.7752 1,220
“T64 . 166 L0704  0.790 1,210
610 »380 »210 0.0376 2,571

Vaximum deviation I 8%



TABLE ¥

Ternary Mnd - MgO -+ §10, melis. Temperature 1650°C

P},\Tz(i) a 0.5 ?I-Ig;\':;, = 0,154

Pcoz<i) = 0,526 FS0g() = 0,02
Po, = 1.i15 x 1078 Pz, - 1.635 x 1074
Nymo N0 Nsi0, Wt % S -log Cs
,626 077 297 0,2765 1,667
537 096 <367 0,124 2,025
525 185 290 0.2327 1,742
=590 .238 0372 0.0554 2,366
1400 0334 2525 0,0586 3,426
.190 420 390 0,1180 3,123
2114 +450 0426 0,0723 Z.321
339 342 »319 0.9%63 2,222
264 . 382 ¢354 0.40 2.59
.648 .198 767 0.349 2.651
214 206 480 0,1103 3.151
430 -275 <143 0.278 2,750
,298 o144 558 0.178 2.944
271 223 .506 0,121 7,110
<358 <195 44T 0.217 2,857
147 . 388 465 0,60 34407
197 2366 o437 0.868 5.258

PN, = 0.5 PH, = 0.364
Pcoy = 0,116 P30, = 0,02

Po, = 1.038 z 108 Ps, = 2,958 x 1073
«033 0379 «59 0.0581 3,963
.023 .46 517 0.0837 3,805

Moximum deviation ¥ 10%



Ternexry Mgl + Sil, + 11,03 melss. Temperatvure 1650°C

P&u(i) = 0.5C Pngii) = 0,364
Po0g(1) = 0.116 S0z(1) = 0,02
Po, = 1,038 x i0°° D5, = £.956 x 1078

Uigo  Tsin 1,05 Ws %S -log Us
184 .T86 .0295  0,0228 4,369
337 +639 024 0.0347 4,187
«453 +527 020 0.0%89 4.137
+536 o 44T o017 0,0563 3.277
«953 « 423 043 0,0672 3,900
2456 o493 <051 0,0571 3.57
356 583 061 0,0353 45179
2207 718 075 0.0326 4.215
542 .383 075 0.0638 3.890
2457 476 .093 0.0574 3.969
<308 2579 <113 0,035 4,183
2173 692 <135 0,0252 4.310
2156 641 +203 0.,0240 4347
508 .525 166 0.0442 4,032
.5%8 «350 2111 0.0733 3,662
2433 0430 2155 0,0562 36678
#2058 V545 T2 0.0365 4,165
257 460 279 0.0368 4,140

%6 0.0%263 4,210
«399 o 406 .196 0.0586 3,970
17 0.0325 4,216

2280 499 0220 0.0%89 4.138
»105 832 064 0.0207 4,411
.096 .872 .032 0.0115 4,668

.082 167 «150 0.0155 4.54

Accuracy within I 15%



Crystalliins Cal,

MzG.

- 5 4 -
TABIE VIT
Si0p

and AL-0s.

Taipperature 1650°C

PN2<1§ = 3.5 Plysy = 0.564
POz(1) = 0.716 P80g(4, = 0.02
20, = 1,038 x 1070 Py, = 2,958 x 1073
MgO ‘ Al,03 Si04 cal
_ .
Wt %S ~logOs Wt%S ~legCs Wi%S -logls WE%S -logCs
0.0069 4,89 0.0265 4,304 0,0107 4.70 36,6 -
0.0080 4.82  0,0265 4,304  0.00927  4.76
0.0074 4,86 0.0265 4.304
PNZ(i> = 0.5 PHp(4) = 0.260
Peoy(4) = 0.22 Ps0g¢5) = 0,02
Po, = 1.112 x 1077 P5, = 2,705 x 1077
0,00380 4.613  0,00265 4,77  0.0227 3,837
0.00688  4.37 0,0287 3.736
0,00794 4,29 0.0308 3,704
0.0245 3.81
0.0227 3.84
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Limiting solubilities of sulphur and activities

in crystalline lime and lime-alumina and lime-

silica melts.

TABLE VIIT

Sulphur in ecrystalline celcium oxide, Temperature 1650°C,

PN2(1> = 0.5 Psoz(i> = 0,02
pcog(i) " pHg(i) = 0.48
log pH2/PCOg -% log ;23 Wt % S Original Sulphur
Sz
0.0726 2.1933 0.0259 gero
0.,0726 2.1933 0.0308 36.,6%
*0.1315 2.290 0.0604 36, 6%
*0.1315 2.290 0.0241 Zero
0.1315 2.290 0.034 26 .,6%
0.1315 2.290 0.0294 Zexro
0.146 2.32 C.0353% Zero
0.1685 2.37 12.00 Zero
0.4966 2.7274 36.60 Zero
0,16% 2.35% 0.36% Theoretical

Moximum deviation + 1 3%

x Duration of experiment was six hours.



(b). Lime-Alumina Melts

Composition

P P
ng(i) 4+ log B2

£002(s)

0.600
0.750
0.800
1.042
1.18
1.259
1.60
1.90
2.00
2.60
3.00
3.25
4.00
4.30
4.75
5.50
5.88

Oz

2.115
2.342
2.440
2.602
2.670
2.710
2.81
2.866
2.91
3.022
3.04
5.075
3.115
3.13
3.16
3.215
3.25

TABLE VIILA

Sulphur in Lime-Alumina

melts at 1500°C,

Prp(1)= 0.5 PS0s(1)=  0.01 PHp(3) Poop(s)e  0.49
D
log %S =-log Cs log %S -log C3 log %S -logCs log% S -log Cs log% S -log Cs log % S -log {s
1155 327 w0073 2.846 -0.320 2,444 -0.132  2.247
<0.369 2,711 «0,1190 2.460 +0.0569 2.280
0870 3.5 -0.535 29746 -0.314 2,754 -0.071  2.510 40.149  2.290
-0.174 2,774 +0.1538 2,476  0.2833 2,318
+0,183 2.470 +0.347 2.2855
-0.8794  3.59  -0.562  3.272  -0.476 3486 0108  2.812 40.470  2.150  0.564  2.144
“0-113 2,983 -0.0303 2.776  0.820  1.09  0.869  1.541
0217 3,000 40.1335 2.728
-0.678  3.59  -0.3T6  3.285 -0.142 3 000 Lo sag .33
-0.456  3.48  -0.286  3.303 -0.064 5 oo
-0,228 3.268  +0,0128 3,027
-0.397  3.47  -0.206  3.280 +0.323  , oo
-0.250  3.37 0,120  3.23  40.500  , g
-0,300  3.43 0,100  3.23
-0,26 3.42 +0.780 2.38
+0.50 2.715
+0.80 2.45



TABIE__TX

Sulphur satwration limits and Cs values for Ca0 + Alp03 melts,

Temperature 1500°C.

NCaO before Wt%_sulphur Activity Sulphide
experiment 5t Saturation Goefficient of CaS Capacity Cs x 10%
0.57 38.58 72.5 032
0.59 0.77 25.3 0.20
0.63% 1.07 40.7 0.89
.0.66 1.38 zZ2.2 1.86
0.70 1.62 28,0 3.42
1. 0.036 1586 0.016

x For pure Caz0 the temperature of experiment was 1650°C.
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TABTE X

Activities and free emergies in Cald -+ Al g0z melts relative

to pure solid Cad and Al,Ogz. Tenperatvre 1500°C,

N a8 a

—Cad —C20 Za1:0T = AC Koal
0.58 0.21 0,15¢ 6.04
0.60 C.25 0.115 5.99
0.62 0,30 0.085 5.92
0.64 0,38 0.060 5.8
0.06 0.50 0.040 5.66
C.63 0.67 0.025 5.44

G. 7 1.C0 0.C07 5.03
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(&) Lime-silica melts.
TABIE X,
Sulpaur in lige~silica melts at 1500°C,
By, = 0.50 PHes = 0.08 Poop+ PHp, = 0.42
3Pu,5/p

Voo Tsic, Moas  w %s CO2
0.4557 0.3834  0.1608 8.56 9.441
0.4684 0.3934  0.1383 740 9.441
0.4713  0,4032  0,1257 6.741 9,441
0.46841  0.4131  0.1029 £.552 9.441
0.500%3 0,231 0.0766 4,160 11.27
0.4352  0.383¢  0.1813 2.60 11.27
0;4478 0.3934  0.1588 8.45 11.27
0.4508  0,40%2  0.1462 7.80 11.27
0.4536  0.413%  0,1332 7.13 11.27
0.4737 0.4230 0.103%1 5.56 11,27
0.4072 0,383  €.2093 11,00 13.49
0.4195 0.4132  (0.1680 8.90 13,40
0.4415 0.423%7 0.1352 7.23 13.49
0.4081 0.423%7  0.159 8.95 16.14
0.4%323  0.5027 0.065 3.52 16.14
0.4176 0.38%2  0.199%  10.50 11.80
0.4418  0.4033  0.155 8.25 11.80
0.4551  0.4733  0.1317 7.05 11.80
0.4751  0.423 0.102 5.50 11.80
0.4239  0.375% 0.2027 10.69 11.80
0.4482  0.4232  0.130 6.95 12.79
0.4210  0.403%3 0.1§6 9.30 12.79
0.4006 0.3838 0.2154 11.30 12.79
0.4512  0.3347 0.2140 17.27 4.21
0.4955 0.3737 0.1308 7.025 4.21
0.5084 0.4627 C.0289 1.584 4.21
0.375 0.6137 0.0112 0,610 4,21
0.429 0.558 0.013% 0.700 4.21
0.5284  0.4232  0.0486 2.6€0 4.21
0.46C4 0.3779 0.1618 3.53%0 6.237
0.4138  0,3346 0.2524 13,11 6.237
0.3739 0,6137 0.0123 0.670 6.237
0.4244  0.5532 0.0176 0.960 5.257
0.5000 0.463 0.C373 2,040 6237
0.52G2  0.42%2  (0.0568 5.100 6.237
0.3700 0,6140 0.016 0.8816 8.657
0.4182  0.5578  0.0240 1.3%1 8.61
0.4870  0.4630 0.0504 2.750 8.61
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TABLE XI ccentinued

P
N, N N 3 H2S/Pyy

Cal Si0q Cas Wt 9% 3 -
0.4968  0.423 0.0602 4.3%4 8.61
0.4628 0.5027 0,0346 1.89 8.61
0.3620 0.614 0,024 1.32 14.62.
0.4082 0.5581  0.0338 1.845 14,62
0.4672  0.4628  0.070 3.80 14.62
0.4763  0.4232  0,1003 5.40 14,62
0,350 0.614 0.037 2.00 17.78
0.394 0.558 0.048 2.605 17.78
0.4531  0,4631 0,084 4,536 17.78
0.395 0.424 0.183 9,650 17.78
n,%3424 00,6135  0.0437 2.360 26.61
0.3807 0.5581  0.,0611 3,300 2€.61
0.4246  0.4625% 0,126 6.050 26.61
0.3402  0.6135  0.0459 2.480 25.12
0.3355 0.5581  0.05G3 3,047 25.12
0.4330 Q.4623  0,1042 5.60 25.12
20,3866  0.,4233 00,1904  10.03 25.12
0.4067 0.5028  0.0906 4.874 27.54
C.4442  0.4686  0,08906  4.941 27.54
0.3317  0.6137  0.0548 2.955 27.54
0.3655 0.5584 0.0762 4.100 27.54
C.4161  0.4624  0.1214 6.500 27.54
0.3308 0.6137 0.0556 3,00 34,28
C.3373 0.955861  (©.0845 4,540 34.28
0.3076 0.612 0.0786 4.214 44,87
0.3583  0.558 0.084 4.510 44,87
0.3208 0.4624  0.2165 11,30 44,87
0.3615  0.4628  0,1556 8,240 44.87
0.393%  0.5027 0.103%6 5.570 44,87
0,4067 0.,3738  0.2192 11.50 14,62
0.3631  0.37% 0.2580 13.40 24,27
0.4329  0.5024  0.0647 3.50 25.12
0.400 0.533 0.,0664 7 .587 25.12
0.4158 0.53%28 0,0514 2.788 17.78
0.4352  0.5027 0,0621 3.361  17.78
0.%3950 0.5326 0.07485 3.880 26.61
0.4164  0.5027  0.0808 4.360 26.61
0.4941  0.,3738  0.1323 7.10 4.90
0.5077 0.462 0,0300) 1.62 4.90
0.4462  0,3344  0,220C  11.54 4.90
C.5274  0.423%1  0.0494 2.70 4,50

