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PART I,

THE MEASUREMENT OF SILICA ACTIVITIES IN LIQUID SLAGS
BY THE REACTION SIO; + 3C = SiC + 200.



CHAPTER I.

INTRODUCTION,




In the mamfacture of iron in the blast furnace one of the
most important variables in the composition of the iron produced is the
silicon contents Silicon must be kept as low as possible in the
mamufacture of basic iron in order to reduce the slag bulk in the open
hearth furnaces It must also be kept to fairly low limits in making
iron for the basic Bessemer process, but in the acid Bessemer process
the reverse is true, since here silicon largely determines the heat
produced in blowing the irons Silicon control is also important in
the manufacture of foundry iron as it has a major influence on the
structure of the cast product.

The main reactions controlling the composition of pig iron in
the blast furnace take place in the hearth, where drops 6f molten iron
fall through the slag layer into the bath below, and in so doing react
with ite & study of the equilibria between slags snd metals of the
type obtained in the blast furnace is therefore nscessary if the factors
controlling pig iron composition are to be fully understoods

Sufficient thermodynamic data are now available for the compounds
teking part in these reactions to enable equilibrium constants for the
various reactions to be calculateds These equilibrium constants
indicate qualitatively the effect which different variables will have
on the equilibria, but a quantitative treatment is only possible if
the activities of all the reactants in the slag and metal solutions

are knowne
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In the case of some simple gystems activitles can be estimated
or celculated on the basis of thermochemical data, but in the great
mejority of cases they must be measured experimentally. Usually this
is done by bringing the phase being examined into equilibrium with a
phase or phases of known thermodynamic propertiese

The present work is concerned mainly with the measurement of
silica activities in lime=-gilice and lime~alumina-gilicas slagse. In
Part I the method adopted was to measure the carbon monoxide pressure
in equilibrium with the slag, silicon carbide and carbone In Part II
the calculation of silica activities from data awvailable on laboratory

slag-metal equilibrium measurements has been investigateds



CHAPTER 2.

REVIEW OF PREVIOUS WCORK.




3

The methods employed by previous workers to determine silica

activities in molten slags can be divided into four main categoriess~

-

(1) Calculations based on thermodynamic data, phase diagrems and

models of the structure of liquid silicates.
(2) Electro-motive force measurementse
(3) Slag-gas equilibria.
(4) Slag-metal equilibria.
These will now be considered in more details

(1) Calcwlations based on Thermodynamic Deta, etce

Activities at some points in binary slag systems can be calculated

precisely provided the following data are availables-

() the heats of formation of compounds in the systems

(b) the heat capacities of the constituents and their compounds
in the s0lid and liquid statess

(c) the heats and temperatures'of fusion.

Unfortunately these data are kmown accurately for a very few
systems only, but this method has been used by Darken(l) and by
Richardson(2) for the Ca0-Si0; system,for which some of the above data
were available.

The other methods of calculation which follow are of either

an empirical or semi-empirical naturee
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Early examination of slag systems was concerned mainly with the
determination of phase diagrams. In trying to apply the data thus acquired
to reactions involving liquid slags, compounds stable in the solid slag
were postulated to exist also in the liquid slages By correct choice of
compounds and in some cases by the assumption of some degree of dissociation
of these compounds in the liquid state, an attemp!t was made to estimate
the amount or concentration of a constituent which would be "fres" to
take part in a chemical reaction. This quantity bears some relation
to the more exact thermodynamic function of the activity of the component.

The compound approach to the study of liquid slags can only be
empiiical and approximate due to the differences in structure between
solid and liquid slags, and the difficulty of knowing how compound
dissociation 1s affected by other constituents and by temperatures
Nevertheless its use has given results of considerable practical importance,
as in the early work of Schenck(3) in estimating "free" concentrations
of reactants in steelmaking slags, and in the interpretation of the
sulphur equilibrium between metal and slag in terms of "excess base" by
Grant and Chipman(4)e This method is now mainly useful in dealing with
the complex slags used in practice, and is likely to be replaced by
more exact thermodynamic methods as these are extendeds

In calculating "free" concentrations of reactants, Schenck assumed
that the compounds present in the solid state were partially dissociated
in the 1liquid state. This concept was also used by White(5) in inter-
preting oxygen pressure measurements on iron oxide slags containing
lime and silica. Subsequently Murray and White(6) deduced the
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activities of lime and silica in Ca0-Si0; melts from dissociation
constants for the compounds Ca0.$i0; and 2Ca0.Si0; obtained from White's
provious worke Although this is not an exmct thermodynamic treatment:
it does appear to predict fairly accurately the interaction of lime

and silica in the liquid states

Rey(7) calculated the activity of silica in a number of binary
metal oxide-silica systems (including the Ca0-Si0; system), making use
of the shape of the silica gaturation curve (or lowering of the freezing
point) at high silica activities and assuming the solution to be "regular®.
The concept of the "regular solution®" was introduced by Hildebrand(8),
and implies that the mixing of molecules or ions is completely random.
However, accurate data compiled by Richardson(z) or the Ca0~B;(: system
suggests that the assumption of regularity for melts of this type may
lead to considerable errors in the calculation of activitiess.

Ideally it would be desirable to be able to calculaﬁe activities
of constituents in liquid slags on the basis of some model of the
structure of the liquid,Conductivity and electro-motive force measure-
sments have revealed that liquid slags contain ions, and various attempts
ﬁave been made to calculate activities using some ionic model of slag
structure.

Herasymenko(9) and Herasymenko and Speight(10) assumed the
complete ionisation of liquid slags and made use of the mass action

equation by replacing activities by ionic fractions. The ionic
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fraction of a constituent ion was taken as the ratio of the number of
gn=ions of that type_to the total number of gmr-ions present. This
essumption would seem to be an over-simplification, as it implies that
ions of different signs mix randomly, whereas a state of lower free energy
would be reached if ions of opposite charge associated preferentially with
each others In consequence this treatment cannot be used satisfactorily
for a wide variety of slag-metal reactions.

Temkin(1l) also assumed the complete ionisation of liquid slags,
but he expressed ionic concentrations as fractions of the number of gm-ions
of the game signe This allows for the preferential association of
cations and anions, but assumes that this association is randome

Flood; Féeland and Grjotheim(12) have attempted to take into
account differences in interaction energies between different ionic species
in the melt, while still assuming that the cations (and similarly the
anions) are randomly distributed with respect to themselves. This method
has been successfully employed in interpreting a number of equilibria
involving basic slagse However, it requires a knowledge of the ionic
species present in the melt, and so its application t0 more highly
siliceous slags, where the state of association of silica is not

definitely known, is likely to prove more difficult.

(2) Electro-Motive Force Meazsurements.

In order to measure the activity of silica in a liquid melt by

this method it is necessary to set up a reversible cell in which a

known reaction, involving the silica dissolved in the slag, takes places
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Chang and Derge(13) used electrodes of silicon carbide and graphite (the
latter forming the crucible) to construct a cell of this typee The cell
reaction was not known, and had to be inferred from an examination of the
E.MF. values obtaineds The results obtained in the lime-silica binary
appear feasible, but the iso-activity curves in the Ca0~Si0;-Alz0;

do not slope in the direction expected from the position of the silica

saturation curve (which is the iso-activity curve for agi0, = 1),

(3) Slag-Gas Bquilibria.

The use of slag-gas equilibria for the measurement of slag
activities is attractive because of the thermodynamic simplicity of the
gas phases Due to this advantage the results are more easily interpreted
than are data on equilibria with complex metallic solutionse.

Unfortunately it is difficult to apply this technique directly
to the determination of silica activities due to the difficulty of
devising suitable reactionse It is possible to overcome this difficulty
in the case of some binary silicate melts by determining the activity Ar
the second component and using the Gibbs-Duhem relation to determine the
activity of silica.

The activity of FeO in slags can be determined by bringing the
slags into equilibrium with gas mixtures of controlled oxygen pregsure
while the slags are held in a crucible with a known iron activity. This
method has been successfully applied to Fe0-3i0; slags by Schuhmann
and Ensio(l4), and to more complex slags by Michel and Schuhmann(15) and

Teylor and Chipman(16), and some of these results may be used to deduce
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silica activities in high-FeO slags.

Results of more direct interest to the present work have been
obtained from determinations of lime activitiess 1In recent studies by
Fincham and Richardson(17) and Carter and Macfarlane(18) the slag-gas
technique has been used to determine the sulphur capacity of slagse The
equilibrium established can be expressed by the equation s

(Ca0) +25, = (CaS) + &0, cevososessosessessee(l)
(round brackets indicate solution in the slag phase)e

The activity coefficient of calcium sulphide was not known over
the wide range of compositions examined, but if it is assumed to be
constant at concentrations well below saturation, the results obtained
can be used to calculate lime-activities in lime-silica slagse Silica
activities may then be obtained by the Gibbs-Duhem relation. Results
obtained(19) in the Ca0-Al;0;-Si0; system can also yield approximate values
of 8350, in these slags by means of the Gibbs~Duhem relation if the

activity of alumina is assumed to be constant along lines of constant
NAIgQg'

(4) Slag-Metal Equilibris.

Chipman and co-workers(20)(21) have determined experimentally
the silicon contents of carbon=-saturated iron in equilibrium with Ca0-
A1;05-8i0; slags at temperatures from 1425-1700°C according to the

reaction
(3103) + 20 = ii_ + 260 ...................(2)

(underlining indicates solution in the metal phase)e
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The carbon monoxide pressure under which the experiments were carried
out was 1 atmospheree <The wlow reaction rate was increased by the use
of a graphite stirrer, but despite this the equilibrium compositions
could not be established with great accuracy at the lower temperatures.

From these results s 8ilica activities in the slag can be
calculated providing only that the silicon activity in the metal is
knowne In the second of the two papers, Fulton and Chipman carried out
this calculation using the data of Chipman, Fulton, Cokcen and Caskie(22)
on the activity of silicon in Fe-3i-C alloyse. These data were obtained
by measurements of silicon distribution between immiscible Fe-Si-C and
Ag-Si liquids. Extrapolation of these data (especially at the low-
silicon high-carbon end) was necessary to cover all the compositions
required for slag activity calculations, but recent studies of silicon
activities in this range of compositions by Arthur(23) indicated that the
extrapolated values of ag; used by Fulton and Chipman in this range were
likely to be lowe

Sanbongi and Ohtani(24) have combined the slag-metal and slag-
gas techniques by studying the reduction of silica in a slag by hydrogen
in the presence of iron, according to the reactions~

(8107) + 2H; = $i + 2H0 ceresesssarsessases(3d)

By using a lime crucible theequilibrium was established for the cass of
a Ca0-810> slag saturated with CepSiQze In the calculation of silica
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activity in this slagSambongi and Ohtam. used thelr own wvalues for ag; in

Fe-Si alloys, which were derived in a similar way but using a pure silica

crucible. They found that the activity of silicon obeyed Henry's Law
up to 10 per cent silicon, a finding which ig contrary to that o% Chipman,
Fulton, Gokcen and Caskie(22)e

Although a considerable amount of work has been done on the
activity of silica in the lime-silica system, the results obtained are
open to some doubt due to the assumptions which have had to be made in
most casegse More accurate data is thus necegsary, especially at the
more basic compositions. In the more complex systems obtained in practice, .
the approximate effects of the addition of other oxides are known but

accurate data suitable for calculations is not yet availables

Equilibrium of Slags with Silicon Carbides

In the course of their slag-metal studies, Chipman and co-warkers
(20),(21), noted the fact that at high silica contents silicon carbide

became stable, co-existing with the slag and metal according to the

equilibria.
(S10z) #+3C = 8iC + 260 PN €3,
(8i0z) +26 = 8L + 200 P ¢ ).
S + C = 8iC esssssesccscessases(5)

The actual slag composition in equilibrium with silicon carbide,

carbon and 1 atmosphere pressure of carbon monoxide was determined



experimentally in only one series of runs at 1600°Ce At other temper-
satures the silicon caerbide saturation point was obtained from previous
determinations(22) of the equilibrium silicon content for reaction (5).
Slag in equilibrium with this metal composition mist also be saturated
with silicon carbide.

As far as the writer knows, no work has been done on the equilib-

srium conditions for reaction (4) at pressures other than 1 atmosphere.

-~




CHAPTER 3,

THE Si-C~0 SYSTEM.

(a) Theoretical,
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(1) Free Energy Datas

In the present work it was considered that silica activities in
liguid slags could bhe determined accurately by measuring the carbon
monoxide pressure of the reactions-

(SiQQ)Slag *
If this were the only reaction possible between the slag, carbon, and

3C

Sié + 200 ooooooooooocooooo-o(l)

silicon carbide, it would be possible to measure the reaction pressure
by holding these three reactants in a graphite or silicon carbide crucible,
and heating this crucible inside a pressure-tight reaction vessel
connected to a manometers
This simple system is, however, complicated by the fact that

gaseous silicon monoxide can be produced in it by the two reactionss~

($103)g1,, + © = 510(g) +CO cessesessssenserssse(2)

SiC + CO = 8i0(g) + 2C cecsssessescssscsssel3)
If the reactants were held in an open crucible, silicon monoxide gas would
be able to diffuse rapldly away from the reaction zone and condense on
the cooler parts of the reaction vessels The silicon monoxide pressure
above the reactnats would thus always be lower than that in equilibrium
at the prevailing carbon monoxide pressure according to reactions (2) and
(3)e Reactions(2) and (3) would therefore proceed from left to right
in order to restore equilibrium, and carbon monoxide would be evolved
and absorbed at rates depending on the relative reaction rates of (2) and

(3)e The effect of the diffusion and condensation of gaseous silicon

monoxide must thus be to set up a dynmamic equilibrium.
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True equilibrium can only be attained in this system if the
reaction vessel is enclosed and at a temperature above that at which
silicon monoxide gas can condenses It is not experimentally possible to
measure the pressure in such a system, and the method used in this work
was to hold the reactants in a small cylindrical graphite crucible whose
mouth was closed by a graphite pluge This plug contained a small capillary
hole, which was large enough to allow equalisation of the total pressures
inside and outside the crucible, but small enough to reduce silicon
monoxide diffusion to a level sufficiently low to prevent the silicon
monoxide pressure falling apprecliably below that in equilibrium in the
static systems

Since the thermodynamic data on the reactants in equation(l)
appeared 1o be well established, it was considered when the work was
begun that the activity of silica in a slag could be obtained directly
from the value of K, (= Pco:?/asma) as calculated from these data, when
the value of PCQ had been measureds

Using the method outlined ebove reaction pressures were deter-
smined for a series of Ca0-Si0; slags of compositions extending up to
gilica saturation in the temperature range 1450-1550°Ce The results
obtained were not completely consistent, but they indicated that the
reaction pressures were much lower than would be predicted from the
available thermodynamic data for reaction(l)s For example, the values of
Pgo for a silica saturated slag at 1500°C were in the range of 0.7 - 0.9
atmogpheres, compared with the calculated values of 1le50 atme It was
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therefore considered necegsary to carry out a full theoretical study
of the simple 8i-C-0 system, with special reference to the experimental
conditions used in the slag experiments, under which diffusion of gaseous
silicon monoxide away from the reaction zone is restricteds The 8i-C-0
system was also studied exéerimentajjy before experiments with slags
were resumede

In studying the reactions from a theoreticel viewpoint a know-
sledge of the possible compounds which may be stable is necessary. Under
éhe extremely reducing experimental conditions the only gases in the
Si-C-0 system which are likely to be present in appreciable quantities
ere carbon monoxide and silicon monoxides The only solid compounds
definitely known to be stable are silica and silicon carbide, but in

addition various workers claim to have established the existence of

. crystalline silicon monoxide, stable only at high temperatures, and of

various silicon-carbon-oxygen compounds such as siloxicon (8izC30).

