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SECTION 1.

INVESTIGATIONS INTO THE DISSOCIATION OF FERRIC OXIDE AT

HIGH TEMPERATURES, AND INTO THE INFLUENCE OF LIME AND

SILICA ON SUCH DISSOCIATION.




INTRODUCTION .

The oxides of iron play an important part in many high
temperature processes, and knowledge of their behaviour at
high temperatures is capable of wide application in the fields
of geophysics, ceramics, metallurgy and general high temper-
ature chemistry. Because of this they have been the subject
of a considerable nunber of investigations, and by workers
drawn from many different branches of scientific activity.
Nevertheless, probably because of the inherent difficulties
associated with research at elevated temperatures, knowledge
concerning them has remained very incomplete.

The investigations described in the following pages
comprise a detailed study of the equilibria existing at high
temperatures in solid and liquid systems containing the oxides
of iron, alone, and in the presence of certain other oxides,
and of the factors affecting these equilibria. The work
was inspired primarily by requirements in the field of ferrous
metallurgy, and had as its object the provision of additional
information of a fundamental nature concerning the reactions
occurring in the slag in the open hearth steel furnace. The
results obtained are, however, perfectly general in character
and are applicable to any high témperature reactions involving
the oxides of iron.

In the following section is given a brief statement of
the metallurgical considerations which led to the present

investigation.

IHE MECHANISWM OF OXYGEN TRaANSFER THROUGH SLAGS CONTaINING IRON

OXIDES, AND ITS RELATIONSHIP WITH SLAG CONSTITUTION.

In both the acid and the basic open hearth steel furnace
& considerable amount of the oxidation essential to the refining
process is brought about by the agency of dxygen from the

furnace atmosphere. Whiteley and Hallimond1 found that
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in the case of un acid charge, approximately fifty per cent
of the carbon removil after melting down was due to oxygen
from this source. In the basic process it may be even higher
than this. After the initial melting-down period there 1is
little possibility of direct contact between metal and gas,
and it is now generally recognized that the bulk of this
ngas-oxidation" is brought about by the diffusion of oxygen
through the layer of liquid slag to the underlying metal.

The mechanism of this oxygen transfer through the slag has
been the subject of considerable study. Whiteley2 early
realised the importance of the part played by the iron oxide
content of the slag. He showed that both ferrous and ferric
oxide occur in normal slags, the préportion of the latter
varying in significant fashion during the working of a charge.
During the early stages, when there is a high content of
oxidizable materials in the metal, the ferric oxide content
of the slag remains low, this being particularly noticeable
during the boil, when rapid oxidation of the metalloids is
fostered by the increased intimacy of contact between slag
and metal resulting from the turbulence of the bath at this
stage. Towards the end of the process, however, the ferric
oxide content of the slag shows a decided tendency to increase,
even though no additions are made to it. At the same time
the total iron oxide content of the slag also increases.

The following figures given by Whiteley2 show these changes

occurring during the later stages of the working of an acid

charge.

Qarbon SLAG aANALYSIS. Metallic glob-

in bath. Pe FeO F9203 Jlivele) SiO2 ules found in
% b y % slag. %

0.30 2%3.6 30.1 0.25 11.6 53.5 0.30

0020 2303 29-3 0050 - - 0-10

0.15 23.9 29.5 1.20 - - -

0010 2405 29.6 2010 - - -

In the basic process the same effect is observable but to
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a much more markea degree. <LThroughout the process the
proportion of ferric oxide to ferrous oxide is notably higher,
and towards the end the ferric oxide and total iron oxide
contents of the slag increase in a very marked fashion, which
has come to be recognized as a characteristic feature of
basic practice. Whiteley's figures for the working of a

basic charge are given in the table below.

Carbon SLAG ANALYSIS. Metallic
in bath. Fe2Q5 FeO IMnO Ca0 g0 ;‘:5102 PZOS glo?u}esw
% . % % b % % %° in slag.%.
0.80 0.85 5.8 6.75 42.3 8.23 24.8 8.01 0.56
0.70 1.0 4.9 5.26 49.1 6.8 20.4 17.28 0.7
0.52 2.0 T.7 4.56 50.6 6.4 18.2 7.74 1.8
0.24 2.3 9.1 4.41 51.6 6.31 16.0 6.69 2.5
0.145 3.1 9.5 4.18 52.9 6.17 15.6 6.56 0.3
0.09 3.4 10.4 4.2 51.7 5.91 14.6 6.56 0.5
0.13 5.0 11.4 3.9 52.0 5.87 14.8 6.0 0.25
0.165 3.0 11.8 4.5 51.4 5.91 15.3 5.76 Trace

A8 was pointed out by Whiteley with reference to the above
tables, the increase in ferric oxide in the slag in the
absence of aaditions can be due only to atmospheric oxidation.
At the same time the increase in the total iron oxide content
of the slag must be due to oxidation of metallic iron of the
bath. 1he two effects are closely parallel to one another,
and hence, in view of the established fact that ferric oxide
is reduced by metallic iron at high temperatures, it is reason-
able to suppose that the second occurs as g consequence of
the first. The generally accepted view is that an oxidation
and reduction cycle involving the oxides of iron is set up
in the slag, ferrous oxide undergoing continuous oxidation to
the ferric state at the slag-air surface, while ferric oxide
is continually undergoing reduction to the ferrous condition
at the slag-metal interface, with consequent oxidation of
part of the metal of the bath. The nett effect is a continuous
diffusion of oxygen through the slag to the underlying metal.