P.S. DPartial pressures given above are

in the ingoing gas mixture.
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TABIE XTI

Sulphur in lime-silica melts at 1550°C,

Py = 0.5 PHgS = 0.074 Poop 4 Hp = 0.426
. T
Voo Teiop  Yoas  was ¥ st/p002
0.3725 0,614 0.0%4 C.7565 7.00
0.425  0.558 0.0172 0.94 7.00
0.4763 0.5027 0.0209  1.145 7.C0
0.5289 0.423%  0,0481  2.6% 7.00
0.368 0.6138  0.0106 2,273 15.34
0.5488 0.4033  0.04& 2.626 13.34
0.4544 0.4032  0.1422 7.6 13%.34
0,424  0.4033  0.1734  9.1e1 16.8
0.398  0.4031  0,1987 10.46 20.65
0.423%5 0.5581  0.018%3 1.0 13.34
0.4715 0,5027 0.0258 1,41 13.34
C.4729 0.4231 0,104 5.6 15.3
C.3548 0.6741  0.0313 1.7 16 .80
0.3967 0.5581  0.04533 2.4¢€ 16.8C
0.4416 0.5025 0.0554  3.01 16.€0
0.43%63 0.42% 0.1407  7.51 16.8C
0.3526 0,617%  0.0338  1.871 20.65
0.3906 0.5581 0.0513 2,782 20.65
C.36A7 0.4032 0.230 12.00 25.41
0.5168 0.4031  0.08 A3 7.00
0.4345 0.5028 0.0627  3%.40 20.65
0.4192 0.4232  0.1537  8.38 20.65
0.3368 0.6137 0,0493% 2.66 25.41
0.3767 0.5581  0.0552 3,51 25 .41
0.4184 0.5027  0.0739  4.257 25.41
0.3829 0.4231  0.1937 10.20 25.41

F.5, Partial pressures given zbove are

in the ingoing gns mixture,
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Saturation limits and activity coeificients

of CaS for Cz0 + Si0, Melts.  Temperature 1500°C,

Neoo Fo45 at Saturasion sotivity Coefficient
oL Cals

0240 - 0.116 8,45

0.44 0.1C7 9.40

0.48 0.097 10,65

0.52 0.063 12.45

0.56 0.0t6 15.30

0.58 0.055 17.80
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TABIE XIY

Activities and molar free energies of formation
for Cal + SiCs melts relative te pure
s0lid Ca0 & SiOz. Temperature 1500°C,

Yoo Ysion  2ce0  25i0s -4 Keal
0.37  0.63 0.,0017  1.00 8.2
0.41 0.59 0.0022  0.85 9.2
0.42 0.8 0.0024  0.62 10.2
0.46  0.54 0.0033  0.62 10.2
0.50 0.50 0.0055 0.39 10.8
0.52 0.48 0.0074 0.29 11.1
0,55  0.45 0.012 0.16 1.4

0,58 0.42 0.024 0.069 11.6
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B, Activities of Munganese Oxide in Aluminate and Silicate Melts.

TABIE XV

Binery im0 + Alx0sz melis.,  Temperature 165C°C.

pN;(i): ¢.50 PH;(-;_)—‘- 0.08

-5
O0n = 10
T14)

by

uo == O. 20
Ry O

Wt % Mn dn

Wt 7 MnQ Jmo Yn-ps elloy a0
54.20 0.63 4,72 0.537
56.51 0.65 4.73 0.54
59.03 0.675 4.787 0.55
60.12 0.68 4.77 0.543
61.27 0.695 5,146 0.634
62.95 0,71 5.145 0.634
63,04 0.71 5,173 0.672
64.25 0.72 5.264 0.733
65.63 0.753 5.21 0.716
66.06 0.737 5.277 0.741
67.42 0.748 5.561 0.285
67.04 0.748 5.348 0.767
&87.7 0,752 5.546 C.79
68.3 2.755 5.624 0.891
69.08 0.762 5.58 0.87
70.01 9.77 5.613 0.69
74.03 9.304 5.58 0.834
79.07 0.844 6.04 1.0
76.98 c.32 5.80 1.0
80.04 0.552 5,801 1.0
88,09 C.911 5.91 1.0
84.53 0.987 5.80 1.0

Moximun deviation + 5%



DABIE VL
AMunine activitics end mclar free energies of formation
for Mn0 + AlgCz melts relative to

pure solid oxides.  Temperature 1650°C,

Mo Ym0y .0 -0 Keal
0.67 0.33 1.0 1.58
0.70 0.30 0.59 1.61
0.75 0.25 0.37 1.54
0.80 0.20 0.24 1.34

0.84 0.16 C.1T 1.09
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QABTE_XVIT

Ternary MnQ + SiCs + AlgOz melts, Temperature 1650°C,

p-\ - e P r.Nn =
ﬂg('l) 0.56 qgklj 0.08
-k
pcog(ij - 0,42 Pyy = 1077

N a Wt % Ma in P
MnO Si0p AloCz o ——— 0

Mn-Pt alloy ~———
0.565 0.384 0.051 3,44 0,231
0.529 0.368 0,102 3,527 0.218
0.624 0.322 0.054 4.495 0.457
0.731 0.191 0.078 5.33 0.759
0.621 0.205 0.774 4,667 0.513
0.576 0.181 0,243 4,287 7.393
G.535 0.368 0,093 3,249 0.203
0.588 0.313 0.099 3.956 0.329
0.643 0.257 0,107 4,447 0.450
0.695 0,201 0.104 5.13 0.676
0.755 0.137 0,108 5.275 0.733
0.808 0.081 0.111 5.733 0,962
0.441 0.4A5 0,094 2.477 C.116
0.489 0.416 0.095 2,875 C.157
0.744 0.05% 0.173 5.591 0.881
0.786 0.160 0.053 5.498 0.832
0.828 0.110 0.062 .83 1.0
0.799 0,069 0.133 5.906 1.0
0.524 0.274 0.202 3.495 0.241
0.443 0.354 0.203 2.818 0.15
0,582 0.221 C.127 4,201 0.386
0.616 0.127 0,255 4.617 0.513
0.695 0.952 0.253 17 0.8673
0.695 0.107 0.199 5.099 0.665
0,658 0.124 0.219 4,662 0.51%
0.48€ 0.257 0.257 3,416 0.22
0.475 0.477 C.051 2.271 0,104
0.520 0.409 0.051 £.819 0.150
0.611 0.339 0.051 3.719 0.282
0.423 0.22% 0.354 2.41 0,111
0.523 0.143 0.334 3.01 0.172
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Activity Coefficients or Sulivhides in Aluminate and Silicats

The activity coeificients of sulphides witl: Tespect
to pure solids in the myvstems MnO + AlaOz, MnO + Si0p +
A1,03 and MgO + 5iCp at 165C°C have heen calculated by using

the measured gulphids capacities and activity data in these

gystems, by means ot the rollowing relation

aND.BZ.N.K
~ Cs

VS =

which can be cbtained from the equation

e
. Pus f Po,\ B
Mo\ P,/
for the reacition
MO +% S, = M3 4% 0, “)

where Yo ig {the activisy coefficient of the sulphide MS
oyo is the activity of the oxide MO in the melt

3wy i3 the activity of the sulphide IS in the melsi

N 18 the number of gm. mbdles per 100 gm. of the sleg

vt % S (Poz/Psz)%'is the sulphide ocapacity

(@]
@
Tt

K 1ia the equilierium ccnstant for the veaction (1)
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Yim3 in the systems Mn0 + alp0z and MnO + ALyCs +
3105 at i6%0°C nas beer calculated using the Cs and &g
values measured in +the present work end X valus caloulated
from the free enexrgy data57 for the reaction

o + HoS = MaS + Ep0

after slight extrapolaticn and combining the fres-energy
data fox HQS29 and HBOBO° The results are submitied for
the dinary MnC + Al;0z in Table XVITI and Fig. 28, and for
MnO + Ala0z + Si0s in Mable XX and Tig, 28, The Yjpg in the
ternary Mn0 + Alz0z + 310, et Ngjg, to NAlzos equal 1o

0.5 is also shown in Fig, 28.

It is considered that the 2, . are correct %o
* 8, X ¥ 10%end Cs ¥ 8%, 80 the valuss of ¥y, 5 are accurate

to ¥ 15%,

\iggs has been calculated at 1650°C using the value

of C3 measured here, 2. 8 and X value from the free energy

)

wlzge

data37 for the reaction
Mg0 + HnS = MgS + Hy0

after slight extrapolation and by coubining with the free

energy data on '62829 and HZOBO. The results are given in

Table XIX and Fig, 29



2

Iy ie suggested that ayen is correct to ¥ 10%,
+ " + .
Cs to - 1@end K to = 1(¥, so the values are accurate Lo

7.

The Ypag in the system Cal + Si0p + AlpJz calculated
et 1600°C, by using Cs, 8u.o'| and the couilibrium constant

of the reaction

v
<
o
[ £3]
4
s
(@]
oy

cad + Sz =

has been presented in ¥ig, 29.
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betivity Coefficients of Sulnhides in Aluminate and

Silicate melits.

i s

Activity coefficient of NaS for
M0 + AlsDz melts at 165093,

ﬂMQQ NA1203 Activity coefficient of MnS¥*
0.60 0.40 1.49
0.65 0.35 2.18
0.68 0.32 2.04
0.7% 0.25 2,00
0,825 0.175 1.15
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Activity coefficient of MgS for
Mg0 + SiOp melts at 1650°C,

Mo NSio,  Activity Coefficient of MzS.
0.39  0.61 1.2
0.45  0.55 2.15
0.54 0.46 3.47
0.57 0.43 3.42
0.60  0.40 3.0
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TABLE XX

Activity coefficient for MnS for

M0 + Si0u + AlpOx melts at 1650°C.

MnO Activity Coefficient of MnS at Si0g t Alg03;
L 0.44/4 66 0-7/0.3

0.42 3.49 3.41 3.75

0.46 3.92

0.50 4,36 4.10 4.39

0.60 3.47 3.30 3.63

0.70 1.94 1.19 2,02

0.80 0.83 0.906 0.885
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DISCUSSICN

The resulss given ia wis previous chapter will

e discussed saction by sectinn, as they were presented.

&, Sulphur in Aluminate and Silicate Melts and Crystel-

lire Oxides.

(1) Sulphide capacities

The results, given in this section, were obtained
rith the object of showing the effect of melt compnsition on
tlie sulphur aolding cepacity of the melt under the experimental

conditions, The sulphur hclding capacity, defined as

1, is a measure

sulphide capacity "Cs" by Fincham and Richardson
of the de-sulpnurising pewer of the melt under equilibrium
conditions., Cs therefore, is an important property of metal=

lurgicgl slage vsed in iron and steel preduction.