From the thermodynamic data available for the compounds known to
be stable, reaction pressures can be calculated under various conditions.
As it will be necessary to compare the experimental results with those
obtained by calculation, the thermodynamic data available for the compounds
silica, silicon carbide, carbon monoxide and gaeseous silicon monoxide
will now be reviewed. For calculation purposes the most convenient
thermodynamic function for these compounds is their free energy of
formationes Since this free energy can be expressed to the required

degree of precision by an equation of the form-

~
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Ag® = x+y.T
(where T is the temperature in %K), the result of other workers will

all be expressed in this form.

Silicae

Humphrey, Todd, Coughlin and King(25) have calculated the free
energies of formation of quartz and liquid silica form the heat of
formation, as determined by Humphrey and King(26) and from entropy
data compiled by Kelley(27). Their tabulated results lead to the
following equations for the free energy of formation of "high® ([5)
quartzs- '

“gi(c) + 0, = SiG (8 quarts)
[\ G° = -207,700 + 40+7 T (848°K - 1683°K)

The heat of fusion of silicon was determined by Korber and
Olsen(28) to be 11,100 cals/gmemole, so that, as silicon melts at
1683°K, the free energy of fusion DAG° = 11,100 ~ 6.59 Te

It follows that fors-~

8i(1) + 6, = 8i0; @ quertz)
AG® = -218,800 + 47.3 T (1683°K - 1883°K).

The free energy of formation of ﬂs cristobalite from liquid
gilicon and oxygen has been calculated by Gokcen and Chipman(29), again
using the data of Humphrey and King(26) and Kelley(27), giving for the

systems~

~
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8i(1) + G = 8i0; (P cristobalite)
A G° = ~217,700 + 47.0 T (1683-2000°K)
From the free energy of fusion of silicon given aboves-
S1(C) +0 = 5i0; (B cristobalite) ‘
A G° = -206,600 + 40.4 T,

Examination of these equations shows that up to 3,700%K the
calculated free energy of formation for 8 quartz is always more negative
than that calculated for 3 cristobalite. Since cristobalite is the
most stable form of silica above 14709°C, the equations must be in
error. Both calculations have been checked and found to be correct,
so that the error must lie in the experimental data on which they are
basede The heat of transformation, o quartz —-» K cristobalite,
was found to be +930 cal. at 298°K by Humphrey and King(26), and this
value must be about 400 cal. too high, or else the heat content data
should indicate a lerger difference in entropy between quartz and
cristobalitee.

Due to the inability of the present data to differentiate satis-
sfactorily between the different forms of silica, the equation for
]3 quartz has been used in subsequent calculations for all forms of
silicas Being the more negative of the two, it should be closer to
the true /3 cristobalite equation than is the calculated /3 cristobalite

line.
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Silicon Carbides

Humphrey, Todd, Coughlin and King(25) have determined A H%gqgop
for both cubic and hexagonal silicon carbide by combustion in oxygene
The silicon carbide was mixed with titanium powder prior to ignition in
order to ensure complete combustion. They have also determined the high
and low temperature heat capacities for both varieties. The heats of
formation obtained weres-

Si + C = SiC (Hex.modification II)s ABsgg.16 = ~12,310+920 cal.per mole.
81 + C = 8iC (cubic) s A H298.1t; = ~13,400+920 cal.per mole.
These values are consideragly lower than those reported by previous workerse
The low temperature heat capacities showed excellent agreement with the
values obtained by Kelley(30) for the hexagonal modification, and the
high temperature heat capacities are also in good agreement with previous
determinations(27).

Humphrey et.al(25) have calculated the free energy of formation of
silicon carbide from their eﬁperimental datas, There is a small difference
between the values obtained for the cubic and hexagonal modification,
but for general purposes a mean value may be taken, viz.,

Si(C) + C =8iC s AG® = -13,300 + 1.71 T. (900-1683°K)
Si(]) +C =85iC s+ AG® =-24,400 + 8,3 T  (1683-2000°K)

The free energy o% formation of siiicon carbide obtained in this

way from thermochemical data agrees very well with measurements made by

Chipman, Fulton, Gokcen and Caskey(22) of the activity of silicon in
Fe-Si-C alloys saturated with graphite and silicon carbide, The data

of Humphrey et al(25), therefore seemed to be well established when
the present work was begune
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Carbon Monoxidee

The free energy of formation of carbon monoxide is now established
accurately by e number of workerse The National Bursau of $tandards

"Selected Values of Thermodunamic Properties" recommends the equations=-

C+%, = GO s+ AG®=-28,100 - 20,2 T ]

~

Silicon Monoxide.

The existencé of gaseous silicon monoxide has now been firmly
established spectroscopically. Since it is formed from silicea at high
temperatures under reducing conditions, it is bound to be present under
the experimental conditions existing in the present worke

The possibility of interference in the measurement of the carbon
monoxide pressure of the reactions-

Si0; + 3C = SiG + 200 ceressosees (4)
due to diffusion of silicon monoxide has already been outlined, and
will be dealt with in greater detail at a later stage. In addition to
this effect, the presence of gaseous silicon monoxide must increase the
measured reaction pressure from Pgp to pco + Pgig, and hence a knowledge
of the thermodynamic date for silicon monoxide gas is necessary in order
to obtain the wvalues of the carbon monoxide pressures from the measured
reaction pressures. A knowledge of the thermodynamic properties of
solid silicon monoxide is algo desirable, since if solid silicon monoxide
were stable under the experimental conditions, the presence of a fourth
gsolid phase in the Si~C-0 system would render either silica or silicon
carbide unstable and lead to a different equilibrium from that expressed
by equation (4)e
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Gaseous silicon monoxide is most commonly produced by the reduction
of silica either by carbon or by silicon at temperatures over about 1200°C,
The vapour may be condensed on a chilled surface to form a black vitreous
substance which has been shown by X-ray analysis and electron diffraction
to be practically amorphous, with only e limited amount of short range
ordere If the condensation of the vapour is less rapid a mixture of very

finely divided silica and silicon is formede The amorphous substance
produced by rapid chilling of the vapour, quickly breaks down to a mixture

of silicon and silica when annealed in the range of 400-1000°0 (apprOXimately)
So0lid silicon monoxide is thus thermodynamically unstable with respect to
silicon and silica at these temperaturese

There is some evidence, however, that crystalline silicon monaxide
does beéome stable at higher temperaturess The most convincing support
for the high temperature stability of solid silicon monoxide was obtained
by Brewer and Edwards(3l) by means of a "thermoelectric valve". This
was based on the observations of Gel'd and Kochnev(32) and Erasmus and
Persson(33) that solid SiO has a ver} high electrical resistance. A
heating element consisting of an equimolecular mixture of silicon and
silica in a quartz glass tube was heated by applying a fixed voltage
across the endss At a certain point the resistance of the rod rose
sharply and a bright boundary layer was formed which extended across the
narrowest cross-section of the rods The temperature of the boundary
was found to be 1461 4 22°K. The bright boundary layer was interpreted
as the point at which solid Si0 was being formed due to increase in

temperature, and then disproportionating again due to the drop in
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current consequent on the increase in resistance of the rod.

In addition to this, Potter(34) and Brewer and Edwards(3l) have
both tried to melt equimolecular mixtures of silicon and vitreous silica,
and have found that the softening point is above 1700°C ~ higher than would
be expected for the mixture.

Despite this physical evidence for its formation, solid silicon
monoxide has not yet been definitely identified structurally. Brewer
and Edwards(3l) attempted to obtain it by quenching an Si + SiO; mixture
from 1300° but found no evidence of its presence. This has been
confirmed by experiments carried out in conjunction with the present
work(35). 4 mixture of mole ratio Si/Si0; = 1/3 showed no dimimtion
in intensity of silicon X-ray lines after quenching from 1350°C, and no
evidence of a decrease in particle size was observed. Such a decrease
night be expected if the silicon had been produced by the solid reactions-

28i0(solid) = 8i + 8i0; coeserserssransenne(5)

Hoch and Johnstone(36) claimed to have detected crystalline silicon
monoxide by high temperature X-ray camera. However, Geller and Thurmond
(37) have suggested that the new lines obtained by Hoch and Johnstone
were due to [3 -cristobalite and (3 silicon carbides

The question of the existence of solid silicon monaxide is of
importance in establishing the thermodynamic properties of gaseous Si0
from the experimental date available. Several determinations have been
made (32)(38)(39) of the 8510 pressures sbove mixtures of silicon and
silica. If the results of Brewer and Edwards' thermoelectric valye

experiments are accepted, then the values of pgi0 obtained above 1460°K
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ghould refer to the vapour pressure of solid SiO, while those measured
below this temperature should refer to the reactions-
Si +8i0; = 2510(g) ceevreccssracesccnese  (6)

The most accurate measui'ements of Pgio for this latter reaction
appear £o be those of Schafer and qunle(Ba). As shown by Humphrey et
al(25) their results in the temperature ra.nge 1336=1429%K give very
consistent values of 0\ H%gg, 16 for reaction (6). Brewer and Edwards(3l)
consider that the larger apparent error in A H°gg 14 obteined from their
measurement at 1460°K is due to the stability of solid Si0 at this
temperature.

The free energy of formation of gaseous silicon monoxide has been
calculated from heat of formation data derived from Schifer and Hornle's
results, and from entropy wvalues derived from spectroscopic data given“
by Herzberg(40) and the tabulated data of Kelley(27)s The following
equations were obtaineds-

si(C) + %0, = s10(g) s AG® = -25,100 - 17,97 T (1200-1683°K)
Si(1) + %0, =510(g) + AG° = -36,340 - 11,30 Ta (> 1683°K)

These equations a.gr;e well with the values calculated in a similar
way by Humphrey, Todd, Coughlin and King(25).

Brewer and Edwards(31l) have reviewed the other experimental studies
from which A H%gg,15 for the formation of gaseous sili::ngg/‘()é{igabe obtained.
Confirmation of the value obtained from Schafer and Hornle's measurement

is obtained from the work of Brewer andMastick (41) on th; reaction

Si0, = 810(g) + %0p, and from some of Tombs and Welch's(39) data on the
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reaction 8i0; + H = S8i0(g) + K0. Gel'd and Kochnev! s(32) measurements
of pgyp, over silicon and silica yield a rather lower value of [\ B%q8.16
as do Grube and Speidel's investigations of the reaction Si0; + Hy =
810(g) + HaO. )

Brewer and Edwards(31l) have also attempted to calculate the fres
ensrgy of formation of solid silicon monoxide. Using mainly data on
the amorphous solid they conclude that A G° for the reaction

Si + 810 = 2510(s) P ¢
is likely to become slightly negative at high temperaturese Due to the
low accuracy of the data on which the calculation is based, this

conclusion is only tentative.

(2) Reaction Pressures.

The above thermodynamic data will now be used to calculate

the equilibrium reaction pressures in the Si-C-0 systeme

(B.) The Reaction Si& + 3C = 8iC + 2C0 000000000000000(4)

By combining the free energies of formation of the reactants,
]
NG for this reaction amy be obtained, vize,

Acoy = 137,900 - 79.4 T

Since -AG% =R T log_ Ke
log,, Ke  =17.35 - 30,120
. T

w [\ (:‘r"x and K, refer to the standard free energy change and

equilibrium constant for the reaction numbered (x) in the text,
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where the solid reactants are present in their standard states
Ky = pgg?, the carbon monoxide pressure of the reaction can be calculated
for different temperaturese The wvalues obtained in the range 1300-1600°C
are shown in Table I.

TABLE I.

Calculated values of ppg in equilibrium
with Si0z, SiC and C.

T poolatm.) TG peolatn. )
1300 0.124 1500 1.503
1350 0.246 1550 2e 564
1400 0.466

1600 4,256
1450 0.849

(b) The Reaction Si%_“' C = SiO(g) + CO 00000000000000000(7)

The equilibrium constant for this reaction can be calculated by
a similar process to gives~
AG®; = 154,360 - 78,8 T
log Ky = 17.22 - -3-3-%-759
where Ky = Pgio ¥ Poo
The calculated value of K; from 1300-1600°C are shown in
Teble II.
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TABLE I1J.

Calculated values of pgso X Pgg in equilibrium
with 8i0; and C: »

T%C  Kr(pgioxpco) T K7 (pg; %P0
1300 5,90 x 10 ° 1500 1455 x 1073
1350 2463 x 10 * 1550 5012 x 1072
1400 l.12x 103 1600 1.62 x 10t

1450  4.26 x 107

By substituting the values of Pco given in Table I, the wvalue
of Psi0 in equilibrium with 8i0;, SiC and C may be calculateds The

values obtained are shown in Table III.

TABLE III,

Calculated values of p,. 0 in equilibrium with
S$10,, SiC aRaC C.

T°C Pgy 0( atm). T°C pSio(atm) .
1300 4,76 x 10 ¥ 1500 1.03 x 1072
1350 1,07 x 107® 1550 2,00 x 1072
1400 2,40 x 1078 1600 3.81 x 103

1450 5.02 x 1073
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If complete equilibrium is established in the system S10,, SiC

C, gas, the total gas pressure should be equal to pgg + Psio°

(3) Effect of Silicon Monoxide Diffusion on the Reaction Pressurese

(2) Silica and Carbon.

In the absence of silicon carbide the carbon monoxide pressure of
this system should be controlled by the value of Psi0 in the system, the
product Pgio ¥ Pgo being given in Table II. If the reaction system is
not completely enclosed the silicon monoxide will tend to diffuse out of
the system, and as Psio falls, pgg Will rise correspondingly. The rate
at which the pressure rises will depend on the rate at which pgjg can
fall by diffusion.

At values of Pgo below the equilibrium values for the reactioms-

Si0; + 3C = 8iC + 200 ceeesecsceccsessenccnnnal(t)
some of the silicon monoxide formed by reaction (7) may be consumed by
the reactions~

sio(g) + 26 = SiC + CO vesecscasscsssassessescs(d)
Thus, in this range of pressures, gaseous silicon monoxide may act as
an intermediate step in the production of silicon carbide. At values
of Pgo above that for reaction (4), silicon carbide is unstable, and
gaseous silicon monoxide should be the only reduction product of silica

(assuming for the present that no other intermediate compounds exist).
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(b) Silicon Carbide.

Similer conclusions are obtained when silicon carbide is present
alone. At carbon monoxide pressures above those for reaction (4), the
net reaction iss~

SiC + 2060 = 8i0, + 3C ceeresscssasecsscssnsansse(d)
which may take place in the two stepss~

SIC + 00 = S810(g) + 2C seesecescccccssssascsnsene(3d)

SiO(g) +CO = Si03 +C  eeececscscesccacscescesces(?)
In addition some gaseous silicon monoxide must escape from the reaction
zone by diffusion before conversion to silica and carbon.

At lower carbon monoxide pressures silica is unsiable and gaseous
silicon monoxide should be the only product of the reaction between
silicon carbide and carbon monoxidee If this gasecus silicon monoxide
can escape from the reaction zone and condense in a colder part of the
system, the ratio pSiO/pCO = Kz can only be maintained constant by the
absorption of more carbon monoxide in the production of gaseous silicon

monoxide. The net effect should thus be a gradual fall in the value of

PcO * Pgyo Watil pgg = Pgio°

(¢) 8ilica, Silicon Carbide and Carbon.

As shown in paragraphs (a) and (b), if silica and carbon only
are present the value of ppg may drift above that for reaction (4), while
if silicon carbide alone is present it may drift slowly below it.

