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1. INTRCDUCTION




The control of silicon is an important problem in all blast furn-
ace operations and particularly so in the case of irons to be used in
steel manufacture. It is desirable that the silicon content of such
irons should be kept as low as possible because of the increased slag
volume which an increase of silicon in the hot metal entails. In the
case of foundr’r irons it is again desirable that the silicon content
can be controlled within comparatively narrow limits because of the
major influence of silicon on graphitisation which in turn controls
the mechanical properties of the final casting,

Tliere is little doubt that the temperature of the blast furnace
hearth is one of the major factors controlling the silicon content of
pig ironS high temperatures being one of the prerequisites for high
silicon iron whereas low silicon contents are obtained with low hearth
temperatures.

The control of silicon becomes more difficult, however, when the
question of sulphur removal is also considered. Hearth temperature
is also one of the factors controlling the sulphur content of pig iron;
other factors being equal, the higher the hearth temperature thelower
the sulphur contentof the pig iron.

It is thus seen that the hearth temperature cannot be varied
indiscriminately. A compromise must be struck which will keep the
silicon content within the desired range and yet will give the required
degree of desulphurisation.

Another factor in the control of both sulphur and silicon is that
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of slag basicity. Thé more basic the slag the greater is the degree
of desulphurisation and the lower is the silicon content of the pig
iron. Here again, however, the slag composition can only be varied
within narrow limits because of the increased melting point and vis-
cosity of slags of higher basicity.

It can be shoun theoretically, and has been shown experimentally
in the case of sulphur(l), that the oxidising power or"oxygen potential®
of the slag also has a major influence on the equilibrium silicon and
sulphur content of the underlying metal. Other factors being equal,

an increase in the oxygen potential of the slag results in a decrease
in the silicon content ana én'iﬁcfe#sé iﬁ £h§ éuiﬁﬁuf éoﬁténf §f‘the‘
metal, |

The reactions occurring in the hearth of the blast furnace can be
divided into two catsgories. There are firstly the reactions taking
place between slag and metal and secondly those taking place between
the slag and the solid cafbon present in the form éf ccke. If
equilibrium were attained in the furnace then the Fe(C content of the
slag would be controlled by the reaction |

(1) (FeO) + Gy .= Fa +CO.
where bracketting and underlining dénotes solution in.slag and metal
respectively. The silicon and sulphur would be distributed according
to the reactions

(2) 2(Fe0) + 8j ==2Fe + (Si0p)



(3) (Fe0) + (Ca$) =EeS + (Ca0)
or, as the FeO is in equilibrium with solid carbon, according to the
reactions

(4) (S102) + 2Cg01 = 8i + 2C0

(5) PeS + (Ca0) + Cgq1 =Fe +(CaS) + CO

There is little doubt, however, that reaction (1) does not come

to equilibrium in the blast furnace. It has been found (2) in
laboratory studies that the FeO content of blast farnace type slags
in equilibrium with solid carbon at 150000 is of the order of 0.05%,

much less that the 4 to 1% which is the approximate amount normally

found in blast furnace slags.

Laboratory studies (2, 3)of reactions (4) and (5) have shoun
further that the sulphur and silicon contents of blast furnace metal
depart greatly from the equilibrium values.’ Whether or not this
departure is due entirely to the non-equilibrium FeO content of the
slag or partly due to this and partly to the non-attainment of
equilibrium between slag and metal is, however, not known.’

A study of reacticns (4) and (5), although of much thecretical
interest, is thus insufficient when considering the conditions present
in the hearth of the blast furnace and for this reason the major aim
of the present work was to investigate the effect of varying oxygen
potentials of a blast furnace type slag on the silicon content of the
metal. Other work(A) done concurrently was to study the effect of

this variable on the sulphur distribution.
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The oxygen potential was conveniently altered by varying the FeO
content of the slag so that the reaction studigd was |
(2) 2(Fe0)+ g1 = (§10p) + 2Fe
where the FeO and SiOp were dissolved in a lime-alumina-silica~ferrous
oxide slag and the silicon in iron containing approximately 3% carbon.'
Beeause of the presence of this amount of carbon, the reaction
(6) (Fe0) + g ==Fe + CO
could also be studied.
From known thermodynamic data, equilibrium constants for the above
- reactions can be calculated but. such eonstants involve chemical .
activities and are of little ptactical use unless the relationships
between activity and cémposition are known. Such relationships,

have been determined for some of the reactants and resultants of the
above reactions and from a comparision of experimental results with

calculated constanté it will be possible to obtain the activities of

the other participating substances,
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Although a considerable amount of experimental work on the reactions

8i + (2Fe0) = (510,) + 2Fe
and C +(FeO) = CO +Fe
has been published, the range of compositions investigated 1s more
applicable to the steelmaking than to the blast furnace process.
This is probably due to the difficulty in finding a crucible material
suitable for holding blast furnace type slags containing Fe0O and also
to the fact that steelmaking being a refining process in which the

reactions require closer control has claimed more of the attention

 as regards slag-metal studies.

With regard to the reaction involving the reduction of silica by
carbon from slags containing 1little or no FeO there is considerably
more information.’

Richardsen and Jeffes(5) in a very comprehensive study collected
the relative thermodynamic data and applied it to the blast furnace
process. They developed the useful concept of Moxygen potentials".
The oxygen potential of a system is defined as being equal to
RT log ePoo where pos is the equilibrium partial pressure of oxygen
of the system.’

In a gystem in which pure metal and its oxide are in equilibrium
we have
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and K ._.-_-'aMoz whére a0,
T aMXPos '
and gy - = activity of metal.-

— adtivity of oxide

Assuning no mutual solubility of metal and oxide,
o, = & =1
and Agf= -~ RT loge K= RT logg Po,
i.e. the oxygen potential of such a system is the same as the standard
free energy changevaccompanying the formation of 1 gm mole of oxide
from metal and oxygen at 1 atmosphere pressure. In this case an

inerease in oxygen potential would cause more oxide to form until the

equilibrium partial pressure had been'resto:ed and conversely a decrease

would cause the oxide to disgsociate.
Considering the more general case where the activities can be
other than unity which would be so when M and MO, were respectively

dissolved in metal and slag solutions, we have

Kp = 202
X
a
M pOz
and  RT log, “MOp —RT log, Po, - 4gO.
i

o . .
As %° is constant at any one temperature an increase in Po, causes an

increase in the ratio aMOg and vice versa.
M

Richardson and Jeffes consider that because of the presence of
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solid carbon the partial pressure of oxygen in the hearth of the
furnace is that in equilibrium with carbon and carbon monoxide at
approximately 1 atmosphere partial pressure, i.e., the oxygen
potential is the stahdard free energy change for the reaction

2C + 0Oy m 2C0
at the particular temperature considered.’

Making this assumption the authors have calculated the ratios

of activity of oxide to activity of metal which would be expected for

 the various elements involved in the blast furnace process. —As they

point out,the difficulty is in translating these activity ratios into
concentration ratics; little experimental data being available on the
relationships befween activities and concentrations. Their cal-
culations are sufficient to show that for a given activity of silica
in the slag an increase in temperature would cause an increase in the
silicon content of the metal.’ Aiso that for the reaction

FeS + (CaQ) + C__ = Fe + (CaS)+CO

gr.

an increagse in temperature causes an increase in the ratio 8cas
a’CaO X aFeS-

i.e., for a constant activity of lime in the slag, sulphur passes from
metal to slag with increasing temperature. Using that data which is
available on the activities of silicon and sulphur in iron the authors

consider that in actual blast furnace practite equilibrium is nob
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attained and that the contents of silicon and sulphur in the metal
are respectively below and above the corresponding equilibrium values.’
Because of the lack of stirring and the small contact area between
metal and slag it is considered that little reaction takes place after
the metal has been laid down; most of thelBction occurring as the
metal droplets pass through the slag. Because of the displacement
from equilibrium these droplets will be gaining silicon and losing
sulphur during their passage through the slag. The authors point

out that temperature, slag thickness and the compositions of slag and

. metal are varying continuously during the wotking of the furnace.

Thus, it is not surprising that variations in metal composition during
tapping are encountered. Because of the fact that silicon and sulphur
contents usually flucuate in opposite directions, Richardson & Jéffes
consider that the camse of these variations are slag thickness and
temperature. Changes in the other variable which they discuss, slag
bagicity, would, of course, cause sulphur and silicon to decrease énd.
increase together.

A variable not discussed by the authors, the FeO content of the
slag would, however, also cause silicon to vary in the opposite sense
to the sulphur. Using the available thermodynamic data on the
reactions

Si+0, = S8i0,

and 20aS+2Fe+ 02 — 2FeS-++2 Cal
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it is possible to calculate how the ratios 28i and 2FeS x 2Ca0
45i0q aCaS x 9Fe

vary with varying oxygen potentials. This has been done for the

three temperatures 1400, 1500 and 1600°C and the results of the
caleulations are shown in Fig. (1). At each of the temperatures

log 231  decrdases linearly with increasing oxygen potential and
1510,

also for a given oxygen potential increase in temperatuyre results

in an increase in 2si . Conversely the ratio &FeS x 8Ca0
3510, aCaS X aFe

increases with increasing oxygen potential and for a given oxygen

. potential decreases with increasing temperature. . In this case

however the change with temperature is shall and is especially so

at the lower oxygen potentials. Thus if silicon and sulphuf contents

of blast furnace metal vary in opposite directions it is more likely

that the direct controlling factor is the oxygen potential of the

slag rather than the temperature. It is highly probable however

that one of the main factors in controlling the oxygen potential of

the slag is the hearth temperature. ~ Thus, not only will reaction
cgr_' 4 (Fe0)=C0-+Fe.

proceed faster at higher temperatures, but also the final equilibrium

position will move to lower FeO contents; both of which factors will

contribute to low FeO contents and thus lower oxygen potentials of

the slag.
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6 .
Celsen and Maetz( ) also recognised the importance of the oxygen
potential or, as they called it, the degree of reduction of the slag,
in determining the distribution of elements between slag and metal.

They point out when considering the two reactions

and (b)) (Fe0) + C = Fe +CO

that reaction (a) cannot go on indefinitely because of the possibility

of the reaction

taking place.

Similarly the sulphur transfer reaction,

FeS + (Ca0)+ C = (CaS) + Fe + CO

and the reaction

(8102) + 2C = Si -+ 2C0

are linled by the reaction

2Fe + (2CaS) + (S10,) = Si + 2FeS + 2(Ca0)

—— s

The various reduction reactions thus mutually influence one another
and the final equilibrium pcsition of them all will depend cn the oxygen

potential of the system. The authors in considering a measure of the
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oxygen potential consider,but reject,the FeO content of the slag.’
They argue that because of the small FeQO content &nd the presence
of iron droplets in the slag.the analysed Fe0 figure is unreliable
and suggest that the progresé‘of_the reaction

(8105)4-2C =81 420
be taken as being indicative of the degree of reduction. The degree
to which the reaction had taken place would of course be measured not

by 481 but by 8Si and this latter ratio, in view of the lack of
7510, 3510, ‘

knowledge of activities in the complex iron and slag solutions present

in the blast furnace, would at present be impossible to evaluate.
An equilibrium study of the reaction

FeS+ Cgr+ (Ca0)= (CaS)+ Fe +CO
was first made by Hatch and Chipman(z).' In their-experiments the
FeS was dissolved in carbon saturated iron contained in graphite
crucibles and the Ca0 and CaS were present in a Ga0 - Mg0 - A1203-
510, slag. The authors found that at 1500°C the reaction came to
equilibrium very slowly as did also the reaction

(810,) +2C =81 +2C0
which was also occurring. No attempt was made to study this second

reaction systematically but for the sulphur reaction it was found that
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the ratio %S was proportional to the basicity of the slag when

slag
~8metal

nmeasured by an expirical index which they termed "excess base™ and
which was equal to (Ca0+ 2/3 MgO - (8102+A1203 }  The authors
also found that increase in temperature caused an increasé in the
sulphur ratio although the effect was small. It could also be said
qualitatively that for a given slag basicity an increase in temperature
caused an increase in the silicon content of the metal.

This equilibrium study having shown that the above two reactions

(7)

proceeded very slowly, Grant, Kalling and Chipman and Grant, Troili

- and Chipman (8)'studied'the‘kinetics of ‘the reactions.

Grant, Kalling and Chipman'’) in their study of the effect of
MnO additions on the desulphurisation reaction found that the additio n
of MnO to the melted slag caused an immediate reversion of'shlphur from
slag to metal. Cn further heating, however, the sulphur content of the
metal rapidly returned to the valué previous to the MnO addition and
desulphurisation then proceeded as if no addition had been made.
The authors explain that on tﬁe addition of MnO there is é large
increase in the oxidising power of the s;ag.which causes sulphur to
pass from slag to metal according to the reaction

(CaS)+0 = (Ca0)+8

When the reaction

(Mn0)+ C=Ma + CO !
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has come to equilibrium the oxygen potential of the MnO is the same as
that of CO at that particular temperature. The authors also found
that the basicity of the slag had a marked effect on the time required
to reach sulphur equilibrium, heats with basic slags coming to
equilibrium much more quickly than those with acid slags. From this
latter finding the authors deduced that the reduction of silica
affected the rate of sulphur transfer. To add further strength to
their argument they quote the results of a heat in which a lime
alumina slag free from silica was used. In this experiment the
sulphur came to equilibrium within A0 minutes of the first slag
éd&iﬁién‘aé éoﬁpéréd ﬁifﬁ 5'oi 6 hoﬁré fof éiiiéa‘cénfaininé siaés;

Grant, Troili and Chipman(s)

made further investigations of the
effect of silica reduction on the rate of desulphurisation. They
found that although silicon in the metal had little effect on the
final equilibrium position it strongly affected the rate at which
equilibrium was approached. For example, with one particular_slag
sulphur equilibrium was only attained after 7 hours at 1525°C when
there was no silicon present in the metal initially whereas with 2,

3 or 4% silicon added the system came to equilibrium with regard to
sulphur after 2 to 3 hours. The authors concluded from their experi-
ments that silica influenced the desulphurisation reaction in a manner
similar to MnO. i.e. in the reaction for the reversion of sulphur

from slag to metal

(Cas)+ 0= (Cal)+ 8
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the oxygen involved may be from silica as well as from MnO and FeO.
When silicon is addéd to the metal in amounts equal to or greater than
the quantity in equilibrium with the particular slag then there is no
tendency for the reduction of silica and the slag therefore loses its
oxidising power. The authors concluded that it is the slow reduction
of silica which prevents the sulphur equilibrium from coming more
quickly to equilibrium.

In view of this effect of silica reduction on the rate of
desulphurisation, Fulton, Grant and Chipman(3) made a more detailed
study of the reaction

(810p) +20, = St 4+ 200.
The object of the investigation was to provide values of the silicon
content of metal in equilibrium with slags of varying composition.
Thus in future studies of the kinetics of the sulphur reaction,
slag-metal combinations in equilibrium with respect to silicon could
be employed and the factor of silica reduction thereby eliminated.
The authors confirmed what had previously been found regarding the
slowness of the reduction of silica but, by using an experimental
method in which progressively larger initial silicon contents were
added to the metal until the reaction proceeded in the opposite direct-
ion to that written above, they were able to fix the equilibrium
silicon content with an estimated accuracy of ¥ 1%. They investigated

slags of varying lime-silica ratios at the three alumina levels O,



10 and 20:. Their experiments were confined to the one temperature,

1600°C and their results are shown in graphical form in Fig. (2).