Under the experimental conditiores of the measurements,
At orygen potentisls vanging frow 10~6 to 1078 asm., the
culphur is held as suiphide according to the equation

(0pert + %82 = (S)yery + % 02

As shown earlier, the sulphide capacity is

s = wi%s (Pog/ng,)



4 -

(a) Binary MnG + 31,0z
Table 1 gives the mesasured sulphide capacities in
these melts &t 1650°C, The results are plotted in Fig. 3.
It may be seen from the figure that the sulphide capacity
of the melt increases with increasing manganese oxide content.
The sulphide capacity in MnQ + Si0; melts at 1650°C reported
by Abraham and Richardson! are also given in this figure,
The upper 3puints Q@ are the measurements done in the present

vork,

It may be seen that, in these binary melts (Mn0 +
A1503 and MnO + Si05), the Cs values are the samé below
B0

values in Mn0 + Al;0z melts are smaller than their corres-

equal to 0,625, but above this mole fraction the Cs

ponding Cs values in MnO + Si0;., This weuld be expected,
since the Cs value is dependent on the basic oxide activity
and it is greater when the latter 1s grestsr. Above Nﬁho
equal to 0.625, g it Mnd + 43,03 melt is smaller than in
“the corresponiing Mal + S5i03 at the sam» mole fraction of
manganese oxide, In Fig. 3, Cs values in Mn0 + Al,0z
melts are glso observed to decrease frmnﬂmho = 0,82 to
pure manganese oxide, This might be due to the formation
of solid MnO whose concentration may increase continuously
with increasing mole fraction of MnQO while that of liquidus
may decrease, The conjunction of th; two curves atNMmO

equal to 0,82 thus suggests that the saturation limit of MnO
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in the mel:.an~s been reachad. Mis saturation limit is in

agreement wiih the activity dava presented later.

(b) Binary MgO + Si0, melts

Sulphide capacities measured at 1650°C in these
melts are given in Table II, and Fig. 3. It may be seen
from this figure that the values of the sulphide capacity
are very low and, at the same mole fraction of silica, they
ars smeller than the corresponding ones in MnO + S5iQy or
Ca0 + Si0p melts., This may be due to the fact that the
equilibrivm constanta> 7 282 295 30 op tne reactions (2) and
(3) equal to 2.1 x 1073 and 4.46 x 107% are greater than

that of (1), which is 2.4 x 10°2 at 1650°C,

MgO + 8y = Mg + % O3 (1)
MnO + % Sz = MnS + 4 0z (2)
Ca0 + % S5 = CaS + % 0 (3)

The Cs values in MgO + 510, should be 200 times
less than those in Ca0 + Si0j according tc the difference
in their K values, They are, however, higher than this
would predict because the MgO activities are greater than

the corresponding ones of Cal,
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(c) Zirery AlpCz - 5i0n melts

Sulpnice capacities have been measured at 1650°C
between 0.02 to 0,28 mole fractions of salumina in these
melts, Resulis are given in Table ITII, and Fig. 3. Though
the maximum deviation ebservel is + 25, it reduces to
¥ 10% when the results of the sxperiments with one gm. samples
are considered, It may be seen from this figure that the Cs
decreases on either side of alumina mole fraotion squal tn
0.074. ¥hen alumina is greater than this, the decrease in
Cs may be due to the formation of solid mullite, d1.e. the
melt may be saturated with mullite at HAlgOS = 0.074. This
is in agreement with the recent phase diagram given by Aramski
and Roy,39 but in disagreement with the phase dlagram reported
by Trome140, Cs, plotted against alumira mole fraction, was
observed to decrease progressively with decrease in alumina
concentration and to extrapolate {0 zero for supercooled
liquid silieca. Thig indicates that sulphur may be dissolved

in the melt -1 account of alumina,

The sulphide capacity in any melt is expected t0 be
dependent on the concentration cof the basic oxide or its
activity and the equilibrium constant K for the reactisn

MO +%8; = MS +% 0
i.e, the greater the concentration or activity and the equil-

ibrium constant, the higher will be the value of the sulphide
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capacity, Accordingly, it may be seen from Fig. 3 that
sulphide canacity increases wisth basic component concentra-
tion in MnO + 8103,7 MnC + Als0z, Cal + SiOy, MgO + Silgz,

Cald + P205,8 and AlyOs + Si0p melds. The Cs values decreasing
in the order of MnO + SiOz » Cal + SiOp 3 MgO + 3105 at

0,50 mole fraction of silica is also in accordance with the

equilibrium constants.

(3) Ternary MnO + SiOp + Al;0s melts.

Results obtained in these melts at 1650°C are given
in Table VI and Fig. 4. It is apparent Ifrom this figure
that the sulphide capacity remains approximately constant at
a constant mole fraction of manganese oxide, This is in
accordance with expectation, since for these melts oy, has
been observed to be approximately constant at censtant mole

fraction of MnO in this region or comprsitions (Fig. 26).

(e) Ternary MaO + Mg0 + SiOp melts.

Table V and Fig. 5 contain the results of the measure-
ments of Cs in these melts at 1650°C. It may be seen from

N
. . . i1 . .
this figure that at constant ratic of Q. , the Cs increases

Nsioz
with the manganese oxide concentration, and the increase is
greater with increase in NM’gO/NSiOZ ratio, Along the constant

mole fraction o gilica line, the Cs is found to increase as

M0 is replaced by MnO. This also is as would be expected
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FIG. 4.
SULPHIDE CAPACITIES
(=Loa Cs) in MnQ+AL,05+ 10,
AT 1650°C,

MT\O 4 4 e A‘QOa
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Fig. 5.
SULPHIDE CAPACITIES (-LOG Cg )

IN BaO+ MgC+S10,. At 1650°¢.

0'3




sinece, firsily, «..., is always gisater $han uy.q in these
melts, and, seccudly, the egquilibrium constant for the
reaction

MnS + & 03

g
+
‘\'l:l—‘
w
3

It

is greater than that of

1l

Mg0 KeS + %5 0y

at this temperature.

(£) Ternery NgO + S5i0s -+ AlsOz melths.

Sulphide capacity measurements for these melts at
1650°C are given in Table VI and Fig. 6. It may be seen
from the figure that the sulphide capacity increases with
increasing alumina concentration aleng the line of constant

atio. The initial increase is greatsr as the

H

Nywo Msin,

lM’gO/NSiOg ratio becomes larger.

Small amount of aluming a@ded %o Si0y may give rise

$0 aluminium cations (A137), ard added to a basic oxide such

w
Q

as Mg0, %o anions, (AMO, ALCY)  In %he sose of a silicate

mixture such as MgO - Si0;, ihe behaviour should chaugs from

caticnic to anionic as one prcceeds from thoe silica side to

the Mg0. When the alumina «crncentration is high, it may

partly give rise to anions, even in the silica rich region.
L. S A . Lo 4

It is also likely, as has been reporived by Kezakevitch

in Ca0 + 510z + Al,0z melts, that at Me0/Ma1,05 3 1 aluminem

in the mclts may have a coordiration aumber of fovr and form



FIG. G

SULPHIDE CAPACQITIES
(~L0G Cs) in MqO+S10,+AL 0,
AT I650°C.
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[ = . .
- in thz silics network,
*.

a tetrahedral gtructural unis AlO[
This type of behavicur of alumina appears from the curves
in Fig, 6. TFor example, the curve representing -log Cs =
4,37 indicates that Cs first increases, then remains con-
stant and finally decreases along the constant ratio of
NM'gO/NSiOZ, suggesting that the slumina might first have
given rise to cations and then both cations and anions and
finally more anione, The curve changes its direction
vpward at composition:- Mg0 = 0,16, Al;0z3 = 0,22 and
$i0, = 0.62 and beyond Mg0/"Al,05 = 1. This suggests
that in this range alumina may give rise to anions with a

5..

tetrahedral structural unit AlO4

in the silica network

giving silica~like structure.

This peculiar behaviour of alumina may be one ef
the reasons for the Aifficulty fecund in the prediction of

the desulphurizing power of complex slags.
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Results_in relation to Flood's Hgnation

Tlood'ts equation9 hes already been described
in the Introduction (page 4 ), The results obtained in
the present work provide a direct means of checking the
validity of that equation which, when considering the
sulphide capacities of silicate melts, may be written in

the modified forms:=~

o = H !
Log Cs (4 + B) N, log Cs (1) + Ny log CS,(B)
vhere Ny and Np are the mole fractions of cations AT and
N N
B++, i.e, are equal to ﬁ""é%jﬁ_" and ¥ qu
AO BO AO BO
1
N 20z th
respectively. Cs! = Nay — in the presence
(A) 5{2) Ps,

of cations AT where QS(A) ete,, are the mole fractiong of
sulphur instead of wt % S in the melt corntaining AT cations
and so on, This has been usedl to avoid the effects of

differing atomic weights of catilons.

Fig. 7 has been constructed from the results
obtained in the systems MnO + MgO + Si0;; MnO + Si02,6 and
Vg0 + 510y at 1650°C reported sarlier. This figure gives
plotsl&cz‘.fAlog Cs! against the composition of the melt for the
mole fractions 0.4 and 0,5 of silica, The linear relation-
ship between 1og Cs! and the composition of the melt at cen-

stant mole fraction of silica is apparent from these plots,



and thus supporte the validity of the medified Flood's equation
for the sulphide capacities in the ternary melt M0 + Mgl + Si0p

in this composition range at 1650°C,

ur in Crwstalline Oxtdey . .
Sulph n Crrrstalline Osides

The results in Table VII which indicates the
equilibrium sulphur and sulphide capacities in crystalline
Ca0, MgO, Al503 and Si0, at 1650°C, shown in Fig. 3, are dis-

cusged below for each of the oxides separately.

Ca0;

The way in which the results presented in Table VIII
and Fig. 8A have been used to derive the saturation limit of
sulphur in crystalline Ca0, is given later. The saturated
sulphur is equal to 0.036% when (pCZ/pSZ)%-is equal to
4.46 x 1079 at 1650°C.  The resulits confirm the value of the

cmam s . 0 s .
equilibrium congtany K/for the reaction

)

Wi

CaG + 5 85 = Ca3 +
as shown later. If it is essumed that the sulphur at saturation
at 1650°C is not appreciably different from that at 1550°C
then the przsent finding disasgrees substentially with that
of 3t. Pierre and Chipman4 who reported a sulphur solubility
in Ca0 of 0,78% at 1550°C. The equilibrium censtant for
the above reaction, calculated using the partial pressures

of sulphur and oxygen reported by them, is equal %o 0.16.



This also is very different “rom the value obtained from
RosenqVist's data,zs which 1z equal to 3.27 x 107%, The
activity coefficient of CaS in Cal caleulated from the

present data is equal to 1586 EtNP%S of 0,00063.

Mg0s

The equilibrium sulphur in magn=sium oxide
equal to 0,008%(Table XI), was obtained for (Poz/psz)% =
1.87 = 1073 at 1650°C, Using the value for the eguilibrium

constant X (given earlier) for the reaction

MgO + 3 S5 = MgS + % 0p
oygo = 0.013 and ¥y = 130 at ¥, = 0.0001, was

calculated.

Unfortunately it has not been possible to measure
the limitiung solubility of sulphur in this oxilde, because
2
the gas mixture used here cculd not give the (pSZ/p02)2
ratio required for saturation. However, assuming that
Henry's Law is obeyed from 0.008% S by weight up to thai
at saturation, and using the Ca value given in Table VII,
the sulphur at saturation can be calculated, This is equal

to 0,568%, which is greater than that found for Ca0,

.31203:
The equilibrium sulphur in this oxide was 0.0265%

=y
and 0.?006% for (¥8,/pg,)? equal to 1.87 x 1073 and 6,3 x 1073



at 1650°C. The sulphide capaocities wera 5.0 x 1072 and

3,9 x 10”5.—,

42, 43

Rough caleculation hasel on the available data
gave a value for the eguilibrium constant X equal to
1.58 x 10~11 at 1650°C for the reaction

2k Alz03 + 53 = %@.A1283* + 0y

1
Using this value of K and experimental values of (pSZ/pOz)2

“A1283 2,4 % 10710 and 9.6 x 107 and 41,8y = 3.0 % 10-6
and 2.7 x 1079 at Npy g = 6.4 % 10~2 and 2.8 x 10~4 were

obtained, These wvalues of xﬂlzsé are comparable with the
values 5.75 x 10~10 ang 7.8 x 1078 obtained on the basis ef
ideal behaviour (which might be pdssible in these very dilute
solutions) where sulphur atoms are assumed to be randomly

distributed on the oxygen lattice.