During the early stages of the refining process the effect of
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this is masked by the rapidity with which the iron oxides of
the slag are reduced by the action of the metalloids in the
metal bath, and it is only towards the end of the process,
when the concentration .of the metalloids has dropped consider-
ably, that the consequences of these reactions are manifest.
That the mechanism pictured above is essentially correct
has been confirmed by the observations of many investigators.
Furthermore, examination of the relevant data available
indicates that the cycle of reactions postulated is at least
feasible thermoohemically. Reliable gquantitative daté
concerning the reactions involved have, howeVer, always been
lacking. TFor one thing the stability relationships between
the oxides of iron at the appropriate temperatures have been
very incompletely known. again, as to how far these relation-
ships are likely to be modified by the influence of the
slag in which these oxides are embodied, little of a definite
nature could be stated, though it has long been recognized
that powerful constitutional influences must be inveolved to
give rise to the well-marked differences that are observed
between acid and basic slags in the matter of gas oxidation.
In this connection several workers have indicated that a
definite relationship appears to exist between the acidity -
or, conversely, the basicity - of a slag and fhe proportion
of ferrous to ferric oxide in it. Whiteley and'Hallimdndl,
Whiteley2 and M'Cance3 all describe experiments which show
that, as the acidity increases the ferric oxide content tends
to decrease, while increased basicity causes aﬁ increase in
the ferric oxide content. Bainbridge4 seems to have been the
first to suggest that the reason for the high ferric oxide
content of basic slags lay in the formation of stable compounds
between ferric oxide and lime. These compounds have been
repeatedly identified in basic slags5 especially towards the

end of the process, and the view that they stabilize the

ferri . . . ] ' v
¢ oxide in this way has been widely accepted. Similarly
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the low ferric oxide content of acid slags is held to be due

to the fact that the bulk of the ferrous oxide of the slag

is combined with silica as stable ferrous silicates, and is
thus prevented from oxidizing. Such statements have always
remained purely qualitative, and to a certain extent hypothet-
ical, however, owing to the lack of direct information on the
subject. The whole matter is intimately related to the
problem of slag constitution. In this connection it may be
mentioned that for the past seven years the present writer
has been associated with Professor Hay of the Royal Technical
College in a series of investigations intended to increase
the available information on this aspect of steel-making.
During this period many important systems of slag-forming
oxides have been studied at high temperatures, and their
thermal equilibrium diagrams determined. These include the

®, Peo - 10,7, PeO - Mn07, and

9
’

binary systems MnO - 8102

8
Ca0 - Fezo5

FeO-A1203-5102

, and the ternary systems FeO - MnO - SiO2
10 and FeO - MnO - Alzojll. As a result of

these and of the similar investigations of other workers in
the same field considerable light has been' thrown on the
question of the molecular comstitution of slags. It should be
pointed out, however, that the knowledge of constitution
obtained from thermal equilibrium studies is quantitatively
applicable to solid slags only, and has only qualitative
significance when &pplied to problems involving liquid slags.
There may be considerable differences between the molecular
constitution of a liquid slag and that of the same slag after
solidification. That such is probably the case is indicated
by the fact that most of the compounds occurring in solid slags

have been shown to melt incongruently.

IRON OXIDE EQUILIBRIA ~ PREVIOUS INVESTIGATIONS.

In the study of systeas containing iron oxides at high temp-
‘eratures the gaseous phase is of primary importance ,since the

O0Xygen pressure exerts a determinative influence on the composition
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of the oxide or oxides. The changes involved can be represent-
ed by the following general equations, each of which repreeents
a reversible equilibriuum, and the corresponding reactions

can be made to proceed in either directiom accordimg to the
conditions, the controlling factors being temperature and

oxygen pressure.

6F9203 = 4F6304 + 02

2Fe304 GFe0 + O2

2Fe0

2Fe + 02.

It follows on ordinary chemical grounds, that, for each
pair of oxides there is at any temperature a characteristic
oxygen pressure at which they are in equilibrium, and at
which they can co-exist in a stable condition. Changes in
the oxygen pressure cause a pick-up or evolution of oxygen
with consequent change in the composition of the oxide. 1In
this respect investigations of iron oxide equilibria can be
conveniently divided into two groups, (1) those which are
concerned with the equilibria under directly measurable
oxygen pressures, and (2) those which are councerned with the
equilibria at extremely low oxygen pressures such as exist
in mixtures of CO and 002 at high temperatures. The former
8roup comprises studies of the dissociation of ferric oxide
and of equilibrium in oxide mixtures ranging in composition
from Fe203 to Fe304 approximately, depending on the temp-
erature at which the investigation is carried out. The
present series of investigations are primarily of this category.
The latter group deals principally with the equilibria between
Fe304, FeO, and oxygen-saturated iron, which have been
subjected to exhaustive study by numerous investigators
ihcluding Matsubaralz, Schenck and co-workerslB, and others.

Of previous researches with a bearing on the present
project it will be sufficient to mention only those in which

14

a systematic study was attempted. Walden attempted to

measure the dissociation pressure of ferric oxide at various
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temperatures by enclosing a sample in a sealed, evacuated

tube and measuring the pressure developed when equilibrium

had been attained at selected temperatures. This method is
only valid if there is no solubility betiween the dissociating
oxide and the product of dissociation. Sosman and Hostetter15
showed that this was not true. They studied the dependence
of the oxygen pressure on the composition of the dissociating
oxides at constant temperature. At the temperatures studied
(1100 and 1200°C.) the form of the oxygen-pressure/composition
isotherm showed continuous and progressive variation of

oxygen pressure with composition over the range Fezo3 to
Fe504, and they therefore assumed, justifiably, that there

was complete solid solubility between F3203 and F3304 at

these temperatures. Considerable doubts were thrown on this

16, who pointed out

conclusion by Benedicks and Lofquist
that in the light of microscopic evidence this was highly
improbable. White, Graham and Hay8 (see later) from a study
of the dissociation pressure of ferric oxide at temperatures
up to 1450°C. concluded that there was only partial solubility
between the so0lid oxides at high temperatures. Shortly
afterwards, and while the present investigations were in
brogress, a second paper on the subject was published by the
U. S. Geophysical Laboratory, again bearing the name of
Sosman, but with a number of»other collaboratorsl7. This
paper reversed the finding of the first from this source,

and confirmed that there was only partial solubility between
the oxides. The solubility limits differ considerably from
those fixed by White, Graham and Hay, however.

As regards the behaviour of ferric oxide in liquid melts,
with which this present investigation is largely concerned,
little systematic work has Previously been attempted. Isolated
observations have been made, as for instance those of Whiteley
and Hallimondl, Whitelay2 and McCa.nce3 Previously alluded to.