As would be expected for any one alumina conﬁént the equilibrium

silicon in the metal increases with decreasing lime-silica ratio.

At high lime silica ratios (above about 1.3) the equilibrium silicon

content increases with increasing alumina content whereas at low lime

silica ratios the reverse is true, i.e. the results illustrate the

amphoteric nature of A1203 which behaves as a base in acid slags and
as an acid in basic slags. In general the silicon contents are much

higher than those obtained in blast furnace practice. This is

probably due in part to the fact that the temperature of 1600°C used
in the experiments is higher than that normally found in the hearth
of the blast furnace and partly due to the non-atfainment of
equilibrium of the reaction '

(5109) +-26 = &L + 200
in the blast furnace. ‘

Also shown in Fig. (2) are some of the results obtained by
Sawamura and Sawamura(9) in a study similar to that conducted by
FMulton, Grant and Chipman. The results are much lower than those
obtained by the latter authors and it is unlikely in view of the

known slowness cf the reaction that equilibrium was reached in the

short time (ca 4 hours) of their experiments.
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Although very little direct work has been done on the reaction
(2Fe0) + 51 = (S10,) + 2Fe

several investigatcrs have gtudied the reaction indirectly by means
of gas-nctal reactions.

(10)

Zapffe and Sims ,-gtudied the reaction

(51C,) 4 2M, = SL +2H,0

2) 2

which reacticn can be split up into
2H20 =20 'Q-,?,H2
and Si+4 20 = 8102
The authors passed gas mixtures of varying H?O ratios over silicoen
| )
containing metal contained in silica crucibles. lMost of the work
was Cone at 1600°C although some runs were also done at 1550°C.

Calculating the activity of FeC in the metal from the gas composition

. ) 11
an¢ ‘previous results’of Fontana and Chipma.n( ) cen the reaction

— T
2H,+ 0 = 21,0

_ 2
they found that the product [Z Si] [a’FeO} , where EESi] is the total
silicen content of the metal, was not a constant. The product however

varied in a regular manner, high values corresponding to high FeC



- &

activities and low silicon contents. | In view of the fact that at
high oxygen activities the prociuct f{ Si] [a'FeO] was a constant the
authors made the assumption that tiae silicon was present mainly as
silicon monoxide so that the reaction for the oxidation of silicon

would be
510 +0 = 5i0,

As this reaction only invloves one atom of oxygen the product

| [Si} | [aFeo] would be constant. ~ The authors consider that as Si,

and SiO are both reduced forms of SiO, both must increase as the oxygen
potential decreases. Under highly reducing conditions [fSi] comprises
principally [Sﬂ in spite of the fact that [Si('z[ is also at a maximum.
With increasing oxygen potential both [S:_!] and [Si0] decrease but

[Si] decreases much more rapidly that [Si(ﬂ so that at high activities
of oxygen in the metal [SiO] is the predominating form.” Although
this hypothesis involving the presence of Si0 in liquid iron may not

be correct the results of Zapffe and Sims would indicate that the
activity of silicon is lowered by the presence of oxygen in the metal.’

(12) in a more careful study of the reactions

Gokcen and Chipman
between hydrogen-water vapour mixtures and silicon containing metal
in silica crucibles also found that the equilibrium "constants™ for
reactions:-

H2+ 0 = H20~ - K9 P-H2O
| P, x %0



(Pr0)%
510, + 2H, = §i -+ 20,0 Ky~ (pg, )2 * %51
were varying.

From the variation in K2 with percentage of silicon the authors
were able to determine the activity coefficient of silicon. The
results also indicated that at low percentages of silicon (£0.3%)
the activities of both oxygen and silicon wére mutually lowered by
the presence of the other element.

Making use of the available thermodynamic data ocn the reaction

2H2 4—'02

the 6xygen potential corresponding to various H,0 ratios can be
==
2

='2H,0 -

calculated. In Fig. (3) are shown the equilibrium silicon contents
of iron in contact with solid silica at 1600°C plotted against the
oxygen potential obtained in this way. As can be seen the silicon
content increases rapidly as the oxygen potential is decreased below

~100 k. cals.
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3. EXPERTMENTAL PROCEDURE.



(a) The Furnace

The furnace used in the experiments is shown diagrammatically in
Fig. (4). The heating element, 0.040" molybdenum wire, was spirally
wound on an alumina tube.  Approximately forty feet of wire was used,
wound over 14 inches of the alumina tube. In the annulus between
the winding and another alumina tube, approximatelylé inches in
diameter, were fused alumina granules which served as a high temperature
insulating material. Further insulation was provided by insulating
flre-brick between the secondary alumlna tube and the steel furnace
walls. The 1nnermost tube, in whlch the cruclble was supported on
refractory stools, was of impervious mullite.’

Owing to the ease with which molybdenum is oxidised above red
heat a reducing atmosphere must be maintained within the furnace.
For this purpose cracked ammonia was used. The ammonia gas was passed

over red hot iron turnings where the reaction

tock place. The cracked ammonia was first washed free of ammonia

and then dried before entering the furnace by means of inlet tube (I).
A liquid metal seal was provided at the base of the furnace in

order to prevent the entry of air. This seal is shown in enlarged

form in Fig. (4a)s The inner mullite tube rested in a pool of

Wood's metal which, as well as preventing the inlet of air, effect-

ively separated the atmosphere of the inner tube from that surrounding the
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A\

A muliite tube

B space tor packing matertal

C steel casing

D moiybdcnum wound
alundum tube

E fused alumina granules

F . alundum tube

G crucible

H refractory stools = = == =

] inlet for crocked ammonia

J thermocouple sheath

K Woods metal

L brass tube
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winding. ' The Wood's metal was contained inAan annulus machined in
a brass cap which was threaded on to a steel tube welded to the base
of the furnace. The thermocouple sheath (J) was introduced through
the centre of the brass cap and this opening made gas tight by a brass
tube (L) brazed to the cap and fitted with a rubber bung. In the
brass tube was provided a small opening through which the desired
atmosphere could be introduced to the inner working tube.

At the top of the furnace was fitted a packing gland, filled with
asbestos rope, again to preven£ the entry of air into the furnace.

Temperature measurement was made by means of a platinum-platinum

+ 13% rhodium thermocouple contained in the thermocouple sheath (7).

Temperature control in the earlier runs was made by means of a
variable resistance and in the later runs by means of a Sunvic energy
regulator.

(b) Crucibles

In the study of slag-metal equilibria the problem arises as to
what material can be used to form a crucible which will contain both
slag and metal. In the case of carbon saturated iron and slags free
from ferrous oxide graphite can, of course, be used. When it is
desired to investigate slags containing Fe(O, however, non-reducing
material such as refractory oxides must be used. Using such oxides,
contamination of the slag by the crucible material beccmes inevitable

and in the present work, as it was desired to keep the slag system as



simple as possible, the choice of crucible material was limited to
cne of the oxides lime, alumina or silica or to a mixture of these
oxides.

Sillimanite and mullite crucibles were initially tried but
proved unsatisfactory as they were extensively attacked by the lime=
alumina-silica~ferrous oxide slag. These sillimanite crucibles were

very porous and it was later found that a dense slip cast sillimanite

crucible offered much greater resistance to slag attack. Unfortunately

time did not permit a series of experiments to be made in these cru-

" cibles.

Alumina crucibles, slip cast and fired to 1650°C were tried but
these also wera unable to resist/ﬁ%%gck. The problem‘was event-~
ually solved by fitting a molybdenum sleeve in the alumina crucible
so that the slag was in contact with molybdenum and the metal in
contact with alumina as illustrated in Fig. (5)." With such crucibles
it is only possible to work in a linited range of slag composition as
the slag becomes saturated with alumina.

Constructicn of Crucibles

(1) Graphite crucibles

These crucibles were machined from 2 inch diameter electrode

graphite rod and had dimensions:~ outside diameter 2 inches, inside

diameter 1} inches and height 4 inches.
(ii) Alumina erucibles

The raw material for the making of alumina crucibles was
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Thermal Syndicate G.6C alundum. This was first fired to
approximately 1,00C'G in order to decompose organic matter which
would otherwise have led to porosity in the crucibles» The
fired aDundum was ground for approximately 16 hours in a steel
ball mill and then treated mth 25f hydrochloric acid in order
to dissolve the iron introduced by ball milling. This acid was
then decanted and replaced by wealcer acid. This process was
repeated until nearly all the iron had been removed. 1/ater vras
then added im til the slip had a creamy consistency and crucibles
cast in plaster of paris moulds. It was found with low acid
concentrations, i.e. 5;, that the shrinkage of the crucibles
during casting was insufficient to allow their removal from the
moulds. Zven vdth acid in the slip the interior of the
moulds was dusted vn.th french chalk prior to casting in order
to facilitate the removal of the cr.icibles.

After removal from the moulds the crucibles were air dried
at room temperature for several days or for a shorter time at
a higher temperature. The crucibles were then fired to about
ICOCMG and their interior smoothed with emery paper. Higher
firing was then employed in order to develop strength in the.
crucibles and the C.5 mm. thick molybdenum fitted. An alundum
cup was then moulded inside the molybdenum and the whole dried
and fired to 160C*"G in a reducing atmosphere. In use, the metal

filled the cup and was thus in contact '/ith alumina whereas the
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slag resting on top of the metal was in contact with molybdenum
and the rin,, of alundum round the metal. A certain amount of
penetration of the slag occurred in this annulus and although in
most cases it was not extensive it did sometimes lead to failure
of the crucible. Slag also managed to penetrate to the alumina
crucible at the overlap of the molybdenum sheet if this was
insufficient. i.e.**3 inches. Failure from these and other,
unknovim, causes amounted to about 30~ of the total number of
crucibles used.
ireparation of Metal and Slag
(i) hetal

The metal used in all the runs was iron containing varying
quantities of silicon and saturated with carbon at 1500°G. It
had been found in preliminary experiments that a considerable
time was required for the solution of ferrosilicon in carbon
saturated iron contained in a graphite crucible and for this
reason the following procedure was adopted. Armco iron and
the requisite amount of ferrosilicon was first melted in a
fire-clay crucible by means of high frequency induction heating.
This alloy was then transferred to a graphite crucible and heated
to 150070. The temperature was maintained constant for approx-
imately 30 minutes to ensure carbon saturation and the iron then
poured into water. The resulting metal was then melted by means

of high frequency heating in a small fire-clay crucible of similar



shape to the alundum cup of the alumina-molybdenum crucible.
Any scale on the surface of the metal was removed and the metal
sampled for analysis.’

I8 .experiments done in graphite crucibles, the initial
procedure was the same but in this case the iron silicon alloy
was transferred into the graphite crucible in which the experi-
ment was to be made.

(i1) glag

The lime~alumina-silica slag was prepared from silica,

. alumina and calecium carbonate. . Analar. alumina and calcium -

carbonate were used and the silica (99.B% pure) was obtained
from ground quartzite from which the iron had been removed by
washing with hydrochloric acid. |

The raw materials were first fired to about 1100°C in order
to decompose the carbonate and allow some sgintering to take
place. The material was then transferred to a graphite crucible,
melted by means of high frequency induction heating and poured
into an iron mould. During melting it was important to keep
the temperature of the crucible below about 1650°C ag above this
temperature white fumes of silicon monoxide produced by the reaction

5i0p +C = Si0 +CO

were given off resulting in a loss of silica.
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The initial sintering at 1100°C permitted a lower temperature

to be uded in melting than would otherwise have been the case
so that the possibility of silica reduction was minimised.
Preparation of FeO
In vacuum, ferrous oxalate decomposes at approximately 65000
according to the equation

Fe(CO0), = Fe0 + 002+ CO

2
A closed bottom iron tube with several holes drilled along one side
to facilitate the expu151on of gas was packed with ferrous oxalate

" and placed 1n31de a larger iron tube. Thls tube was then heated
at 150°C for about 1 hour to drive off adsorbed moisture, then
evacuated, heated to 1000°C, sealed and water quenched. Magnetic
naterial ﬁas separated from the product and the remainder mixed and
analysed.  The material analysed 76.8% Fe showing that there was an
excess of oxygen present compared with pure FeC (77.8% Fe).

(d) Experimental Procedure

(i) Experiments in the composite alumina-molybdenum crucibles.

The metal bead containing carbon and silicon and weighing
approxinately 40 grms. was placed in a composite crucible and

about 30 grms. of the premelted slag added. Preliminary runs

had shown that a slag with a lime silica ratio of 1.1 contain-

ed 415 Alp03 when saturated with alumina. A slag having the

composition Ca0=34%; Al;0y = 35% and Si0p= 31% was

therefore added in order to reduce the amount of attack on the
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alundum cup inside the crucible. The composite crucible
contained in a small graphite crucible was then placed in the
furnace, the purpose of the latter crucible being to protect
the furnace tube from slag attack in the event of the compos-
ite crucible failing.

During the period when the furnace was heating a reduc-
ing atmosphere was maintainéd within the furnace to prevent
oxidation of fhe molybdenum. When the temperature reached
1500° the hydrogen was removed fram the furnace tube, air
introduced,and the tube closed to the atmosphere. Because
of the presence of the ocuter carbon crucible the oxygen in
the air burned to carbon monoxide so that during the run the
atmosphere was a CO = Ny mixture containing 35% carbon mone
oxide. A preliminary experiment had shown that this atmos-
phere was non-reducing with regard to lime-alumina-gilica
slags containing small quantities of FeO. This experiment
congisted of nelting Armco ircn and a known weight of slag
in a composite crucible and adding a known amount of FeO.
After maintaining the temperature at 1500°C for 3 hours the
slag was sampled and analysed for FeO. The results are

shown in Table (1).
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TABIE (1)

!
FeO added. | Wt. of slag % Fel % Fel
grm. gms. calculated | analysed
1.30 32 3.90 3.95

When the furnace temperature had been steadied at 1500°C a small
pellet of FeC and lime was added. The amcunt of lime incorporated
in the pellet being such that if all the FeO reacted with silicon to

give silica there would be no change in the lime silica ratio.

~ Another ﬁréliminiryAekpériménf had shown ﬁhét'aépfokiﬁafelﬁ 3%1h6ufsl

vere required for the FeO to reach a steady value. The FeO values
taken at different times during the run are shown in Table (2) and

graphically in Fig. (6).

TABLE (2
{
Time after last FeO addition { FeO in slag
: hours |
1 1. 50%
2 1.11%
3 0.95%
4 0.98%
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The furnace temperature was maintained at 1500°C j'15° during
the time of the run which was standardised at 4 = 4} hours. The
slag was then sampled by dipping a brass rod therein and the furnace
switched off. In view of the sluggishness of the reactions being
studied and the fact that the furnace cooled from 1500°C to 1300°C
in 15 minutes the amount of reaction before the slag became solid
should have been very smalls’ After cooling,the metal was sémpled_
for analysis.