510z
The equilibrium suiphur 0.01% and 0.00265% were
L
obtaineé in orystalline Si0; at 1650°C for (P03/psz)“ equal

o 6,3 x 1075 and 1.37 x 10™°, The sulphide capacities were

2,0 x 1075 and 1.7 x 1072, agls, = 1.48 x 107° and

152

* The free energy of formation of Al;Sz used in the above cal-

culation was extrapolated Irom 25°C to 1650°C,



- 84 -

1.26 x 1078, anad fogs, = 146 % 1074 ana 5,07 x 1074 at
NSiSZ = 9,0 x 10~ and 2.5 % 10"5 were calculated from
the experimsntal values of (PSZ/pOZ)% and that of equilibrium
constant K fer the reaction

510 + 83 = 8iSy¥ + O

which, on rough calculation frem the available data,42’ 45
was found to be 4.76 x 10”14,  The values of V535, s though
they appear very low, are comparable with ?Sioz = G.0x 10—5
and 2,5 x 10-5 cbtained on the assumption of ideal solid
solution {which may not be unlikely at such & low concentration
of solutagr. in which sulphur atoms are randomly distributed

on the oxygen lattice,

*

Trhe free energy of formation of S5iS; usa2d in the calcula-

tion was extrapolated from 25° %e 1650°C.,
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(ii) Limiting solubilities of Sulphur and lime-sctivities

in crystalline lim2 and lime-alumins and lime-silica

melts.,

(a) Lime + alumine melts and crystalline lime

(a1) Solubility limits of CaS

The experimental results, at 1500°C for
Ca0 + Alp0z melts of six initiel compositions with Cal
(A) 42, (B) 45%, (C) 48.2%, (D) 5%, () 56% and
(F) 60.6% + T Si0, are given in Table VIITA and Fig. 8.
Those of cuysitalline lime at 1650°C are shown in Table VIII
end Fig, 84, In Fig., 8, log wt % S in the melts and in
Fig., 8A, wt % S in crystalline lime have been plotted agains®
PHZ(i)/pCOZ(i)' In Fig, 8A the solid points and circles
represent the final percentages of sulphur obiainsd from the
initial zero and 36.5% sulphur respectively. The saturation
limit for any of the melts or Cal (&essribed sarlier) has
been cobitained by a sharp discontinuity in an otherwise smooth
cnrve (Pigs, 8 and 8A). The saturation limits so obtained.:
have been shown in Table IXand Fig, 9. in this figure wt %
has been plotted asa function of the mole fracticn of the lime
rresent in the melt before sulphur pick up; further, the
lower point for each composition is the last experimental peint
before saturation was reached, the upper golid pcint is that
obtained from the intemeciion of the dotited extrapolation exd

the full vertical line (see Fig. 8). The full line in Fig. 9A
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shows the saturaiticn limits on the tzrnarr compositien

diagﬁ‘&m-

The values of the activity coefficient of CaS
relative to the pure solid CaS are shown in Table IX and
Fig. 10. The sctivity coefficient changes from T2.5 to
28,0 with change in i'z,g from 0.57 to 0.72 in the original
melt, The variation is comparable with that already found
for MnS in MO + Si0p melts.! In view of the large vari-
ations in activity coefficient of sulphide, this function
ghould never be assumed t0 be censtant over a wide range of
composition, even for approximate ealculation of lime activities

from sulphide capacities.

The sctivity coefficient of solid CaS is erpected
to extrapolate (When.NCaO is equal to one) to a value given
by the equation

1773 R In ¥y,q = (T - 1773) AS¢
where Ty is the melting point of CaS and /Sy ie ite entropy
of fusion., Ty is not known and there are no reperts of

CaS having been melved. Analogy with other sulphides suggests

Tnole~1

that /) Sp must be about 5 cal.deg.” ‘mole™', thus the curve
for ¥ orge which c¢ould be extrapolated to a value of 5 or 10
is compatible with a not unreasonable value of 2600° - 3100°C

for the m.p.
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(ag) sctivities of ccicium oxide in lime-alumins

The melationship batwzern the activities of lime

and calcium sulphide in any slag is given by the equation

(1)

where K is the equilibrium corstant at 1500°C for the pure

phase reaction

This has been accurately established by Roseanist28

who studied the equilibrium

Ca0 + HpS = CaS + Hy0
between 750° ~ 1425°C. A small extrapolation of his results
enables one to calculate a value of 2,75 x 10-% for X at
1500°C for reaction (2), after introducing thermodynamic data
for H2029 and HZS,EO The activities of lime calculated from
equation (1) for the melts saturated with Cad are shewn by

the numbers in Fig. 94.

There is no way of using these results for calcula-
ting the activities of lime in the absence of CaS, without
making some assumptions, There are two simple alternstives, which
lead to slightly different resultis. The simpler is to assume

that in the presencs of small amounts of CaS (here always less



.~ is dependent only oa the ratio

than 0.04 mole fraction) o
of lime %o alwumina. Tho limz activities with respect to
pure Cal as standard state calsulated in this way are snowm
by the full line in Fig., 11 and Table X, The other is to
assume that Toas is indepszsndens O'NCaS up to assturation.
The lime activities caleculated on this sssumption, using the
following relation, are slightly smaller than those obtained

bty the first method,

Ygas -Cs
a < - R
Ca0 = 35 W, K (3)
where ?bés = gctivity coefficient cof Cad
Ce = sulphide capacity
¥ = +the number of gm. moles (Ca0 + Aly0z + CaS)

in 100 gm., slag
K = +the eguilibrium constant for the pure phase
reaction (2)

32 = the atomic weight of sulphur,

The value of K can bz checked from the sulphide
capacity data, Cs = wt % S (poa/pSZ)%.which can be calculated
from the results of Carter and Macfarlans? at 1500°C for the
slags 0Ca0, 0.713 Si0y, 0,08 and Alp0z, 0.21 mole fractions.

16 this melt is saturated with

According to the phase diagram,
lime at 1500°C and so its activity is unity. The values of

Cs (calculated #ith the newer and more reliable gas equilibrium
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data) are 5.89 x 1073 and 5,85 x 1073, Taking the mean
(5.86 x 1073) and using equation (3), Yg,g is found to be
22,7. The value of Veag Obtained in the present work for
gomewhat similar slag: Ca0O, 0.66; Ca3, 0,055; Si0, 0.08
and Al,0z, 0,21 mole fractions with CaS at saturation, is

equal to 18 £ 1, Thus X is reasonably confirmed,

Again, by considering relation (1) for Ca0
saturated with sulphur, which is egual to 0.036% by weight
at 1650°C,

K = (Poz/psz)% = 4.46 x 1073
whereas the value derived from the free energy data at
1650°0285 295 30 55 oqual to 4.53% x 1078,  The agreement
between these figures which is fortuitously remarkable, sinsz
their difference is well within the probable 1limits of error,
provides a further confirmation of the K value; the deubts
about this expressed on the basis of Cal + CaS go0lid sclutisn
formation by Fishomt4 and Shenck45, are thereby not substan-

tiated.

Taylor and Stobo?® have suggested that, in slags of
the composition 28 wt % Cal, 26 wt % Si0,, 46 wt % Aly03,
Yeas may decrease by a factor of 4 or 5 as the cencentration
of CaS rises from zero to about 1% by weighi, However, these

authord results require that the sulphide capacities, as defined
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here, shouid increas: markedly as sulrthur displaces oxygen
in the slag, vhersass it has been found in this work that Cs
is slmost independent of sulpvhnr concentration, (Tadls VIIIA).
The conclusion of Taylor and Stobo concerning the change of
Yong With sulphur concentration is thus in doubt. at least
in go far as melts of Ca0 + Al;0z + CaS are concerned.,

Since Cs is independent of sulphur concentration along any
horizontal composition line in Fig., 94, i.e, as sulphur
displaces oxygen in a Ca0 + Aly0x mixbure, the ratio

9000/ Yong must be constant. This follows from equation (3)
where both N and Cs remain nearly constant. Since dgyqn
must almost certvainly decrease along such a composition line,
it follows that Yp,g also decreases. The change, however,

is not likely %o be great.

The value of K appears to be accurate 4o I 5% and
X
that of (P0,/ps )% at saturation is also probably accurate
to ¥ 5% and the assumption concerning the constancy of %00
+

at constant lime to alumina ratio is correct to T 5%.

Therefore the derived activities should be accurate to about

T 0%

The lime and alumine phase diagram is shown in
Fig. 12, I+t is based on the work of Rankin and Wright,47

ag revised by Chipman15 in the light of more Tecent studies



of calcium walvrinates, From this it can be inferred that,
were it not for the formationu of crystalline 3 Cal Alj03,
saturation with iime would occur at 1500°C at a mole fraction
of 0.72 ¥ 0,01, It can be scen from Fig. 11 thai the lime
activity curve extrapolates aatisfactorily to unity at about

this oomposition,

(az) Llumina activities in lims-alumina melts.

The alimina activities have been compulad from
ihie lime actiities by means of the following mcdified Gibbs-
Tuhen eguation, in which activiiy coefficient instead of

ectivity is used.

 Moap = X Neao = X

; N

; . Cal

5oL 10g Ya - = - — 4 lo

y g ‘\A 1,05 NA1203 €XCal (4)

|) Noao = X, Meao - X,

¥ ie the meole fraction of Cal corresponding T the ccmpoesi-
$ier at <hich the alumina aectivity is regquired and X1 is

the mele fraction of Cal at vhich the ielt is saturated with
Ca0.Alz0z, The alumina activity at NAlaﬂs equal to 0,42

at whioch the melt is saturated with Ca0.Alp03 was obtained

as follows:



From the heat of formation of Cal,Alplz

o
measured by Coughlin4° and from wzlovan’ hea

t wapacity

datal?s 20 A @ = -12220 % 700 Cal at 1500°C, was cal-
culated for the pure phass reaction

Ca0 + Aleg\ = CaO,,AlZOE»,

+3

hus, in equilibrium with crystalline aluminafe at

My1,0, = 0:42

a

020 "A1,05 = (3.12 £ 0,7) x 1072

and with 24,0 equal to 0.21 from the Fig. 1133A1305 is found
to be 0,15 £ 0,03, The alumine activities for melts in which

Nz o

LR is leass than 0,42 have becn derived from the 241,03

3
et 0.42 and the measured lime activities using the relation (4).
The integration was carried out graphically. The phese diagram
in Fig., 12 indicates that, wers it not for the formation of
crystalline alumirates, the melt would become #aturcated with
alumina at a wmole fraction of 0.5 (j ebout 0,02), The alumina

astivity thus rices to unity at about this consentration from

the value of 0.15 at II,: = 0,42, Tha lims activiity

Al.LZQ,‘:’)

muot therefore fall simultaneousiy frem its value of 0.21 to
about 0.04 at aiumina saturation, In the light of the lime
activity values the best compromiszs seems to be to set this

seturation limit at 0.48 for NCh The alumine acvivities

O«)
80 obtained are shown in Fig. 11 and Table X, The activities
reported by Carter and MacfarlanQB end by Cf}’l:'qv.rrzfgq,n'lj hawve also

been shovn in Fig, 11 by A dotted and B dotted lines respec-

tively. The difference between the present results and thosze
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of these authurs isg due to tho fact that thelr caleculations
involve the wrong sssumption that ‘', remains constent with
change in the compesition of the melt, The present resilis
can be checked at two points as folleows: IT% can te gsleulated
8, 49, 50 7

vcm the: available free energy data on 3 Cal.Al50%,
that when the melt is in equilibrium with this erysialline
soiid at 1500°C at Neoo equal to 0,70

" eno
The aluming activity calculated from 2000 with this equation
is 0.016 + 0,009, compared with 0.010 derived from the
Gibbs~Dvhem squation., When the melt has the composition

12 Ca0,T A1503 (NCaO = 0,63), it can be calculated from
the free energy datad8s 49, 50 and an estimated entropy of
fusion of 5.0 cal.deg.”! per mole of oxide, that

7/12

20a0 241,05 0.070 & 0.024

The alumina activity calculated From aCﬂO with this eguation
(&

ig 0.068 I 0,024 compared with 0.07C by the Givbs-lrhem calcu-

lafion, Inn both cases the agr

v 18 -3(,.;[;1 D..L(.«CTJOLJQ

(a4) The integral free energiss of rormation of

the binary Cal + Al,0s3 melts.