During the course of the present work the results of an

investigation by Krings and Schackmannl8 on the oxygen pressure
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of iron oxide melts were published. The metpod employed was
similar to that previously used by Wwhite, Graham and Hay,
but the determinations were extended to higher temperatures to
embrace the liquid oxides. This was made possible by the use
of fused alumina tubes in which to heat the experimental
samples. Several compositions containing lime and silica
were also investigated. The results obtained, however, do
not appear to be particularly accurate, even when allowance
is made for the difficulty of the study, and the work appears
to have been rather hurriedly carried out.

The behaviour of the oxides of iron in glasses has also
been investigated by several workers, and it has been shown19

that the dissociation of ferric oxide in glasses is dependent

on the composition of the glass.
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PRESENT INVESTIGATIONS.

GENERAL CONSIDERATIONLS: The present series of investig-

ations originated from, and may be regarded as a continuation
and extension of the investigation of ferric oxide described
by White, Graham a.nd‘Ha.y8 to which reference has already been
made. The findings of this paper may be briefly summarized
here. It was found that ferric oxide developes measurable
dissociation pressure in the neighbourhood of 1100°C. The
dissociation pressure was measured at various tempergtures
and was found to increase rapidly and almost logarithmically
with temperature. In the solid state the product of the
dissociation is Fe304 which is partially soluble in the residual
F9203’ the solubility increasing with rise of temperature.
When the amount of Fe304 formed is in excess of that required

to form a saturated solution in the residual Fe203 a new

solid phase appears which is a saturated solution of Fezo3

in F9304. The system then becomes monovariant, the oxygen
pressure, so long as the two solid phases are present, being
a function of temperature only and increasing approximately
logarithmically as the temperature increases. Further dissoc-
iation leads ultimately to complete disappearance of the Fezo3-
rich solid solution, and the system becomes once more divariant.
The reaction involved appeared to be reversible at all stages,
though with some difficulty if the oxide had been strongly
sintered by the process of dissociation, and it was concluded
that, at any temperature and oxygen pressure, a true equilibrium
is reached, the amount of dissociation occurring beimg a function
of these two variables. Liquid melts containing lime to F6203
in the proportions of monocalcium ferrite (CaO.F6203) and
dicalcium ferrite (2Ca0.Fe203) respectively were also invest-
igated, these being the two compounds of limeland ferric
oxide whose existence had been established in determining the

thermal equilibrium diagram of the system CaO-F9203 as described
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in the earlier part of the same paper. It was found that in
these melts dissociation of the ferric oxide appeared te
proceed until an equilibrium was reached between the ferrous
and ferric contents just as in the case of the solid oxide
previously investigated, but it was not possible to say at
that stage whether the ferrous oxide formed existed in the
free condition in the liquid melts, or whether it was combined
with ferric oxide liberatea by the peritectic disseciation
of the ferrite on melting. As before the factors controlling
the equilibrium were teumperature and pressure, the dissociation
increasing as the teuperature was raised or as the oxygen
pressure was decreased. 1t was also shown that the lime
present in the melts did not act merely as an inert diluent,
but that it caused a displacement in equilibrium in the
direction of higher Fe?_o3 concentration, this being more
marked in the high lime melt than in the low lime melt.
roin these observations it was concluded that mono- and
dicalcium ferrite, though they underwent partial dissociation
on melting, had appreciable stability in the ligmid state.
This was,of course, in agreement with the suggestion made by
Bainbridge (see earlier), and explained the high ooncentrati§n
of ferric oxide formed in basic slags as compared with acid
slags.

The present investigations constitute an attempt to make
a systematic study of the equilibria which had thus been
shown to exist in systems containing iron oxides at high
temperatures. The project was to study the equilibrium in
systems in which the oxides of iron alone were present, and
also in systems in which there were (1) a typical strongly
basic oxide, (2) a typical strongly acid oxide, in addition
to the iron oxides. 1In ordinary slags the most important
base and acid are lime and silica respectively, and so these
Substances were chosen for the investigation. It was also
intended to study the equilibrium in melts containing both of

these substances together in various proportions so that the
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connection between acid and basic slags should be made clear.
In carrying out the actual experiments it was found
most convenient to use ferric oxide as a starting product.
Theoretically, since the equilibria studied are all reversible,
any of the oxides of iron could have been used, since the
final state reached in any experiment was independent of
the initial composition of the iron oxide, and depended
only on the conditionsof the experiment. It was, however,
essential that the initial composition of the oxide should
be known accurately, since the accuracy of the final deter-
minations depended on this, and, of the three oxides of
iron, ferric oxide was found easiest to prepare with a
standard and regular composition. With a known weight of
ferric oxide embodied in the original experimental sample,
the composition of the sample at equilibrium under any
conditions could be got by measuring the amount of dissoc-
iation which had occurred. This could be done by measuring
the amount of oxygen lost by the system in reaching equilib-
rium, this being a direct measure of the amount of ferrous
oxide formed. Purthermore, the presence of lime and silica
caused no interference, since these substances are stable
at high temperatures under the conditions of the experiments.
Iwo general methods of measuring the oxygen evolution were
possible, (1) by measuring the increase of pressure taking
pPlace in a closed system, or (2) by finding the weight lost
by the sample due to oxygen evolution. Both of these methods

were tried out.

PREPARATION OF THE STARTING MATERIALS.

FERRIC OXIDE: It was necessary to use ferric oxide of

standard composition, and absolutely free from ferrous oxide,
since the starting composition was the basis of all calcul-
ations of equilibrium compositions. Considerable time was,

therefore, devoted to the development of a suitable method
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of preparation. Finally the following uethod was adopted,
pure, recrystallized ferrous oxalate being used as the
starting material. The ferrous oxalate was first ignited
over a small flame in air, which caused it to decoumpose

and oxidize spontaneously, giving a bulky red powder. This
consisted of ferric oxide mainly, contaminated with carbon-
aceous matter, and usually analyzed about 69 per cent total
iron. From this a uniform product was obtained by heating
to about 1200°C in oxygen and cooling slowly from that teup-
erature. Under this treatment an irreversible loss of weight
occurred, accompanied by an evolution of gas, and the total
iron content increased to a value approxiumating closely to
69.94 per cent wﬂich is the theoretical iron content of

pure ferric oxide. Over a large number of deteruinations
carried out with samples of the oxide prepared by this