In the case where all three are present together, it must be

assumed that diffusion of gaseous silicon monoxide to the colder areas
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of the system will reduce the value of Paio to slightly below that in
equilibrium with the three solidse In an attempt to reach the equilibrium
value of Psio two reactions will take place, vize.,
Si0; +C = 8i0(g) + €O cevesceess(?)

and SiC +C0 = 8i0(g) + 2C esssssssee(3).
If the original carbon monoxide pressure was that in equilibrium according
to the reaction

8iG; + 3¢ = 8iC + 2C0 cescecscscssscsecs(4)
and if reactions (7) and (3) took place at equal rates, then the value
of pgg would remain constant no matter how much pg;q fell below the
equilibrium value due to diffusion, since carbon monoxide would be evolved
and absorbed in eéual amounts in an attempt to restore the silicon
monoxide equilibriuﬁ.
A wide difference between the reaction rates of (7) and (3) would

cause some deviation from the equilibrium value of ppg for reaction (4).
This effect should be slight, however, since pgsg is very small (2s is
éhown in Table III), In consequence only a small amount of reaction is
possible, and the amounts of carbon monoxide being evolved by reaction (7)
and absorbed by reaction (3) must be smalle In the experimental
measurement of the reaction pressures of reaction (4), any error due to
this effect can be reduced or eliminated by reducing the diffusion of
silicon monoxide from the reaction zone, and by increasing the reaction

rates of (7) and (3) (for example by improving contact between the particles).
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In the present experiments diffusion has been cut down by carrying
out the reactions in a graphite crucible completely enclosed except for a
fine capillarye The reaction pressures observed should thus app:oach the
equilibrium values of Pgo * Pgio Vory closely. If no other solid phases
are stable under the experimental conditions, the simple pressure/

temperature/composition diagram shown in Fig.l should be obtained.

4, Effect of Existence of Another Solid Compounde

The possible existence of some solid compound other than 5i0; and
SiC in the Si-C-0 system was noted earliers No structural or thermo-
dynamic data is available for any such compound, but it is possible that
some compound which breaks down on cooling to a mixture containing silica,
silicon carbide and carbon may have remained undetected by X-ray examin-
sation.
As was shown previously, the thermodynamic data available for silicen
monoxide indicates that A G°® for the reactions-
S1 + 8i0, = 2510(8) eeevsscaseosersscerene(5)
may become slightly negative at high temperatures. If this is the case
the vapour pressure of solid silicon monoxide should be slightly less
than the silicon monoxide pressure for the reaction
S1 + 80z = 2510(g) eseecsecsccocssccccss(6)
since the stable configuration should have the lower vapour pressure.

Calculated values of pgjo for reaction (6) are shown in Table IV.
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F ig.lo
Simple pressure/temperature diagram for Si-C-0 system
if SiC; and SiC are the only stable solid compounds.

Si)_cl o

kCO S(OZ*C +C

ERREEEEE T Sic+ <

Fig.20

Type of pressure/temperature diagram proposed
by Brunner(43).
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TABLE IV.
Calculated values'of pSiO in equilibrium
with Si0; and Si.

T°C pSio(atm.)

1400 l.14 x 103
1450 2.88 x 1073
1500 4,68 x 1073
1550 8.13 x 1072
1600 1.38 x 10+

As can be geen by comparison with Table III these pressures are
sone three to four times higher than the silicon monoxide pressures
calculated to be in equilibrium with silica; carbon, and silicon carbide.
Thms, due to the comparatively higher stability of silicon carbide, solid
silicon monoxide is unlikely to be stable in the presence of carbone

Brunner(43) has investigated reaction pressures in the Si-C-0
systeme The results obtained will be discussed quantitatively later.

The type of diagram proposed to explain the results is shown in
Fige2. A compound siloxicon (SigCz0) was said to be stable at temper-
satures above Ty (1560°C). The existence of another solid phass reduces
ﬁhe number of degrees of freedom from one to none, that is, the 4 solid

phases can coexist at only one temperature and pressure T; and p1)e Above

T1 & mixture of silica, silicon carbide and carbon becomes unstable and,
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in the presence of excess carbon, either silica or silicon carbide must
disappear. By suitable varlation of the initial composition of the
mixture it should be possible to obtain the reaction pressures for the
two reactionss
25i0; + SC = SigG0 + 300  eesecossscocssccescssse(8)
and SipC0 + C = 285iC + CO esecenssssscsssscssescel(9)

A gimilar type of diagram would be obtained if solid silicon
monoxide were formed at high temperatures, or if any ternary compound
other than siloxicon existed which broke down on coolinge.

The presence of any such compound should be detectable by the

measurenent of reaction pressurese If the breakdown temperature lies

within the temperature range examined, a break in pgqg/T curve should be

obtainede It should also be possible to measure two distinct reaction
pressures above the breakdown temperature by varying the composition of

the reaction mixtures



CHAPTER 4,

THE Si-C-0 SYSTEM,

(b) Experimental.
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arimental Measurement of Reaction Pressures
in the 8i-C- stem.

(1) Apparatus.

The main requirement for the accurate measurement of reaction

pressures of the slow reactions in this system is to coastruct a reaction
vessel of small volume which will remain leak proof over long periods

at the high experimental temperatures. The apparatus used in the present
work consisted in the main of a horizontal platimum-wound resistance
furnace, with an inner furnace tube of mullite or recrystallised alumina.
The use of a horizontal furnace eliminated fluctuations in the measured
pressure due to convection currentss A diagram of the apparatus is
shown in Fige.3e.

The platimm~13% rhodium wound furnace operated satisfactorily,
although considerable loss of platinmum by volatilisation was inevitable
over the very long periods of use. The winding tube was made from alundum
cement, and the winding was surrounded by shaped bricks made from alundum
which had been rendered porous by the addition of sawdust to the mix before
firinge These bricks prevented contemination from the less refractory
insulating bricks, cut down heat loss from convection and made dismantling
of the furnace much easier than ia the case if powdered slumina is used.

In the first 20-30 runs attempted, great difficulty was experienced
due to the failure of furnace tubes and thermocouple sheaths. This
difficulty was accentuated by the presence in the tubes after use of surface-
active deposits which rendered the complete evacuation of such tubes a very

lengthy jobe In consequence it was impossible in some cases to establish
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the presence of leaks by the normal method of evacuating and allowing
to stand, and all the tubes and joints had to be carefully tested before
and after each run.

In the earlier stages of the work, most of the alumina tubes
tried were either porous before use or developed pin-hole leaks during
their first rune In alumina tubes which were closed at one end,
faillure usually occurred at the place where the hemispherical end had
been joined one Two recrystallised alumina tubss, open at both ends,
were satisfactory from this point of view, but after their use for several
runs it was found impossible to hold a vacuum at room temperature, even
although no leaks could be detected by high frequency vacuum tester or by
immersion in water under a positive pressurees The only possible reason
for this was considered to be the formation of a surface active deposit
on the inside of the tubes deriving from silicon monoxide vapoure Attempts
were made to remove any such deposit by chemical treatment and ignition
but the gas evolution from the tube appeared to have been thereby increased.
These tubes were therefore discarded as it was congldered that they might
give rise to false results in the measurements of equilibrium pressures.

In later runs Morgan mullite tubes and thermocouple sheaths were
used and precautions were taken to overcoms errors due to active deposits.
These tubes usually remained leakproof for 4 or 5 runs when used in the
temperature range 1450-1550°C, and showed no sign of softening. Earlier
lack of success with them was found to have been due to their use for

degassing the graphite reaction crucibless Reaction between graphite and
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the mullite wall at low presgures was found to produce porosity in the
area of contact in a few hours at 1500°C, This was avoided by resting

the graphite crucible on a alumina plaque during the degassing operation.

(2) Temperature Measurement.

The temperature of the graphite crucible was measured by a

Pt/Ptrl3% Rh. thermocouple lying in the mullite thermocouple sheath
whose end was level with the middle of the crucible. This thermocouple
was checked several times at the melting point of palladium, and when
contamination was likely to occur due to a leak in the thermocouple sheath
the end of the couple was removed and the new junction was tested against
a new thermocouples The E.M.F. of the thermocouple was measured by a
Cambridge Potentiometei', and a correction was applied for the temperature
of the cold junction. Since the reactions investigated are very temper-~
sature sensitive, great care was necessary in the measurement of temper-
ﬂtature to obtain reproducible resultse

ﬁ In earlier runs the furnace temperature was controlled mamally
by manipulation of the Variac transformer which controlled the voltage
across the windings. In most of the later runs the temperature was
controlled automaticelly by a Kelvin-Hughes electronic controller. The
thermocouple used for the controller was situated along the winding tube.
By this method the temperature of the crucible could be méintained at
+29% of the desired value. The thermocouple along the furnace windings

also served as a check on the accuracy of the inside tharmocouple.
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(3) Pressure Measurement.

In the final design of the apparatus as shown in Fig.3, little
difficulty was experienced with leaks other than those in the tube and
thermocouple sheath. The design of the water-cooled gland on the
end of the furnace tube is shown in Fige4. The copper tube spiral
conferred flexibility on the coupling between the furmace tube and the
mancmeter board.

In order to prevent dust and grit being carried into the vacuum
taps on the manometer board a simple filter was installed, as shown in
Fige5S.

The glass vacuum taps on the manometer board were connected to
the copper tubes by poly-vinyl chloride tubing, the join being made by
heating the copper and glass tubes and pushing the plastic tube over them.
The manometer tube was joined by a cone and socket joint sealed with
ﬁicene WaXe

Carbon monoxide gas was introduced into the apparatus through one
1imb of the two-way tap on the boarde The carbon monoxide was obtained
from a cylinder. In most of the earlier runs it was stored in a gas-
holder over water, but this led to contamination from dissolved.qugen
and nitrogen in the water, and in all later runs the gas was taken straight
from the cylinder. The cylinder gas analysed as 100% CO in the Bone

and Wheeler apparatus, using absorption by ammoniacal cuprous chloride.



PICENE WAX
m RUS"R m"“O‘QU’LE

GLAND N
~. [¢
h / Rinas JHeEATH
- AN L . W ¥ E : ; ii e : l.
[

H4 )
{ — LL - »u — ~

o o =2
............ L= Co
CoNNiCTion S. sttt IostTcon Con
To i
f’!kNJMff;R __________________ v 1: '

- - .- - - -, e ® w oem = owm w— Ve —C - s 8

w H
ATER JAckET MULLITE FURNACE

' TuseE
BRA3S

SeaLing RINGS
FIG.4. WATER COOLED GLAND (HALF Size)

RUBBER <SEALING

FIc.S. DUST FILTER (FuLL Size)

77777777 777
/]

7

7
LS

O-Smm, Bore

FIG. 6. CRAPHITE REACTION CRUCIBLE
(FuiL size)



35.

Gas samples of the gas in the furnace tube were taken by
attaching a 100 ml. gas sampling tube to the other limb of the two-way
tap on the manometer boards The metal tap on the board was then closed
and the sampling tube evacuated by the rotary pumpe Gas was then admitted
into the tube by opening the metal tap, and mercury was finally sucked
into the sampling tube to reduce the pressure difference and so reduce
the chance of leakage through the tapse Gas analysis was carried out in
a Bone and Wheeler apparatus.s In the earlier runs no measurable amount
of carbon dioxide was found, and all later analyses were carried out for
oxygen and cerbon monoxide only, the residue being assumed to be nitrogen.
Any oxygen present was assumed to be present due to leakage of air into
the sample, and a correction was made to obtain the true gas composition.
During the later runs when the experimental technique had improved, the
oxygen content was either zero or very low (below 0.5 per cent) and the
carbon monoxide was consistently ab&ve 975 per cent and usually 100 per

cent.

(4) Crucibles,

The design of the graphite crucibles used is shown in Fig.6. The
charges for the crucible were made ﬁp by pelletising the finely ground
constituents at a pressure of 50 tons per square inche In this form
the crucible held a charge of asbout 8 gme

Before use the crucibles were degassed by heating in wvacuum for
at least 3 hours at 1450°C. If the crucible was in contact with any

sili¢eous material during degassing (such as the mullite furnace tube)
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a skin of silicon carbide was formed near the point of contact. This/

skin was scraped off before the crucible was used to prevent errors due

to uncontrolled oxidation of silicon carbide to gasecus silicon monoxide.
In order to cut down the slow absorption of air by the crucibles

when not in use, they were stored in wvacuum or in sealed glass tubes.

(5) Materials Used.

The three reactants used in this series of experiments were
gilica, silicon carbide and graphite. The silica was obtained from
quart® sand of 99.3 per cent puritye This sand was of sufficient purity
for the present experiments but as purer silica was required for making
up slags it was finely ground in an agate mortar and then boiled with
50 per cent hydrochloric acid until free from iron. After this treatment
the purity was 99.7 per cente X-ray examination of the charge after an
experimental run showed that the quartz had been almost wholly converted
to cristobalite. The experimental results obtained should thus lie
closer to the values for the reactions with A crigtobalite than to thoge
for B quartze

Technical silicon carbide (which is hexagonal) was used, the
finest grade designated as -700 mesh, being employed. Previously degassed
Acheson graphite powder was the form of carbon usede Small amocunts of
impurities in these two constituents should have no effect on the

equilibrium velue reached.
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(6) Blank Runse.

Early experimental results were not completely consistent, and
so geveral blank runs were carried out to find out whether any part of
the system other than the crucible contentscould give rise to pressure
changesin the tubes The blank runs were carried out first using
recrystallised alumina tubes in the conditions existing after a run
had been carried oute It was found that a "recovery" effect did take
place in the tube whereby gas was evolved or absorbed in a direction
such as to minimise any pressure changes mades For example if the
tube was evacuated and then 1 atmosphere carbon monoxide was admitted,
it was found that there was a decrease in pressure of up to 2 cm. HE.
within a period of 2 hourss Thereafter the pressure remained steady.

This effect was present both with and without a graphite crucible
in the tube, although the recovery effect seemed greater in the former
cases Some of it appeared to be due to porous alundﬁm stools which
had been used to cut down radiation and to reduce the volume of the
reaction tube.

During the course of a run some silicon monoxide does escape
through the capillary, and this appeared to give rise to deposits in the
colder parts of the tube. Further away from the hot zone deposit was
black and formed as a thin layer on the tube walls and radiation shieldse.
It contained graphite and must have been formed either by carbon

deposition or by the reactions-

~
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si0(g) + CO = Si0; + C P ¢ )
Nearer the hot zone the deposit was more voluminous and of a white or
bluish~-white colour. X~-ray examination by the powder method showed asilicon
carbide to be present (Fige7 - I.ljt and chemical analysis showed that

silica was present exactly in the proportion expected if the reaction

were s

-

3Si°(g) +C0 = 261% + SiC ooooaocooaoﬁoo-ooooa.(z)
As a new tube showed no recovery effect when tested in & blank

run this effect must have been due to the presence of these deposits in
the tube.

In order to minimise the recovery effect the porous alundum
stools in the furnace tube were removed and replaced by radiation shields
made from mullite tube. These radiation shields were cleaned before

each run and the thermocouple and furnace tube were 8lso scrzped free

of deposit.

% Cubic &ilicon carbide is the modification formed at temperatures below
2000°C(47), but no X-ray pattern of cubic silicon carbide was available
with which to compare the patterns obtained in the other photographs.
However, commercial silicon carbide, which is hexagonal, gives a

pattern containing all the lines of cubic gilicon carbide together

with a large number of extra lines (No.X.3). The five strongest k
lines of cubic sjlicon carbide have d-spacings of 2.51, 1l.54, 1.311.,
0.888 and 0.837 &, and the lines of these d-spacings have been marked

on NosXe3s They can be seen to be also present in Nos. X.1, X.4, X.5
and X.7, but absent in X.6.
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In addition to these measures, the possibility of errors due to
_ @bsorption or desorption of gas by deposits in the tube was met by using
long experimental runse. Inthis way time was allowed for the small
amount of deposit present to come into equilibrium with the particular
gas pressure in equilibrium according to the reaction being examined.
Where reaction rates were found to be slow, as is the case with solid
reactants, a reaction pressure determination took at least 5 hours,
and many extended to over 24 hourse

Confirmatory evidence of the absorptive power of the deposits
formed inside the furnace tube was obtained from the gas analysese. It
was found that, if nitrogen was introduced into the tube the gas in the
following run was high in nitrogen. A considerable amount of high
temperafure evacuation was necessary to eliminate such absorbed nitrogen.