(ii) The experiments in graphite crucibles

" In these experiments the metal was placed in a graphite crucible
and heated to 1500°C. After steadying the temperature a metal sample
was taken by means of a silica tube to the end of which was attached
an aspirator bulb. This is the sample subsequently called the "init-
ial metal®™ sample. After sampling, the preforméd lime-alumina-gilica
slag was added and the temperature maintained at 1500°C 15°during
the experiment which was of approximately 7 hours duration. Final

metal and slag samples were then taken in the manner described above.

(e) The Partial Pressure of Carbon Monoxide

In both the reactions
(1) C+ (FeO)= CO + Fe

(ii) (3102) + 2C = S8i <+ 200

carbon monoxide is one of the resultants so that its partial pressure
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affects the equilibrium position of the reactionse As both reactions
are taking place at the slag metal interface the effective partial
pressure is not that in the atmosphere above the slag but that at the
interface. This partial pressure of carbon monoxide is thus the
pressure of the bubbles of CO produced by these reactions which in
this case was one atmosphere plus the hydrostatic pressure of the

slag layer. This latter quantity in these experiments was very small
and was therefore neglected.

(f) Analysis of Metal and Slag

.Carbon and silicon were determined in the metal samples using the
standard methods of chemical analysis.

Difficulty, however, was experienced in the analysis of the slag
samples.  Silica determinations involving dehydration from hydro-
chloric acid solution were invariably low whereas the estimation of
alumina by precipitation of the hydroxide with subsequent weighing of
the oxide gave very inconsistent results. To obviate these diffic-
ulties the following method was adopted.

The finely ground slag sample was boiled with water and dissolved
by the addition of hydrochloric acid. To the slightly cooled solution
concentrated sulphuric acid was added and the solution then evaporated
to fumes of 803. After cooling, dilute hydrochloric acid was added,
the solution boiled and the silica filtered off. The residue remain-
ing after treatment of the silica with hydrofluoric acid in a platinum

basin was fused with sodium carbonate, the fusion extracted and added



to the main filtrate. The filtrate was made up to 500 mls.and 100
nls.portion taken for the estimation of lime and glumina. The lime
was determined by precipitation of the oxalate. The precipitate was
filtered off, washed and dissolved in dilute sulphuric acid. Titra-
tion of the liberated oxalic acid in hot sclution with standard potas-
sium permanganate solution completed the determination.

Alumina was determined by precipitating aluminium phosphate from
a solution buffered by the addition of ammonium acetate. The
precipitation was carried out in the presence of sodium thiosulph-
ate which, by destroying the excess acid present, gave a more gran-
ular precipitate. The precipitate was filtered off, washed, ignited
and weighed as AlPOA.

Estimation of FeO.

In the analysis of slags containing quantities of FeO greater
than approximately 0.4% no especial difficulty was encountered. The
slag was first finely ground and the majbr portion of the free iron
removed by a small hand magnet. The rgmainder of the iron was removed
by passing the slag under a powerful electromagnet and the estimation
of iron carried out by the standard method involving reduction of the
férric iron by stamnous chloride followed by titration of the solution

with N potassium dichromate. This method proved very accurate for
50

slags containing more than C.4. FeO but with FeC contents below this

figure the accuracy deteriorated so that a colorimetric method was



adopted.

After subjecting the slag to the magnetic treatment as before,
a sample was dissolved in hydrochloric acid, the silica removed as
described above and the residue remaining after treatment of the
silica with hydrofluoric acid again added to the main filtrate.
The iron in this solution was estimated by taking an aliquot portionm,
forming the red colcured complex between ferrous iron and ortho-
phenanthrolire and determining the intensity of the colour by nmeans
of thé Spékkef ébéofpfiémétér.' .Tb énéufe'thaf éli fhé irén.wés
present in the ferrous state, the reducing agent hydroxylamine
hydrochloride wags first added together with sodium acetateg, the
function of the latter being to maintain the solution at a pH of

l+5 at which acidity the coloured complex is most stable.
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DISCUSSICN OF ACTIVITIES IN IICUID METALS AND SLA

3.




(a) Introducticn

In the study of sglag-metal equilibria thermodymemic data can be
used to determine the ratio of the activity of an element in the netal
rhasc to the activity of its oxide in the slag phase. Before such
information can be put to practical use, howsver, the relationship
betwecn activity and concentration must be knowm.

The activity of a substance M in golution is defined by the
equation

o

G, -G = RT log
M T Se M

) 0 s .
. wnere.GM and G y are the free energles per mole of. the substance M .in

solution and in some chosen standard state respectively and 2y is
the activity of M in the solution. The activity is thus a relative
function; its actual value depending on the choice of standard state.
Although thermodynamically any state could be chosen as the standard
it has been found that certain ones are more convenient than others.
In the case of solid e liquid solvents the pure substance at
each temperature is taken as the standard state of unit activity.
The ratio a, where N is the mole fraction of the solvent, is known as
the activiﬁy coefficent and is usually denoted by the symbdlx
In certain cases, e.g. in dilute solutions, the employment of the pure
substance as the standard state for the solute proves to be unneces-
sarily cumbersome and 2 more convenient standard state is adopted.

If Gy is the concentration of the solute in weight percent, then this

standard state is so defined that ay approaches unity as Gy tends to

Gyt



Zero.
This scale of activities, in which the activity coefficient g
C
is designated by f, has proved to be the most convenient in the case

of liquid metallic solutions.

Change of Scale.

Frequently when dealing with activities it is convenient if an
activity value measured on one of the above scales can be converted
to the corresponding value on the other scale. This change of scale

can be effected provided the free energy change accompanying the

~transfer of .one .gram molecule of. the.substance frem the pure state

to the dilute solution of unit activity is known.

For example in the case of silicon in ircn at 1600°C

. . o__ - .
Sl(liq) e Sl(dil-SOl'no) AG = 27, 200 cals

0 > IPN BN 1
Now AGT = G311 soltn, - G(liq)== RT log, ag; E%%é3§01 n)
so that 2si %d.ﬁ.)‘ _ 0.0007.

gy lig

tThere Si( denotes pure liquid silicon and Si n. ) denotes

1iq) (ail. sol!
the dilute solution of silicon in iron in which the activity of sili-

con is unity on the scale in which activity is equal to percentage at

a _
: infinite dilution. Thus on the dilute solution scale Si (d.g.)=1



and the activity of pure.liquid silicon on this scale is __1
0. 0007

1.43 x 10°.  On the pure scale aSi(liq) =;1 and 251 (dil.sol'n) =
0.0007. To convert values of the activity of silicon on the dilute
solution scale to values on the pure scale at 1600°C it is thus
necessary to multiply by O.0CC7.

Variation of the activity coefficiggt with temperature

The variation with temperature of the activity co-efficient of a

substance M in solution is given by the formula

-4 logg fiy — EMZ
‘ RT
whers fﬁ = EM - Eﬁ is the partial molal heat content of M referred
to the standard state. In the case of dilute solutions it is unlikely
that the value of I will be large because such solutions do not differ
greatly in composition from the standard sfate}' The few values of i
which have been determined over the relevant range of compositions
(13)

confirm this view .

Activities of subgtances of interest in the pregent work

In this work the reactitns which have been studied are
(1) si + 2(Fe0) = (Si0,) + 2Fe.
(2) ¢+ (Fe0) = CO+ Fe

and  (3) (5i03)+ 204y, = Si + 200



where the substances underlined were present in the métal phase
consisting of iron, cérbon and silicon and those bracketed in the
slag phase consisting of CaO, A1203, 510, and FeO. The three
reactions were studied at 1500°C and the standard free energy change
accompanying each reaction can be calculated from the known free
energy of formation of the various substances participating. Thus

for reaction (1)

8i + 0, = Si0, 2e%= =217,600 + 48.79T
2Fe 4 0, = 2Fed AGP= =111,250 + 21.67T
S + 2Fe0 =810, + 2Fe AGO= -106,250 + 27.12T
so that at 1500°C AGO= - 58,350.

A similar procedure for reactions (2) and (3) yields values of

AG® of ~27,570 cals. and 43,400 cals. respectively.

Thus
° K! where K;_ 28i0 azF
AG].: -58,350 cals. = -RTlog } where Ky _Si0, x e
e agj X aﬁFeO
o t 1 a ‘p
AG, = =27,570 cals. = -RT K. where K, — Fe x “CO
2 log 2 2 a
e X a
C Fel
AGO = 3,400 cals. = -RT K.owhere Ky _ 261 pzco
g3_. 39 calse = = log jwhere Ly — X
© 8gi0. X2 ¢

2
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In-order to convert these equilibrium constants into terms of
percentages the relationship between activity and weight concentration
of

(a) Si0, and FeO in the Cal A1,0, - 810, - FeO slag and

2
(b) C, Si and Fe in the metal phase are required.

Some of these activities have been investigated experimentally but
in most cases there still exists scme dubiety as to the true value.

In order to assess the accuracy of the various values a critical sur-

vey of the existing data will be given.

(b) (i) The activity of silicon in molten iron

‘The'aétivity of silicon in molten iren silicon alloys at 1600°C
(13)

has been derived by 6hipman

(14)

from the iron-gilicon phase diagram of
Houghton and Becker At the high silicon end of the diagram
where pure silicon is the primary solid phase then the activity of
siliecn in the liéuid at the liquidus temperature is the same as

that of the solid silicon separating. Fron the known heat of fusion
of silicon and the change of specific heat involved in fusion(l5)
these activities can then be calculated relative to the super cooled
liquid at the particular liquidus temperature. In the region of the
diagram where the compound FeSi is the primary phase, Chipman has
utilised a formula derived by Hauffe and Wagner(lé) in calculating

the activity of silicon at the liquidus temperature. Thus values

of the activity of silicon at the liquidus temperature can be calculated
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from the phase diagram in the range 100 to 20> silicon. In order
to calculate the activities at temperatures other than the liguidus
Chipman has used a semi-empirical formula

2
RTloge ){]_ = DbN, where x; denotes

the activity coefficient of one of the components in a2 binary solution,
N2 the mol fraction of the other and b is a constant. It is not
possible to calculate the activity of silicon in the range 0~20%
silicon from the phase diagram and use has been made of the data

available at the time on the deoxidation of steel by silicon in order

to determine relative to the pure liquid, thes activity of silicen in

very dilute solutions.’

Thus:
. . o —
(1) sio, = 81 (5n76) T 2O(in Te) AG® 1009 = 38,100 cals.
(e)
(2) Os(gas)=2(in Fe) MG 1400°c = =58,500 cals.

Subtraction gives

. o —
(3) Si0, = Sl(in Fe) +- 02(gas) AG™ 14009¢ = +96,600 cals.
and
(4)  Op(gag) + Si(1iq) = 5i0; AG® 1600% = =~126,300 cals.

so that

> - . o
(5) Sl(liq) =Sl(in Fe) AG 16000C = —29,700 cals.
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By using the equation

4G°= RIlog_ ( %51 (dilﬁ_ql.'n.))

agi (lig.).
the activity of silicon on the pure scale of the standard dilute
solution was then calculated. To obtain values of the activity
coefficient from 20 to 1% silicon Chipmen 13) interpolated between
the values obtained at these compositions. In view of this rather

12
lengthy interpolation and also the fact that in subsequent work( )

s different values of AG° for reaction (1) has been obtained, too much

reliance cannot be placed on the values of the activity coefficient

in the range 0 - 207 silicon.

(12)

| Gokcen and Chipman in their study of the reaction between
hydrogen-water vapour nixtures and silicon dissolved in iron at 1600°cC,
have also obtained values for the activity coefficient of silicon.

For this reaction

S0, + 2Hy = 81 + 2Hy0

2
K _ %1 xPHp

a . w 4

As the metal was contained in silica crucibles the activity of silica

is unity so that the constant reduces to,

2
K _ %1 xPHO

<
P H2
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The non-constancy of the product 78i x sz o could thus be attributed
p'H,
to a variation in the activity coeffieient of silicon fSi where
fqy x % Si:::aSi;' These values differ appreciably from those
previously derived by Chipman, Fig. (7). However, in view of the
criticisms which have been made above of these latter values, the
(12)

results of Gokcen and Chipman have been taken as being the more

reliable.

Both sets of values shown in Fig. (7) are strictly speaking only

0. .
applicable at 1600 C.° 1In the present work, however, it has been

assumed that the error introduced in applying them at 1500°C is small.
The justification for this assumption is explained earlier in this
chapter. (p.34).
: . (12)
It is also possible from the work of Gokcen and Chipman to

calculate a value of the free energy of solution of silicon in iron.

The value, at 1600°C, of K for the reaction,

Si0,+ 2Hy = 8i + 20,0
was found to be 2.5 x 10_4 so that the free energy change (-RTlog, K)
is <4 30,900 cals. = By combining this value with the known free energy

changes accompanying the formation of silica and water vapour the free

energy change accompanying the reaction

81(11q) = 5%(411 soltn in Fo) Ca% be calculated.
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Thus;
0
i = = 0, 900 .
3102 + 2H2 si + 2H20 AG 1600°C + 30,900 cals
R e an o — B
Sl(liq)"" 0, = 8i0, 86° 1 o000 = ~126,100
0 - =8i +2H 0 AG° = =95,200
Si(liq)+ AR 2 1600°C 92
0 — 2HO AG® = 68,000
T 0% 2 | 1600°C ’
0
si —  si AG = =27,200
Mg & = 1600°C 2Ty

. (13)
This value differs appreciably from that calculated by Chipman

but, as it has been obtained without using the uncertain data on the
reaction
SiO2 = S5i +20 "
from which the latter value was calculated, has been considered as
being the more reliable. |
At 1600°C as has been shown (p.33), this value yields a ratio
of activities on the two scales of measurement of 0.0007. By analogy
with other elements the entrOpy-change accompanying the reaction,
Sihaq) = &
(17)

should be small so that the error introduced in assuming that the

value of the free energy change for the reaction does not vary between



1600°C and 1500°C will be small.’ Making this assumption the ratioc of
activities on the two scales of measurement is found to be 0.00047 at
1500°C.

(i1) The effect of Carbon on the Activity Coefficient of Silicon

The values of the activity coefficient of silicon obtained by
Chipman(13) and by Chipman and Gokceélz) apply only to iron silicon
alloys and when one is dealing with iron-carbon-silicon alloys the
effect of carbon on this activity coefficient must be known before

. 1
the activity of silicon can be calculated. Ghlpman( 3) has calculated

~ this effect from results obtained by K&rber(ls)iin his study of the .

effect of carbon additions on the equilibrium position of the reaction
510, + 2 = 2(M0) + si
The equilibrium constant for this reaction is given by the equation
2
K_ %m0 x ®si

o)
%wzxﬁm

As the slag was saturated with solid silica, a 510, is unity aﬁd as
there were only small variations in the MnO content of the slag it
was assumed that a Mno'was(gggstant. The solution of manganese in iron
has been found to be ideal go that the activity of manganese can be
taken as equal to its weight percentage. The equation thus becomes
K? fsy x & Si
T (3m)?

i.e. for any given manganese content, the activity of silicon is fixed.



The decrease in the ratio %Si 5 which K8rber found on the addition of
(%Mn)

carbon to the metal must therefore be attributed to an inerease in the
activity coefficient of silicon.