method the deviation from this walue B was practically

always within the limits of experimental error, typical
values ranging from 69.90 to T70.05 per cent. It was, how-
ever, neoeésary to avoid too high a temperature during

this final reheating in case the small amount of dissociation
of the ferric oxide which occurred at the high temperature
might not be completely reversed during cooling. As it

was, any deviation in the final analysis was always towards
too high a value for the iron content of the oxide, indicating
the presence of ferrous oxide in the sample. With care,
however, using this method, it was possible to prepare a
standard and reproducible product. In practice it was found
convenient to analyse the ferrous oxalate for total iron, and
to weigh out the necessary amount of oxalate from a sealed
bottle each time an experimental sample was to be made up.
This was then ignited at a low temperature in a platinum
basin as described above, transferred to the weighed platinum
crucible in which the experiment was to be carried out (this
operation requiring considerable care to avoid loss), and it

was then ignited at the high temperature in oxygen. This
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latter operation was conveniently carried out in the
apparatus used for the equilibrium investigations. after
ignition the sample was weighed in the crucible. If the
weight of ferric oxide formed in this way did not tally
with the weight of oxalate taken, the sample was rejected.
In this way a double check was kept on the ferric oxide
used. It was found that, theoretically, 10 grams of ferrous
oxalate should have been equivalent to 4.4453 grams of
ferric oxide, this figure being got from the average of

a considerable number of determinations of the ironm content
of the oxalate.

LIME: Owing to the comparative rapidity with which liwme
gains in weight in the atmosphere, and the necessity for
accuracy in weighing out all the constituents, it was found
best to make all lime additions in the form of weighed
amounts of calcium oxalate. Pure calcium oxalate was used
for the purpose, and the lime content was found by the
ignition of weighed samples to lime, followed by cooling in
desiccators containing fresh calcium chloride, since it

was found that lime could abstract moisture from the atmos-
phere over the partly spent material. The samples were
then weighed as quickly as possible. Thereafter the calcium
oxalate was kept in a sealed bottle, the composition being
checked periodically by the same method. After the construction
of the high temperature balance described later, it was
used to check the composition of the oxalate, the sample
being ignited while suspended from the pan of the balance,
and weighed at once at high temperature as soon as the weight
had become constant. The values so obtained agreed very
closely with the earlier ones. It was found that one

gram of the calcium oxalate was equivalent to 0.3826

grams of calcium oxide, the variation in the actual values
being never more than two or three in the fourth decimal

Place on either side of this figure.
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5ILIC. @ Two sources of silica were employed - pure silica

sand and pure precipitated silica. The latter had to be
ignited to over 1000°C before use to remove moisture. ho
systematic difference was detectable between the results
obtained with the different forms, but the sand was usually
preferred since it was much less bulky and therefore umore

convenient to add to the melts.

EXPERIMENTAL PROCEDURE .

Three different methods of attack were employed in the
investigations. These were used in turn, and each represented
an advance in accuracy over its predecessor, the last of
the three being decidedly more accurate than the other two,
and giving results that were eminently consistent and repro-
ducible. It was, therefore, adopted and employed for most
of the experiments. These methods are fully described below.

The same type of furnace was employed throughout the
course of the work. This was a molybdenum-wound tube furnace,
which has been described many times previouslyzo. The
furnace tube proper, which carried the molybdenum windihg,
was constructed of Norton's "Alundum", and was enclosed in
a steel case inside which a reducing atmosphere was maintain-
ed,while the furnace was at high temperatures,to prevent
oxidation of the molybdenum. The reducing atmosphere was
Produced by passing a mixture of nitrogen and hydrogen into
the furnace casing, this mixture being got by"cracking"
ammonia gas by}passing it over iron turnings at approximately
900°C. To allow of the experiments being carried out in
controlled atmospheres, an impervious, refractory tube of
Pythagoras composition was inserted in the furnace,and kept
the melts from coming into oontact‘with the reducing atmos-

phere of the furnace.

A platinum/platinum-rhodium thermocouple was used for

t
€lpergture measurement. This was calibrated before use and
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checked at intervals against the mnelting points of wvarious

pure substances, including gold and palladium.

METHOD OF OXYGkl PRESSURE ME.SURELENT: The first method

employed was based on the measurement of the oxygen evolution
from the ferric oxide of the experimental sauples by meuns
of oxygen pressure measurements. Both the method and the
apparatus employed have been fully described intthe paper
by White, Graham and Hay to which éeference has already
been made. Figure 1 shows the apparatus employed. 4s can
be seen the furnace was used in a horizontal position. The
"Pythagoras" tube was closed at one end, and the other end
carried a rubber bung, through which passed connections to
the mercury pressure gauge and to the "Cenco Hyvac" pump
used to evacuate the apparatus. The theruocouple leads
were also passed through the bung, and thence made connection
with a "Tinsley" Vernier Potentiometer, which was used in
conjunction with a "Tinsley" mirror galvanometer for temper-
ature measurement. Special precautions were taken to prevent
the heat from reaching the rubber bung, baffles and a water-
cooled copper coil being placed at the end of the tube for
this purpose. For reading the mercury levels in the pressure
gauge a vernier cathetometer capable of reading to 0.0001
centimetres was employed. Between the pump and the bung a
T-piece was inserted, and one leg of this was connected to
a ponical pressure flask and thence to an oxygen cylinder.
This flask was also connected to another pressure gauge, so
that, if necessary, known volumes of oxygen could be added
to, or withdrawn from, the system, stopcocks being provided
for the purpose. It was, of course, necessary to know the
volume of the flask.

As already mentioned this apparatus was used successfully
to investigate tne dissociation of ferric oxide in the solid
étate, and when embodied in melts of monocalcium and dicalcium

ferrite composition. In the former case the following .
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method was adopted. 4 weighed sample of the oxide was placed
in the "Pythagoras" tube in a platinum crucible. The appar-
atus was then evacuated and a predetermined pressure of
oxygen was then admitted, after which the temperature was
raised gradually. At suitable intervals during tie course

of the heating the temperature was held steady in the hot
zone of the tube until the temperature distribution along

the tube had reached a steady state. This was shown when

the pressure reading on the manometer had become constant.