In the final form of the apparatus the total effective volume
of the reaction tube was found to be 162 c.ce. with the crueible‘at
1500°C, and, the volume of the tubing to the left of the metal tap was

13 cece

(7) Experimental Procedures

The exact experimental procedure used varied with the experiment
being carried oute However, in general, the crucible was charged and the
furnace was then heated up with the furnace tube connected to the rotary
pump to remove any adsorbed extraneous gases from the tubs. In runs
where the change contained silica and carbon the pump was switched off at

about 1200-1300°C to prevent excessive formation of silicon monoxides
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Some carbon monoxide was then admitted to cut down further reduction of
silicae.

When the furnace temperature had reached the desired reaction
temperature, the reaction pressure was measured whenever possible by
approaching equilibrium from both the high and low pressure sides. The
carbon monoxide wes renewed occasionally, but excessive pumping out at
high temperatures was avoided, as it was found to give rise to three
adverse effects, viz.,

(a) Excessive evaporation of silicon monoxide from the reaction
crucibles This silicon monoxide vapour then condensed on the colder
areas of the tube, where it was re-oxidised on the admission of fresh
carbon monoxide, presumably according to the reactions~-

38i0 + CO = 28103 + SiC .....;.......-...(2)

(b) Reaction between the outside of the crucible and the wall of
the mullite furnace tube according to the equations-
510, (mul1ite) + 36 = S1C + 200  eeeseesesesecases(3)
This reaction resulted in the formation of a hard silicon carbide
skin on the crucible which may have been gradually re-oxidised by carbon

monoxide to form gasecus silicon monoxide or solid silica.

(¢) Excessive pumping out is likely to give rise to a large "recovery"

adsorption effect on the admission of carbon monoxide.
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Normally the experimental procedure was to pump out the tube
with the stopcocks fully open for a few seconds only at high temperatures.
Longer exhaustion was always found to give rise to a temporary decrease

in carbon monoxide pressure when the gas wag re-admitted to the tube.

(8) Experimental Results.

(a) Silicon Carbide runse

Two runs were carried out using a charge of silicon carbide in
the crucible. The tube used for both runs was of recrystallised alumina.

Run 1. At 1500°C, and with initial values of pgg ranging from
0.3 atme to 0.6 atm., a gradual decrease in carbon monoxide pressure was
observeds In the longest run reaction was found to have virtually ceased
after 24 hours, the final pressure reached being 0.286 atm. CO, after an
absorption corresponding to a pressure decrease of 0,22 atme

Run 2. Pressure/time curves for this run are shown in Fig.8e
This run differed from Run 1 in that the initial pressure was higher.
On heating up, 1 atmosphere of CO was admitted at 1300°C and a congider-
vable absorption took place between 1300°C and 1500°C, resulting in an
initial pressure of 62 cm. Hge, as shown in Fig.8. While the temperature
remained steady at 1500°C a further gradual absorption took place, but
when the pressure was reduced to 41 cm. Hge, by pumping out some gas,
there was a rapid ewolution of gas inside the tubes This pumping out was
repeated, and the seme result was obtaineds The pressure was then

increased again by the admission of more CO and the reaction was allowed
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to proceed overnighte As is shown by Fige8 & further gradual absorption
of carbon monoxide took place, and the probable shape of the pressure/time
curve has been indicateds |

Reference to the theoretical discussion of this system on page 26
shows that the results obtained correspond to the formation of some solid
oxidation product of silicon carbide which is stable at carbon monoxide
pressures of more than about 50 cm. Hg. at 1500°C. This compound could
either be silica, in which case some of the thermodynamic data used in
the calculations in Chapter 3 must be wrong, or some intermediate compound.
By lowering the pressure the small amount of solid oxidation product
(formed at pressures above 50 cm. Hg.) must have been consumed by some
reaction such as

Si6; + C = s8io(g) + CO P ¢

This would account for the gradual absorption of carbon monoxide which took
place in the latter stages of the run, as this would correspond to
diffusion controlled oxidation of silicon carbide to gaseous silicon
monoxides -

Si¢ + CO - SiO(g) + 20 oolcoocotooo.oooo-o(3)

If silicon monocxide formed by this reaction condensed in the tube or

reacted to form some solid compound, a gradual decrease in total pressure

would be expected, as was noted in Chapter 3, page 30.

Confirmation of this interpretation of the results was obtained by
examination of the contentis of the reasction tube after the run. An X-ray
powder photograph of the contents of the crucible was taken, and this

revealed only silicon carbide (Fige7 - Xe2)e¢ In addition it was found
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that a considerable amount of deposit had been formed inside the furnace
tubes Thig deposit was found not to change in weight when ignited in
air (solid silicon monoxide would probably have increased in weight due
to oxidation), and when treated with hydrofluoric scid a loss in weight of
75 per cent took place. An X~ray powder photograph was taken of the
deposit, and is shown in Fige7 - X.le Comparison of this photograph with
that of eommercial silicon carbide (No.X.3) shows that the deposit contains
silicon carbide. The reactions which would give a deposit containing some
silicon carbide and 75 per cent silica ares~
SIC + 60 = 8i0(g) + 20  eececesssscecocscascsa(3)

in the crucible, and

3810(g) + CO = 2Si0; + SiC B 3
in the colder parts of the furnace tube. The welght of the deposit was
found to be sufficient to account for all the carbon monoxide consumed,
assuming reactions (3) and (2) to be taking ﬁlace.

As is shown by Fig.8, a small increase in reaction pressure was
also obtained at a later stage in the run when some carbon monoxide was
removed by pumping ocute This increase can be seen to be much slower and
smaller than that obtained‘at higher pressures, and was probably due to
the “"recovery" effect, since the precautions against this effect given
on page 48, had not been taken at this early stage in the work.

After completing this run at 1500°C, the temperature was lowered
to 1450°C, the initial pressure being 23 cm. Hg (or 0.3 atm.). A further

decrease in pressure was obtained at this temperature over a period of

24 hourse



(b) Silica and Carbon Runs.

Seven runs were carried out using a charge consisting of a finely
ground mixture of silica and graphites In the first 3 runs the charge
was compacted in the crucible by hand, and in the last 4 runs the charge
was pelletised at 50 tons per square inche In order to prevent the
formation of silicon carbide during heating up, the furnace tube was not
evacuated above 900°C, about 1 atmosphere of carbon monoxide being admitted
at this temperature.

The main purpose of these runs was to investigate the possibility
that silica might be reduced by carbon to some solid compound other than
silicon carbide. This type of system would lead to a pressure/temperature
diagram of the type proposed by Brunner(43), as shown in Fige.2. If this
type of system were correct silica and carbon should react at a pressure
higher than that of the calculated 3i0;~-SiCG-C equilibrium to form & third
solid compound.

The results of these runs will be discussed in detail leter in the
light of the results of the Si0;-SiC~C runs. At this point it may be
noted, however, that they tended to support the simple type of Si-C-0
system depicted in Fige.les Denoting theequilibrium carbon monoxide
pressure for the reactions

Si0 + 3C = SiC + 200  eveeeescessesssee(5)
by pco ede, it was found that, at pressures above Poo €% slow
diffusion-controlled reduction to silicon monoxide took place, while

below pgg ©de, reduction to silicon carbide took place.
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(e¢) Silica-Silicon Carbide-Carbon Runse

In these runs it was found possible to reach a definite equilibrium.
pressure, approaching from both the high~ and low-carbon monoxide pressure
directions by the normal experimental procedure, using a mixture contain-
ving equal proportions of the thres constituents by volumes The results
5btained by this method were not at firgt completely consistent among
themselves but without exception the reaction pressures measured were
much lower than the calculated values of pgpg and pgjg given in Tables I
and III had led one to expects A large number of runs were carried out
at 1450°C. and 1500°C to determine the.cause of the small inconsistencies,
and also to establish with certainty the reaction to which the measured

pressures referreds These experiments will be dealt with now.

(i)  Experimental Consistency.

At the time when these experiments were being carried out,
considerable difficulty was experienced in obtaining a pure carbon monoxide
atmosphere in the furnace tube.s Even in cases where the whole tube
assembly had been tested under water before and after the run and found
to be leak tight, a considerable percentage of nitrogen was often found
to be present in the furnace gase Repeated pumping out and renewal of
carbon monoxide was not congsidered advisable due to the effects noted on
page 40, and in addition some nitrogen had been introduced into the tube
with the carbon monoxide due to the latter having been stored. over waters

A connection appeared to exist between the purity of the furnace

atmosphere and the measured partial pressures of carbon monoxide. This
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is clearly shown from the results given in Table V.
TABLE V,

Partial pressures of carbon monoxide measured
in 810;-8iC~C runs.

1450°C 1500°C

Pgo #co Peg #co
0.450 8965 0,719 7646
0.419 94,48 0,715 8l.8
0,376 100 0.736 8547
0.414 8842 0.764 84.1
0.441 9l.2 0,793 893
0.390 9748 0.729 100 =

&« Solid plug crucible 0.716 100 =

It can be seen that the measured values of Pgg &re quite consistent
in the cases where the carbon monoxide content is greater than 97 per cent,
but that the values of Pgp are in most cases greater whers the gas is less
pure.

An attempt was made to discover if there was any chemical reason
for this effect by investigating the effect of nitrogen on silicon carbide
contained in a carbon crucible. The results were difficult to interpret
due to the simultaneous generation of carbon monoxide by the reaction
between thg crucible and the mullite furnace tube, but it appeared that
some abgorption of nitrogen had beken place in the tube. The experiments
were discontinued as they were found to give rise to high nitrogen contents

in subsequent runs carried out in the same tube (for example the gas sample

shown in Table V containing 76.6% g0 Was the first to be drawm after a
nitrogen run)e
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A second possibility was that the effect was caused by differences
between the gas composition inside and outside the crucible. & fuller
discussion of this effect will be given later, but it appeared unlikely
from an examination of the results that this could be the sole explanation.
In one or two cases the high nitrogen content and high value of pgg may
have been due to a slight air leskage, but this was not the case in the
great majority of the runs quoted.

When the experimental technique had improved it was found possible
to keep the nitrogen content of the furnace atmosphere below 2 per cent,
and a high degree of consistency was then obtained in the measured

reaction pressures.

(1) Experimental Reaction.

The most obvious interpretation of the reaction pressures measured

in these runs is that they refer to the reactions-
Si0; + 3¢ = 8iC + 2C0 .(5)

Howsver, since the pressures measured are so much lower than those
predicted by calculation from apparently well-founded data, the possibility
that this might not be the case was examineds Two causes appear to be
possible, vizs~

(2) The diffusion of silicon monoxide gas from the crucible
had disturbed the equilibriume.

(b) A third solid compound in the S8i-G-=0 system was stable under

the experimental conditionse.
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Both possibilities have been treated in the theoretical examination
of this system in Chapter 3. 1In the former case it was noted that a
low carbon monoxide pressure might be reached if the reaction

8iC + CO = 8i0(g) + 2C cesesssessesessacesl(d)
were very much more rapid than the two reactions

S0 + C = 8iC + CO, and

SiG; + 3C = SiC + 200
It was also shown that if this were the case the difference between the
meagsured value of Pco and Pgo oge could be reduced by decreasing the rate
of diffusion of silicon monoxide and by increasing the reaction rates by
improving particle contact.

The effects of both these changes were investigatede Reaction
pressures were measured using a crucible with a solid plug, relying on
gas diffusion between the crucible wall and the plug to equalise the
pressures inside and outside the crucibles In addition the charge, for
the first time in this series, was pelletised. The two results obtained
in this way are marked by an asterisk in Table V, and it can be seen
that they agree excellently with the best of the results obtained with a
capillary opening in the crucible and a lightly compacted chargs. It
would thus appear that the lowness of the pressures measured cannot be
attributed to silicon monoxide diffusion from the crucible.

It may be noted in support of this conclusion that the runs
carried out with silica~carbon and with silicon carbide charges did not

indicate any wide difference in the rates of the two reactionss~-

-~
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810, + C = 8io(g) + CO veeesosssscecese(l )
and SiC +C0 = 8iO(g) + 2C ccesevecsesassesald)

Pelletising of the charge was used in all the succeeding runs in
which equilibrium pressures were measured at 1400°C, 1550°C and 1580°C.
Solid plug crucibles were also used occasionally and appeared to have
no effect on the results obtained.

The presence of a third solid compound, stable at high temperatures
only, would separate the system into the ereas shown in Fig.9, assuming
the compound to be intermediate, in oxidising and reducing power between
silica and silicon carbide. It is possible that a system such as this
in which a mixture of silica, cerbon and silicon carbide would be
metastable above Ty , might give rise to low reaction pressures along the
line OBs If this were the case it should be possible to measure a series
of reaction pressures alongz the line QA by preparing a mixture with a
large excess of silica.

Thig has been attempted by using a mixture of silica and carbon
and holdingAthe gas pressure sufficiently low to form a little solid
reduction producte When this had been done it was found possible to
measure an equilibrium pressure for the mixture, approaching from both
above and below in the usual waye. The measured equilibrium pressures
obtained in this wsy are shown in Table Vi. They can be seen to agree
well with measurements made using changes containing a large proportion

of silicon carbide.
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Fige9e

Type of Pressure/Temperature Diagram obtained if there
is a compound X, stable only at high temperatures.
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TABLE Vl.

Measured reaction pressures for Si0; + C mixtures
containing a small amount of silicon carbide.

1450°C, 1560°C.
Pco 70 Peo #o
0,415 97 0.714 9745
0,366 100

In runs where silica~-carbon mixtures had not been held at pressures
low enough to form silicon carblde, a slow upward drift in pressure was
always obtainede This corresponds to diffusion controlled reduction of
silica to gaseous silicon monoxide, as discussed on pages?4/25. An
example of this pressure change is shown later, in Fig.1QO.

In one Si0; + C run at 1550°C the tube was pumped down to 0.5 cm.
Hg five times and allowed to generate gas up to atmospheric pressure.

The pregsure wag then raised to le35 atm. and carbon monoxide was slowly
absorbed down to a pressure of l.l atm., although the equilibrium pressure
at 1550°C with 8i0;~SiC~-C charges had been found to be 1.27 atm. The
reason for this is believed to have been the formation of silicon carbide
at the point of contact between the crucible and the mullite tube. An
{-ray of hard powder scraped from the crucible at this point is shown in
Fig,7-Xe44 clearly showing the presence of silicon carbide. Oxidation
of this silicon carbide to silicon monoxide by carbon monoxide could give
rise to a low reaction pressure since diffusion is unrestricted at this
pointe In the other silica=-carbon runs quoted legs vigorous reaction

had teken place and no hard skin was apparent on the crucible.
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An X-ray powder photograph of the crucible contents from this run
is shown in No.X5. From a comparison with No.X3, silicon carbide can
clearly be seen to be present.

From the present results it would appear that at 1500°C silicon
carbide should only be formed from silica and carbon at pressures below
0.72 atme, whereas previously the thermodynamic data indicated a value
of 1.5 atme Two experiments were carried out in an attempt to decide
between the two valuess A small silica-carbon pellet was held at a
pressure of 1 atm. carbon monoxide at 1500°C for 46 hours in a standard
graphite crucible. The X-ray powder photograph is shown in No. X6, and
gives no indication of the formation of sgilicon carbide as would have
been expected from the previous dates This was in contrast to a previous
run carried out over a shorter period of time or a pressure slightly below
0.7 atm. (See Fige7 No.X.7)e In the second experiment silicon carbide
in the standard graphite crucible was held for 33 hours at 1500°C in
1 atm. pressure of carbon monoxide, but the result of this run was negative,
no silica pattern being visible on the X-ray photograph - No. I8.