When discussing the activity coefficient of silicon in ternary
solutions it is convenient to divide the coefficient into its con-
stituents. Thus if fq; is the activity coefficient in the ternary
solution and fgi is fhe corresponding coefficient in plain iron-silicon
alloys then the effect which carbon has on the activity céefficient of

silicon, f? is given by the equation

o1, S

Fas Si c

fc = ..S.l i.e. fs-: fSi x f_.

si gSi i si
Si

So far the nomenclature regarding activity coefficients in ternary
solutions hag not been standardised and numerous systems exist in the
literature. In the present work, however, the system indieated above

will be used, i.es in general, fA denotes the effect of A on the activity
X

coefficient of x, fz is the activity coefficient of x in the plain
iron-x solution and fyis the overall activity coefficient of x in the

ternary solution.
(13)

Valueg of ?gi have been calculated by Chipman in the range

O~43%C  and these are shown in Fig. (8). The main critieism which can
be brought against these values is that in many of K8rber's original

(18)

experiments it was assumed that metal and slag had come to

equilibrium in times as short as 30 minutes.  Similar reactions,
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involving slags more fluid than the highly siliceous ones of K8rber,

(20)

to require longer times to come to equilibrium and

13)

for this reascn the values calculated by Chipman ~° cannot be con-

have been found

sidered as beinz more than approxinately correct.’

(¢) (i) The Activity of Carben in Liquid Iron

(21 .
Using the rogults of Marshall and Chipran in their study of
the reaction

c + CO, = 200

(23) nhag

at 15400C, Chipman caleulated the activity of carbon in iron.

- For the above reaction

2

I(.'._-pcc>

pCOf) = a’C

(o]
and any variation in the ratio p“,, can be attributed to a variation
———*70
Pan X i
002

in f,, the activity coefficient of carbon. As can te seen from
Table (3) this ratio is steadily increasing with increasing carbon

content go that the activity coefficient of carbon must also be

increasing. By plotting values of pZCO against carbon content
p002 % ’Oic

it is found by extrapolation that the value af zero carbon content is
426, Thus to obtain values of g the various values of pzco

pcoz x %G
must be divided by 426. Values of f, obtained in this way are chown



in columm 4 of Table (3) and in column 5 are values of the activity of

carbon on the dilute solution scale.

Table (3)
| ! % %
o | P 1o . o |
Booy EW o §a°= X a, (pure scale)
0 - § 426 1.00 % 0 0

0.216 93 % 430 1.00 % 0. 216 0. 0061
0425 | 191 | A8 |104 | 0ud3 o.0125
0.6/ é 292 455 11.06 c.68 0. 0191
0.85 | 400 § Yl 1.10 0.93 0. 0261
1.06 525 :: 495 11.16 1.23 0. 0343
1.28 | 670 % 52/, 1.23 1.57 0. 0438
1.62 1030 % 614, 1.43 2. 40 0.0673
2.10 | 1510 | 718 |1.68 3.53 0. 0988
2,50 2130 | 852 1.98 497 0.139
2,92 2930 1000 2.3 6.84 0.191
412 7200 1750 408 6.8 0. 470
5,20 {15300 2940 6,88 35.8 1.00

At 1546°C the solubility of carbon in iron is 5.20%. °

The activity of

carbon in an alloy containing 5.20%C is thus unity on the pure scale.

Activities on this scale at other compositions can then be obtained as
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the ratio of any two activities is, of course, the same on either of
the scales of measurement.

Fron purely theoretical considerations Temkin and Shvartsman 22)
have obtained an equation for the activity of carbon in iron. This
equapion

K; = 1 ’ wherex; is the activity coefficient and
l-5N ‘
c

Nc is the atom fraction of carbon, has been derived on the assumption

that the number of sgites available to carbon in the iron lattice is

‘equal to one fourth of the total number of iron atoms. The equation

w28 derived in the first place for the activity of carbon in austenite
but has also been applied to molten iron-carbon alloys. The activity
co-efficient,x;’defined by the equation approaches unity as the atom
fraction of carbon tends to zero. Thie coefficient is not strictly

equal to £, 2__Eg} but the relationship between thetwo coefficients
—
~

can be calculated.
In the first case the activity is given by the equation
ac = KC NC
If the activity in the reference state (i.e. when ‘x;=él)'be

aé then

t — N? |
a, = Nc where Nc is very small.

In the second case if the activity in the reference state be
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ac then

f
a = ZC" where %C" is very small
o

The ratio of the activity of carbon at any other carbon content to

the activity in the reference state must be the same on each of the

scales.
i.e. ?_C_ — f'_Q
al e all
C C
No¥s £
nr, Ze
.NOW ... .' . %bc - . . . ‘. .56X. %C -
Nc- = 12 565C + 12% Fe
~C &Fe
ot %
| Glad ) c?
and N' __ 560C as %Fe —» 100
C ™ 1200 and 5¢ —> 0.
Therefore N, X C 56 x GG . XC .20 fgic
= = 565C + 125 Fe 56 x %C" = e
C

So that £, -— . _1200
| c Yo 56%C + 12 Fe

Values of the ratio fC for various carbon contents are shown in

Ic

Table (4) together with values of f calculated from Temkin and
Shvartsman's (22) XC

[



41

Table (4)

' f ‘ g g fc

| %C g% x; % £, é.(MarShall and Chipman)
0.5 | 0.982 114 ? 1.12 é 1.03

(1.0 | 0.965 §1.29 1.24 ; 1.13 5
1.5 | 0.950 %1.50 1.42 1.30

2.0 | 0.934 §1.78 1.66 | 1.60

2.5 | 0.915 222 | 2.03 1.94

2.0 o900 20 | 243 | 240

3.5 | 0.885 $3.64 3.22 3.00

40 | 0.874 15,40 | 4.23 3.80

45 | 0.860 |10.00| 8.60 470

l i S

These values show good agreecment with the experimental values of

(21) i1 the range 0+3.5%C.  Above 354G

Marshall and Chipman
however, as 1-5N, approaches zero the values calculated by Temkin

and Shvartsman's equation rise rapidly with incréasing carbon content.
The two sets of values are shown graphically in Fig. (9) and where they
diverge the values of Marshall and Chipman(zl), being based on experi-
ment, have been used in the present work for calculating the activity

of carbon.

(1i) The effect of Silicon on the Activity Coefficient of Carbon

The effect of silicon on the activity coefficient of carbon can

be calculated from the influence of silicon on the saturation carbon



®Marshall and Chipmon(m

@ Temkinond Shvart srm:(t';'zJF

o i 2 3 4 5 6
/iage carbon

Fiq. (9) Variation of the gctivity Variation of the gctivi coefticient of carbon

i bon conte -Ca



content éf iron. The percentage carbon at saturation at 150000,
obtained in the present work, is plotted as a function of silicon
content in Pig. (10). Allowing for the effect of the small temperature
difference these results are in good agreement with the wvalues quoted
by Chipman(lB) for 1490°C.  The effect of silicon on the activity
coefficient of carbon can be calculated in the following way.

At 0% Si. the carbon content at saturation at 1500°C has been
found in the present work to be 5.15%. The value of fg found by

2
Marshall and Chipman( 1) for this carbon content is 6.6 so that the

A activity'of carbon on the dilute solution scale is 3. At other

silicon contents, as the metal was saturated with carbon, the activity
of carbon must also be 34. Therefore by dividing 34 by the percentage

carbon present the activity coefficient of the carbon,f in the iron

c?
carbon silicon alloys is obtained. The effect of silicon on the act=-
ivity coefficient of carbon at saturation (fgl) can then be calculated
by dividing the values of fc by the corrésponding values of fg, the

activity coefficient in plain iron-~carbon alloys. The values so ob-

' tained, in the range 0~12% Si, are shown in Table (5).

By assuning that the values of fgl obtained at saturation are

applicable at lower carbon contents the activity coefficient of car-
bon can be obtained for any composition in the ternary solution. 1In

the present work an alternative method of calculating the activity

" coefficient at carbon contents other than saturation values has been

developed. As the underlying principle of this method is the same as
that used in calculating the activity of iron it will be discussed in

the next section of this chapter.
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o s g o C a f :=E§ E fSi:: Eg
% si § c 1 fe c C=ac | *C £
0 % 5:15 | 6.60 | 34 | 6. 60 1.0
1 f .85 |5.50 | 34 7.01 ¢ 1.27
2 ; L.50 | 4.70 | 34 7.55 g 1.61
3 | 420 | 4.15 | 34 .10 | 1.95
A 3.90 |3.65 | 34 8.72 2.39
5 3.65 §3.25 ;| 34 | 9.32 i 2.87
6 3.40 §2.90 |34 10.0 | 3.45
7 | 3.0 | 250 134 | 10.9 T ] Le36
12 2.0 [1.6 |34 17.0 10. 60

On the agsumption that the so called unit cell of iron cannot
a .
simultaneouzly contain both,silicen and a carbon atem, Samarin and
2 (22)
Shvartsman( 3) have extended Temkin and Shvartsman's equation to

iron-carbch~-silicon alloys. The eqpation,ﬁhé& becomes
XC-_-.-

whereXE is the activity coefficient of earbon, Nn is the atom fraction

1
1-5 (Ng+ Ng;)

of carbon and NSi is the atom fraction of silicon.’ Values of the
activity coefficient of carbon in iron-carbon-gilicon alloys calculated

by means c¢f this equation agree well with the values obtained from
the data cn carbon saturation provided the carbon and silicon contents

are low. At higher carbon and silicon percentages the values given

(23)

by Samarin and Shvartsman's equation are much higher.” This is

illustrated in Table (6).



Table (6)

T T fo
o owm Y £ . (from Vershall and Chipman
i i . plus carben saturafion results).
1, 1 146 {140 1. 40
1 ; 2 § 1.701 1.62 ? 1.70
1 % 3 2.00 | 1.91 2,12
14 20 | 2.30 2.60
* 2 1 2.10 §1.92 1.98
? 2t oo i 2.30 §-2;1o 2.45°
2 L § .80 54.40 g 3.73
3 1 3. 50 %3.08 3,00
3 3 8.70 g 7.50 4. 60
4 1 9.10 | 7.20 4770
4 2 140.0 |34.0 5,80

Samarin and Shvartsman's

carbon are equivalent atom for atom in the liquid iron structure.

equation implies that silicon and

This may be the case in dilute solutions but from a consideration of

the data on the effect of silicon on carbon saturation it can be seen

that it is not so in more concentrated solutions and herein probably

lies the cause of the deviations of the calculated values of the

activity coefficient from the experimental values. In Table (7) are

shown the aton fractions cf carbon and silicon in iron which is



saturated with carbon at 1500°C.. The sum of these atom fractions
increases with increasing silicon content. (fifth column of Table 7).
This means that each atom of silicen entering the liquid structure
displaces less than one atom of carbon i.e.’ one atom of silicon is

equivalent to less than cne atcocm of carbon.

Table (7)
; : | i
pei| % § Mgy g No | T+ N,
0 515, O | 0.203 | 0.203
1 § 485 é 0. 017 E 0,191 | 0.208
2 % .50 | 0.034 % 0.177 | o0.211
3 | 420 . 0.051 } 0.165 | 0.216
4 | 390 | c.oe j 0.154 § 0.222
5 3.65 | 2085 | 0.144 ‘ 0.229
6 3.40 0.101 0.134 ; 0. 235
L7 3.10 | 0.118 % 0.122 % 0. 24,0
| s 2.85 | 0.135 § 6.112 g 0. 247
9 | 2.60 | 0.152 2 0.102 % 0. 25/,
10 2.40 | 0.169 ‘ 0. 094 i 0.263

(d) Activity of Iron in Fe~C-Si Alloys

Although the activity of iron in iron-carbon and in iron-sili-

con solutions can be obtained by means of the Gibbs-Duhem equation it is



not possible to extend this equation in ternary iron-carbon-silicon
alloys and as no experimental values are available some other method
must be used in obtaining the activity of iron in such alloys. One

method of doing this is by extending the line of thought of Morris
(24) (25)

and Buehl s Sherman and Chipman and of Temkin, Samarin and

(22) (23)

Shvartsnan

Morris and Bueh1(24)

in their study of the effect of carbon and
silicon on the activity of sulphur in iron found that the activity -

coefficient of sulphur was not given by the equation

vhere fS is the activity coefficient of sulphur in the quaternary

C &i S
solution and fs, fs s and fs

Fe-C-S, Fe-S5i=S and Be-S solutions respectively. However by introduct-

are the activity coeffieients in the

ion the idea of the "carbon equivalent" of silicon the combined effect
of carbon and silicon on the activity of sulphur could be calculated.
The method employed is illustrated in Fig. (11). If the solutien
contained say a{C and b%Si then the effect of silicon on the activity
coefficient of sulphur is the same as that of x{ carbon. The combined
effect of the carbon and silicon is then given by the vajue of éé
corresponding to (x+ a) %C. Thus x% is the carbon equivaleht of
b%Si.

Sherman and Chipman(25) found that this method of combining

activity coefficients was applicable in other quaternary solutions

e.g. Fe-C~P-S and Fe-C-n-S and also in quinternary solutions e.g.
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Fe=C=Al=Si=S. Although the method so far has only been used in
finding the combined effect of two or more solutes on the activity
coefficient of another it would seem probable that in certain cases
the effect of two solutes on the activity of the solvent, may be
estimated in a similar way.

This argument receives some support from the work of Samarin and
Shvartsman(23) and of Temkin and Shvartsman(zz)‘ Samarin and

(23)

Shvartsman's equation for the activity coefficient of carbon in

Fe-C~Si alloys.

T=-35 (NC:I-NSi)

implies that, regarding their effect on the activity coefficient of
carben, carbon and silicon are equivalent atom for atom. Making the
same basic assumption as Samarin and Shvartsman(ZB), i.e. that the
number of places available to carbon in the iron lattice is equal to
one fourth of the total numbér of iron atoms, Temkin and Shvartsman(zz)

have derived an equation for the activity of iron in iron-carbon alloys.

This equatioen,

2
- N
Fe

where ap, is the activity of iron on the pure scale and Np, and Na
are the atom fractions of iron and carbon respectively, gives, in the
lower carbon range, values in excellent agreement with those calculated

1
by’ChipménB%y means of the Gibbs-Duhem equation.



Table (8)

7 C 0.85 2.10 Lel2 4. 50 5.00 5.20

a.Fe 0.96 0.88 0.67 0.59. 0.34 0.0 E

(T & 8)

a0 T0.96  0.88 0.70 0.66 0.61 0.59
(Chipman) |

At higher carbon contents (Table (8) ) the two sets of values show

(22)
considerable divergence probably because Temkin and Shvartsman's

" basic assumption no longer holds. Although Temkin and Shvartsman did

not apply their equation to liquid iron-carbon-gilicen alloys it would
be expected that an extended equation

A
4 (Mg +Ng4) )*

NFe

A, = FF

would give, by analogy with the equation

o - __ 1

accurate values of the activity of ircn in dilute solutiqns'ﬁutftﬁat in
more concentrated solutions the activities of iron so obtained would
diverge from the true values.