In each case the temperature and pressure were recorded.
when these values were plotted on a temperature/pressure
curve, it was found that at low temperatures a regular

curve was obtained, but that at higher temperatures a
deviation was observable due to gas evolution in the tuce.
The exact temperature at which this occurred was a function
of the oxygen pressure in the tube, the temperature of
initial evolution tending to increase as the pressure was
raised. It was found that, by producing the initial regular
part of the curve, which was almost linear at temperatures
over 1100°C, the increase in pressure due to gas evolution
on heating to any temperature could be got by direct measure-
ment of the extent of the deviation. Provided that the
total enclosed volume of the apparatus was known, and that
the equivalent of the pressure difference due to gas evolution
could be estimated at room temperature ( i.e. that the

effect of temperature as recorded in the hot zone of the

tube could be allowed for ), the volume of oxygen given off
byuthe ferric oxide in heating to the particular teuperature
could be calculated. The volume of: the apparatus was got
directly by noting the pressures developed when known amounts
of gas were admitted into the evacuated apparatus. As regards
the correction for temperature, by making a series of "blank"

Tuns with no oxide in the tube it was found possible to

drg .
W & curve showing the fractional increase in pressure
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occurring in the apparatus on heating the tube from room
temperature to any particular temperature within the range
covered by the experiments. It was, of course, mecessary for
the application of the data thus obtained that the apparatus
should be left unaltered from day to day. In particular

it was important that the position of the "Pythagoras" tube
in the furnace should be left unaltered, since any change
altered the temperature distribution along the tube when
thermal equilibrium had been reached at any temperature,

and consequently altered the value of the factor at that
temperature. Even as it was, it was found that the curve .
of fractional pressure increase was not perfectly reproducible
from day to day. The error was not, however, excessive,

and it was estimated that the maximum error to be expected

in the results from this source would be of the order of
three per cent, this being the extent of the "spread" ob-
served over a considerable number of blank runs. At the
time, in view of the difficulties associated with such high
temperature researches, this was regarded as quite satisfactory.
Room temperature was assumed constant at 15°C for all ex-
periments since it was found that the effect of the
deviations from this figure that were likely to occur

would be negligible. A more serious effect of the room temp-
erature, and one that probably contributed to the observed
"spread" in the calibration factors, would be that it would
have a direct effect on the temperature distribution along
the tube at any tempefature. Hence it was tried to keep the
temperature of the room constant as far as possible.

By varying the pressure of oxygen that was initially
introduced into the tube it was possible to obtain figures
for the dissociation occurring at various oxygen pressures,
and temperatures.

In the case of the ferrite melts mentioned above a slightly

different procedure was adopted. It was first necessary to
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prepare the ferrite from the appropriate mixture of liuwe

and ferric oxide. This was done by heating to above tihe
melting point in an atmosphere of oxygen at about one and

one third atuwospheres pressure, followed by slow freezing
under the same oxyzgen pressure, since it was found as the
result of experiments that both of the ferrites, though

they remained stable in oxygen up to their melting points,
underwent partial dissociation on melting with liberation

.of oxygen and formation of ferrous oxide in the welts. This
could not be prevented even at the highest oxygen pressure
obtainable in the apparatus, though the extent of the dissoc-
jation could be decreased by increasing the oxygen pressure.
By slow cooling from the liquid state in oxygen at the
above-mentioned pressure, it was possible to obtain mono-

and dicalcium ferrites containing no detectable ferrous
oxide. The dissociation of these compounds could then be
studied by the methoa already described for ferric oxide.
after each run it was necessary to cool slowly at about

one and a third atmospheres of oxygen to make sure that all
of the iron was once more oxidized to the ferric state before
the commencement of the next run. As far as could be ascertain-
ed from the curves, dissociation of the ferrites below the
melting point was negligible ( except possibly at very low
oxygen pressures when a slight gas evolution was apparent,
which may, however, have been due to the action of platinum
on the iron of the ferrite at thesé very low pressures - an
effect which is discussed later ). On melting there was

a sudden evolution of gas till equilibrium was attained
causing a definite "step" to appear on the pressure/temper-
ature curve. As the temperature was raised above this point,
the gas evolution increased progressively, but at a much slower
rate. As before the amount of gas evolution taking place

on heating to any temperature was estimated by measuring

the extent of the deviation froum the normal curve at that
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temperature. Hence the composition of the aelt at that
particular temperature and oxygen pressure could be calculated.

By varying the initial pressure of oxygen put into the tube
the dissociation was studied over a range of pressures. The
application of this method obviously involved the assumption
that no pick-up or evolution of oxygen by the melt had occurred
below the temperature at which the first noticeable deviation
from the normal curve took place, since such pick-up or
evolution would produce an alteration in the composition

of the melt which was not allowed for in computing the final
composition. For the ferrite melts, so long as the lime
present was sufficient to combine with all of the ferric oxide
( i.e. so long as the molecular ratio of lime to ferric

oxide was not less than unity ), and so long as the melt

was free from ferrous oxide, this seemed to be justified,

as consistent results were obtaiﬁed by this method as

shown in the published account of the research. Attempts

to extend the method at the commencement of the present
investigation were, however, much less successful, and it

was found that these assumptions were not justified in the
case of melts in which (a) the lime to ferric oxide ratio

was less than unity, (b) melts which contained appreciable
silica as well as lime. It was found that many of these
melts underwent changes in oxygen content in the solid state,
these changes being too sluggish in nature to show as def-
inite deviations on the pressure/temperature curves. Hence
the oxygen evolution above the melting point was not a true
measure of the total change in composition occurring. The

most frequent source of error seemed to be due to the presence
of ferrous oxide ( combined as Fe304 in the solidified

melts ) which underwent slow oxidation on heating in

OXygen. The device previously employed, of cooling slowly

in oxygen from the ligquid state, was not sufficient to

ensure coumplete oxidation of this free iron oxide to the

ferric state owing to the sluggishness of the reaction in-
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volved. Even fairly prolonged soaking at temperatures below
the melting point was not sufficient to ensure that the oxid-
ation was complete,for crystalline magnetite is markedly inert.
Because of this it was necessary to weigh the melts before