Even although the result of this last run was negative it was
considered that the evidence that the pressures measured refer to the true
Si0;-8iC~C equilibrium wes overwhelming. Measurements were therefore
tsken over as wide a range of temperatures as possible, using silica-
silicon carbide-carbon mixtures. The temperature limits were set by the
slow reactions and small pressures at low temperatures, and by the tube
and furnace limits and the high pressures at high temperatures. These

factors limited the measurements to the range from 1400°C to 1580°C,
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Pressure/time curves for these runs are shown in Figs.l0 and 11 and the
values of the equilibrium pressures were taken as followss~

1400°C. The gas in these runs was only about 967 CO and this
probably accounts for the gap between the two curvess The crucible used
had a solid plug and this must accentuate the effect whereby the gas in
the crucible is constantly enriched with carbon monoxide when equilibrium
is approached from the loWbpressﬁre side, and enriched with nitrogen when
approaching from the high pressure side. For this reason the best value
has been taken to be that obtained from the lower curve, assuming the
gas in the crucible to be 100 per cent carbon monoxide. This leads to a
reaction pressure of 0.216 atm.

1450°C. A gimilar effect is apparent here, being especially
marked since the only long approaches from above were accompanied by
carbon monoxide content in the region of 90 per cents The most reliable
run appeared to be that in which the pressure remsined completely constant
at 0.376 atme for 24 hours, and in which the gas was found to be 100 per
cent. carbon monoxide. The other curves tend to indicate a slightly
higher wvelue, however, and the best wvalue hag been taken to be 0.382 atme.
The curves obtained from silica=-carbon mixtures in which s small amount
of silicon carbide had been allowed to form are also shown.

1500°C. The two long approaches with high purity gas compositions
appear to establish the equilibrium pressure accufatelyy and it has been
taken as 0.723 atm. The pressure change obtained with a fresh silica=-

carbon mixture is also shown on Fig.0.
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1550°C.,  Although the only approach from the high pressure
direction is rather short, this value is also quite well established
at 1.27 atm.

1580°C, The difficulties of working so near the limits of the
apparatus necessitated the use of fairly short runs at this temperature,
but this is partly compensated by the higher reaction rates, and the

pressure of 1l.77 atm. was consistently indicated.

(9) Discussion of Resultse

Comparison of the results with the calculated wvalues of Pco and
Paig glven in Tables I and III indicates a wide discrepancy, and this
must be due to an error in the thermodynamic data on which the calcula-
stions were basede While the free energy of formation of silica may
ﬁe slightly in error it is considered that the greater part of the
discrepancy must be attiributed to an error in the free energy of forma-
Ption of silicon carbide. The determination of the heat of formation
of silicon carbide is very difficult due to its unreactive nature, and
although such a large error in the determination by Humphrey, Todd,
Coughlin and King(25) appeared unlikely, this quantity is the one most
open to doubt.

Teking the silica free energy to be correct it can be seen that
the values of K for the reaction Si0; + C = 8i0(g) + CO in Tahle II
should still héld goode Using the measured reaction pressure as an

approximation for pgg, the equilibrium value of pgsn can be calculated

from the given values of pgg x Psio at each temperature, and these
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values are shown in Table VII. Since thd measured reaction pressure is
Pco * Psios the carbon monoxide pressure of the reactiom-

810, + 3¢ = 8iC + 200 SR ¢-)
can then be obtained by subtraction. This value of Peo has beenplotted

against temperature in Fig.1l2, and log 10 pPgo has been plotted against
1/1%% in Fig.13. |

TABLE VII.

T%  Pgo* Psio  Pgip Pco log, ,PCO I/rx x 10°
1450 0.376 0.016 0.360  -0.444 0.5805
1500 0.723 0.029 0.694  =0,159 0. 5640
1550 1.27 0.039 1.23 +0.090 0. 5486
1580 1.77 0.060 1.71 +0,233 05396

The latter plot indicates that there is a straight line relationship
between logio pand 1/T°K and this lends support to the conclusion that

a true equilibrium for the system has been reacheds The equation of

this line iss-
logio p.. = 8.926 - 28,130
700 L 32,220
gince K = PCOB’ logio K¢ = 17.852 =~ "'{.""“
gince \G% = ~RT 1n K

DG% = 147,400 - 81.68 T
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Taking the free energies of formation of silica and carbon
monoxide given previously, the following equation is obtained for the
.free energy of formation of silicon.carbide.
8i(l) + C(graphite) = SiC
AG° = -15,200 + 6,02 T
compared with the equation obtained by Humphrey et al(25)s-
NGO = —24,700 + 8.3T ”

It is considered that the equation derived above does represent
accurately the free energy of formation of silicon carbide in the exper-
simental range of 1400-1580°C. However, in view of the fact that the
;alue of the entropy term in equation of Humphrey et.al. is go well
established by their own heat capacity measurements and those of
Kelley(30), it is probable that this term is accurate. In consequence
some readjustment of the present equation may be required te bring it
in to alignment with this value. Such readjustment leads to the
equations~

© AGPgc = -19,240 + 8,3T

The effect of this change on the experimental curve for

log PCO/ a& has been calculated, and is shown in Fig.13. As can be

seen it is small enough to be within the experimental errore



CHAPTER 5.

THE MEASUREMENT OF SILICA ACTIVITIES IN SLAGS.
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(1) Theoretical Considerations.

The necessary data is now available to make posgsible the deter-
smination of silica activities in liquid silicate slags by measuring
the reaction pressure of the reactions-

Si0(slag) + 3C = SiC + 200 PP ¢ §)
For this reaction Kz = 0% | and the value of K may be obtained from
#5105

the equation derived in Chapter 4, page 54, viz.,

logio Ky = 17.852 - 23;?-39

In the present experiments measurements were made at 1450°C, 1500°C

and 1550°C, and the values of Ky at these three temperatures are as

followss~
" 1450°C 15009 1550°C
K, 0,140 04482 1.51

To obtain the value of Pgo from the measured reaction pressure
it is necessary to know the partiasl pressure of silicon monoxide. This
may be obtained most easily from the equilibriums -

Sic + Co = SiO(g) + 20 .vooott-o...-n.o...(z)

for which Kz = Psio
Pco

Using the free energy of silicon carbide derived in the previous
Chapter it is found thats-
NG® = 6,960 + 2.88 T

and logioKg = ~0.630 ~ l‘ggg
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From this equation the values of K3 at the working temperatures

have been calculateds~

~

1450°C 1500°C 1550°C
Ky 3.1x10% 3.3 x107 3.44 x 10 2

Since Pgio is a small fraction of pyg, the value of Pgo * Paio
can be used in place of-pco in making use of these values of Kz without
introducing any significant error. This enables Pgio to be calculated
with sufficient accuracy from the totél reaction pressure. The carbon
monoxide pressure is then obtained by subtracting Pg;i0 from the total
pressure, and the activity of silica may then be calculated from the
values of Ky given above.

This method of measurement of silica activities is confined to
slags in which gsilice is the most easily reducible oxide. Such oxides
as FeO, MnO and P305 are thus excluded. In the present experiments the
only other constituents present have been lime and alumine. It is
possible to calculate approximately the carbon monoxide pressures of
the two reactionss-

CaO + 3¢ = CaCy + CO ceeeeresnnacesanes(3)
and Alz0; + 9C = Al Gz + 6C0 P €3]
using the free energy dats of Richardson(44) and Richardson and Jeffes(45).
At 1500°C the equilibrium carbon monoxide pressure of reaction (3) is
about 5 mm. Hg, and of reaction (4) about 0.5 mm.Hg, so that neither
is likely to interfere with the mein reaction being studied since all

the reaction pressures measured were above 60 mm. Hge
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(2) Experimental Procedure.

The reaction pressure measurements were carried out in the same
apparatus as was employed for the experiments on solid silicas The
charge for each run consisted of 5-6 gm. of powdered slag and about
1 gme each of graphite and silicon carbide powdere This powder was
mixed by grinding lightly in a mechanical agate mortar for 1-2 minutes.
It was then pelletised at 50 tons/square inch and in this form the whole

charge could be contained in the graphite crucible.

(3) Slag Composition.

After a run the charge still consisted of a finely divided mixture
of slag, carbon and silicon carbide, although in some cases molten slag
had coalesced into visible globules. No method of sufficient accuracy
could be devised to analyse this mixture and it therefore has been
necessary to analyse the slag before use in a run, and to control the
run in such a way as to prevent large changes in slag composition due

to excessive reaction in one direction or another.

Master slags were made up by first weighing out the requisite
amounts of Analar calcium carbonate and alumina and purified silica
and then roasting the mixed powder at 1000°C for 2 hours to drive off
carbon dioxide. The powder was melted in a graphite crucible by means
of a high frequency induction furnace. The melted slag was crushed

in a percussion mortar and finally ground in an agate mortar and

analysed for silica, alumina and lime by the usumalmethods.
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Two series of slags were investigated, viz., lime=-silica slags
and lime-alumina=-silica slags containing 20 per cent alumina. The lime-
silica and lime-alumina-silica phase diagrams are shown in Fig.l4 and 15
together with the slag compositions examined. The master slag compositions
have been indicated on the diagramse. Compositions at intermediate points
were made by mixing the requisite amounts of master slags. Values of
N'Siqb in the liquid were calculated from the analysés in the case of
slags which were completely liquid, and from the phase diagram for slags
which were only partially molten at the reaction temperature.

The analysed alumina contents of the lime-gilica slags are
higher than those expected from the purity of the faw materials used,
and the reason for this is not knowne In slags which are completely
liquid the amount of alumina present should have only a slight effect
on the silica activities but in addition it does alter the composition
of the liquid in semi-golid slags by a small amount. 1In all cases
NSiQ; in the liquid has baen calculated taking the alumina content into
account.

In order to measure the equilibrium pressure it is necessary to
allow some reaction to take place, and any reaction produces a change
in composition of the slag. The effective volume of the reaction space
under working conditions is about 175 cc.(i.es, 175 c.c. of gas, as
measured at NeTePe, would exert a pressure of 1 atmosphere if intro-
duced into the reaction space)s A change of pressure of 20 cm. Hg is

thus equivalent to the consumption or production of 0.062 gme silica,
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or a change in silica content of l.2 per cent in a slag weight of 5 gm.
It was thus necessary to balance the forward and back reactions by
approaching from about the same distance on either side of the equilibrium
pressures It is difficult to estimate exactly how closely this ideal
was followed since the changes in volume during heating and sampling
have to be taken into account, but it is considered that the net change
in pressure during a run was never as high as 10 cme

Some change in composition must also take place by diffusion of
silicon monoxide vapour from the crucible. The weight of deposit on
the tube after a run was about 0.02 - 0,03 gm., and some of this was
probably due to reactlon between the crucible and the mullite tube,‘so
that the decrease in silica content due to this effect could not be
greater than 0,5 per cent.

At first a gas sample was drawn after each reaction pressure
determination, but as gas sampling introduces some uncertainty into
the net pressure change and since the carbon monoxide contents were
so uniformly high (always above 98 per cent) it was considered necessary
to take only one gas sample during each run.

The general procedure used in the experiments on solid silica
was followed in the glag runse In general reaction velocities were
greater, especially in the more fluid basic slags, and rather shorter
runs were therefore possible than were considered advisable when all

the constituents were solid.
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(4) Results.

Some 20 runs were carried out in the earliier part of the work
before the date on pure silica had been obtainede These runs gave
results of the same order as those obtained in the later runs, but
they did not show the same consistency, and have not been included
heres The main reasons for the wariations obtained are considered

to bes~-

-~

(a) Great difficulty was being experienced with leaks in tubes
and thermocouple sheaths, and many of the runs were invalidated

for this reasons

(b) Adosrption effects made satisfactory degassing of the reaction
chamber very difficult, and it was often difficult in consequence

to decide whether or not leaks were present.

(¢) Due partly to the use of impure carbon monoxide the gas was
geldom of the purity which appears to be necessary in obtaining

consistent resultse

(d) 1In order to conserve tubes and thermocouple sheaths which
were in very short supply, frequent adjustments of pressure were
made so that the equilibrium pressure could be ascertained quickly.
As a result some of the pressure changes observed may have been

due to the "recovery" effecte
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The results of all the runs done in the later stages of the

work, after the pure silica runs had been completed, have been included,

and are shown in Tables VIII - XIII. Some of the pressure/time curves
from which the values of pgo + pgio have been obtained are shown in
Figs.16, 17 and 18. These runs are typical of those carried out. As
can be seen from them the greater reaction rates and higher gas purity
in this series of runs have enabled equilibrium to be reached quite
qpickly'from'both above and below, especially in the ﬁore basic slags.

In cases where results have been duplicated by separate runs
using fresh charges, this has been gshown on the tables by separating
the results by a line. Where no line is shown the results have been
obtained with the seme charge but with measurements at other temperatures
intervening.

The activities obtained have been plotted against liquid compos-
sition in Figs.l9 and 20. Comparison of the two curves shows that at
silica contents below about 63 per cent, replacement of 20 per cent lime
by 20 per cent alumina, hag increased the silica activity, while above
63 per cent silica replacement of lime by alumina has decreased the
silica activitye ©Since the slags used for the measurements on the
binary system contained approximately 0.7 per cent alumina a slight
correction must be applied to obtain the tfue binary curve. In view
of the effect of alumina noted above it is apparent that the measured
curve should be moved slightly to the right at low silica contents and

slightly to the left at high silica contents.
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The extent of the feqnired shift is very small, but it has been indicated
on Fig.lQ for 1550°C at high silica contents where it can be fixed by
the two silica saturation compositions.

The results show little temperature effect in the CalO-Si0; system,
except at compositions nearing silica saturations Unfortunately the
steepness of the curve at this end has made some scatter of the experi-~
smental points inevitable, but the true activity lines can be drawn in
&ith sufficient accuracy from the silica saturation compositions as
read fraFige.l%. At lower silica contents the line is well established,
especially at 1550°C, which is the only temperature at -which a contimous
range of liquid compositions exists.

In the glags containing 20 per cent alumina there is a small
decrease in activity with increasing temperature at the high-silica end,
but this difference disappears at more bagic compositions. Although no
duplicates were carried out in this system, the variation in silica
activity with temperature and composition is so consistent that the

positionsof the activity-composition lines appear to be well established.



TABLE VIII.

Ca0-8iC; System 1450°C

No. Analysis e Psio PO ag ff;?; i
Ca0  Si0y Alo0;  “C0™"Si0  (atm.) (atme)

C.5.3 51.3 47.7 079 0,308 0.010  0.298 0,635 0,611

CoSe4 4R.0 57,5 0,60  Co312 0,010 0,302  0.652  0.611

CeSe5 4le4 5848 0.7 06354 0.0l 0,343  0.844  0.611

CeSe5 4led 5848 047 06367 0,011  0.356 0,907  0.611

CeSe6 3443 6640 0,80 0373 0,012 0,361 0,932 0,631




=R

TABLE IX.

Ca0-Si0, System  1500°C.