The partial molar free energies OCG of lime and
aluming were calculated from the relation AG = RT 1n a.
The intesral molar frese energies were then calculatad from the

partial molar free energies by the equations
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The values calcuwlated in this way at 1500°C are given in

Table X and Fig, 27.

(b) Jime-silica melts

(by) Solubility limits of CaS

The results of the experiments carried out at
1500° and 1550° are submitted in Tables XI and XII, The
range of finishing compositions obtained is shown in Figures
13 and 14, where each point »epresents a separate eample.

All the samples obtained near CaSiOz, in spite of 1ts m.p.

of 1544°C, were clear glasses, showing that the CaS present,
together with any excess Cal or 8i0;, was sufficient te bring
the melting point of the slag below 1500°C, The results at
1500°C are also fully supported in this region by those

obtained at 1550°C.

In Figures 15 and 16, the mole Ifractions of calecium
sulphide witimately obtaired in the mel*s are shown as a
functior. of the compositions of the ingoing gas mixtures at
1500° and 1550°C. The gas compositions were made of Np, 50%;
HyS, 8% at 1500°C and 7.4% at 1550°C, the remainder being
Hp and COp. Each curve has bsern drawa through the rwesulis
obtained with the same initial mixturs of Cal and 5105 se that
all the compositions on each curve have the same mole fraction

of giiica indicated by the figure at the end of the curve,
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16 for 1500°C anc. 1550°C have been

fa ¥

17 an

B
Figure

n

constructed from the results shewn in Figurcs 15 and 16, These
show the gas compesitions as 2 function of +the mole fraction of
gilica for “the constant mole fraction of CaS (shewn by the
figures at the end) in the melt (or the mixtures of CaS and
the melt), obtained after the equilibrium had been reached.
The points are the values read cff the curves drawn in
Figures 15 and 16, TFrom the Figures 17 and 18 reading compo~
eitions from the Figures 13 and 14, were constructed Figures
19 and 20, These show the gas mixtures in equilibrium with
various mole fractions of CaS for melts (or mixtures of melt
and CaS) which have the same ra®tio of lime to silica at the
end of each experiment at 1500°C and 1550°C, These mixtures
thus lie along the lines A, B, C, etc., of Figures 13 and 14,
Saturation limits of Cal in the melts are obtained at and
beyond +the points where the horizontals in Figures 19 and 20
cut the upward sloping curves, In these Figures the actual
exparimental points lying on the curves A, B, C, etc., are
shown by large filled circles, othexr points are interpclations
obtained from Figures 17 and 18. The solubality limits so
obtained are shown by the filled c¢ircles on the curves in
Figures 13 and 14, and are given in Table XIII. From the
scatter of the results, the uncertainties in the lines in
Figures 15 and 16, and the uncertainties in the points of

intersection in figures 19 and 20, it is considered that the
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solubility limits sre correct to & 10%. The fact that the
solubility limits in the Cal + SiO, system should decrease,
while that in Ca0 + Al50z should increase, with increasing
Ca0 concentration in the melt has been dealt with On pages

110 and 111.
The values of Tbos calculated from these limits

at saturation (relative to solid pure CaS) are given in Table
XIII, and Figure 21. In this figure solid points and circles
represent the values at 1500° and 1550°C respectively., It

can be seen from this figure that, within the prcbable limits
of the experimental error, the values at 1500° and 1550°C are

spproximately equal.,

(bs) Lime activities in Cal + Si0, melts.

Lime zctivities in the CaS saturated ternaries

Cal + 510y + CaS were obtained using the relationships

1

2
1 - .j .?92 A
Cald = - pSg (4)

W
(pOZ/pSZ)2 was obtained experimentally. K was the same as
deccribed on page 87 and is equal to 2.75 x 1072 a% 1500°C
and 3.27 x 107% at 1550°C,  The sotivity values at 1500°

and 1550°C are shown in Figures 13 and 14,



oy +OWONN

O®IN +o0

s§:C

9:0

ACTIVITY COEFFICIENT C(Ca$s

o

n

H

o

S|

-

[ 1S

|




To estimate the activities in the binary Cal + 510,
melts frem these results, it is nescessary te make an assumption
concerning the way in which either Yg,g5 or Yp.g veries as NéES
falls frem saturation (0.06 to 0.12 of Ng.g) to zero, From
Figures 19 and 20, it may be seen that Np,gq at constant lime
to silica ratio is proportional to (pHZS/PCOg) and hence to
(Psz/pOz)%. It follows that (YCaS/ag,) is censtant at
constant lime to silica ratio. Thus ("CaO/yu.g) is proportional
to Ngap. There are now two reasonable assumptions which
lead to slightly different values for lime activities in the
binary. One 1s that ¥y, remains constant and the other is
that Yu,q remains constant as Ngaq falls to zero.,  The latter
assumption leads to the same lime activities in the binary as
in the termary at the same lime to silica watic. The formar
assunption leads to lime activities that are f-12% greater.

It is unlikely that the ratio %%i% would remain nrearly constant
(within 6-12%) when calcium sulphids is present at low concen-
tretions and lime is present at much highsr concentrations
unless both activity coefficients were nearly constant, The
assumption of constancy for YC&O is tantamount te assuming

that vCéS rises by about 6-12% as Nu,g falls from saturation

to zero. Any suggestion that yYp,g may rise by a large factor

between these limits, as in Taylor and Stobo,46 is ruled out,
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sreat atv low concentra~

m;

If, for instanc 385 Yo ag FOLe twice as

tions of CaS +than at saturation, the values of 2q 4 which

Vi)
could ve caloulated for the binary by the equaticn

»

CaS Csg
%32 N.K

-

a0 =

described on page € , would be twice those calculated by
equation (4) for the melt of the same Cal to $i0, ratio,
saturated with CaS. Such large differences ina,,  are quite
improbable, The reverse suggestion that yYp,g might be twe
times less at low concentrations, would lead to much higher
lime activities in the ternaries than in the binaries of simi-

ler lime to silica ratios this also is quite improbable.

.

Since CaS is essentially an inert diluent in
Cal + 810, mixtures, it seems most reasonable te assume that
0 rises prorortiorally with N . as Lpon falls to zero,
The lime activities calculated ocn this assumpiicn are showa
in Figure 22 together with the values for the saturated ternary
mixtures, In this figure the activities are indicated by*@b
at 1500°C, by @ at 1550°C in the binary derived as above,
and by (:) at 1500°C and by CD 2t 1550°C in saturated ternaxies,

The wvalues are also given in Tavle XIV.
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The resulis derived by Carter and Macfarlanezo

from sulphide rapacities are not included in Figure zZ,
because these authers assumed That Vi,g was equal tc 12 in
all their {a0 + Si0y; melts, and 16 in their svardard lime
saturated CaO + Si0p + Al;0z slag.  If allowance were made
for these incorrect assumptions (which were the best that
could bz made a% that time) their results would agree satis-

factorily with those derived here, because there is no disa-

greement over the sulphide capacities,

(bz) Silica activities in lime-silica melts.

The silica activities have been calculated by using
the modified Gibbs-Duhem equation given on paege 91 and the
measured lime activities, the silica activity being taken as
wnity at the silica saturation limit shown by the phase dia-

4 s . . . - -
: The integration was carried ouu graphically. Solid

gram.5
gilica was tak-u as the referenc state. .1 was necessary te

exirapelate . w0 vilice saturation as shown in Figure 22

by the oroken line, This wes best done by a short eftrapoistion

¥
of a plot of log (q—:gﬁggajz versas HSiOz’ which is a

straight line in the region where N exceeds 0.54. The

Si0s
gilica activity curve so obtained is shown in Figure 23,
together with the results of the other werkers, In this figure

are indicated the results of the present work by a full curve

8t 1500°C, by dashed curves estimates at 1550°C and 1600°C;
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c, . Young et 2118 Yy a dot-dash curve at 1627°Cy; of

Sanbengi and Omori?2 by a heary dashed eurve at 1637°Cs

of Chipman19 (recaiculated) by =0lid peointa a®t 1600°C; of

K2y end Taylor'( by points @ , (B , at 1500° and 1550°C
; . 3 52 - &

respectively, and of Baird and Taylor” by points G at

1550°C, The values of o of the present work are 2lge

510,
given in Table XIV, TFrom ¥Figure 23 it may be ssen that there
ig a good agreement with the resulis of Kay and Taylor at

1500°C.

From the values of S‘Sioz and 25,4 for the melt,

which is saturated with Ca;Si0, (Na.q v 0.58) it is possible

Ca0

to caleulate the free energy of formation of crystalline

Ca28i04 at 1500°C, The value so obtained is ~35,860 cal,
imits (@ x t Y

The error limits (gn,q * 15% and 2.g;0, 18%) sugges+t that

the error cn A G° may be between 1 and 2 Koal, TFrem the

23

heat of formation of CazBSiC,”” and the relevant da%a fox

entropies,54’ 55 neat oapacities,56’ 51 ard the heat of {rans-
a o . LY e
formasicn of guartz to cristohalite; onz can derive the
equation

HG° = 24,120 - 5,747 * 1,000 cal
This leads to a value of -34,300 cal at 1500°C. Thore is
thus adequate agreement between the results of the activity
studies (coupled with phase disgram) and the thermal data on

srystalline o - Ca38i04, A oheck on the thermal data



_____ 58

at 700°C with a special solid cell involving calcium gcilicatzo,
The velue of /\G° for the formation of § - CaZSiO4 (from
quartz) which can be derived frum their measuremcnts is
-32,400 % 300 cal, whereas the value for this temperature

from thermal data is -31,500 cal. It may thus be seen that
the A G° values from the thermal data are a little too

positive,

According to the phase diagram,51 crystailine CaSiOz
can be in equilibrium at 1500°C with either of two liquids,
with Ngz0 equal to 0.44 or 0,55, It follows that in each
case

A Gp = RT 1n (8540 fgig,)
where £\ G% is egual to the froe energyof rormaticn of crystal-
line CabiOz fronm its component coxides, From she sctivity
data the two vaiues for £ G° are -22,000 ant ~21,900 ocal
vhereas the value which can be derived from thurmal datal> s 55,
T, 39, 50 is 22,050 cal. The agreement, which is forcuitously
good gince it is well within the probable limits of error,
provides further confirmation of the activity dava. It 1is
interesting to note that for CaSilz at T00°C there is complete
agreement between the value for [\ G° from the thermal data

and that derived from the e.m,f. work of Benz and Wagner.Sa
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It is possible o celculate ths frec enevgy of formaticn of
data

. . el -
, which is 8.1 cal,d=g.” ‘mole 1.

-

liquid CaS5ilz frok the oxides at 1500°C from the vhewmal
and the entropy of i‘usion61
The value obtained ig -21,680 cal., which is identical to

that derived from the lime and silica activities (-21,660 zal).