each run to find the starting composition, the difference be-
tween this weight and that of the constituents originally used
to make up the melt representing the weight of oxygen lost dur-
ing the run. On the other hand the presence of free ferric
ogide in these crystallized melts could also produce errors, as
it was liable to dissociate below the melting point to a certain
extent. All these considerations were not appreciated till later
work had revealed all the factors involved. At the time it was
clear that considerable errors were arising, owing to the lack
of agreement between the results from different runs. Theoret-
ically it should have been possible to assess all the changes
occurring on heating from room temperature to high temperatures
above the melting point by using the fractional-pressure-increass
factors determined for the apparatus to calculate, at any temp-
erature, the pressure that would have been exerted by the initial
oxygen that was admitted to the tube, if no changes in the melt
had taken place. The difference between this and the actual
recorded pressure at that temperature would then have given the
oxygen evolved or absorbed by the melt, and hence the compositio:
could have been calculated. As already explained, however, there
was a variation from day to day in these factors. The error
arising from this was not of serious dimensions so long as the
factors were used only to convert to room temperature the pressux
increases got by measuring the deviations on the pressure/temper-
ature curves. An error of say three per cent in assessing the
éxpansion would simply produce an error of three per cent

in the final result. A little consideration will, however,
Show that +this was not the case when the factors were
used to estimate the pressure exerted at high temperatures by

the original oxygen in the tube. The possible error due to
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variations in the factors was then very much larger. An error
of three per cent in the value of the pressure-increase-
factor would produce an error of three per cent in the
calculated pressure, which would represent a very much larger
percentage error in the value got for oxygen evolution

from the melt, since this was got by subtracting the calcul-
ated value of the pressure from the actual value. In
practice this was found to be the case, and attempis to
increase the accuracy of the determinations by this method
were unsuccessful, the agreement between the results of

different experiments being very unsatisfactory.

EXPERIMENTAL RESULTS GOT BY THE METHOD OF OXYGEN PRESSURE

MEASUREMENT: In view of the bulk of the more accurate

experimental data got later by other methods, most of the
work done by this method was rejected. In Figure 2,

however, are shown the pressure/temperature curves got

during the investigation of a melt by this method. The
deviations occurring on melting can be seen. By production
of the regular part of the curves as shown the extent of

the deviation can be got at any temperature, and hence the
composition of the melt at that temperature can be calculated,
as indicated in the table below. It will be noticed that

the composition of the original melt is such that the bases
are in excess of the acids. Hence, on slow cooling in
oxygen, all the ferric oxide will be combined as ferrite, as
there is enough lime left to do this even allowing for the
formation of calcium silicates. Hence the troubles discussed
above should not be encountered with this composition.

In the table below the coluun headed "dP" gives the
Pressure increase resulting from dissociation at the various
Yemperatures. The next column gives the "fractional-pressure-
increase-factors" at the various temperatures,derived in
calibrating the apparatus. By means of these factors the

Deasured deviations are calculated to room temperature.
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Hence, since the volume of fhe apparatus is known, the

weight of oxygen liberated can be got by simple calculation.
From this the weight of FeO formed in the melt can be calcul-
ated. In the last column the number of gram-molecules

of FeO formed from that weight of the melt containing

originally 1.000 gram-molecules of Fe203 is given.

EQUILIBRIUM IN LIME/SILICA/FERRIC-OXIDE MELT AT VARIOUS

TEMPERATURES AND OXYGEN PRESSURES.

Original composition of melt:- 1.371 mols Cal; 0.039 mols SiOz;
1.000 mol Fezoj.
Actual weight of I"e203 taken = 4.4450 gm.

Volume of apparatus = 1850 c.c. Room Temperature = 15°C.
Tenp. Oxygen dp Fractional Weight FeO FeO from
°C. Pressure. cm. DPressure of O, formed 1 mol Fe203.
cm. of Hg. Hg. Increase Libergted mols. mols.
1274 44,2 .35 2.055 .0056 .00070 .025
1346 45.7 .50 2.12 0077 .00096 .035
1383 46.5 .60 2.15 ' .0092 .00115 .042
1274 26.6 .35 2.055 .0056 .00070 .025
1346 27.65 .45 2.12 .0070 .00088 .032
1383 28.5 .80 2.15 .0123 .00154 .055
1274 5.7 1.15 2.055 .0185 .00231 .083
1346 6.2 1.65 2.12 .0257 .00321 .116
1383 6.7 2.00 2.15 .0306 .00384 .138

From the data thus obtained oxygen-pressure/ferrous-oxide
isotherms have been constructed and are shown in Figure 3.
The agreement between the experimental points is only

fair.
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P ABPnOD Or (UihColhg:

In addition to the druwbacks described in the previous
section, the.original method suffered from the disadvantage
that, witih the apparatus as it was, it could not readily be
used for temperatures over 1450°C. above this temperature
"Pythagoras™ compositioh begins to soften and collapse of
the tube occurs if the pressure inside is much below atmos-
pheric.. For high temperatures it was necessary to use an
inert gas in the tube if the oxygen pressure desired was
lower than this. The accuracy of the method was still furtuer
decreased by this device. 1In an attempt to find a more
satisfactory method, which could be used to at least 1600°C,
a series of quenching experiments was carried out. IFor this
purpose the "Pythagoras" tube and furnace were used in a
vertical position, and, to lessen the stresses on the tube
in the hot zone, it was partly suspended frou above. when
this precaution was taken, temperatures of 1650°C have been
reached without serieus damage to the tube. During these
quenching experiments the tube was open to the atmosphere
so that the melts were under an oxygen pressure of 15.2 cm.
of mercury.

The procedure adopted was as follows. A platinum cruc-
ible, containing the appropriate amounts of the desired
constituents, was weighed accurately. For the purpose of
these experiments an accuracy of at least 0.0005 grams was
desired in all weighings, and a balahce capable of giving
this was employed. The crucible was then suspended inside
~ the "Pythagoras" tube in the hot zone of the furnace, which
was heated up to the desired temperature. Fbr simplicity
the thermocouplesleads were used to support the crucible.
After sufficient time had been allowed for equilibrium to
be attained, the crucible was rapidly pulled from the tube.
An "air quench" was thus obtained, any more drastic method
being impractible owing to the necessity for accurate weighing

afterwards. Actually this method gave quite a rapid quench,
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as the crucible and its contents weighed only about 20 graus.
Purtner, freezing, at least of the surface, occurred practic-
ally instantaneously, and rapid oxygen pick up was only
possible while the melt remained liguid. The crucible and
its contents were then weighed when cold, after the theruo-
couple leads had been detached. The initial composition
being known, the final composition at equilibrium could be
arrived at from the change in weight recorded, on the
assumption that no change had occurred on cooling.