The principle remains, however, that if the silicon content can
be replaced by a true "carbon equivalent™ which is added to the carbon
content then the effect of this total carbon represents the combined
effect of carben and silicen. Until the relationship between liquid

metallic structure and activities is better understood the carbon



equivalent of silicen must be derived from experimental data.

Cne way of arriving at a carben equivalent of gilicon is by
utilising the results on the effect of silicon cn the gaturation
carbon content of iron at 1500°C.
section,values of fc, the activity coefficient of carbon, can be
derived from this data and these are reproduced in the third column

of Table (9). In the first and second columns are the percentages

of silicon and carbon at saturation.

‘Tﬂﬂefg}

As explained in the previous

. ) Total |Carben equivalent
woio 5C g £ Hlog £ { mquivalent carbon | of silicon
f, |

0 | 5.15 {6.60 10.8195 5.15 | 0

1 z 4-85 7,01 J0.8457 | 5.25 0. 40
2} 450 |7.55 10.8779 | 5.0 0.90

3 | 420 |8.20 10.9085 | 5.55 1.35

! ! .

4| 3.90 {8.72 (0.9405 5,72 1.82

5 1 3.65 {9.32 10,9694 5.85 2.20

6 | 3.40 10.0 {1.000 6.0 2.60

7 3.10 {10.9 i1.0374 6.18 3.08

In Fig. (12) the values of log f, obtained by Marshall and Chipman

(21)

in plain iron-carbon alloys are shown plotted against the percentage

carbon. Log fc is plotted rather than fc to facilitate extrapolation
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of the graph beyond carbon saturation. From the extrapolated

- portion of the line,carbon contents corresponding to the values of

log £, in Table (9) can be obtained and these are shown in the fifth
column. These carbon contents represent the combined effects of
carbon and silicon on the activity coefficient of carbon and by
subtracting the actual carbon percentage present the carbon equivalent
of silicen is obtained. These values are shown in the sixth column
of Table (9) and also graphically in Fig. (13). Utilising this

carbon equivalent of silicon the activities of iron and carbon at
iSOOOC'cén‘néw.bé'éeﬁefminéd in'ifoh-éafbbn;silicén‘ailéyé}‘ 'Téking,-

for example, an alloy containing 3% carbon and 3% silicon,

the carbon equivalent of silicon from Fig. (13) = 1.35%

so that the total carbon content = 4.35%

From Fig. (11) log f o= 0. 660 and therefore fC: L+57." The activity
of carbon is thus 4.57 x 3 =13.71. Similarly, from Fig. (14) in
which values of the activity of iron in plain iron carbon alloys,
calculated by Chipman(13) by means of the Gibbs-Duhem equation, are
plotted against percentage carbon, the activity of iron can be

obtained. The value corresponding to 4.35% is 0.67.

For purposesqxfcomparison,values‘of the activity of carbon

calculated by this method are shoun in Table (10) together with

values calculated by the method indicated in the previous section.
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Table(10)

a
? si ¢ c Total % aC aFe
$C 581 ((=fg x fyx %C) ‘equivalent |- from from
’ carbon  lequivalent | equivalent
- i carbon carbon |
1 1 1.32 1.45 {132 092 ;
1 2 1.69 | 1.90 L1550 0.89 §
1 4L 2.8 . 2.80 { 2.22 | o0.82
2 1 4. 08 2.45 i 390 | 0.85
E A R S
22 5.18 2.90 P kb2 0.81
2 Lo 7.70 3,80 % 7. 00 0.73
§ - |
3 1 9.15 3.45 ; 9. 00 0.76
!
3 L. 17.25 4+ 80 i 16.35 0.63
: §
4 1 19.32 b 45 g 18.60 0.67
i ; '
A 2 24,0 L4, 4+90 | 22.80 0.62
| 45 l 1 27.5 495 1 26.6 , 0.61

In the sixth column of Table (10) are shown values of the activity
of iron in the alloys selected. As can be seen the two sets of
values of the activity of carbon differ but slightly. In the present
work the wvalues calculated from the equivalent'carbon have been used
because these do not require the as$umption that the values of fgi
calculated at carbon saturation remain constant at lower carbon

contents.
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(e) The_Activity of FeD

(26)

Taylor and Chipman in their work on‘the activity of FeO in
CaC_MgO-SiOZ-FeO slags measured the activity of FeO in the range
90-10% FeO. Richardson and Jeffes(S) in a rather lengthy extrapolation
from these results obtained a value of 0.0B(refer:ed to pure Fe0)
for a slag of this type containing 1% FeO.
Winkler and Chipman(27) in their study of the distribution of

phosphorus between glag and metal also obtained values for the activity

of FeO0. They found in a compiex slag mainly compesed of Ca0,

- 8i0_ and P_O_ but also containing -small quantities of Can‘and'MnO'

2 25
that for an FeO content of approximately 3% the activity of FeO was

0.10. Assuning that in the range 1~3% FeO the activity of FeO is
proportiocnal to the percentage FeO then 17 FeO would correspond io an
activity of 0.033.

Although these two results are in substantlal agreement it is
thought that, in view of the large difference in composition betweeﬁ
these basic slags and slags of the blast furnace type, the application
of these activity figures to the latter type of slag is hardly

justified.

(f) The Activity of 510, in Ca0~Al,0, — Si0, Slagg.

3
(20) (28)

Several investigators have computed, from the phase

diagram, the activity of silica at 1600°C in Ca&%SiOz melts.

The various values obtained are in substantial agreement and those of

ey(28) (29)

R are showm in Fig. (15). Chang and Derge determined the
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activity of silica in molten calcium silicates using an electromotive
force methed in which the two electrodes were graphite and silicon
carbide. Their results, shown in Fig. (15) are in good agreement
with those calculated from the phase diagran. Chang and Derge also
made some measurements in the Ca0~A120§‘Si02 system but, in this case,
although the activities of silica in the various melts could be
calculated relative to one another, the values could not be placed

on an ahsolute scale, i.e. on a scale relative to pure silica at
16C0°C.

(3)

Tulton, Grant and Chipman'”’ in a recent paper studied the -

equilibrium position of the reaction

(3102)4- 2C = Si -+ 2C0 at 1600°C

The equilibrium constant for this reaction is

2
r g3 P
K = Six co

a 2
8102 x ag
As the work was carried out in graphite crucibles under a CO pressure
of one atmosphere 2= Ppg = 1, so that
K= -8
8102
In each case the metal was saturated with carbon so that alloys with

equal silicon contents had equal silicon activities and therefore the

slags in contact with these metals had equal silica activities.
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Fig. (16) reproduced from Fulton, Grant and Chipman's paper shows
iso=~silicon and therefcore iso-~silica activity lines.  Although the
actual silica activities corresponding to the various percentages of

silicon were not calculated in the original paper, this can be done

(28)

using the results of Rey (Fig. (15)). For example 20% Si is

obtained at equilibrium under a plain Ca0-5i0, slag containing 54%

2
Ca0. This corresponds to a molar percentage limseof 55.7 and an

The values of the

activity of silica from Rey's curve of 0.14.
acti&ity of gilica, calculated in this way, for the other iso-silicon
lines are morked in TFie. (16).

The 5laz used in the precent werl: had the compositicen 318 Ca0,

285 810, 417 AL and is nmarked by a cross in Fig. (16)." As can
o

203
be ceen it lies well outside the range of composition covered by the

(3)

work of Fultcen, Grant and Chipman and extrapolation of the iso-

silica activity lines is not justified.
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(a) Introduction.

The reactions which have been studied in the present work are

(1) ¢ 4+ (Fel) = CO —+ Fe

¢
\

(2)

2

+ 2 (Fel) = (3102)+ 2 Fe

«Q

(3) 20 + (5102).—..— Si + 2C0

The experiments performed in the study of the first two reactions
and in which ¥eO wag present in the slag were carried out in fhe
composite molybdenum alumina crucibles described in -Chapter (3).

In the study of the third reaction the metal and slag were contained
in graphite crucibles.

In Table (11) are presented the chemical analyses of samples of
metal and slag from the experiments performed at 150C°C in the
investigation of the equilibrium positions of reactions (1) and (2).
The results obtained in the study of reaction (3) will be discussed

in a later section of this chapter.

The equilibrium constants for reactions (1) and (2) are

'
Kc — Poo x %Fe and Kéi _ a8102 x azFe
a - Fat

¢ x 2Fe0 *si  x 2°Fe0

where the symbols are as defined in the previous chapter. To
facilitate discussion of the results, the reciprocals of these

equilibrium constants, denoted by Kc and KSi respectively have been

used.




Table (11)

Time Metal Slag
at
1500°C | g ;
i ¢ ! FeO | CaOl g 41,0, % 810,
Hrs. : A :

x 0.20 3,50 1.40 1 30.5 ¢ A1.4 28.1
I 0.67 §3.82 C.68 { 29.5 | 41.5 28.0
yA 0.85 [3.42 {0,901 20.6 § 42.0 27.7
{ by 0.95 13.40 {0.88 § < - 27+ 4
15 | 4z 1.07 13.57 0,90} 30.0 . 27.2
16 | 4r 1.21 3.72 0.55 { 30.5 27.0
17 L o4l §{3.47 - 1 0.99°§°31.2 1 - | 28.3
18 i 4 1.79 13.30 1.08 { 29.2 | 40.5 27.5
19 1 4 2.25 13.50 0.76 | 29.3 | 42.0 27.9
20 f 4—%— 2.28 {3.3L 0.79 & 30.3 - = 2.0
21 1 4L 2.32 {3.43 0.86 ] 30.7 | 41.0 | 28.0
22 Jas 2,20 13.16 0.86 | 30.0 | 4.0 | 27.1
23 L 2.45 13.27 0.80 { 31.0 | 41.0 [ 28.3
2/ L 3.28 j2.87 0.76 § 30.2 | 4.3 | 27.1
25 yA 3.92  13.27 0.50 § 30.5 ; 41.0 ! 27.9
26 yA 3.97 13.26 C.43 { 30.1 - 217
27 Ly 3.98 3.2 0.42 } 31.5 | 39.8 , 28.
28 4 5,10 32.52 0.35 1 30.1 | 42.0 [ 27.1
29 s 5.50 }2.46 0.32 - - | 21.5
30 A 0.68 [2.66 1.15 § 30.4 - | 27.3
31 L 0.76 12.86 1.00 § 29.7 - 28.0
32 A 5.5, |1.61 0.33 | 31.5 | 41.0 28.2
33 L 0.05 |4.30 0.45 | 30.2 - 28.0
3/ 4 0.05 |3.87 0.85 | 31.2 - 27.1
35 J, 0.05 [3.50 1.18 | 30.5 27.2
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(b) (1) The reaction C + (Fe0) = CO +TFe

As the partial pressure of carbon monoxide could be taken
as unity as explained in Chapter (3), the equilibrium constant for this

reaction becaomes

E - ac x  2Fa0

—

c AFe

In Table (12) are shown values of the activities of carbon and of

iron caleculated by the method involving the carbon equivalent of

"silicon ‘as explained in the previous chapters ° As no value is -

available for the activity of FeO in such slag it was assumed as a

first approximation, that the activity of FeO is proportional to

the percentage. Values of 'Kc using the activities so calculated

are also presented in Table (12). In the three runs A30, A31,

and A32, the metal was not initially saturated with carbon and as

no carbon drop occurred on the addition of FeO it was assumed that

the carbon content was lower than that in equilibrium with the FeO

added. As no mechanism was available by which the carbon content

could increase these runs could not come to equilibrium with réspect

to carbon and for this reason values of 'Kc have not been calculated.
In the runs, A33, A34, and A35, no silicon was added to the

initial metal so that the effect of silicon on the activities of carbon

and iron coculd be eliminated.

| B
As can be seen from Table (12) and Fig. (17) the values of K,

are not constant and show a tendency to increase with increasing
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Table (12)

5 ! : 5 —
2 Run | ; ‘"Total” a 1
S A |gSil9C [ 9RO [ZC | C Fe | fg 4 1x, x10”
| i : ; ;

11 | 0.20 {3.50 | 1.40 | 0.10 | 3.60 0.76 |3.25 { 1.4 2.10 |

12 | 0.67 {3.82 . 0.68 | 0.30 | 412 10.70 t .10 | 15.5 1.51

13 0.85 13.42 : 0.90 0.383 ! 3.80 {0.73 { 3.60 { 12.3 ' 1.51

1 0.95 {3.40 ! 0.88 C.43 ! 3.83 i{0.73 }3.60 f 12.2 : 1.47

15 1 1.07 {3.57 : 0.90 | 0,47 | 404 [0.70 4.0 | 1441 1.80

16 ] 1.21 (3.72 ¢ 0.55 | 0453 & 4e25 10.69 | 4.40 | 16.4: 1.31

17 141 §3.47  0.99 | 0.62 | 4,09 j0.70 {4.05 . 14.0, 1.98

18 1.79 :3.30 1.08 0.78 Le08 10,70 1§ 4.05 :© 13.4 : 2.07

19 [2.25i3.50 | 0.76 | L.0O 450 {0.66 | 4.90 | 17.1: 1.97

200 | 2.28°33.34 § C.79  11.02 | 4.3410.68 {450 | 15.0 1.74

21 {2.32 {3.43 1 0.86 1.02 Leh5 10.67 14.70 . 16,0, 2.06

22 12,40 i3.16 | 0.86 | 1.06 422 10.69 :4.30 [ 13.6: 1.69

23 1 2.45 13.27 10.80 | 1.10 4-37 |0.68 |L.57 . 15.0) 1.76

2L, 13.28 12,87 | 0.76 | 1.45 4o32 10.68 | 4.50 [ 12.9 { 1.44

25 13.92 13.27 {0.50 |1.73 | 5.00 |0.61 [6.20  20.3 | 1.66

26 | 3.97 {3.26 | 0.43 |1.78 | 5.04 |0.60 16.30 :20.5 ¢ 1.47

27 13.98 i3.24 0.2 |1.79 | 5.03 [0.60 [6.30 :20.5| 1.4

28 15,10 :12.52 | 0.35 | 2.25 4e7T 10.64 15.50 §13.9 ¢ 0.76

29 | 5.50 12.46 | 0.32 | 2.43 .89 |0.62 }6.00 3 14.8; 0.77

30 0.68 12,66 1.15 0. 30 2.96 10.81 [2.40 ! 6.40 -

31 0.76 12.86  1.00 0.35 3.21 {0.78 [2.66 :7.60| -~

32 5.54 13.61 1 0.33 2. 47 Le02 10.71 | 4.07 16.55} =

33 0.05 14.30 | 0.45 - 430 {0.68 |4.35 }18.701 1l.24

34 | 0,05 {3.87 | 0.85 - 3.87 10.72 |3.65 |14.10} 1.67
i 35 0.05 {3.50 1.18 - 3.50 10.76 |3.05 {10.70; 1l.66

s 23—

= C =equivalent carbon
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percentage of I'e0. This would indicate that the activity of FeO is
not proportional to the percentage but that the activity coefficient

a . . . . .