The question arises ag to where the activity curves

for gilica lie at higher temperatures. The results in Figure

22 show that the estivity cf lime atly,n = 0.5 is almost

tA

=

the same ot 1552°C as at 1500°C, he free energy data on

liguid CaSiCz already ccnsidered ahove indicate that the free

snargies of formation and the activity products (relative to

solid Ca0 and SiOg) have the following values:

. 0 (348
Teuwperature ¢ Pt

1500 ~ 21,680 0,900,242
1550 ~ 22,140 0.07,221

1600 -~ 22,600 0.00,231

-

he rate of change of the activity product with

temnerature, which depends on the value of /% H°, should be

mY, .
This

mows aocurate shan the actual raloes of the o

—

if epaois the ssme at 1550°C as at 1500°C, aﬁi@é rises by

5% over the 50°C wange. If A

&

o were to wise by 10%, which
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is not impossible in view of possible errors in Figure 22,
aSiOg would fall by 5%. In either event, the change in

aSiOz is small. On the basis of such reasoning, the activity
curves for S10; have been drawn in Figure 23 for 1550°C and
1600°C from the silica saturation limits towards the equi-
molar composition. The probable range in which the activities

lie at 1600°C at and beyond this composition is indicated by

the four vertical lines,

Tt seems likely that the activitiesof silica do not
vary as much with temperature as the results of Kay and Taylor17
suggest. It is possible to construet a rough heat of formation
curve for Ca0 + S10, melts from orystalline lime and silica

from the thermal data already quoted for the two silicates,

-1 1

an estimated entropy of fusion of lime of 5 cal.deg. mole” ',
the heat of fusion of silica 1800 or 3600 cal.mole"'1,21 and

the assumption that the entropy of fusion of CaZSiO4 is the

same a8 for FQZSiO4,62 i,e, 14.8 cal.deg.'1mole"1. This is
shown in Figure 24, It looks very much as though the silica
activity coefficient should rise with rising temperature, when
Vs10
forrespondingly the activity coefficient of lime should fall

, falls below about 0.5 (& Hgyo, megative) and that

with rising temperatures ( A\Hp,q positive) when Ng,q exceeds
about 0.5. The values of the partial molar heats in the

vicinity of the equimolar composition are so small that
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neither aotivity coefficient can change much with temperature,
When, for instance, AH is about 3.0 Kcal y can change only

4% between 1500° and 1600°C,

The activity values published by Chipman19 have

been based on the studies of slag end metal equilibrium

10, +2C = [5i) + 2 €O
where the silicon is dissolved in iron saturated with carbon.
The calculations depend on the free energy change for the
reaction

Si0, +2C = Si +2¢CO
and hence on the free energy of formatien of silica, Chipman
derived this from the thermal data. It has been recently
shown by Ramstad and Richardson69 that the free energy of
formation so derived is significantly in errer at high tempera-
tures, and a new equation has been proposed. When this is
used the calculated ailica activities become 2,75 times greater
than before: i1t is these values that are shown in Figure 23,
The accuracy of the new A\G° values for SiO; is about
2 Kecal, and this corresponds to a factor of 1.7 on the derived
values of‘défoz: the accuracy of the silica activity values
proposed here is considered to be some 18%. Thus, the two
sets of results are not seriously discordant, although those

18

of Young, et al. = and Sanbongi and Omor122 cortainly are.
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(bg) The integral fres energies of formation

of bingry Cal + 510> melts.

The integral free energy of formation have been
calculated from the partial molar free energies by the

equation
ACT = Toan BEeap + Nsi0, BTy,

The partial molarfree ensrgies were obtained by the redatien
OCG = RT 1na
The calculated values at 1500°C are given in Table XIV and
Pigure 27. The dashed extrapolated part is based on the
estimated entropy of fusion of 0338104. Thus, the AG°
value for liquid CaZSiO4 at 1500°C should lie about 3100 cal
above the value shown for the crystal in Figure 10, Also
shovm for camparison are the free energies of formation of
crystalline CaSi0,, by point () from the thermal data and
by @ from the phase diagram end activity data, and of
liquid CaSiOz by point () derived from the thermal data

mentioned earlier.



B. Activities of manganese oxide in aluminate and sili-

cate melts.

The method of obtaining the manganese oxide actl~
vities in the melts has been described earlier, The melts
studied include the mixtures of the hinary MnO + Al;0z and
of the ternary MnO + Al,0z + SiOz, The activities so derived,
ere refered to solid manganous oxide in equilibrium with

liquid metal manganese as the standard state,

(2) Manganese oxide sctivities in the binary

MnO + Al,0=z melts,

The activities have been measured at 1650°C., The
results are given in Table XV and Figure 25, Activities
with respect to liquid manganese oxide asg standard state were

also calculated by using the entropy af fusion ASe = 5 cal.dueg:-1

-1 and melting point 1850°C, for manganese oxide, 1 They

mole
are shown in this figure by the thin curve. It has been

seen from this figure that the manganese oxide activities with
respect to solid manganese oxide have a negative dgviaticn

from Reoult's Law below and a positive deviation above Mo =
0,725, but with respect to liguid MnO, =& negative devigtion L
throughout the range studie¢.k Manganease oxide activities7
in the MnO + Si0; melts at 1650°C, with respect to solid as

well as liquid manganese oxide as standard states, are also

shown in this figure, by the dotted curves respectively,
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It may be seen from the curves in tpigﬁfigure that gygn

in the Mn0 + Al;0z melts is the sa&é‘as that in the

MnO + 510y melts up to 0.77 mole fraction of manganese oxide,
but smaller than the corresponding ones above this mole

fraction,

According to the activity data, the melt should
be in equilibrium with solid mangsnese oxide at 0.840 male
fraction of MnO. This agrees well with the sulphide eapacity
results reported earlier, but not with the phase diagram

reported by Hay, White and McIntosh®>,

(b) Aluming activities in MnO + AlsOz melts.

The alumina activities have been derived by the
modified Gibbs-Duhen equation (page 91 ) using the measured
MnO activities and teking the alumina activity to be wnity
at NNMO of 0,68; according to the phase diagram63 the melt
is saturated with alumina at this mole fraction, The
reference standard state is solid alumina., The alumina acti-

vities, so derived at 1650°C, are given in Table XVI and

FPigure 25,

(c) Manganese oxide activities in the MnO + Al,03

+ 510, melts.

The measured activities in these melts at 1650°C

have been submitted in Table XVII and Fig, 26. Mn0O activities
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in the binary MnO + SiO, melts are the values reported by
Abraham.7 It may be seen from this figure that, at comstant
mole fraction of MnO, when alumina replaces silica, activities
of MnO first increase and then start decreasing in the region
below Nyp o of 0.65, remain censtant between 0.67-0.75 ﬁMnop

and first remain constant and then start decressing at approxi-
mately 0.8 Nyp o This sort of variation in manganese oxide
activities may be associated with the typical behaviour of
aluming, in which it may have both cationic as well as anionic
types of reactions. In melts such as MnO + Aly03 + SiQp

it would be expected to act mostly as cations at high concen-
trations of silica and as anions at low concentrations, while
at intermediate concentrations of silica the two effects
should balance each other, Accordingly, at constant mole
fraction of Mn0 in the region below 0.65 NﬂhO’ alumina at its
lower concentrations may act as cations and thus increase

&mo While at higher concentratisens it may act appreciably

es anicns, hence decrease o} between 0,65 - 0.75 NMhO
the cationic and anionic types of reactions of alumina may
balance each other thereby maintaining 4mo constant, while at
about 0.8 Ny, o alumina, at low siiioa concentration, initially
may have both cationic and anionic reactions, and therefore
constant 2600° but later on prominently, when the silica
éoncentration is further defreased, alﬁmina may have predomin-

antly anionic reactions, thus decreasing.ay ... _
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(d) Integral free energies of formation for the

binary MnO + AlsOsz,

The integral free energies of formation /) G° for
these melts, have been calculated at 1650°C, from the activity

data using the following relatienship:

The values =re given in Table XVI and Figure 27. Integral

free energies of formation for MnO + SiO; melts7 at 1650°C,

from thermal data and the phase diagram and Pb0 + 810266 at

1200°C, are also shown in this figure, for comparison.

' 6
FeO + Si0, 4 ot 1600°C, Zn0 + Si0p at 1510°C derived by Richardsog5
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Activity Coefficients of smlphides in the gluminate and

silicate melts.

The activity coefficients of sulphides at 1650°C
in the melts MnO + Al;03, MgO + SiOz and MnO + A103 + SiOz

N,
at Si@@ﬁkl = 0.5, are given in Tables XVIII, XIX and

203
XX and in Figure 28. In this figure are also shown the
sotivity coefficients of CaS in Ca0 + Al;03 and Cal + Si0z
melts at 1500°C reported on pages 57 and 62, and that of
manganese sulphide7 in MnO + Si0z melts at 1650°C. The
standard state in each case is pure solid sulphide., It is
obvious from the results submitted in this figure that the
activity coefficient in each system varies with the compositien
of the melt, It thus indicates that the sctivity coefficient
of the sulphide should not be assumed to be constant over a
wide range of composition of the melt, even for approximate
calculation of the activity of the metal oxide., It is also
seen from this figure that the activity coefficient of the
sulphide in all the melts except Ca0 + Al30z does not increese
with increasing concentrations of S5i0Oz or Alz0z. The vyp.q
increases in Ca0 + Si0y melts and decreases in Ca0 + Al;0s

with increase in Nj 4.

It appears from Figures 27 and 28 that the activity
coefficient of the sulphide increases with decreasing integral

free energy of the melt and is maximum at minismum /\G°,
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This is obvious from the results obtained in the systems

MnO + Si05, Mn0 + Al;0z and MgO + SiOp. The difference

in behaviour of the activity coefficient of calcium sulphide
in Ca0 + Si0, and Ca0 + Al;0z melts may also be associated
with the fact that the measurements for Ca0 + 5iOy have been
made on the lime poor side of A G° minimum, whereas those

for Cal0 + Al;0z for the lime rich side.

Solubility of sulphur dioxide gas at one atmosphere
in sulphuric acid and imee water mixture was also observed to
be minimum at the minimum in the integral free energy of
HZSC>4--H20.67 This behaviour has also been reported in the

68

case of Fe-Si alloys®® at 1500° - 1650°C where the solubility

of hydrogen was found to be minimum at /\ G minimum,

Figure 29 shows the variation of the activiity coef-
ficient of manganese sulphide in MnO + Alp0z + SiOy melts at
1650°C,  The shapes of the iseactivity coefficient curves
may 2lso be in accordence with the variation of the free energiles
of formation of the melt, but no data are available on the free

energies of formation for comparison,

The activity coefficient of calcium silphide in
Ca0 + 5i05 + Al;03 melts at 1550°C has been shown in Figure 30.
In this system also the contours of the iso~activity ocoefficient

may ... he in sccordance with the free energies of formation
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of the melt., The clesed loopé may be due to the depressions

in the free enewgies of formation in this region of thc melt,

Darken67 using the Gibbs-Duhem relationship for a
regular ternary melt, has shown that the solubility of a third
element in a binary alley is minimum where there is minimum in
the excess entegral free energy [\ G*® of the binary. While
Richardson and Aloock,69 from a consideration of the energetics
of a random ternary solution with bond energy and coordination
number independent of cemposition, have derived the following
equation for the activity coefficient of a dilute solute S in

s mixture of X and Y.
Log YS(X +Y) < #y log YS(Y) + Ny log YS(X) —_ﬁ;_GXS(X - 1)
RT

YS(Y) etc., are the activity coefficients of S in (Y) and so

cn, and O\ G*° is the integral excess free energy of
(

X+7Y)
X +Y at mole fractions ofiﬁX and Ny. This also leads to the
same conclusion that the activity coefficient of a third ele~
ment should have a maximum value in a binary mixture ot a compo-

sition which has excess integral free energy ot the maximum

negative value.

It is interesting to see this type of behavieur in
the complex mixtures involved in the prement work. As regards

the relationship between the solubility of an element and £\ G°



- 113 =

for the melt, it may be said in a general way only that the
free energy minima presumably occur at compositions where

the various components of the melt may fit together 1o make

the lowest energy structures, indicating a dislike’ for any
other element for association. The high value of the éotivity
coefficient may then indicate that it reguires more'ehergy

to fit disturbing ions or groups of ions in the melt under
such conditions than at compositions where configurations ars

not so stable,
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Results in relation to ideai mixiﬁgkfhébﬁ#‘df siiibafé“héiéé;
Ridhardson27 hasvéhown thaf fhe idéai f;;; é;bré;

of formation of a termary AO + BO + 510 melt can be Obfaihéd

by adding ideal free energy of mixing ( A Gy ééfibhﬁs te

the weighted sum of the free energies of formation of the

two corresponding binaries AQ + 5i0; and BO + S5i0z of equal

silica mole fractions. The ideal free energy of the cation
mixing is:
N N.