Noe Analysis pMea;ured Psio  Peo 8. f?io? d,m

Ca0  810; Alp0,  CO* 8i0 (atm). (atm,) 50 T
CeSel 5505 43.4 0.8 04240 0,008 0232 0,112 (o425
CeSel 55.5 4344 0,8 Ce233 0,008 04225  0.105 0,423
CeSe2 5Le3 4747 0.8 0.288 0.010 0,278 0,160 0,463
C.S.3 4642 53.1 0.8 0,521 0,017 0,504  0.527 04557
CeSed 4240 5745 0s60 0501  0.0L6  0e485  0.490 06557
CeSe5 4led 5848 047 0.553 0.C18 04535 0,595 04568
CoSe6 3443 6640 0.8 06635  0.021  C.614 04784  0.642
CeSe6 3443 66,0 0.8 0.676 0.023 0,653 0,888  0.642




TABLE X,

Ca.0-Si0; System  1550%C.

Measureds

oo me e Poo'Peio TS (g B '
CeSel 55.5 4344 048 0,419 0,014 0,405 0,109  0.423
CoSel 55¢5 43e4 048 0.380 0s013 04367 0.090 0,423
0,408 0.014 0,394 0,103 0,423
CoSe2 51e3 4747 0.7 0e584 0,020 0,564  0.210 0,463
CeSe3 4642 531 0.6 0,735 0,025 0,710  0.334 0,516
CeSed 4240 5745 06 Gas analysis only 91.6% CO
CeSe5 4led 5848 0.7 00903 0,031  0.872 0,578 04569
CeSe6 3443 6640 0.8 1.152 0,039  1.113 0,808 0,643
CeSe6 34.3 6640 048 1,158 0,039 1,119  0e831  C.643




TABLE XI.,

C&O"Alg g{ -Siga_s_gtem 1450°C °
Measureds p
Noe Analysise p Si0 CoO 4

Ca0: SiG Alp0; GO ™ 8i0 (atm.) (atm.) "SiO
CS.1 46.7 3345 20425 0,082 0,003  0.079  0.045
0.090 0,003 0,087 0,054
CAS«2 4344 3845 19.4 0,117 G.004 . 0.113  0.0%
CASe3 3848 42,0 19,5 0.173 0.005  0.168  0.202
CASe4 35.7 45,0 19,6 0.218 0.007 0.211 0.318
CASe5 27¢2 5440 19,7 0.299 0.009  G.290  0.602
CASe6 11le0 6905 1949 0.363 G.011 0.352 0.886




TABLE XII.

Ca0- -8i stem 1500°C,

Noe | Analysis. Measured Pgio Pco
a0 Si0; A0, Pco*Pgio  (Atm.)  (atm.) “sio,
CASel 4647 3345 20425 0,148 0.005  0.143  0.043
CASe2 4344 38.5 19.4 0,206 0.007  0.199  0.082
CASe3 38.8 42,0 1945  0.314 0,010  0.304 0,192
CASe4d 35.7 45,0 1946 0,380 0,013  0.367  0.300
CASe5 2742 58,0 19,7 0,539 0,018 0,521 0,565
0,532 0.018  0.514  0.550
C4Se6 1140 6945 1949 0. 656 0.022  0.634  0.836




TABLE XIIT,

1550°C,

Ca0-A1-0,-8i0; Systenm

Measureds Paio

" Noe Analysis. D 4P Pso 4

Ca0  Si0; 4lo0; "C0T 9i0 (atme) (atms) Si0n
CAS.1 4647 3345 20.25 04257 0,009  0.248 0,041
CAS.2 43.44 38,5 19.4 0,365 0.013  0.352  0.082
CAS.3 3848 42,0 19.5  0.538 0,019  0.519 0,179
CASe4 35.7 4540 19.6 0645 0,022  0.623  0.258
CASe5 27e2 5440 1947 04940 C.032 0,908  0.548
CASe6 11.0 69,5 19,9  1.135 0,039  1.096  0.795
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CHAPTER 6,

DISCUSSION OF RESULTS.
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(1) The 8i-C-0 System,

Prior to the present work, the only direct measurements which
have been made of reaction pressures in this system were by Brunner(43).
The results obtained are shown graphically in Fig.2l. The directions
from which each point were approached have been indicated.

The single line obtained by the present experiments and the lige
calculated from existing data for the reaction Si0; + 3C = SiC + 2CO0,
have also been shown.

Ag can be seen from Fig.21, the methods used by Brunner to
establish the phase-field boundaries were not very satisfactory. In
the range below 1560°C the line for the reaction Si0, + 3C = SiC + 200,
was established by the use of pellets containing only silica and carbon.
It was thus possible to approach from the low-pressure side only, and
the large volume of the reaction space used (6 litres) made the detection
of small pressure changes difficult. Preheated silica and carbon pellets
were used in order to obtain a series of pressures which were ascribed
to the reaction between metastable giloxicon and silicon carbide.
However, the preheated pellets would be expected to contain some silicon
carbide, which would allow reaction to take place in the direction shown.

Brunner did not enclose hig pellets in a crucible as he was unaware
of the errors which might be introduced by the diffusion of silicon
monoxides In consequence his results may be affected in some of the

ways outlined in Chapter 3. This is one possible explanation for the

very low results obtained with mixtures containing silica, silicon carbide

and carbon.
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As was pointed out previously, there is no structural or analytical
evidence for the existence of any ternary Si-C-0 compound such as
siloxicon (SizC30)e Since the present experiments were carried out
below 1580°C, the possibility that such a compound is stable above this
temperature cannot be ruled out, but it may be noted that the evidence
put forward for its existence by Brumner is not at all conclusive. It
was based mainly on the fact that higher reaction pressures were obtained
with silica=-carbon mixtures than with silica-gilicon carbide=-carbon
mixtures. As was shown in Chapter 3, this is to be expected from the
effect of silicon monoxide difquion.

Humphrey, Todd, Coughlin and.King(zs) commented on Brunner!s
reaction pressure determinations and éuggested that they conformeé to
the equilibrias~

Si0; +C = 8i0(g) + €O ceseccenssessa(l)
and 258i0(g) = Si + SiG; R ¢3)
gince the equilibrium value of Pgio FOF reaction (2) would control the
value of pyq for reaction (1) to approximately that measured by
Brunner. However, reactions (1) and (2) are equivalent to the single
equilibriums~
T 8103 + 20 = Si + 200  eececescesceccese(3)
There seems to be no reason why metallic silicon should be stable in

the presence of carbon, and reaction between carbon and silicon would

re—~egtablish the equilibriums-

Si0; # 3¢ = SiC + 200 'V00000000t000.00$.0(4)
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As can be seen from Fig.2l, the reaction pressures measured in the
present work are only about half those obtained by calculation from the
previously available thermodynamic data. The reasons for deciding that
the meagsured pressures are the true equilibrium pressures for the reactions

Si0: + 3C = SiC + 200  eesessssescascesssssse(d) '
were advanced in Chapter 4, but additional evidence for this conclusion
may be noted here. It was shown in Chapter 3 that an error in the
measured pressure might be possible if there was a wide difference in the
rates of the two reactionss-

Si0; + G = 5i0(g) + GO  eeeeeveseosscosenasens(l)

and SiC + CO = 810(g) + 20  eevsessccesssoscsssses(5)
The solution of silica in a slag would be expected to increase the
reaction rate of (1) and leave (5) unchanged, but the measured carbon
monoxide pressures for silica saturated slags were if anything slightly
lower than those obtained with pure silica.

It thus appears impossible that the large difference between
the observed and calculated pressureg can be attributed to silicon
monoxide diffusione

Since the free energies of formation of carbon monoxide and silica
have been established by a number of workers, and since the entropy
of silicon carbide also agppears to be relisbly checked, the discrepancy
in the thermodynamic data must be in the heat of formation of silicon
carbide, as determined by Humphrey, Todd, Coughlin and King(25). The

values which they obtained were:

-
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Si(c) + ¢ = SiC (hexagonal, mod.II)
N H%gg.16% = -12,310 + 920 cal.
Si(c) + ¢ = 8iC (cubic)
A\ %9849 = =13,400 + 920 cal.
Values of [&ﬁfﬁge.iséK in the region of - 8,000 cal., would be required
to agree with the present data.

No source of such a large error is evident from an examination
of the experimental technique used by Humphrey et. als The determination
of the heat of combustion of silicon carbide was carried out by burning
a mixture of silicon carbide and titanium powder in oxygen at 40 atmos-
spheres pressure, the powder being contained in a rutile-lined capsuls.
Corrections were applied for incomplete combustion of titanium to
rutile (Ti0;) and for a difference in heat of formation of a deposit,
amounting to 11 per cent by weight of the combustion product, which was
formed on the walls of the bombs The methods used for these corrections
appear somewhat arbitrary, but errors due to these factors alone could
not produce the required difference.

It must be noted, however, that the value of the heat of combustion
is nearly 300,000 cal/mole and that the measured heat evolution correspond
to a much higher wvalue than this due to the combustion of titanium
powder, so that an error of 4,500 cal/mole in A H%ggog represents a
very small fraction of the total heat evolved per mole of silicon
carbide. In consequence an error of this magnitude is not impossible,
and indeed previous determinations have shown even greater discrepsncies
For example Ruff and Grieger'!s measurements gave a value of A H%gs % of

=26,700 cals/mole.
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Fulton and Chipman(21l) cited the work of Taylor and Laidler(47)
in support of their belief that silica, silicon carbide and 1 atmos-
sphere pressure of carbon monoxide were in equilibrium with each other
at 1456°C (as predicted from previous thermodynamic data)s Teylor
and Laidler had found that silicon carbide was only formed from silica
and carbon at temperatures above about 1450°C, but examination of the
experiments in question shows that they were carried out in vacuum and
not at 1 atmosphere pressure of carbon monoxide, as assumed by Fulton,
and Chipmans The present work shows that the four phases in their
standard states are in equilibrium at 1560°C.

The free energy of formation of gilicon carbide is of great
importance in the chemistry of iron-carbon-silicon alloys and hence
of Fe-Si alloyse The compositions of the Fe~-Si-C alloys in equilibrium
with silicon carbide and carbon may be easily determined at different
temperatures, and if the free energy of formation of silicon carbide is
knoun, the activitiesg of silicon in these alloys can be calculated.
Chipman, Fulton, Gokcen and Caskie(22) measured the activity of silicon
in Fe~Si and Fe-C-Si slloys independently of this method, and over a
wide range of compositions by finding the distribution of silicon between
these alloys and immiscible silver-silicon alloyse. The silicon activity
measured by this method at the composition in equilibrium with silicon
carbide and carbon agreed very well with the value calculated from
the data of Humphrey et al(25), on the free energy of silicon carbide.

Due to this close agreeﬁent, the silicon activities measured by the
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silver distribution method appeared until now to be well estabiished.
The value af[k GOSiC now obtained shows that, at high silicon contents,
the silicon activities in Fe-Si-C alloys (and'correspondingly in Fe-Si
alloys) must be higher than had formerly been considered.

The effects of the new gilicon carbide data in this field will be

discussed more fully in Part IIl.

(2) The Activity of Silica in Slags.

(a) Lime-Silica Slags. In Fig.22, the plot of agjg, egainst

Ngjq, obtained at 1550°C from the present work has been shown, together
with the results of other workers. The standard state of silica for
all these curves is f3- cristobalite.

In comparing the present results with those of other workers, it
is useful to try to estimate the probable accuracy of the activity
values oﬁtained. This is difficult, for although the method is direct
and does not rest on any assumptions, the accuracy depends on several
factors which vary from one measurement to anothere These ares-

(1) Temperature - within the limits of the apparatus, higher
temperatures give higher accuracy by increasing reaction

rates and pressures.

(1i) Slag viscogity -~ more fluid slags give greater reaction
ratess

(iii) Silica activities =~ high reaction pressures, which are

agsociated with high silica activities, can be measured
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with greater accuracy than low pressures, providing that the
temperature control is made sufficiently accurate.
(iv) Slag composition = the fixing of the slag composition, both
by analysis an& by controlled approach to equilibrium, is of
great importance in determining the accuracy where the activity-
composition curve rises steeplye.
Considering the scatter in duplicate results at the lime=-rich
end of the binary system at 1550°C %, individusl activity measurements
are considered to be accu;ate to within + 10 per cent in this region
At higher silica contents the experimental error may be somewhat greater,
since the effect of greater reaction pressures is probably more than
offset by the difficulty of fixing the slag composition exactly and
by the decreased reaction rates. In addition to the experimental
errors, there may be a small systematic error due to an error in the
measurement of the equilibrium constant for the reaction. Although
this would increase the error in an individual measurement slightly,
the smooth curve drawn through the mean of the experimental points at 15509
is still considered to be correct to within + 10 per cent.
It can be seen frop Fige22 that the results of Fulton and Chipman
(21) are below those of all other workers, and are well beyond the
proposed accuracy limits for the present worke As was indicated in
Chapter 2, the probable reason for the lowness of these results, which
were obtained by slag-metel equilibrium measurements, is that the

silicon activity values used by Fulton and Chipman for the calculation

% For slag CS.1l the results obtained were 0.109, 0.090 and 0,103 at 1550°C
and 0,105 and C.112 at 1500°C,
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of silica activities were too low. Arthur(23) has shown that the extra-
spolation of Chipman, Fulton, Gokcen and Caskie's(22) results to higher
éarbon contents was not valid, but the new siliéon carbide free energy
indicates that the experimental results obtained by the silver distri-
sbution method are also in error over a fairly wide range of composition.
Fulton and Chipman!s values of agi0, are of the same order as would
be obtained from tﬁe present results if they were calculated on the
basis of the silicon carbide free energy deta of Humphrey et al.(25).

Fulton and Chipman's values of 8510, in the Ca0-Si0; system had
formerly received support”from Richardson! s(2) curve, wﬁich was calculated
from the free energy data on the calcium ;ilicates assembled by
Richardson, Jeffes and Withers(48). However, Fincham and Richardson(17)
have now withdrawn the portion of this curve below Ngjo, = Oe¢5 in the
light of their measurements on the sulphide capacities of C20-Si0; slags.
The curve based on the latter work can be seen from Fige.22 to be con-
ssiderably higher than that indicated by the present work, as is the
éortion of Richardson!s(2) original curve above NSioz = Qo5

As gshown in Fié.22, much better agreement exists betwsen the
present activity values and those of Carter and Macfarlane(18). The
latter were calculated from lime activities by the Gibbs-Duhem relation,
the lime activities being obtained from slag=-gas equilibrium measure-
sments on the reactions-

(Ca0) + %8, = (CaB) + %03  ceevervecess(6)

In order to calculate the activity of lime from the experimental results,

a knowledge of the activity of calcium sulphide was necesgary, and the
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assumption was used that the varistion of ag,q with # CaS would be
gimilar for all the slags used, following Henry's Law in dilute solution
but exhibiting negative deviation from Henry's iaw as saturation is
approacheds The close agreement of the silica activity curve thus
obtained wi@h the present one lends support to the validity of this
assumption.

Comparison of Carter and Macfarlane!s work with that of Fincham
and Richardson(17), in which a very similar experimental technique was
used, is made difficult by the fact that the latter workers assumed a
value of 5 for'K CaS whereas Carter and Macfarlane used values of
% CaS of about 12. Different free energy data were also used for
the &alculation of the sulphurising potential of the gas mixtures.
Experimentally the two sets of data agree falrly closely, but Carter and
Macfarlane(18) appear to have covered the composition range from
NSi(Jg = 0.42 to NSiGz = Qe5 more fully than did Fincham and Richardson
(17)e

It is difficult to assess the probable accuracy of Chang and
Derge! s(13) silica activities, which were determined by electro-motive-
force measurements. The experimental difficulties of this method
were found to be considerable, and it was impossible to establish the
cell reaction with any degree of certainty. In addition the iso-
activity lines which they obtained in the Ca0-Alp0;-Si0; system do not
conform to the direction expected from the slope of the silica satura-
stion curve, and although this ancmaly may only be connected with the

Apresence of alumina in the slag, little reliance can be placed on this
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method until the reason for it is known. The values obtained by them
in the Ca0-8i0; binary are shown in Fig.22, and can be seen to be
considerably higher than these indicated by the present work.