(== FeO) is decreasing with increasing percentaze of FeO.
‘.~4

( /-;F e 0)

(ii) Calculation of the Activity of FeO

. . . a a .
From a consideration of the ecuation K, .. ¢ x TeO it can be
) ¢ &pg x Peo

seen that %Fel = K, x fgg when Poc= 1. TFrom the thermodynomic
a

C
data given by Richardscn and Jeffes(lg) the value of K, can be
calculated.
Thug
(1) Fe 4 $0, = Fe0 AG° =  =55,625 + 10.84T
(i1) € + 0, = €O AGC = =26,700 -20.95T

and by subtraction

(iii) TFe 4 CO= C+Te0 AG %= =28,925 4 31.79T

Therefore at 1500°C, -RT logy K= 27,575 cals and

Cc
Ko = L.07 x 107

The frce energy expression for reaction (ii) refers, to the
oxidation of graphite and not to carbon dissolved in iron so that the
value of K, ohtained incorpcrates the activity of carbon measured on
the rurz scale.  The activity of carbon in iron saturated with carbeg
at 1500 is, on the pure scale, unity, and on the dilute solution

scale, 34 (5.15 x 6.6). By dividing by 34, the activities of carben in



o]

Table (12) have thus been coaverted to the pure scale and values of

Kc X fﬁg are shown plotted against the percentage of FeO in Fig. (18).

a
Y

The thres runs in which thore was no gilicon prezent are marked thus .
The mean line has been drawn through these points as it was thought that
the activities of iron and carbon in plain iron carbon alloys‘are nore
firmly established than those in Fe-C-5i solutiong, The remaining
points are grouped fairly closely round this line but the fact that

the majority of the points lie below the line would suggest that there

ig some snall systematic error which results in either an under estimated
activity of iron or an over estimated activity of carbon.

o Thé falﬁeé éflthe‘aétivit& 6f'FéO, on the pure scale, for various
percentages of FeC are presented in Table (13)." Also shown in the
Table arc two activity coefficients; one equal to the activity divided
by the percentage of FelO and the other the normal activity coefficient;

x, equal to the activity divided by the mole fraction.

Table (13)

“Fe0 0.3 C.5 0.7 0.9 1.1 1.3 1.4
8Fe0 x 104 | 3.9 5,2 6.5 7.8 9.0  10.3 11.0

o a A v - - e T R KA A A
m—iﬁg x 10" 43,0 10,4 9.3 8.7 8.2 7.9 7.8
%SFel
2Te0 0.13 c.11 C.10  0.09 0.084 0.082 0.081
NFeO

The results show that FeO when dissolved in the slag of the composition

used in these experiments exhibits strong negative deviations from
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ideal behaviour. The value of the activity corresponding to 1%
FeO is approximately 30 times smaller than the value of 0.03 calculated

(26)

by Richardson and Jeffes(5)ffom the results of Taylor and Chipman on
moré basic slags.e A surprising feature of the results is the fact

tﬁat FeO decreases by a factor of 2 in the small range of FeO

contents examined. In view of the major influence which the slag

Fe0 exerts on the sulphur and silicon contents of pig iron it weculd be
desirable to know whether the above effects are cdue to the high alumina

content of the slag used in the experiments or whether they are found

in more normal blast furnace type slags.

(¢) The Reaction Si <+ 2 FeO =5i0,+ 2 Fe

For the above reaction, the equilibrium constant used in the

present work is given by the equation

a 3-2
KSi = .91 x FeO
It can be seenlhdwever,from Table (11) that apart from the FeO
content, the percentage variation in the other slag constituents is
very szall and for this reason the activity of silica has been taken
as being censtant throughout the series of experiments. The product

2
@ Fe0 x 831 should therefore be constant and this product has been

2
8 Fe

'
denoted by Kg;» In Table (14) are shoun values of the activities
of silicon and iron calculated as indicated in Chapter (4). Two

sets of values for the activity of silicon are shown, the first set




Table !15)

‘ b si 1% Si ; ! i ! !
'@ oas o b ;oL [ 51 C aa; 1 .% | oa :
Rzn é e Si ¢ C §p Fel § fSi § fSi fSi =51 aSi i Fe | 2KSi % si
; ‘ ’ :

11 { 0.20 §{ 3.50 ©1.40 $1.10 | 1.01 {3.35 §0.74 10.68 10,76 | .2.51 i 2.16
12 ¢ 0,67 | 3.82 {0.68 }1.33 | 1.C2 13.75 143.32 [2.85:0.70 { 3.13 | 2.40
13 §0.85 | 3.42 {0.90 {1.41 | 1.03 i3.25 [3.90 {2.84 {0.73 | 5.60 | 4.15
14 1 0.95 1§ 3.40 {0.88 {1.45 | 1.04 13.25 {447 {3.21 10.73 6.50 | 4. 65
15 11.07 {3.57 10.90 ;1.51 | 1.04 13.45 145.55 {3.85 {0.70 | 9.15 [ 6.30
16 | 1.21 | 3.72 10.55 {1.59 | 1.05 {3.62 {7.00 {4.60 {0.68 | 4.60 { 3.03
17 | L.41 1 3.47 10.99 11.66 | 1.06 13.32 17.75 14.9510.70 } 15.8 110.10
18 {1.79 {3.30 (1.08 {1.82 | 1.07 [3.15 {10.3 [6.05 }0.70 | 24.5 i14.4
19 | 2.25 | 3.50 ;0.76 $2.00 | 1.08 B.35 i15.1¢ {8.15 {0.64 | 19.7 110.8
20 1 2.28 | 3.34 10.79 {2.01 ] 1.08 {3.15 1144 [7.75 {0.67 | 19.9 110.7
21 1-2.32 1 3.43 10,86 }2.02 . {1.08 3.25 .i15.3 %8.15- 0. 66 26.0- 113.9-
22 §2.40 |3.16 10.86 2.0, @ 1.08 .00 {147 7.76 [0.68 23.5 12,4
23 | 2.45 | 3.27 10.80 12.06 1.09 .10 {19.7 18.30 |0.67 28.0 £11.8
2 13.28 [2.87 10,76 }2.40 {1.12 2.70 21.2 19.90 {0.67 25.0 111.7
25 | 3.92 | 3.27 {0.50 {2.63 | 1.14 {3.10 {32.0 {13.8 {0.60 22.2 { 9.90
26 13.97 |3.26 10.43 12.64 | 1.14 B.10 {32.3 114.0 {0.60 | 16.6 } 7.20
27 3.98 |3.24 [0.42 {2.65 | 1.14 3.10 {32.2 $14.1 {0.60 ! 15.8 | 6.80
28 15,10 {2.52 [0.35 2,92 {1.18 [2.40 35.6 §14.4 [0.62 | 11.5 | 4.65
29 15.50 } 2,46 10.32 13.02 1.20 2.30 1i38.8 §15.2 10.60 11.0 § 4.35
30 | 0.68 }2.66 11,15 [1.33 | 1.02 2,50 [2.28 §1.74 {0.81 | 4.55 ! 3.50
31 {0.76 |{2.86 }1.00 [1.37 |1.02 k.70 I2.77 (2.10 |0.78 Le55 1 3.4
32 15.54 1.6 {0.33 |[3.02 1.20 f1.75 120.2 §11.6 [0.69 6.75 | 2.68
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Si 13
being obtained using the values of fgj given by Chipman and the

second set using the values of f:; given by Gokcen and Chipman .

(13) (18)

In both cases the values of fgi obtained by Chipman'~’ from K8rbers

13 Si
results have been used. VWhere Chipman's values of fgi have been

used the activity of silicon has been marked with an asterisk thus

*®
aSi‘ and values of KSi

been similarly marked.

obtained using this activity of silicon have

In the first case the activity of FeO has been taken as being

2 *
proportional to the percentage and values of KSi andeSi 5

ags X (%Feo)?),are,shown in Table. (14).. As cah be .seen

a< 7

Fe

these are not censtant and when plotted against the percentage of
silicon give the curves shown in Figs. (19) and(20). By replacing
the percentages of FeO by the activities found from the carbon results

] lKii
values of KSi and si

are obtained and these exhibit equally large
variations Table (15).
In an attempt to determine which activity is in error the activi-

ties of FeO and iron have been eliminated in the following way.

2
By = 25t x "F0  and X _ 2 x “Feo
3.2 Qs a
Fe x 8102 Te
Therefore 2 2
& 8% %si0,
Kes  agy

2 .
i.e. when the activity of silica is constant the ratio a ¢ should

%51

also be constant. The values of K,.. can be deternined from thermo=-

Si
dynamic data in a similar way to that employed in calculating Kc
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Table (1
A T, x 10° KS: x 10°
11 1.52 1.39
12 2,69 2.06
13 Lo 34 3.15
1, 487 3.50
15 6.70 4o 65
.16 Lol - 2.94
17 11.20 7.14
18 16. 40 9.60
19 16.20 2.71
20 15,40 8.32
21 18.70 9.95
22 16.90 8.90
23 21. 50 9.05
24, 21.2 9.90
25 23.4, 10.1
26 20. 4, 8.82
27 20.3 8.90
28 15.7 6.35
29 17.1 6.70
30 3.20 2.32
31 3.22 2.4,
32 9. 60 3.83




i'- Ce '
2Fe + O, 2Fe0 AGO= =111,250 +21.67T

0 Si0 AGP= =217,600+ 43.79T

i+
Sl(l) 5 5

il

2Fe + 510, = Bi (1)4— 2Fe0 AGO= 106,350 -27.12T

+ 58,400 cals. at 1500°C

Si AGO ~27,200 cals. at 1500°C

1) = S(in 7e)

B oA - -

+ 2 FeO AGO= 431,200

a0 that 2Te + 8102‘f= Si(in Fe)

: L
L = iy e Oas
or Ky o= L.glx107h

Kc has been previously calculated ag 4.C7 x 10"4 when the activity of
carbon is on the pure scale. The corresponding value when ac is on
the dilute solution scale is 4.07 x 10"4 x 34=1.39 x 10-2. The

ratio % x 2510, should thus be equal to 1.37.  The value of the

L')i
activity of silica has been estimated from the results of experiments

done in carben crucibles as being 0.16 (p. 80) and inserting this value

we have azc _ 8.5.

a..
Si

2
Values of 7, and &, are chown in Table (16). As can be seen

. %
asi 4751 ,
these ratios are not constant although they vary in a fairly regular

manner with the percentage of silicon, Figs (21) and (22). Assuming

that the estimated value of the activity of silica and the thermodynamic

data used in calculating KSi and Kc are correct then it is the ratios




Table (16)

R o
Al g afg;
1. 176 192
12 72.5 9
13 38.8 53
14 33.3 41
15 35.8 51.6
16 i 38.4 58¢5
17| 253 39.6
18 | 174 | 29.8
12 . 19.3 35.8
20 15.6 | 29.0
21 | 167 | 314
22 12.6 | 23.8
23 1.4 | 27.2
24, 7.8 | 16.8
25 12.9 | 29.8
26 13.0 30.0
27 13.0 | 29.8
28 5.4 | 13.4
29 5,65 | 14/,

e Ay
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of 320 in the low silicon runs which are toc high, i.e. the activities

Qs
of ciibon in these runs nust be too high or the activities of silicon
too low. From a consideration of the work on the activities of
carbon and silicon presented in the previous chabter it weould appear
that it is most likely to be the activities of silicon which are in
errors The experimental values of Marshall and Chipman(21 for the

activity of carbon agree over a considerable range of composition with

23
the theoretical values of Samarin and Shvartsman( and the experimental

~ results on which the effect of silicon on the activity of carbon-in -

iron=carbon-gilicon ternary solutions is based is in good agreement
with previously determined data(13). Cn the other hand the two
sets of values for the activity of silicon in iron silicon alloys
differ considerably and the work on which the effect of carbon on
the activity of silicon is based is open to criticism.

Moreover, if the variation in the ratio Eﬁg were due entirely

8si ,

to errors in the activity of carbon then this would mean that the
carbon activities corresponding to low silicons would have to be
decreased by at least a factor of 3. As these activities are of the
order of 12 this would mean reducing them to the highly improbable
value of four. It would thus appear that the variation in the ratio

a"~ is largely, if not entirely, due to an incorrectly estimated

| o
Q

o

ol

activity of silicon.
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The activity of silicon in iron carbon silicon alloys is given

by the expression

fSi fC das L.
aSi" 51 ¥ tgy X %31 where the activity

coefficients are as defined in the previoué chapter. An érror in
the assessment of the activity of silicon can thus be due to an error
in either or both of these activity coefficients. In an attempt to
determine whether the discrepancy would be attributed wholly to one
or other of these coefficients it was assumed firstly that the values

(13)

of fgi given by Chipman were correct and new values of fii were

Si
" calculated. ~The alternative case in which fSi was taken as correct

and values of fgi calculated was also examined.

2
In Fig. (23) is shown a plot of 2@ against the percentage
‘ foy * % 8i

of silicon. Provided fgi is correct any variation in this ratio can

Si Si )
be attributed solely to a variation in £y The values of fSi required
to make the ratio constant at 8.5 are shown plotted against the silicon
content in Fig. (24). The large difference between these values of

fgjl. and theoretical requirements (i.e. fs'} —1lat % Si=0) would

Si
suggest that it is the values of fgi which are in error.

Considering the other, and more probable alternative, i.e. that

Si 12
the values of fS; as determined by Gokcen and Chipman( ;re correct and

c 2
foi is in error, a ratio @ ¢ has been calculated. Any variation

fo3

C. .
in this ratio should thus be due to a variation in fSi‘ As fSi is

x % Si

a
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function of the carbon content, the ratio in thisg case has been plotted
against the percentage carbch, Tig. (25). Again the ratio is not
congtant but varies in a fairly regular manner with the carbon content.

5i 1
Using the values of f;; obtained by Chipman( 3) a similar relationship

is obtained, Fig. (26). The values of fgi required to make the ratios
constant at 8.5 have been calculated in both cases and these are shown

plotted against the carbon content in Fig. (27). Also shown are the

1 1
values of fC, calculated by Chipman( 3) from KBrbers( 8) results. The

i
12
- values calculated in the present work .using Gokecen's and Shipman’s( -)»
as
values of fgi agree with Chipman's(IB) results in the lower carbon ranges

but diverge greatly above 3.0% carbon.

Using the second set of values of fgi here calculated, the values

(12)

Si
of fg; as glven by Gokcen and Chipman and the values for the

activity of FeO as obtained from the carbon results, new values of the

2 -
product 2381 x & FeO, designated JKSi’ have been calculated. These

N
a%Fo
are shown in Table (17) and although there is still considerable

variation, a reflection of the scatter of the points in Figs. (25)
and (26) it is much less than was previously the case. ('KSi).

C 1
Uging the first set of values of fSi and Chipman's( 3) values of

Si 3 %
fSi’ KSi Has been calculated and which shows similar variations.

Table (17).



Table (17)

29

170 l}.