BO
+ NBoln o + N v (1)

AGpi{cations) = RT Nygln
mix Np0 + ¥po

Nao + ¥po

per mole of the slag when no interactions between cations eccur,

The sum of the free energies of farmation of the two

binaries
N N
AQ BO
Gt r— et AG _ + e—————— AG
A Mo + Ngo = AO(bin) ¥ Ko * Bpg »_Bo(bin2 (2)

Using the results for binaries FeQ + Siqz, MnO + 5103
and Ca0 + 5i0z, Richardsen and Abrahan!Q caleuiafed the féee :
energies of formhtdon for the ternaries FeO + Ca0 + Si0s and Cal #
MnO + Si0,. There was a good agreement between the calculated
values and the experimental ones in the metasilicate region,

but negative deviation near the orthosilicate region.
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The probable reasons given for the negative devi-
ation were that the anicnic matrix may maintain the same
structure but there eould be an interaction between the
cations, which would invalidate the relation (1), or, alter-
natively, that there could be ehange in the anionic matrix

which would effect the value of A G' in relation (2).

Abraham and Richardson, by assuming that the inter-
sctions between cations are negligible (details later) and
that there are changes in anionic¢ matrix of the type repres-

ented by the equation
3 CapS10, + FeyS10, = 2 CagSizl; + 2 Fed (3)

calculated the values for the integral free energy of mixing
within T 500 cal of those obtained experimentally. The
probatility of this reaction from thermodynamic considerations
may be seen from the following: the free energies of formation
for CaZSiO4, Ca38i07, F328i04, MnZSiO4, FeO and supercooled
liquid MnO (Figure 27), are -30, -61, =5.4, -=11.,1, O and

+1.2 Kecal vespectively. Free energy change for the abave
reaction is =32 Kcal and =19 Keal if FeO is replaced by MnO.,

This lends support to the above suggestinn,

It has been shown by Meadowcroft71 that in a melt
of single cation phosphates, the anion distribution is a

function of the ratio of the metal oxide to phosphorus pentoxide
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and of the type of cation present, .The enion distribution
is related to the shape of heat of formation curve for the
gsystem, It was also indicated that for mixtures of two sys-
tems which have heat of formation curves close (or similar in
shape), heat of mixing is small and anion distribution is
mean. Those mixtures for which these curves are far apart
(or have different profiles) have substantial heats of mixing
and the anionic distribution is anomolous, As the phosphates
and silicates are similar in structure, this anomolous anion
distribution should occur also in silicates under similar
conditions, Thig also supports the change in the anionie

matrix proposed above.

The integral free energy of mixing z}_GM has been
calculated in the system FeO + CaO + SiO, and MmO + Ca0 + Si0p
at 1600°C using the /A G° values in the binary CaQ + Si0p
as measured in the present work which are different from those
used earlier,’0 The /\ G° values used here for MnO + SiOz7
and Fel + 810264 systems have been reported by‘AbrahamT gL
The results are presented in Figures 31 and %2, where O Gy
has been ghown as é function of Npeg OT Mo &t constant Cad
to Si0, ratios., The thick lines a, b, ... etc,, represent
the calculated integral free energies of mixing and the corres~

ponding thin lines represent the free energies of mixing compat-

ible with the measured ones. a, b, ¢ and 4 as shown in
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Figure 33, represcnt the compositions in the ternaries alcng

the constant Cav to Si0, ratios; 6/4, 5/5, 4/6 and 3/7.

Figures 34 ahd %5 have beén constructed from Figures 31 and

32, TExcese integral free energies D G*® nas been plotted

as a function of Ny , for the system MnO + Cal + S10y and of

NFeO for the system FeO + Cal0 + Si0; in these figures. Each

curve représents the variation in the A G*® for a constant

mole fraction of Si0, shown by the respective figure.‘jk£_¥o;mxa
aud °  rTepresent the values read off from the curves

a, b, ¢ and @ in Figures 31 and 32. Although the deviation

in the Figures 31 and 32 have great offects on the activities,

it can be seen from Figures 34 and 35 that the small excess

integral. free energies could account for these large differences

between the ideal and experimental integral free energies.

It may also be seen from these figures that the excess integral

free energy never exceeds 3 Kcal in FeO + Cal + 5i0y melts

and 2 Kecal in MnO + Ca0 + 8i0s., It is one Kecal in both cases

at NSiOg = 0,35 and continupusly decreases with increasing

Si0; mole fraction and becomes negligible at Ngyo, = 0.5.

" The same has been observed earlier O, Abraham,70 measured

the heats of formation of the erystalline mixed cation sili-

cates and found them ideal to within 2 400‘0318. It wag

implied from this*that the interaction between cations such

‘as Ca*t and Fo't are negligible, dbut Lumsden®? attributes the

absence of the heat effect in the formgation of these isomorphous
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solid soluticns betwsen Calecium and ferrous silicates to the
strain energy due %o the disparity between the sizes of

calcium and ferrous ions happening to be equal in magnitude

but opposite in sign to the heat effect due to the intrinsic
interactions between two ions. Meadowcroft!> determined the
heats of mixing for vh-sphate glasses and found small heats

of mixing for the pairs Na-Li, Li-Ca, Ca-Zn, where the curves
for the heais of formation of phosphates are close in respec-
tive pairs, but substantial for Na-Zn which has the heats of
formation curves avari. In view of the similarity in structure
between silicates and vhosphates there should be interactions
between cations in silicate galsses under these conditions,

£y 6*% could also be caleulated from the FeO activity data in
the Ca0 + TeO system reported by Bishop, et a174. This has
also been shown in Figure 34, These values, of caurse, camnot
account for the negative deviations observed, as seen from
Figure 35, 5o it appesars that the negative deviation ie
caused by the combined effect of the interactions between

cations and also of changss in the anionic matrir,

Neverthelesc, ideal mixirg theory provides a standard
against which the behaviocur of the complex slags may be com-
pared, By the application of this simple theory., it is also
possible to calculate the free energy of fermation in the

ternary melts in the metasilicate region reasonably well, and
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to make useful predictions in the orthosilicate region if
rouch sllowance is made for cation-cation interactions and

for possible changes in the anionic matrix,
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APPENDIX

Calowiation of the Partial Pressures of Oxygen and Sulphur.

Bquilibrium partial pressures of oxygen and sulphur
in the gas phase were calculated from the composition of the
ingoing gases and the free energies of formation of the
various types of gmas molecules formed by the interactions at
the temperature of thz expzsrimeat. It was assumed that at
high temperatures and moderate pressures, gases obey the
ideal gas law, PV = nBT. The deviations are smaller than
any existing quantitative measurements can detect.75 Assump-
tion was also made bthat the gases reached equilibrium within
themselves because at high temperatures reactions between
gases occur at almost immeasurably high speeds, Similar eal-
culations have already been made by Fincham34, Davies® and
Abraham6 where the gas mixtures were made either of Ny, Hp
and G0y or N3 ,Hy, COz and SO;. In the present werk the gas
mixture of different oxygen and sulphur potentials and of com-
ponents Ny, Hy, COp and HpS were used. The method of calcu-

lation is given below.

(1) Calculation of oxygen partial pressures in

Hs, CO> and N> mixtures.

Only H,, H20, COp, CO, Np and Oy eccur in the signifi-
cant amounts out of all the gaseous species formed by the

interactions of the above gases at the equilibrium temperature.



76

This may be showm by the thermodynemic data available.
The free energiles of formation of H307{ from Hy and Oy and
of carben dioxide!! from CC and 0p within ¥ 1 Kecal between

1500°C -~ 1650°C are

OHy + Oy = 2Hz03 A G° = =100,491 + 29,56 - 7043 log T (1)
200 + 0y = 20023 A 6° = -135,757 + 43,0487
~ 0,2089 x 1073 72 leg T (2)

vhere T is absolute temperature,

D
. Co
The equilibrium constants K = w5 for
2 pCO'P022
X P
the reaction (2) and Kz = P50 €O for the reaetion
pHg PCOZ
< e i = - Hp 4+ 0y = Hy0 + CO (3)

at appropriate temperatures were obtained by the relationship
A G° = -RT 1nK, ©p indicates the partial pressure at the

equilibrium,

Now, by substituting the required oxygen partial

preasure in Ky the quantity PCO/pCOz is obtained, and frim

Kz and (2)
2
Py, / o
HZ/pHZO pcoz M K3
and
Peo = Puyo



From the stoichismetry

Peog(1) ~ Peo T Peog

= +
phz(i) Puy * Prj0

where the subscript (i) indicates the partial pressure in the

ingoing gas mixture

+
. PHzgiz - Pu, " PHy0
P00z (1) Poo * Poo,

Pr,0 (pﬁz/PHzo +1)

o ——

D

Co,
Den (1 4 ——2)
¢ Poo

- o (4)

(1 pCOz/PCO)

Thus, from the required oxygen partial pressure, the values of

Py / can be calculated, The individual values ef
2(1)/Pcoy(4)

amd could also be calculated as it was alwa
PHa(1) 7 Peoa(2) ¥e

arranged to have

Pa(q) T PHa(y) T Peop(s) T O

It should be noted that all the partial pressures were
measured in atmospheres. By changing the ratio PHZ(i)/pCOZ(i)
the partial pressure of oxygen can be varied ever the required

raynge.,
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(ii) Caicnlations of oxygen and sulphur partial

pressures in gas mixtures consisting Of either

Noy Ho, COp and S0p or No, Ho, COp and HaS.

In the case of the above gas mixtures, in addition
to Ng, CO, COgsy Hs and Ho0, the species containing sulphur
slso needed to be considered. Taey ars Sp, S, 505, SO, 30z,
HeoS, HS, C0S, €3, USg, 88 and S6. The free energies3o of
formation of 88, 56’ S0z; SCz,; HeS and CSs from Sy at one
atmosphere pressure are known to within + 1 ¥cal, and that of
COS to within + 3 Kcal. The free ene:r.‘giesl30 of formation
of S, SO and HS arec ia doubt by mo:ée than + 10 Kcallf.
Recently Dewing and R:Loha:c‘dson1 i have revised the values for
the dissociation energies of SO and Sp. These values are
considered more relisble and hence are used in the present
calculations, The free energy of formation of HY was also
corrected to suit this new value for the dissociation energy

of 8g. The revised values for these species reported by

Abraham6 are

]

(i) %Sz + 302 = S0; AG°
(i1) 382 = S A Ge

(iii) 3, + 4%, = HS; A G°

=15,354 = 1.247
42,920 ~ T4.41T

1

8,000 + OT

1

Rough calculations based on available thermodynamic
data have shown that at the temperatures used in this work

(15000 — 1650°C):
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(i) +hc partial pressure of CS; can never be
more than about 1072 of the totsl sulphur
pressure ,

(4i) +the partial pressure of S0z can never be
more than about 1072 of the total sulphur
pressure even at oxygen partial pressure of
one atmosyphere,

(iii) the partial pressures of S, and Sq ee less
than 10719 of the total sulphur pressure,

(iv) the partial pressure of CS can never be more

than 10™4 of the total pressure of sulphur,

Consequently,; the only species containing sulphur

to be considered uere, were S;, S, S0, SO0,, COS, HzS and HS,

The method of calculatien.

The equilibrium constants at the required temperature
T°K were first calculated from the standard free energy changes
of the respective reactions, as follows:
(1) ©co + 405 = CO,17

AG° = -67,878.5 + 21,5247 ~ 0,10,445 x 1073 T2 log T

Peo
® ::.__._._2.._%.
T Pen X P,



(ii) Hp + 30z = Hy0
2 2

A G = =50,245.5 + 14.73T - 3,521.5 log T

B0
Kz =z p p‘— .‘1_
Hp " 50,°

(i11) 283 + 0 = 50,70
AGC® = 86,620 + 17,311

b
K3 =3 '5*_2_9%—
"8z "0z

(iv) %85 + 30, = so'ts 17

AG° = -15,354 - 1,247

] Pso
K = T
4 PS 5 2 po

=y

y

2

AN GY = 42,920 -~ 14,417

b
K,_ =] "’-'S‘.:_]-.
2 PSZ‘?'