Sanbongi and Ohtani(24) measured the silica activities of
Ca0-Si0; slags saturated with CapSiQ; at 1550, 1600 and 1650°C.s  The
three results obtained have been plotted on Fig.l9. The reaction used
for the measurements wass-

(S10;) + 2B, = Si + 2H,0 cecsrasoessssascencas(?)
Values of Bqy in Fe-Si alloys were first determined by using pure silica
in this reaction, and measuring the silicon content of the metal for
different PHz/py o ratios. The values of agy found in this way were
then used to interpret the results obtained using a lime-silica slag
instead of pure silica. However, in more recent papers(49),(.50), the
authors have obtained different values of ag; in Fe-Si alloys by E.M.F.
measurements, so that great reliance cannot be placed on their wvalues
of 2510, *

In lime-rich slags agreement of the present curve with the
estimated curve of Rey(7) is good, but at higher silica contents the
two curves diverge considerably. Murray and White's(6) calculated curve
shows slightly higher silica activities than the pr;sent work throughout
almost the whole range of compositionss However, in view of the
semi- empirical nature of both these methods of estimating silica
activities, more exsct agreement could not be expected than that obtained

with Murray and White!s curve.
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Summarising the comparison of the data shown in Fig.22, it can
be seen that the silica activity values obtained by the present method
are in good agreement with the most recent experimental results of
Carter and Macfarlane(18). Fincham ahd Richardson's(17) curve is
somewhat higher than the present results, but Fultoﬁ and Chipman's(21)
values are véry much lower than them, and are also much lower thén all
the estimated silica activity curvess The fact that the present
results, calculated on the basis of the new silicon carbide data, are
of the same order as those of all other workers except Fulton and Chipman,
lends support to the new free energy data for silicon carbide.

The agreement of the present work with that of Carter and
Macfarlane(18) means that the present work would lead to the same values
for the free energies of mono- and dicalcium silicates and for the free

energy curve for lime-silica melts as were calculated by these workers.

(b) Lime-Alumina-Silica Slags. The silica activities measured

in the six slags containing 20 per cent alumina at 1500°C are shown in
Fige23, and tentative iso=-activity lines have been drawn in from these
results together with those obtained in the binary systems -- The

approximate position of the lines is fairly well established but values

at 10 and 30 per cent alumina would be required to decide the

curvature of the iso-activity lines accurately. *

#»* One additional result was obtained for the purposes described in
Part II, and it was found that a slag conteining 28 per cent Si0;,
30 per cent Ca0 and 42 per cent A12;0; had a silica activity of 0.106
at 1500°C.  This result has been shown in Fig.23, and has allowed
further extrapolation of the iso-activity curves in this regione
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Approximate silica activities calculated by Macfarlane(1%) from
measurements of the sulphur capacities of Ca0-A1,0;-8i0; slags zre also
shown on Fige23. . The curves obtained by the latter method can be seen
to slope upwards more quickly than those indicated by the presert work,
In view of the excellent agreement between the two methods in tle binary
system, and the fact that no additional assumptions were necesszry in
the measurement of ag,g in the ternary system, it would seem prchable
that the discrepancy between the two sets of data arises from tke methogd
of caleulating agjg, from ag,g in the ternary system. This was done
by assuming that the activity of slumina would be constant along lines
of constant N§12Q3, and then using the Gibbs-Duhem equation t0131cula£e
silica activities from lime activities along these lines. As minted
out by Macfarlane the assumption made is unlikely to be strictly correct
due to the fact that silica has a greater affinity for lime than hag
lime for alumina. This approximate method of calculating 8gi0, in
the ternary system, therefore, yields minimum values. The pres:nt work
does, in fact, indicate higher values of agijg, in the ternary syitem
and can, therefore, be teken as giving the more relisble of the wo
sets of data without invalidating the values of ag,g obtained by
Macfarlane(19). |

Although it is considered that the values of agj used by lton
and Chipman(2l) are in error, the directions of their iso-silica
activity curves in the ternary system, being merely curves of coistant

silicon content in the metal, should be reliables Fulton and Chpmants
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equilibrium exists for the two slag compositions marked in Fig.24.
The calculated valuss of 8510, = Ei- at 1600°C and 1700°C are 0,23
and 0,03 respectively, and the corresponding slag compositions found
by Fulton and Chipman are also shown in Fige.24. In contrast to the
1500°C results, the values of 8g30, Obtained at 1600°C and 1700°C can
be seen to be in excellent agreement with the present worke

In view of the fact that silica activities in the Cs0-8i0; system
are now fairly well established as being much higher than Fulton and
Chipman'!s values, and that the directions of the iso-activity lines are
well fiied, there is good support for the present values of 83810,
in the ternary systeme Unless there is a very large temperature
gradient in silica activities, the fact that Fulton and Chipman's
equilibrium measurements at 1600°C and 1700°C agree so well with the
present silica activity values mean that their measurements at 1500°C
must be wronge +his follows because if the free energy of formation
of silicon carbidé is altered to give reasonable silica activities
at 1500°C, then the silica activities measured at 1600°C and 1700°C
would be made much lower than appears to be possible.

Although Fulton and Chipman' s measurements at 1600°C and 1700°C
would be expected to be more accur;te than those made at 15009%C due to
the higher reaction rates, such a large discrepancy between them is
unexpected. However, it can be seen from Fulton and Chipman's curves

showing the silicon content of the metal plotted against the silica
content of the slag at 1500°C, that these curves do not establish

saturation with silicon carbide at all conclusively. Saturation with
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silicon carbide occurs when the silicon content of the metal reaches
about 23 per cent, but the composition of the slag in equilibrium with
this metel composition has been obtained by considerable extrapolation
of a curve which is poorly defined by the experimental points. Since
the two lines approach each other at an acute angle, a slight error in
extrapolation may lead to quite a large error in fixing the point at
which they meete It is now congldered that the two lines do not meet,
and hence that at 1500°C there is no slag in equilibrium with a carbon-
saturated Fe-Si-C alloy containing 23 per cent silicon when the carbon
monoxide pregsure is 1 atmosphere.

In contrast to the results at 1500°C, the curves at 1600°C and
1700°C do establish the slag compositions in equilibrium with silicon
carbide quite accurately. The lines are well defined by the experimental
points, and they approach the silicon carbide saturation composition
at a wide angle, so that there is a much gmaller margin of error in
fixing the corresponding slag compositionss

The agreement between the slag activities calculated in this way
at 1600°C and 1700°C with the results of the present work, means that
Fulton and Chipman have established the same equilibrium as was used in
the present work, by using an open crucible. This is added proof that
the present results have not been affected by silicon monoxide diffusione

As was shown by the present work reaction rates are much lower
with viscous slags near silica saturation than with more bagic slags,
and this has probably prevented Fulton and Chipman from noticing the

discrepancy in the silicon carbide free energy data, which should have
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been apparent'from their experiments at 1500°C. The present method
of using changes in carbon monoxide pressure to establish the equilib~
srium is ‘much more sensitive than Fulton and Chipman!s method, in which
éhanges in the silica content of the slag and the siiicon content of
the metal had to be followed to establish the equilibrium conditionse.
It can thus be seen that the present results are in good agreement
with the values indicated by the previous experimental data, including
the most accurate measurements of Fulton and Chipman at 1600°C and
1700°C. Qualitatively it has been found (as can be seen by comparing
Figs.12 and 20) that at silica contents above 65 per cent revlacement
of lime by alumina on a weight for weight basis decreases the silica
activity, while below 65 per cent silica the reverse is true. In
slags containing 20 per cent alumina, silica activities were found to
decrease with increasing temperature where the silica content was above
40 per cents Below this silica content no change with temperature

was apparents



PART Il.

THE ACTIVITY OF SILICON IN IRON-CARBON-SILICON
ALLOYS AND THE REACTION (S10;)+2C = Si#2C0.
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INTRODUCTION,

It was shown in Part I that it would be possible to celculate
gilica activities in Ca0-Al;0; -Si0O; slags from the slag-metal equilibrium
data of Fulton and Chipman(21) if the activity of silicon in carbon
saturated iron-carbon-silicon alloys were knowne The work of Arthur(23)
had appeared to show that the extrapolation made by Fulton and Chipman
of the data of Fulton, Chipman, Gokcen and Caskey(22) on the activity
of silicon in Fe;Si-C alloys was inaccurate, and would lead to silicon
activities in carbon-saturated alloys which were too lowe

Since the data obtained by Arthur(23) were insufficiently complete
to allow the necessary silicon activities to be calculated accurately
it was decided to attempt to measure the activity of silicon in these
alloys by an independent methode This was intended to provide an
-alternative approach to the measurement of silica activities in slage.

Both the iron=-carbon and iron-silicon binary systems exhibit
strong negative deviations from ideality due to the strong attractive
forces between Fe~C and Fe-Si atoms. The effect of the addition of
carbon to an Fe~-Si alloy is to raise the activity of silicon, probably
due to the competition between silicon and carbon atoms for positions -
of low energy in the lattices The effect of carbon on the activity
coefficient of silicon may be expressed either by an interaction
coefficient }S ;i, or by the use of an equivalent mole fraction N gi'

The value of § gi is obtained from the relationships-

”
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G Si
‘651 =KSi x\ém

where ‘6 si is the activity coefficient of silicon in the ternary

solution,

Si
and \6 . 1s the activity coefficient of the same mole fraction

of silicon in the binary Fe-S3i system.

In the alternstive treatment, which ig that used in the present

C
work, the silicon equivalent of carbon, NS:I. is defined by the equations

+ Nc

N, a3

NtSi=Si

where NSi is the mole fraction of silicon in the ternary alloy

and N’Si is the mole fraction of silicon in the binary Fe-Si
system having the same value of activity coefficient,

‘6 ais &8s the ternary alloy.

To make use of either of these convenient methods, an accurate
knowledge of the activity of silicon in the iron-silicon binary system
is necessary.

| The data on the iron-gilicon system which appeared most reliable
were those of Chipman, Fulton, Gokcen and Caskey(22). These data were
obtained by measuring the distribution of silicon between immiscible
Ag-Si and Fe-Si alloys, the activity of silicon in both phases being
equal at equilibriume It was possible to estimate the activity of

silicon in the Ag-Si alloys over the necessary range, and a check on

the activity of silicon at high values of Ngj in the Fe-Si system could
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be obtained by calculation from the Fe-Si phase diagrame The values

of Q'Si obtained by both methods were in quite good agreement, and the
curve also appeared t0 be confirmed by data on the equilibrium of silicon
carbide with carbon-saturated Fe-Si-C alloys. Iﬁ their work on Fe-Si~C
alloys, using the silver distribution method, Chipman, Fulton, Gokcen
and Caskey had found that silicon and carbon were equivalent on a mole
fraction basis, that is N:i = NC' On this basis both binary and ternary
alloys should be represented by a single line in a plot of the activity
coefficient of silicon against NC + NS:I.‘ In the course of the experi-
sments described in Part I it became clear that the free energy equation
for silicon carblde derived from the data of Humphrey, Todd, Coughlin
and King(25) (which were used by Chipman et al(22)) was in error by

quite a large amounte The effect of the change from this latter free
energy equation to the one derived in Part I is shown in Fig.25, where
log,, K gj has been plotted against Ny + Ngj»  Whereas the former silicon
carbide data had given a point almost exactly on the independently
determined binary activity coefficient curve, the new data give a very
much higher activity coefficient at the same composition,Bince the alloy
in equilibrium with carbon and silicon carbide at 1420°C contains only
about 043% carbon, the correction for the effect of carbon on the
activity coefficient of gilicon is very small for this alloy. Conse~
squently the silicon carbide saturation point virtually fixes a point

;m the activity coefficient curve for the Fe-Si system, so that the

binary curve obtained by Chipman, Fulton, Gokcen and Caskey(22) at this
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point must be considerably in error.

As it is impossible to determine accurately the effect of carbon
on the activity coefficient of silicon without accurate data on the
activity of silicon in Fe~Si alloys, the present experimental work was
discontinned ag a method of making use of slag-metal equilibrium data
tc calculate silica activities in slags. However, since some degree
of success was obtained with the experimental method of measuring silicon
activities before it was discontimued, and since it is possible to use
the slag activities obtained in Part I to obtain some silicon activities
by the reverse calculation, it has been possible to draw tentative
conclusions as to the shape of the activity coefficient curve for
gilicon in Fe-Si alloys and to estimaté the approximate effect of

carbon on that coefficient.

(2) EXPERDMENTAL MEASUREMENT OF SILICON ACTIVITIES.

The method used for the measurement of silicon activities in
carbon saturated iron=-silicon-carbon alloys was gomewhat similar in
principle to that used in Part I to measure silica activities in slags.
In this case equilibrium was established between silicon dissolved in
the metal, carbon, silics and a measured preséure of carbon monoxide,
according.to the reactions~

SiCb + 2C = §_j_.' + 200 o-..c.-.o.ocoo(l)
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The standard free energy change of this reéction may be obtained from
the free energy data for silica and carbon monoxide given in Part I,
Chepter 3. It is found to bes

Ace = 162,600 - 87.7 T
from which we obtain s~

1oéio K, = 19.17 - %%42“

In the presence of pure silicon and graphite, Ky = 2g;xPgg® (®gj being
referred to a standard state of pure liquid silicon), so that aSi mey
be found directly by measuring the equilibrium carbon monoxide pressure
of the system at any suitable reaction temperature.
Theexperimental runs were carried out in a molybdenum-wound

furnace of the design shown in Fig.26.

| Since there is a possibility of some error in the reaction
pressure measurements due to silicon monoxide diffusion (due to the
effects discussed in Part I, Chapter 3), it would have been preferable
to carry out the experiments using a closed graphite crucible. However,
the necessity of sempling the metal while molten made this impracticzble.
The crucible used is shown in Fige.274 this design was found to give
the best contact between the liquid metal and both the silica ring and
the graphite crucibles The silica ring was formed by baking into
position a paste made by mixing a little water glass with crushed quartz.

The inside rim of the crucible was curved to facilitate sampling.
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The apparatus was found to operate most successfully at pressures
of 1 - 1.75 atmospheres, and the metal compositions and temperatures
of the runs were usually adjusted to give pressures in this range.

The temperatures used varied from 13759 to 1500°C.

The metal charges were made up by premelting iron-gilicon alloys
(made from Armco iron and 98.5 per cent pure silicon), and then satur-
s2ting these alloys with carbon by heating in a graphite crucible in a
ﬂigh-ﬂrequency induction furnaces It was found preferable to use only
homogeneous metal samples in the crucible, as mixing of different alloys
was found to be very slow.

The equilibrium pressure was measured by observing the pressure
changes on a manometer when the furnace temperature was held constant.
The furnace atmosphere was purified several times during a run by
flushing out with cylinder carbon monoxide. Unless this precaution was
taken, nitrogen wes found in the furnace gase This was presumably due
to the same causes as were given in Part I, Chapter 4, for the presence
of nitrogen during the slag activity measurements.

In earlier runs an attempt was made to establish the equilibrium
composition of the metal for a fixed carbon monoxide pressure by
observing the changes in silicon content of the metal when the reaction
pressurse was maintained at the desired value. However, this method was
found to be too time-consuming to yield a reasonable number of results,
and the quicker procedure of measuring the reaction pressure for a

fixed metal composition was therefore adoptede When the equilibrium
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had been reached by approach from the high and low pressure directions,
the seal on the top of the furnace tube was quickly opened and a metal
sample was drawn by suction into a silica tube. This sample was analysed
gravimetrically for carbon and silicon. The time required to establish
the equilibrium was usually in the range 6-12 hourse

The results obtained are shown in Tgble XIV.