9.3

A z 5y % 10 % 3K§i x 100
11 % L1 % 6.55
12 % 19.9 22.6
13 % 9.2 13.0
1 9.5 13.6
15 22.0 25.6
16 s 23.4 | 2.6
7 o a0 3.5
18 | one 30.5 §
vl s 41.0 é
20 | 2.8 ; 29.2 g
2 39.5 L 4002 :
22 19.8 L a6
23 240 2 ! 27.9
o 20.5 17.6
L 25 318 Ly
26 23,5 L oy
27 27.0 é 26.0
28 15.6 g 9.3

UL RRE IR



(d) (i) The reaction 2C-I-SiO* = Si -R2CC
In order to determine the silicon content of iron in equil-
ibrium with a slag of the composition iXf. AI*O”, 28* 8iO”, 31/j CaO when

the ox”rgen potential is controlled by the reaction,

20 t 0 = 200

a series of experiments was done in carbon crucibles at 150070. The
chemical analyses of samples taken from the metal and slag are shoim

in Table (1#). The "initial metal" sample was taken immediately prior
to, and the final sample taiven 6 hours after, the addition of the pre-
formed slag. The slag was made by fusing a mixture of the pure oxides
GO, AI"O3 and SiO . The final slag analyses show that the composition
in each case approximates closely to that desired. By using the
absorptiometric method described in Ohapter (3) the small FeO content
of the slags was also determined.

The variation of the silicon content with time in the various runs
is shown in Fig. (2F). In run -1(36) in which no silicon was present
initially the silicon, rose from 0 to 1.1* after 6 hours at 1500°G,
the major part of the reduction talcing place in the first hour. In
view of this slow rate of reduction a varying amount of silicon was
added to the metal initially and in runs containing less than 20;1 Si
this initial silicon content increased very slightly over the time of

the experiment. In runs containing more than 20;j Si there was a

slight decrease. The silicon content in the run containing 20.7?'

silicon remained constant over the time of the experiment.
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A discussed in Chapter (3) the partial pressure of carbon monoxide
can be taken as helng equal to 1 atmosphere when bubbles of CO are
being produced at the sglag metal interface. However, when the silicon

ccntent of the metal is equal to,cr above,the equilibrium value and

C ig not being produced the partial pressure of CO in the reaction,

Si+ 200 = (SiOz)-l-ZC

must be taken as that in the atmosphere above the slag which in this

case is of the order of % atzmogphere. Cther variables being equal,

the above reaction would only procead under a CO pressurs of one third

of an atmosphere when the gilicon sontent of the metal was such that

the activity of cilicon was 9 timeg E X ; the equilibrium value under
oF

a CO pressure of 1 atmocphere. From the present results this equilibrium

value lies somewhere beﬁween 17.2 and 20.7;: Si so that it would appear

unlikely that the activity of silicon in metal containing 25 and 27 Si

is 9 times the equilibrium value. For this reason it is thought that

the decrease in the silicon content in Runs A43 and 44 is due to some

other mechanism than oxidation by carbon monoxide.

(ii) The Formation of Silicon Carbide

During Run A4/, it was observed that when the metal containing
approximately 27¢ silicon was melted in a graphite crucible at 1500°C
a brown powdery substance remained floating on the surface of the metal.
This substance was skimmed off and identified by means of x-rays as

the cubic or B modification of silicon carbide. The diffraction



D

photograph is shown in Fig. (29) aleng with a photograph of silicon
carbide prepared by heating a mixture of silicon and graphite in a
graphite crucible at 150000. The silicon carbide prepared in this
way had a light green colour. The strong cubic pattern on both
pictures match well and show excellent agreement with the published
data on P silicon carbide as given in the A.S.T.}M. index. Although
silicon carbide was not identified in Run A43 it would be reasonable

to suppose that the reducticn in the silicon content in the metal
during experiments A44 and 43 was due to the slow separation of silicon

carbide formed by the resacticn
Si(in Fo) 4+ C =SiC

Thus, it can be said, that under a CO pressure of 1 atmosphere-the

silicon centent of metal in equilibrium at 150000 with a slag of the

composition 315 CaQ, 28% 510, £15% A1203 lies between 17.2 and 20,75

and that metal in equilibrium at 1500°C with both solid graphite and

silicon carbide contains between 20.7 and 25.C% silicon.  Unfortunately,

time did not permit the fixing of these equilibria within closer

limits and it has heen assumed in each case that the equilibrium

pogitions lie at the mean of the two ranges i.e. at 19% Si and

23.07 Si respectively. .

(i1i) The activity of silicon in iron containing 23% Si, 0.70%C

The fact that metal of this composition is in equilibrium with

silicon carbide allows a value of the activity of silicon to he
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Fig. (29)
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calculated vhich is independent of the activity coefficients previously

Thus the free energy change accompanying the

determined(lz)’ (13).
reaction
Si, ., + C = 8iC
(1iq)
is equal to - RT log, K where K _ 8gic .
an. X &
Si C

As both carbon and

silicon carbide are present in the solid state their activities can

be taken as unity and the activity of silicon determined.

Several expressions for the free energy of formation of silicon

carbide from liquid silicon and solid carboen are quoted in the

literature.

source from which they

have been derived.

Table_ (19)

Some of these are shown in Table (19) along with the

AG® Quoted by Source
-37,800+ 8.6 T qui11 (31 zKelles(rBA) (35)
Chipman and Grant 3
. .(32) . . (36)
-37,200 4 7.4 T Kubaschewski {Wélbke and Kubaschewskl( )
BichOW?kZ a?d ?ossini 37
(Kelley'3 ) (38),
-38,,004 8.5 T Chipman(l7) No reference
-26,500412.1 T | Remin(31) Schenk (39
Using the expression quoted by Quill(Bl) a value of AG® at

1500°C of =22,500 cals is obtained and therefrom an activity of silicon
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of 1.7 x 10“3 on the pure scale. On the dilute solution scale this

activity is equal to 3.3 (L.7.x 10'3). Similar values (2 and 3
(0., 00047 )

respectively) are obtained using the second and third expressions.
Although an accurate value of the activity of silicon in métal

of this composition (23% Si, 0.7C<C) can not be obtained from the

published values of the activity coefficients of silicon, an

» Si
approximate value can be estimated. At 155 Si the value of fS;

given by Gokcen and Chipman(lz) is 3.77 and by a rather lengthy

extrapolation from 15 to 23% silicon an approximate value of 4.0

is obtained for 23] silicen. The value of fgi given by Chipman(IB)

for the carbon content is 1.3. The activity of silicon is therefore

approximately 120 and there is thus a large discrepancy between the

values of the activity of silicon calculated by these two methods.
Using the free energy expression quoted by Remin(BB) a value

for the activity of silicon of 7,000 on the dilute solution scale

is obtained so that an equally large discrepancy exists in this case.
Recently a new value has been obtained (40) for the heat of

combuction of B silicen carbide and frem this an-expresaion. for- the

free energy of formation of B SiC from liquid silicon and solid

(41).

graphite has been derived

This expression,

AGC =  -24,010 + 8.33T.

gives at 1500°C a value of AGPof - 9,240 cals. from which has been



obtained a value of the activity of silicon of 0.C76 on the pure scale
or of 161 on the dilute solution scale. This value is of the same
order ag that calculated using the available activity coefficients
and for this reason it is considered that the above free energy
expresczion for the formation of silicon carbide is more accurate
than those previously published.

(iv) The activity coefficients of silicon

(1) fg;. In Fig. (30) are shown plots against the percentage
silicon of the activities of silicon in iron-silicon alloys obtained

(12) and by Chipman(13). Above 4% silicon

by Gokcen and Chipman
the activities found by Gokcen and Chipman increase linearly with
silicon content. Also marked in the figure is the activity of
silicen in the alloy 23;. Si, 0.7 C (®) obtained from the thermo-
dymanic data on silicon carbide. This activity is hicher than that
in the plain 237 5i alloy by the facter fgi corresponding to 0.7%

(13)

carborn.  Taking the value given by Chipman of 1.3 which is
probably aporoximately correct at this low carbon percentage then
the corresponding activity in the binary alloy is 125, marked ® .
This value is much higher than the activity calculated by Chipman(IB)
for this alloy and does not lie on the extrapolatzd:.straight line

12) .
of Gokcen and Chipman( ). In fact a large deviation from linearity

weuld have to occur between 15 and 23% silicon before the two results
could be reconciled.
. . (12
Examination of the results of Gokcen and Chipman reveals

that above 20 silicon the activity coefficients are based on only

three experimental pcints. TFor these reasons it is considered
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that both the values of fgi of Gokecen and Chipman 12) and of Chipman(lz)
are toc low in at least the higher silicon ranges.

(1i) fgi; The existing values of fgi, the effect of carbon on
the activity coefficient of silicon, put forward by Chipman(IB) have
been criticised in the previous chapter. In thé present wotk two
sets of values have been calculated; one assuming that the values of

(13)

Si
fg; of Chipman are correct and the other that those of Gokcen and

(12) are ccrrect. From the above discussion it is evident

CBipnan
that neither of these assumptions are correct although the latter is
probably approximately so when the range O~5% silicon only is
congidercd.  Therefore, of the two sets of values of;fgi herein
calculated the second set are considered the more accurate. The
correct values of fgi are prohably slightly higher in the range
0 ~57 Si than those of Gekeen and Chipman(lz) and this would result
in slightly lower values of fgi’

In the range 3-4% carbon the values of fgi rise rapidly with
increasing carbon content and therefore for the came silicon content
a small increase in the percentage carbon in this range results in
a large increase in the activity of silicon. It can be shown. (p.82)
that for a constant activity of silica in the slag an increase in
temperature of from 1500°Cto 1600°C should result in an eightfold-
incfease in the activity of silicon in the underlying metal. In
blast furnace practice it would therefore be expected that an increase

in temperature, other factors remaining constant, would result in a

large increase in the percentage silicon. This, however, is not the
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case; termperature variations of up to 50°C causing only relatively
small changes in the silicon content. As the temperature rises,
however, sc doegs the solubility of carbon and, as fgi increases
steeply with increasing carbon content, a higher activity of silicon
results.

This picture is, of course, a simplification in-so-far as it has
been ascsumed that equilibrium is attained in the blast furnace. There
is little doubt that this is not the case(AZ) élthough it is probable
that the system is displaced an approximately equivalent amount from
equilibriun at each temperature.

Another simplification is that the presence of sulphur, phosphorus
and manganese has been ignored. Before a complete analysis of the
system could be attempted the effect of these elements on the activity
of silicon would have to be known, i.e. fgi, fzi and fg?, and also
the effect at various temperatures of these elements on the solubility

of carbon which in turn affects fSi

(v) The activity of silica in the 31¢ CaQ; 287 §102: FARY é;293 slag

Using the free energy expressions for the formation of CO and

SiOz-as given by Richardson and Jeffes(S) the equilibrium constant

for the reaction

510, 4+ 20 =5i + 200

can be calculated.
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Thus;

0

2C 40, = 200 AG = =53,400 =41.90T

Si+ 0, = Si0, AGP= =217, 600+ /8.79T.

SiOZ+ 2C = Si + 2C0 Aa° 164,200 =90.69T.
At 1500°C

AGP = + 3,400 cals.
_ 2
whence K = 0.38 vhere K _ agy X P gg
%510, * 2 G
h = =
Therefore when Poe= % 1l
"sio, = s
0. 38.

Although the activity of silicon in metal containing 19% Si and 0.90%C,

the approximate composition of metal in equilibrium with the slag at

1500°C, cannot be obtained exactly a fairly close estimate can be made.
The activity of silicon in the 23.0% Si alloy has been found to

be 161 from the silicon carbide data and, assuming that fSi does not

change in the range 19-23.0% Si, the activity in the 19% Si alloy

*

. Si C
will be 161 x 1 = 133, fg; is equalto fg; x fg; and there

is little doubt that fi; will decrecase as the silicon content falls

C
frem 23.C to 199,  On the other hand fSi will increase because of

the increased carbon content corresponding to the lower silicon




percentage. (Fig.10). Both changes should be small and as they are
in opposite directiong the overall change in fSi should be negligible.
The activity of silica in the slag in equilibrium with the metal

containing 19% silicon is thus

— 133 x 0, 00047

aa.

or C. 16-

Malton, Grant and Chipman(s) in their study of the reaction

(3102) + 2C == 81 + 2C0

at 1600°C glso found that silicon carbide separated from carbon
saturated iron containing 23% silicon. At 1600°C the free energy

of formation of ©8iC from liquid silicon and graphite is -8,400 cals
giving an activity of silicon in equilibrium with graphite and silicon

carbide of 0.11 on the pure scale or of 0.1l == 157 on the dilute

golution gecale. As it would be expected that fSi is largely
independent of temperature, the agreement between these two figures
(161 and 157) to a large extent confirms the composition of the metal
estinated in the present work to be in equilibrium with carbon and
silicen corbide at 150000

At 1600°C the free energy change for the reaction

510, +2C =3i +2C0

a 2
is -5,60C cals, giving a value of K _ Sixp g of 4.50. The
=
510, * *C

work of Fulton, Grant and Chipman was done in carben crucibles under



a GO pressure of 1 atmosphere so that the constant reduces to

K;;fg; ¢ The activity of silicd:. in the glags in equilibrium with

as_io2

the metals containing 23, silicon is thus 0.11 or O, 025, This

/.. 50

value is approwimately 7 times smaller than that calculated from the
diagram of Rey, Figs (15) and (16), but from a consideration of the
thermodynanic data it can te shown that it is most probably the latter
values that are in error.

Thiis can hest be done by calculating the ratio of the activities
cf silica at 1500°C and 16GC°C which give the same eguilibriun percentage
of silicon in the metal at these two temperatures.

Thus,

. Si x 81 on dilute solution scale.

U
[
I

= I x ©Si x 0.0007 on pure scale at 1600°C,

|
€5
-

or == fSi x 281 x 0.00047 on pure scale at 1soo°c,
The activity of silica in the glag in equilibrium with this activity

of silicon at 1600°C is

o)
aéégo © fg; X, $51 x 0,0007
1 =
2 2 50
and at 1500°C
aI?OOOC fSi,X 781 x 0.00047
S:I.O2 - 5 38
so that  1500°C
2510, e o0 | |
—n fSi w %81 x 0.00047 50
i * £ .. x %5i x 0.00Q7

%510, 0.38 Si
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the reascnoble assumpticn that £, is the saze at 16007C as
ol

it is at 150G6°C, then
~A0
1500
0102

1600°C
3510,

(€]

iee. in order to obtain the same percentages of silicon in the metal
at 150C°C as Pulton, Grant and Chipman obtained at 16C0°C. the
appropriate cilica activities must be multiplied by 8. (Conversely
for equal silica activities an incrcase in tempergture of from 150000
to 1600°C results in an eightfold increase in the activity of silicom).
Taking the values of Rey (Fig. 16) and rcmembering that the activity of
s3ilica cennot be greater than unity it is only possible to multiply by
8 wherec the equilibrium silicon coutent of the metal is less than 205,
i.e. at 1500°C, 207 would be the silicen content of metal in equilibrium
vith a slag saturated with silica.  In the present work, however, it
has been found that at 1500°C the zilicon content of metal in equilibrium
with a slag far removed from silica saturation is 19% so that, assuning
the thermedynamnic data on the reduction of silica by carbon is correct,
the values for the activity of =ilica given by Rey in the range
congidered are too high.
(vi) The FeO content of the slags

An important feature of the results of the runs done in carbon
crucibles is the FeO content: of the slags. The values are shown in

Table (18) and are plotted against the silicon content in Fig. (31).