A melt of ferric oxide was first investigated at 1592°C.
Progressive additions of silica were then made to it, the
equilibrium being determined after each addition at the sane
teuperature. This gave a series of determinations with
increasing silica contents. In waking the necessary calcul-
ations, the change in the initial weight due to the silica
additions was,of course, allowed for. as in the earlier series
of experiments, the determination of the oxygen lost froam
the initial ferric oxide, was made use of to give the total
amount of ferrous oxide formea in the melts, and hence the
amount of ferrous oxide formed in that weight of the melt
containing 1.000 gram molecules of ferric oxide initially
before dissociation occurred. A similar series of experiments
was also carried out to find the effect of increasing lime
content on the dissociation of ferric oxide, the lime additions
being made in the form of calcium oxalate of known lime
content, as previously mentioned. The oxalate was then
carefully decomposed to avoid loss by slowly heating the
crucible to over 1000°C.

With both lime and silica a series of results was obtained
which appeared to be quite consistent and coherent, and
individual results appeared to be repeatable within reasonably
narrow limits. Over the ranges of composition covered it was
found that an increasing silica content caused a progressive
increase in the dissociation of the ferric oxide as measured

by the ferrous oxide formation, while an increasing lime
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content caused the dissociation to decrease progressively.
The results for lime addition are given later in lable V1IB,

and for silica (also later) in Table X1I1IB.

THE #ETHOD OF This HIGH TEMPERAIUAR BaluNCh:

The accuracy of the results ovtainea by a gquenching
pethod depends on the rapidity of the quench. Wwith a view
to estimating the accuracy of the method,and, if possible,
to improving on it, it was decided to make an attempt to
weigh the melts While.they were actually at the teuperatures
under investigation. Difficulties were anticipated, but,
in practice, the method proved very succéssful, and was
adhered to throughout the remainder of the investigation.

A sketch of the apparatus employed, in its final form, is
given in Figure 4, whici is largely self-explanatory. The
balance employed was a sensitive assay balance suitably
modified. It was placed on a specially-constructed shelf
above the furnace, the crucible being suspended in the hot
zone of the furnace by weans of a platinum suspension wire
_attached to one pan of the balance as shown. The original
apparatus was open to the atmosphere, but it was later com-
pletely enclosed to allow of the use of controlled atmos-
pheres. This was carried out by enclosing the balance by
means of a specially-constructed bell-jar resting on a
glass plate as indicated in the sketch, a‘hole having been
drilled in the plate to allow the suspension wire to pass
through. Enciosure was completed by inserting rubber bungs
into the hole in the glass plate and into the open upper
.end of the "Pythagoras" tube, through these bungs being
pPassed a glass tube of about half an inch internal diameter.
In practice it was found most convenient to use two lengths
of glass tubing connected by a length of rubber tubing of
Ssuitable bore. The suspending wire was cut at the level of

*he rubber tube, and the ends bent into the form of hooks

which could readily be connected or disconnected on slipping
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pack the rubber. This made it possible to lower the crucible

into the "Pythagoras" tube, and complete the enclosure with-
out disturbing the balance after it had been adjusted and

the zero determined, which was always done with the suspension
wire attached to it, counterpoises being added to the other
pan of the balance to compensate for the weight of the wire.
Thus only the weight of the crucible and ite contents were
recorded during the experiments. The balance was, of course,
adjusted before each experiment. With the set up described
it was found that the balance was sufficiently well-protected
from the heat of the furnace to avoid measurable error from
this source. Further, by using a small diameter glass tube
to enclose the suspending wire errors due to convection
currents entering the balance case were rendered negligible.
Provision was made for the fitting of baffles inside the
"Pythagoras" tube to diminish the effect of such currents

in the tube, but in practice this was found to be unnecessary.
The cold end of the tube was, however, filled up with
"Alundum". During tests with an empty crucible, the

greatest error noted was an apparent decrease in weight

of 0.0005 grams as the temperature rose from room temperature
to about 1600°C. Actually it was not necessary to correct
even for this slight error, since the method depended on

the measurement of weight differences, and all of the

weights were recorded at temperatures of over 1000°C. The
balance, fitted up in this fashion, could detect with certainty
differences in weight of 0.0005 grams. It could actually

be made to measure weight differences somewhat less than
this, but, for most of the work, this accuracy was quite
sufficient, and was a big improvement on the methods
Préviously employed. It was also necessary to measure

weight differences up to 0.1300 grams in some of the exper-
iments, and with the balance totally enclosed. This was

d . .
one by using two platinum riders, onme of 10 milligrams and
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the other approximately ten times this weigut. It was found
possible to move these riders by ueans of an L-shaped lever
to which were attached a number of equally-spaced hooks as
indicated in the sketch. It was necessary to provide a
flexible seal where the lever passed out from the bell-jar.
This was done by inserting in the bung at the top of the
bell-jar a length of ¢ inch diameter brass tubing, to the
upper end of which was attached about eight inches of thick-
walled rubber tubing of suitable bore. The . upper end of
the rubber tube was sealed down tightly on the arm of the
lever as shown in the sketch. The locking mechanism of
the balance was operated by means of a piece of flexible
motor-car speedometer drive, which was also passed outwards
througp the bung at the top of the bell-jar, and a flexible
seal obtained in the same fashion as that just described.
This simple device, though somewhat crude mechanically,
operated quite successfully, and it was fitted up much more
quickly and, incidentally, more cheaply than the complex
mechanisus usually employed for the purpose.