(3) DISCUSSION OF RESULTS.

As was shown previously, the exact interpretation of silicon
activity data in the Fe-Si-C system is impossible without an accurate
knowledge of the activity of sgilicon in the Fe-Si systeme However,
the ezxperiments of Chipman, Fulton, Gokcen and Caskie(22), and of
Ohtani(50) have indicated that carbon and silicon are approximately
equivalent on a mole fraction basise - The former work was carried out
by the silver distribution experiments already described, and the latter
work was done by E.M.F. measurements on a cell of the type Fe-SiC alloy
/8ilicate slag/liquid silicons Although the measurements disagree as
to the values of the activity coefficients and their accuracy is difficult
to assess, the fact that both sets of data show that carbon and silicon
are equivalent in this way, means that this may be taken as a first
approximation.

Equivalence of silicon and carbon on a mole fraction basis means
that a solution in which Ng; =x and N, =y, will have the same gllicon

activity coefficient as a binary Fe-Si alloy in which NSi =X + Ve




TABLE XIV.

Results of Silicon Aclivity Measurements.

No. 1% fSi & Ny N, pgy 8y 8oy o -loglgy Nggtlg  Ngg+lo K
1 1375  3.32  3.65 0.057 0,146 1,0  0,0040 0,070 1,155 0,203  0.334
2 1375 2,72 3,97 0,047 0,158 1,41 0.00R0 0.0426 1.370 0,205 0,347
3 1425 8405  2.70 0,136 0,107 1.79  0.0055 0.0205 1.393  0.243 0,339
4 1425 648  2.88 0,116 0,114 1.4l  0.0089 0.0768 1.114 0,230 0,342
5 1420 8.04 2.5 0,137 0,100 1.4l  0,0076 0.0555 1.256 0,237 0,327
6 1420 5.05 3,41 0,086 0,135 1.50  0.0068 0,0791 1.102 0,221 0,342
7 1450 6429  3.04 0,107 0,121 1.125 0.0274 0.256 0.592 0,228 0,337
8 1450 6471  2.98 0,114 0.119 1.20  0.0241 0.212 0.674 0,233 0,340
9 1433 8.25  2.48 0,140 0.098 1.07  0.0187 0,134 0,857  0.238 0,326
10 1429 4435 3,22 0,075 0,130 1e65  0.,0071 0,095 1.020  0.205 0,322
11 1466  5.00 3,60 0.084 0,142 1.88  0.0121 0.144 0.842 0,226  0.354
12 1495 15,32 (.88 0,260 0,034 0.947 0.131 0,504 0,298 0,294 0,325
13 1480 13,48 1.27 0,228 0.05C 1.30  0.0460 0,202 0,695  0.278  0.323
14 1435  13.54 1.29 0,228 0,051 1.05  0.0208 0,091 1.05 0.279  0.325
15 1420  4.15 3,60 0,071 0,143 2.0  0.,0038 0,054 1.252  0.214 0,343
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A plot of K gi against NSi + NC obtained from ternary alloys should tlms
coincide with the plot of E Si against NSi in the binary systems

The composition of the Fe-8i-C alloy in equilibrium with silicon
cerbide and graphite at 1500°C was measured in the present work by two
long runs in which Fe-Si alloys containing initially more than 26 per
cent silicon were soaked in a carbon crucible at 1500°C until their
composition had become constant. The results obtained are shown in

Table XV, in comparison with the results of other workerse

TABLE XV.

Compositions in equilibrium with grephite and SiC.

£°C si 7c Note
lSOOOC 32 0e25 Present worke

n 24.1 0e34 # "
1540°C 23.6 0.26 Ohtani. (50)

" 24,0 0.30 " "
1690 23.7 0.47 Chipman et al(22)
1600 23.1 0441 u
1490 2244 0.33 n

1420 21.9 0.28 b




884

As can be seen from Table XV, agreement is good and the compositions
are now considered to be well establishede The walue of &Si in alloys
of these compositions can be calculated from the data on the free energy
of silicon carbide obtained in Part I, and the wvalues of log K'Si S0
obtained at 1420, 1500 and 1600°C have been plotted against Néi + Ny in
Fige25. The value of log gi calculated from the free energy data
Humphrey et al(25), for 1420°C has also been shown on Fig.25. Since
the correction for the carbon content in these alloys is small, the points‘
obtained from the present data are considered to lie very close to the
true binary activity coefficient curve for the Fe-Si system.

One point on the binary curve can also be fixed fairly accurately,
from data given by Arthur(23) and Teylor(51), who found that a slag of
composition 30 per cent lime 28 per cent silica and 42 per cent alumina
was in equilibrium at 1500°C with a carbon saturated alloy containing
17.4 per cent silicon and 0.8 per cent carbon. The activity of silica
in this slag at 1500°C was measured by the method described in Part I, and
aSiOg was found to be 0.106.  From this result ag; in the alloy can be
calculated, and the value of log} g1 ®° obtained has been shown in Fig.25.
Ags with the point fixed by the silicon carbide equilibrium, this point
should lie vary close to the activity coefficient curve for the binary
system, since the correction for carbon content is smalle The approximate
silicon activity coefficient curve hag been shown on Fige25, in so far
as it can be fixed by these two points, and it can be geen that this new
curve is much steeper in the region Ngj = 0.30 -~ 0.37 than that obtained

by Chipman et al(22).
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A possible reason for the error in the latter results, which
were obtained by the silver digtribution method, is the presence of
silver in the iron-gilicon phasee It was found that the silver content
of this phase rose from 0.2 per cent at low silicon contents to 345 per
cent in iron containing 38 per cent silicone From this increase in
solubility it follows that the presence of silicon in iron must lower
the activity coefficient of silver, and it would therefore be expected
that silver would lower the activity coefficient of silicon. The
magnitude of this effect is not known, but it could be determined by
measuring the composition of the Fe-S8i-C-Ag alloy in equilibrium with
silicon carbide, graphite and silver. A considerable increase in the
silicon content over that found in the absence of silver would indicate
that silver does materislly decrease the activity coefficient of
silicon in iron. If this effect has caused the error in the silver
distribution results, the results obtained at low silicon contents
should still be fairly accurate.

The values of log‘ﬂ gi Obtained from the present work have also
been plotted against Ny + Ngi on Fige25, and it can be seen that they
do not fit in well with the tentative new binary curve when plotted
in this way. Since the experimental points lie consistently to the
left of the binary line, it is clear that carbon has increased the
activity coefficient of silicon by a larger amount than ﬁould be the
case if carbon and silicon were equivalent on a mole fraction basis

in their effects on the activity coefficient of silicon. Thus, instead
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C
of the silicon equivalent of carbon, Néi’ being equal to Nb, it must

C
be equal to x Néi’ where x is greater than l.
The value of x may be found from the slope of the line obtained
when Ngi is plotted against N;e Before the tentative new activity

C
coefficient curve for the Fe-Si system had been derived, values of N

Cx
were calculated from the present results using the binary silicon activity
coefficients of Chipman et al (22). When plotted against N,, these
values of Ngi showed a very large and unsystematic scatter.

Although exact values of Ngi can only be calculated if the activity
coefficient curve for the Fe-Si system is known, an approximate treatment
of the present results is possible since they show silicon activities
within the almost vertical part of the amended activity coefficient
curve, for which Ng; = 0.34. Approximate values of Ngi can thus be
obtained by subtracting the corresponding mole fractions of silicon
from Q.34 The values of Ngi obtained from the experimentsl points in
this way have been plotted against Né in Fige28s It can be seen that
the points can be repregented fairly well by a straight line passing

through the origin, of slope 1.9 is thus equal to 1.9 Nge

NC
81 ‘

From this it is apparent that the activity coefficient of silicon
in both binary and ternary alloys should be expressed by a single line
when log Y gy is plotted against Ng; + 1.9 Nge ALl the available data
on gilicon activities in iron=-silicon and iron-carbon-gilicon alloys

have been plotted in this way, together with the present results, on

Fig.29. The sources of the other data used are as followss-

-
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(1) Three points were calculated from compositions found by
Chipman et a1(22) to ‘be in equilibriumnwith carbon and silicon carbide
at 1420, 1500 and 1600°C. The result obtained in the present work at
1500°C has also been plotted, and shows a slightly larger value of

Ng; + 1.9 N; than Chipman! s result at the same temperature.

(2) A single point was obtained from the slag-metal data of
Arthur(23) and Taylor(5l), by the method described previously (page 88.)
| The use of the larger carbon correction has made the proposed silicon
activity coefficient curve for the binary system even steeper in this

range than was shown in Fig.25.

(3) Activity values over a wide range of compositions were
measured by Ohtani(50) at 1540°C, and the results obtained are shown
in Figs29« It can be seen that the results for carbon saturated alloys
fall within the steep part of the activity coefficient curve, and are
in very good agreement with the present works The agreement in the
case of carbon-free and non carbon saturated Fe-Si-C alloys is not
50 satisfactdry in the region near log § sq = -1.5, but otherwise these
results also support the tentative conclusions derived from the present

works

(4) Two results were calculated from slag and metal compositions
found to be in equilibrium at 1600°C by Fulton and Chipman(2l). The
slags were lime-alumine=-gilica containing 20 per cent alumina, so that

the corresponding silica activities could be obtained directly from
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the measurements made in Part I« Since the carbon monoxide pressure
a

was 1 atmosphere in Fulton and Chipman's experiments, K, = EE%EQ’
i

and from the equation for K given on page 84, the value of K_1is found
to be 1.55 at 1600°C. It is, therefore, possible to calculate the
activity of silicon in the metal phase for the two compositions takens
The two points so obtained in the plot of log‘ﬁ i against Néi + 1.5 N
lie very close to the proposed activity coefficient curve for the

binary system.

(5) Two slag-metal équilibriumvmeasurements were carried out at
1500°C in conjunction with the present work(35). As with Fulton and
Chipman' s experiments, the reaction studied was

" (510;) +2C = S1 + 200  eeeeeeesnso(l)
but in this case the carbon monoxide pressure of the reaction was measured
in order to reach equilibrium more quickly than Fulton and Chipman were
able to do. The slag compositions were in the range covered by the
measurements in Part I, so that the value of ag; in the metal could be
calculated directly using the known value of K, at 1500°C (0.135). In
this case Ki = 3§%_E_E§gi e The two results obtained in this way
have been plotted gié%ig.ZQ, and can be seen to lie very close to the

proposed activity coefficient curve for the binary system at the lower

end of the steep portione

(6) Chipman, Fulton, Gokcen and Caskey®s(22) results have also
been replotted on Fige29s The binary silicon activity curve has been

represented by a single line, which has a much flatter slope than that
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indicated by the new silicon carbide datas Agreement of most of the
ternary alloy activities with the present data is quite good, although,
as would be expected, thecurve tends to slope in accordance with the

binary curve obtained by the same method at high silicon activities.

Except for this latter set of data, which were obtained by the
silver distribution method, all the above results when plotted a
log gy ageinst Néi + 1.9 N,, show a very steep curve in the range
log Y gi = -0e2 to -1.5. This means that for this wide range in
activity coefficients of 0.6 to 0.03, the value of Ng; + 1.9 N lies
between 0.32 and 0.37. At lower silicon contents the position of the
curve is not so well established, Ohtani's(50) E.M.F. measurements
indicating higher values of log 6 s than do Chipman's(22) data.

At high silicon contents the possible shape of the cﬁrve of
log'ﬁ si for Fe-S5i alloys is restricted by the fact that agy mst always
increase with increasing silicon content but can never become greater
than 1.  This limits the log ) gi C&rve as shown in Fig.29 at values
of Néi above O.4.

No temperature effect can be distinguished by examination of the
results plotted in the steep part of the activity coefficient curve.
Some of the discrepancy which exists between the 1og'6 si values obtained
by Chipmen et al.(22) and Ohtani(50) at low silicon contents may,
however, be due to the differences in the experimental temperatures

used (1420°C and 1540°C respectively). This is the direction of the
temperature effect predicted by the calculations of Chipman, Fulton,

Gokcen and Caskie(22). A similar increase in activity coefficient
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with temperature would be anticipated at high silicon contents and the
curves for logK 81 at different temperatures may begin to diverge again
in the region of the silicon carbide saturation compositions, where the
curves appear to turn sharply.

While more exact treatment of the activity of silicon in Fe-Si~C
alloys must await further data on the binary system the treatment given
above is considered to be approximately correct. The conclusions
obtained differ from previous work in indicating a sharp rise in the
value of ]S si in Fe-Si alloys at about Néi = 0435 and a silicon equiv-
salent of carbon of about 1.9 Nye It is of interest from a practical
éoint of view to congider variations in the silicon and carbon contents
of blast furnace iron in the light of these conelusions,

From a congideration of the reactions-

(S105) + 26 = 81 + 200  eecesonsacs(l)

it would be expected that the main factors in determining the silicon
content of blast furnace iron would be the silica activity of the slag
and the mean temperature of slag and metal, since the value of Ki for
this reaction rises from 0.0178 at 1425°C to 0,135 at 1500°C. However,
statistical examination of blast furnace analyses has in several cases
failed to establish any significant correlation between silicon content
and these two factors(50)(51). Fluctuations in silicon content do take
place but no reasons for these fluctuations have as yet been suggesteds

The results of the present work suggest that the carbon content

of blast furnace iron has a considerable effect on the silicon activity
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coefficient in the metal, and}may hence have a large effect on the
silicon contents The effects of the other constituents on the carbon
content of iron at saturation are known, and so tﬁe carbon saturation
of blast furnace iron may be calculateds It is found that in

general the carbon content of blast furnace iron varies from Q.3 to

0.6 per cent below saturation at the prevailing metal temperature. This
difference is maintained as the temperature is increased, so that the
carbon content of the iron increases with temperature.

The effects of phosphorus, manganese and sulphur on the activity
coefficient of silicon are not known, but low-phosphorus pig irons
should be approximately compareble with Fe-Si-€ alloys of carbon contents
about 0.4 per cent below saturation. Using a metal temperature of
1425°C for calculation, the compositions of low and high silicon irons
of this type are as followss~

Low silicon iron ) 0.4 % 8i 4.4 % C.

High silicon iron 1.1 % 8i 442 % Co
The respective values of NSi + 1.9 Ny for these two alloys are (0.343 and
0e338, so that both of them lie in the steep part of the activity
coefficient curve, and hence are in the range in which large changes
in silicon activity are accompanied by quite small changes in Ngs +
1.9 N

The variations in the value of agy at equilibrium which should

be produced by the maximum variations in slag composition and temper-
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sature likely to be met with in practice can be estimatede For a slag
éontaining 20 per cent alumina, an increase in lime content from 40 to
48 per cent should be accompanied by a decrease in silica activity from
Oel to 0.03, and as was noted previously an increase in temperature
from 1425 - 1500°C, should produce a sevenfold increase in ags in the
metal if the slag compogition remains unchangede These variations are,
of course, much larger than would be expectea in any single'fUrnace,
where a variation in ag; ofthe order of three to four times might be
expecteds If the shape of the tentative silicon activity curve derived
in this work is correct, a change in agj of this order would be expected
to result in only a small change in NSi + 1.9 Nz, and since the carbon
content of the iron is found in practice to increase with temperature,
a decrease of silicon content with increasing temperaturs is not
necessarily impossibles A poor correlation of gilicon content with slag
composition and furnace temperature is therefore to be expected,
especially if fluctuations in the carbon content of the iron take place
which are unconnected with these factorse

Control of the silicon content of blast furnace iron would thus
be expected to depend mainly on the inter-rdlationship between silicon
and carbon in the iron. However, since the mechanism of carbon and
gilicon pick-up in the blast furnace is not known, no method is at
present gpparent by which these two variables could be altered to obtain

the required silicon control in the blast furnace.
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