/\G° = 21,580 + 11.805T

K, = ___.31’.2.5_%
pﬁzxpsz
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(vii) #8p + 45, = ms''»
£ 6% = 8,000 + OT
"'»‘HS 1
Ko = —%——%
! P, P,
(viii) CO + 25, = co0g>0
/ANGY = ~22,860 + 18,707
gk - 0053
8 P P,

The desired oxygen and sulphur partial pressures
po2 and pS2 at equilibrium were selected. The values eof

PSOZ’ Pgg and Py Were zalculated from the known values of

3 %
K4 Po, *Pg,

o[-

K3 POZ.PSZ H pso

=

(1x) Pso,

(=Y

— K

The values of Py.0* pHgS and Pyg Were caleulated in

terms of p, from Ky, K and K,, and p, and p. at T°K.
Hp 6 S2 02

7



1 1
( | £l H E 2 H
\X) pp’ 0 Xa pOZ :FHZ ’ e ,ZS K6 psz sz ’
Pgg = %775, Py,

s P _ .
The wvaluss of Teos and pCO2 were caleulated in

torms of p.. frem Ko, K,,p. and p, &t T°K,
co 8+ ™1%0, Sy,

g
‘,..l

» =3 f
fecs Poo, = ®1 P, Poo

v

(1) Pgs = Ke ¥y,
As the +total pressure is one atmosphere;
(xi1) 2y, *+ Py, + Pay,0 * Poo, * Poo * Pso, * Ps, * Ps * Pups

*Pyg * Pgo * Pos T 't

In the case of the gas mixture consigting of No, Ho, COs

and 5053 the source of oxygen is CO, and 80, and this oxygen
can combine with hydrogen only. By the relation (ii) the

total number of oxygen atoms combined with hydrogen is equal

to the total number of H,0 molecules produced, i.e. anO = 2n02.
By equation (i) the nwmber of CO molecules produced is equal

to the number of oxygen atoms that came out of COz., Se the
number of CO molecules is equal to the total number of oxygen
atoms released from 80, and COp minus the number of CO atoms
consuned in COS formation and minus the number of oxygen atoms
released from 80, only., So it can be seen from the stoichiometry

that:
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By
~ [ 9]

[ N = N - . ) A 2

By substitutirg the values ¢f the right hand terms

from (ix), (x) and (xi) Tqo Va8 obtained in terms ef Py,

(xiv) Similerly, by substituting the value of p,, in (xi)

pCO2 and Poog Were obtained in terms of pHZ.

(xv) If ¥ C is the sum of all the partial pressuves of the
gases containing one atom of zarbon, jE:HZ the sum of the
partial pressures of the gases containing two atoms of hydrogen
and EZ:S the sum of tlhie partial pressures of all the gases

containing one sulphur atom, then

i

ST o
& v Poa, ¥ Pco * Poos

N - 1
i Hy = pH?. + szO + szS + EJPHS

;>

v
]

Pu,s T Poos * Pms T 2Pg, * Pso, T Pso * Ps

These quantities are directly proportional to the
number of carbon, hydrogen and sulphur atoms in the mixture,
Throughhut this work the partial pressure of nitrogen in the
ingoing ges mixture was made equal to the sum of the partial

presgures of the sther thiee gases, i.e. Hy, COs and SOp

Ma(s) T Pooa(a) T MHa(s) T P0a(s)



conanguantly.

TNy o= ®n, =3 C+ Hp+3S

The values of 3 Hp, 3.8 and § C are 2l knowm in

terms of So the value of pNz wvas calculated in terms

pHZ .

of .
sz

(xvi) By substituting the values of different terms (some
in terms of pq?) in equetion (xii) and by selving the quadratic
equation so obtained in terms of Py and /'13:1 the value of

2 2

JPHZ and pH2 were determined, Trom this 3 C, sz and LS

were calculated,

(xvii) The partial pressures in the ingoing mixture corres-
ponding to gelected cquiiibrium orygen and sulphur partisl

pressures were given by:

5 . 2 c
coz(i) T C+YTH + S8+ S

P 2 H

Ha(1) SCr5i; +38 21
_ 2 S

P505(4) T S C+S5H, + 56 + 50,

pNZ(i) 0.5



The partisl pressares of {le gases i the ingoing
gas mizwures ani the corresponding equilibwium sulphur and
oxvgen rartial pressurcs derived in this way by wsing the
alecrronic compitor for cslculation, are listed in Table A.

All the pariial pressures arc expressed in atmospheres,

(xiiii) When the gos nixturc consisted of N,, Ep, HyS and CO,
the procedure for calculation up to (xii) was the same, But
the sonrce of oxygen jn this case is caly CO, and the total
number of cxygen atome must be equal to the sum of the number .
of carbon monoxide mciecules and the nuwmber of COS molecules
by %he rélation (3) and so

00 = 270, 4 M 0 + P50, + S0 - *C0S

= 2p

e Peo 0. T Pu,0 T #Pg0, * Pso ~ Poos

By suhstituting the valuc of Puos in terms oi‘pco

from (xi) the value of Pop 7as calculated in {erms of sz.

(xivL) By substituling the value of Pgo S0 Obtained in (xi)

the value of o and ©

(0, were obtained in terms of sz.

Cos

N

(xv) If $ C is the sum of all the partial pressures of the
gadus odénveining oue atom of carbon, J Hp the sum of the partial
pressures of.the Zagses containing two atoms of hydrogen origins
ally present in hydrogen gas Hz(i); and SZ:HZS the sum of

the partial pressures of the gases containing twe hydrogen atoms
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A=

—
1

originally prasent in sS(i), then

2 U = Pan, Png * Pogg
S = . 71 O - - P - -
P Yo, T P07 P T Pso, T “Fs, T Pso T s T Peos

(By ihe reletion (vi) H,S <»Hy + $5,, the number of hydrogen
molecules from HpS¢4) rust be equal to the number of sulphur

atoms).

These quantitiecs are dircetly preportional to the
number of CO;, Hp end HpS molecules in the mixture.  Threughout
this work the partial pressure of nitrogen in the ingoing gas
mixture was made equal to the sum of the partial pressures of

the other three gases, i.e. Hy, H3S and COp
s + +
Pp1) 7 Feop(q) T PHa(y) T PHaS(4)

Consequently 3 Np = ¥,

The values of ¥ Hp, ¥ HpS and 3 C were all known in terms

= ZHa +FH25 +ZC

of pHa and so the value of PNz was found in terms of sz.

(xviA) By substituiing the values of different terms (some
in terms of sz) in the (xii) and by solving the quadratic
equation so obtained in terms of Py, and v/ﬁiﬁé, the value of
Jf'§;2 and Py, Vere found, Trom this the values of 3 Hj,

S HyS and 3 C were caleuleted,
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(xciiA) The ingoing partisl pressures corresponding to selected

equilibriun oxygen and sulphur pressures ware glven by.

2C
SC + 5 Hp + THaS + 3N

FC0z(1)

S_He
PHz(i) T SHy 455 +35C + 5N,

2 HaS
pHQS/i) ) T Hp + THS + 5 C + SN

&

The partial pressures are in atmogpheres. The
calculations are quiie rigid and no assumptions are involved,

The uncertainties are due to those in the free energy equations,

The partial pressures of the gases in the ingoing
gas mixtures and the corresponding equilibrium sulphur and
oxygen partial prgssures obtained by this method are listed
in Table B,, and Figures 36 and 37, In these figures N, = 50%
in each mixture is kept constant and each point represents
& logarithm of pSz/po2 ratio (shown by figures 8, 8.6, 9, etc.)
given by certain inicial gas composition., The initisl gas
compositions for the same partial pressure of sulphﬁr are
observed to lie on a straight line, i.e, the lines A, B and C
in the Figures 36 and %7, represent the partial pressures of

1.8

sulphur, 1072, 10™192, 10~ atm,, respectivel , The same -



53

50

[Por

H

Loa P 3;

40

| ]

10
Log s PHZ‘ /P €O,

I8

20
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retios of pSz/po2 obtained by differsni gas compositions are
also scen to lie oa a gitraight line, The iatersections of
these straight lines with any line representing a constant
rroportion of HaS(y) (in the figure shown by My and M), in the
ingoing gas mixtures should represent the different PSZ/?OZ

ratios glven by these straight lines,

Now a plot between the psz/p02 retios and the

pH ratios of these interscctions can be cconstructed
2(1)/P
coz(i)

s 2 5 A3 p pT s
which will give a relation between Sa/p02 and dg(l)/fcoz(i)
along a constant proportion of HZS(1)° Such plots between
1 P . ) N + °
% log sz/;»o2 ard log hd(l)/pcoz(i) at 1500°C for 8% HyS
and at 1550°C for 7.4% are shom by a and b respectively in
Figure 3%8. From this figure the required composition of ingoing

gas mixture can be ob+ained for any desired psz/foz ratio,



o Pr Py Py g
Temperature .hz(i) UOEL&A S02(1) o)
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TADIE A

The eguilibiium oxygen and sulphur pressures

s

calculated fron the partizl pressures of

the gases in the ingoing mixiture.

1650°C
1650°C
1650°C
1650°C
1650°C

1500°C
1500°C
1500°C
1500°C
1500°¢
1500°C
1500
1500°C
1500°¢
1500°¢C

0.154
0,260
0.757
0.355
0.364

0.115
0.134
0.151
0.375
0.480
0.470
0.460
0.470
0.479
0.4793

C.320
0.220
C.353
0.135
0.116

0.382
0.345
0.3294
0.115
0.G10
0.020
0.020
0.010
0.001

0.02
0.02
0,01
0.01
0.02

J.003
0.02
0,02
0.01
0.01
0.01
0.02
0.02
0.02
0.02

0.50
C.50
0.50
0.50
0.50
0.50
0.50
0.50
C.50
0.50
0.50
0.50
0.50
0.50
0.50

Poz

———

1.115 x
1.112 x
1.072 x
1.020 %
1.038 x
1.816 x
1,069 x
7.248 x
4.190 x
T.775 x
1.495 x
4.057 x
2.576 x
1.610 x
1.533% x

10‘6
=T

10

10 ¢
1078

10

1077
1077

10~
10~
1072
1074
1072
105
1074
10™4
10
10~
1074
1072
1072
1074
10”
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TALE B
The equilibrium oxrgen and sulphur TTessures
catculated from the rartial presswvies

of the gases 4n {he ingoing gas mixtures.

Composition of the

. ingoing gas

Temperature PNz(i\) EHZ(\i) Pcoz(i) pHg(i) pSg
1500°¢C 0.50  0.075 G.03 0.395 10™2
1500°C 2.50  0.079 0.010 0.410 107
1500°C 0.50  G.080  0.005 0.415 107
1500°C 0.50 C.064  0.079 0.356 1072
1500°0 0.50 0.071 0.046 0.38% 1072
1500°C 0.50  0.105  0.006 - 0.389 107148
1500°C 0.50  0.0/3  0.086  0.340 1077
1500°C 0,50  0.083 0.092 0.3%25 10718
150000 0.50 0.385 0,034  0.380 1077
1500°C 0.50 0.053 0.054 0.353 10718
1500°C 0.50  0.050 0.012  0.400 1077
1500°C 0.50  0.097  0.036 0.366 10718
15000¢ 0.50  0.104 0,013  0.284 10718
1550°C 050  0.064 0.056  0.380 107
1550°¢ 0.50  0.065  0.031  0.400 107
1550°C 0.50 0.071  0.020 0.410 1072
1550°C 0.50 0,073  0.007 0.420 1072
1550°C 0.50  0.074 0.003  0.423 1072
1550°C 0.50  0.084  0.066 0.350 10718
18500 0.50 ©0.090 G.037  0.370 107 O
1550¢¢ 0.50  0.093 0.024  0.380 1070
1550°C 0.50 0.073 0.060 0,370 15~1+9
1550°C 0.50  0.079 0.034  0.390 107+
155090 0.50 0.001  0.022  0.400 10‘:'26

1550°C 0.50 0.074 0.021 0.400 10~



Wte/o Mn IN Mn-Pt ALLOY.

10 T | | I | I

1500°C.

]
1 15 2 25 3 35 4
i
-3 LOG. P02
FIG.39. RELATION BETWEEN Mn CONTENTS OF Mn-Pt AIIOYS

IN EQUILIBRIUM WITH PURE MnO AND PARTIAL PRESSURES
OF OXYGEN.
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