The FeO figures are considered to be accurate within # 0.01%. As

can be seen from Fig. (31) the FeO content falls from 0.11% at 1.1%Si to
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0.02% at 13% silicon. RBeyond 13% silicon the method of analysis is
insufficiently accurate to determine whether there is a continuing
decresase.

he presence of FeO in the slags would suggest that the reduction

of silica by carben takes place in two stages,

(i) (5102) 4+ 2Fe = i + 2 (Fe0)
(i1) 2 (Fe0) + 2C = 2 Fe+ 200

(iii) (SiOz) 4 20 = $8i + 200

2 2
If the second reacticn comes to equilibrium then K-%Fe-x P CO
a X g2
C & Fed
o= pCO:‘: 1 the ratio of the activity of iron to the
activity of FeO should be ccnstant and assuming that in the small

so that when a

range 0.02 to 0.11% the percentage of FeO igs proportional to the

activity then the ratio ZFeQ should also be constant. By the
®Fe
method described in the previous chapter the activity of iron has

been calculated up to 8.8L silicon and the ratio gzgg calculated.

' _ Fe
To extend the method to the subsequent runs would involve a large
extrapolation of the curve of log f; against carboen content, Fig.(12),
winich is hardly justified. However it would appear unlikely that

the activity of iren in Run A(40) would be less than 0.3 giving a

ratio ZFeQ of 0.07 and taking this result together with the preceding
8Fe
ones there is little doubt that the ratio is decreasing.




It would thus appear that reaction (ii) does not come to
equilibrium but that at low silicon contents a higher than equilibrium
content of FeO is present in the slags. In other words when reaction
(i) is far from equilibrium it proceeds at a faster rate than
reaction (ii).

In run A(45) a plain lime-alumina slag was melted in a graphite
crucible, FeO added, and the temperature maintained at 1500°C for
3 hours. On analysis this slag was found to contain 0.02¢ FeO and
as there was no silicon present in the metal the ratio gggg

7
0,02 — 0.C3. Thus when there is no silica present and*;eo is

0. 59
not being continually produced in small quantities by reaction (i),

reaction (ii) approaches equilibrium much faster than when silica
is present in the slag. Making the assumption that, at.this low
percentage the activity coefficient of FeO in the Ca.O-Alzo3
is not widely different from what it is in the CaO—A1203—8102

slag

slag, and taking C0.03 as being the equilibrium value of the ratio

%Fe0 then the equilibrium FeO contents in runs A(36) .to A(39) inclusive
4Fe '
lie between 0.01 and 0.02.

The slowmess of the reaction

6 + (Fe0) = Fe +CO
at low FeC contents can not however explain the slow rate at which

the reaction

(1i1)  (810,) +2C = gi + 200
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procecdse. The highest FeC content obgserved in the experiments was
0.11; and as the equilibrium silicon content corresponding to this

figure is at least 5% then it would be expected, if the reaction

(1) (SiOz)-+-2Fe = 8i + 2(Fe0)

were rapid, that the silicon content would rise to this figure before

the reaction

(ii) (FeQ) +C == Fe -+CO

became the controlling reaction. It must therefore be assumed that
reaction (i) is itself slow but that when far from equilibrium it
proceeds at a rate greater than reacticn (ii) proceceds at low FeO
contents, i.e. FeO contents below C.1%

The effect of gilica reduction on the metal-glac transfer of sulphur

The most widely accepted view is that sulphur transfer takes place

according to the reactions,

(iv) FeS = (FeS)

(v) (FeS)+ (Cal) == (Fe0) + (Cas)

(vi) ng: +Ca0 =—= (Fe0) -+ (CasS)

1
Rocca, Grant and Chipman( ) studied reaction (vi) in cases where the
slag contained medium quantities of FeO i.e. 0.1% to 5% Théy found

that equilibrium was fairly rapidly attained and also that at low FeO

contents a small increase in the FeO content of the slag resulted in a
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large increase in the sulphur content of the metal.
In experiments carried out in carbon crucibles the TeO is reduced

to a low figure according to the reaction.

(11) (TeO)+ C =Te +CO

so that the overall reaction for the transfer of sulphur is

(vii) FeS + (Ca0) + C =Fe -+ (CasS) + CO.

(2) and by Grant,

This reaction has been fcund by Hatch and Chipman
Troili and Chipman(g) to proceed very slowly when the sulphur content
of the metal is low, i.e. below about 0.1%. At higher sulphur
centents the reaction preceeded rapidly. Grant, Troili and

Chipman = also found that when a plain lime-alumina slag free of
silica was uced the reaction came quickly to equilibrium.

In view of the known slowness of reaction (ii) at low FeO
contents this latter finding is at first sight, surprising. IHowever
reaction (ii) is 1ikely to be the liniting reaction only at FoO
contents below about 0.1% and at this stagze the amount of sulphur
still to be transferred to the slag is relatively small}' For a
slag of the composition used in the present work the difference in
the equilibrium sulphuf content of the metal produced by the presence
of 0.17 FeO in the slagz is of the order of O. %(4). In a systen
containing equal slag and metal weishts the transfer cf this ancunt

of gulphur corresponds to the producticn of approximately C.2% Fel

in the slaze Unless reaction (ii) is extremely slow this small
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annctnt of Fel will be quickly recduced and the overall reaction

(vii) FeS + (Cal) + C =Fe + (Ca8)+ CO

can come to equilibrium.
The picture changes, however, when the reduction of silica and
Lo trangfer of sulphur are taking place concurrently.  Uhen no
silicen is present in the metal initially congiderable reduction takeg
place fron slag to metal. IFig. 22) vhich is reproduced from the
paper of Grant, Troili and Chipnan shows that, {rom the slag used in

3

their experiments, 1.757 silicen is reduced in 8 hours. In the present

wobkx the amount reduced in 6 hours was 1.1 If the reaction

(1) (SiOz) 4+ 2Fg = 8i +2(Fe0)

ig assuﬁed to he operative, dnd equal slaz and metal weights are
present then the transfer of 1% silicon corresponds to the production

of approvimately 5% FeO in the slag. Unlike the FeO produced by the
| reaction

(vi)  FoS + (Ca0) = (CaS) + (Fe0)

this FeO is being produced slowly so that the slag is at an oxygen
potential higher than that corresponding to the equilibrium position

of the reaction

(1i) (FeO)+ C =TFe + CO

for a considerable period of time.  The reaction

(vii) FeS + (Cal)+ C =TFe + (CaS}+CO
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can thug not come to equilibrium until the producticn of TFeC by the

reaction

(1) (Sioz) + 2Tg =51 +2(Fe0)

has become slower than its removal by reaction (ii). This view is
cenfirmed by the results of Grant, Troili, Chipman(a), fig. (32).
In experiment 70 in which no silicon was present in the slag initially
the gulphur ccmes to equilibrium only slowly.  When silicen has been
added to the metal initially then the sulphur equilibrium is quickly
attained, expveriments 82, 83 and 84. The addition of silicon to the
netal in anounts greater than approximately 1.5¢ slows down reaction
(i) so that the FeO produced can be removed by reaction (ii). In
the prescnt work, becausce of the more acid slag, higher quantities
of silicon rust be present in the metal before the reduction of silicon
frem glag to metal is slowed down sufficiently for the FeC to come to
equilibrium with carbon.

Hatch and Chipman(z) also found in their study of the sulphur
equilibriunm,

(vii) FeS+ (Ca0)+ C =Fe + (CaS)+CO

that, irrespective of whether FeS was added to the metal or CaS to

the slag, the system finally approached equilibrium by transferring
sulphur from metal to slag, i.e. when CaS was added to the slag more
than the equilibrium sulphur content transferred initially to the metal.
This fact can also be explained using reasoning similar to that used

above. In the initial stages of the experiment the reduction of
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silica is proceeding relatively rapidly so that FeO is present in the

slag in excess of that in equilibrium with carbon. The reaction

(vi) FeS + (Ca0)= (Fe0) + (Ca8)

ig thus displaced to the left end more sulphur enters the metal than
the quantity corresponding to the carbon oxygen potential. As the
rate of silica reduction decreases the FeO content of the sglag falls

and the reaction then proceeds from left to right.



SUMMARY AND CONCLUSICNS.

6.

=
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The equilibrium positicns at 150000 of'ﬁhe following reactions

have been studied

(i) C + (Fe0) = Fe +CO
(11)  8i+ 2(Fe0) = (810 )+ 2Fo

(111)  (S10,) + 26 ., =i + 200

1

In order to determine the effect of varying amounts of FeO on the
first two equilibria both temperature and the activity of silica were
maintained constant. The lime silica ratio and the Fe0O content of
the glags approximated to the values found in blast furnace slags but

owing to experimental requirements the alumina content was much higher.

5

interpretation of the results required that the activities of
iron and carbon in iron-carbon-silicon solutions be known and a semi-
empirical method was therefore developed by which these activities
could be cbtained. This method’analogous to that previously derived
for the effect of two solutes on the activity of a third,gives values
of the activity of carbon in good agreement with those calculated by

(13), 3o girect confirmation of the activities

an alternative method
of iron is available but the fact that the majority of the points
representing the ternary solution in Fig. (18) lie below the line
representing the values in the binary iron-carbon solution indicates
that there is probably some small error in the method resulting in
underestimated activities of iron.

Ucing the activity values so derived and the results obtained

in the study of the above reacticns the following conclusions have
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been arrived at.

(1) The activity of Fe0 at low concentrations in a slag of the

composition 31 Cal; 28% Si02; O3 exhibits strong negative
deviations from ideal Behaviour, values af‘x==aFeO ranging from
: N
FeO

.13 at C.3% Fel to 0.C8 at 1.45 FeO. In view of the large effect
of FeO on the silicon and sulphur distributions it weculd be desirable
to know if this deviation occurs with nore normal blast furnace type
slags.

(ii). The FeO content of the slag has a large effect on the
equilibrium silicon content of the underlying metal; the silicon
ccntent dropping frem 5.50 to 0.27 for an increase in the slag
FeO content of from 0.3 to 1.40

(iii)  Wew values of fgi, the effect of carbon on the activity of
silicon, have been obtained in the range 2.5 to 3.757C. Above 3iC
these values diverge widely from those obbained by Chipman(IB) from

the results of KBrber.

The new values were obtained from the study of the reaction
g1 + 2(Fe0) = (010 ) + 2Fe

in which it was found that the expression Kgi — 43 x (¢ Fe0)2
a2Fe

exhibited large variations. By plotting KSi againsy the percentage
of silicon these variationsg were shown to be regular but could not

be eliminated by replacing the percentages of Fe0 by the activities



determined from the study of reaction (i). The larger part of
the variation, if not it all, was shcxai to be due to some error

in the assessment of the activity of silicon. dsing thermodynamic

data to evaluate the ratio,

a2 2

-2 X ®SiO

a 7 — ﬁ
Si Si

inserting the value for the activity of silica foimd in. the study

of reaction (iii) and using the published values of fgs’{ the new
values of f’g were calculated. Two curves of fb(_: against percentage
carbon were obtained depending on whether the values of f’§l of Golccen
and Ghipman*” of those of Ghipmanwere used. Examination of
the values of f’sl revealed that those of Gokcen and Ghipman are
probably the more nearly correct and for this reason the values of
fG. calculated using these values of f:i are considered the more
accurate. Because of this uncertainty in the values of fs? the
values of f will probably require amendment. However thi*s is
unlikely to affect the shape of the curve nor the divergence from

the previously published values*’

(iv) A silicon carbide < identified by means of x-rays
as the material separating at 150G°G from iron containing 2% silicon
and saturated with carbon. Tt is considered that the alloy in
equilibrium at 15C'0°G with both graphite and silicon carbide contains

approximately 23/- silicon. By using the available thermodynamic



93.

data on the formation of silicon carbide the activity of silicon
in this alloy can be calculated. The value obtained is C.076
on the pure scale or, by using the free energy" of solution of
silicon in iron calculated from the results of Gokcen and Ghipman (12),
161 on the dilute solution scale. This value has been compared with
previously determined activities of silicon (Fig. 30).

(v) The silicon content of metal in equilibrium at 1500°G

with tliQ slag of the composition 31/~ CaO, 20,. SiO”, 41/~ 273

the oiiygen potential is controlled by the reaction,
2G+ 0~ = 2G0

has been found to be 19”. The activity of silicon in this alloy
has been calculated and from this together with the free energy

expression for the reaction

iG,)+ — i+
(SiG)+ 2G _—  Si +200

a value of 0.16 has been calculated for the activity of silica in
the slag of the above composition.

(vi)  I'/hen the reaction

(SiOg) + 2Cgei = Si 4- 200

1s taking place in a slag-metal system contained in graphite
crucibles, a higher than equilibrium content of FeO is maintained in

the slags. For this reason it is considered that the above reaction
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takes place in two steps, viz,

(i) (SiO ) 4- 2Fe z: Si 4 2(FeO)

(ii) 2(Fe0 )4 2C = 274 200

and that when far from equilibrium reaction (i) proceeds at a faster

rate than does reaction (ii). This finding has been used to explain
(8)

the results of Grant, Troili and Ghipman who found that the addition

of silicon to the metal increased the rate at which sulphur transferred

from metal to slag.
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iIPPENDIX.



In a recent paper, Gokcen and Chipman*** have revised certain of
their earlier findings . In view of certain anomalies which they

find in the reaction

2H - 0 = 2H"0

they withdraw the activities of silicon which have been used throughout
this work. This is added confirmation of what has already been found
regarding these activity coefficients (p.76).

The authors also quote a new value for the free energy of formation

of silica, viz.,

Si(*iq) -f On =rSiO* AG°= -217,700 + 47.0T.

Two previously quoted expressions gave values of AG® at 150070
in substantial agreement but considerably higher than the value obtained
from the above exxpression. It was therefore thought that until
confirmation of the above expression is forthcoming that aD.teration
of the conclusions arrived at in the present work was not justified.
The follovdng, however, summarises the principal alterations which
the use of the above e:cpression would make

(i) At 1600®C the free energy of solution of liquid silicon
in iron to form the dilute solution of unit activity becomes -30,700

cals. i.e.

Si(llq) = Fe) 1600°C = -]C,700 cals-

This gives a ratio of activities on the two scales of measurement



of 0.CC026 at 160C°C and, assuming the entropy term is small,
0.CC017 at 1500"0.

(ii) The ratio,

*0 ° 1
A 1 = [ 1]
becomes equal to 3 insteadof 8.5% Therefore, if the same assumptions
Si

are made as before regarding the validity of the values of f*. then

Q
the values of f . derived should be multiplied by P.5  2.8.
3

G
Tne derivation of accurate values of f*, from the present results

must however await the obtaining of accurate values of fSl.

(iii) The activity of silicon in equilibrium at 1500®G with both
graphite and silicon carbide remains 0.076 on the pure scale but
becomes approximately 450 on the dilute solution scale. This
greatly increases the discrepancy between this value and the previously
determined coefficients. (Fig. 30).

(iv) The activity of silica in the slag of the composition 31?

CGaC 28;- SiCq, 41? Aonuld become 0.41 instead of C 16.
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