Owing to the high temperature reached, it was necessary
to maintain the gas pressure inside the apparatus at approx-
imately one atmosphere.. In all cases in which the oxygen
pressure was appreciably below this, an inert gas was also
added, nitrogen being used for this purpose. At a temper-
ature of 1600°C the possibility of reaction between the two
gasés had to be considered, but calculations based on pub-
lished déta for the reactions involved showed that the error
%o be expected from this source could be neglected. The
volume of the apparatus was such that the changes in oxygen
Pressure produced by reactions in the melt would be negligible
Provided that the gases remained homogeneously mixed. To
énsure this various stirring and circulatory devices were
tried out but with limited success, owing to the rather
involved shape of the enclosed volume. These difficulties

¥ere increased by the fact that closed end "Pythagoras"
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tubes were employed and it was desired to avoid altering
the apparatus in this respect, ifvpossible, owing to the
complications involved. Finally the problem was solved by
passing a slow stream of gus of the appropriate composition
into the "Pythagoras" tube by means of the tube and jet
iﬁdicated in the sketch. A corresponding amount of gas was
allowed to escape by a controlled leak from the bell-jar.
The gas stream was, of course, cut off while weighings |
were being made. The necessary nitrogen and oxygen were
previously mixed in the desired proportions and stored
under pressure in a large container connected to the appar-
atus. At the start of each experiment the apparatus was |
first evacuated and filled with gas of the appropriate

composition.

RESULTS OF INVESTIGATIONS.

PART T - DISSOCIATION OF FERRIC OXIDE IN THE LIQUID AND SOLID
STATES. |

( Chronologically this investigation should follow the others

since it was not carried out until the rest of the experiment-

al work had been completed. The reason for this was that it

was anticipated tuat,for a coumprehensive study, the deteimin—

ations would have to be extended to higher teuperatures

than were required for the other investigations, because of

the high melting temperature of iron oxide under oxidizing

conditions. This greatly increased the risk of damage to

the high temperature part of the apparatus, so it was decided

Yo delay this part of the work to the last. Systematically,

however, it is best perhaps to describe the results of

Yhis investigation first.)

The dissociation of ferric oxide in the liquid and

3°}}d states was studied at various oxygen pressures and

 ¢th‘@eratures by means of the high temperature balance.
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Known weights of ferric oxide were heated in a previously
weighed platinum crucible under preaeteruined pressures of
oxygen, and the weight recoraeda at various temperatures
after equilibrium had been estublished. From the loss in
weight at any temperature the ferrous oxide formed in the
system could be calculated. It was found most convenient
to make a series of determinations at each of a series of
chosen pressures, the pressure being kept constuant during
the series while the temperature was raised progressively.

The results obtained are given in Tables 1 to V. All
the determinations groﬁped in any one table are for the
same oxygen pressure, the value of the pressure being
denoted at the head of the table. In these tables the first
colum of figures indicates the serial number of the
particular batch of ferric oxide being investigated. When-
ever a new batch was prepared a new serial number was given for
reference purposes. The initial weight of ferric oxide
prepared is given in the third column, while the loss in
weight which has occurred on heating to any temperature is
entered in the next. From this by a simple calculation
the weight of ferrous oxide formed in the weight of ferric
oxide taken initially is obtained. Hence the number of
gram-molecules of ferrous oxide formed from one gram-
molecule of ferric oxide can be calculated as given in the
last column.

TABLE I.

EQUILIBRIUM IN IRON OXIDE MELTS.
Oxygen Pressure = 15.2 cm. of mercury.

S;ries Temp.  Initial Loss in Mols of
o. °C. Fe203. weight. FeO.
2. gu-

2 ig%g 4.%457 0 0

. 1106 " 8 8
" - 1127 " 0.0005 0.0023
" 1186 " 0.0020 0.0090
" 1235 " : 0.0040 0.0180

1270 o 0.0050 0.0226



—
‘0\.\. R
\Q‘Q.
\°’\
o.1 i"x
02 :
(¢
Q
dO0D
o
L
o
2%
ﬁ X/
£os \
& “
'\—&@"_f_ﬁ“‘.\x\
g .
z y
x %% :
& T
Q ttoo 720 1500 400 (§oo 1600 10
Ty o
IGOO 1‘100'( .
s 059 AR 1625 1650°C
AN
N . N
é \L‘ .
el NPT AR
~or—tp—l * ) \
‘1\ 085
¢l [ 5(b)
> < . SERIES 5 |
T N © « ¢ L] CORRECTED °
N VALUES,
\\ . . T
\ x « 20
065 . A CALCULATED
t— & - 2  VALUES,

DISSOCIATION OF FERRIC OXIDE AT AN OXYGEN PRESSURE OF E
15.2 CM. oF MERCURY,

(N Tas, As N cATER DIAGRAMS y THE CALCULATED YALUES WERE osTa"'{
AS DESCRIBED N SECTioN II.) \



30

PABIE 1 ( CONTINUED).

BEUILIBrIuld 1IN TRON OXIDE 1inLiS.
Oxygen Pressure = 15.2 ca. of mercury.

Series Temp . Initial Loss in sols. of

No. °C. FeZOj. weight. Pe0.
ga. st
5 1292 4.4457 0.0055 0.0248
" 1314 " 0.0075 0.03%38
" 1338 " 0.0099 0.0446
" 1369 " 0.0410 0.1849
" 1383 " 0.0925 0.4170
" 1405 " 0.1115 0.5020
n 1429 " 0.1150 0.5175
n 1500 " 0.1215 0.5570
n 1546 " 0.1245 - 0.5600
" 1562 " 0.1250 0.5624
n 1573 " 0.1250 005624
n 1586 " 0.1250 0.5624
n 1593 " 0.1240 0.5578
n 1610 " 0.1230 0.5530
n 1618 " . 0.1235 0.5550
" 1625 " 0.1240 0,5578
" 1627 " 0.1245 0.5600
" 1631 " 0.1250 0.5624
" 1635 oo 0.1260 0.5670
6 1200 4,.4455 0.0040 0.0180
" 1313 " 0.0075 00.0338
" 1331 " 0.0095 0.0427
" 1353 " 0.0150 0.0675
n 1363 n . 0.0200 0.0900
" 1369 " 0.0260 0.1170
" 1557 " 0.1250 . 0.5620
" 1593 " 0.1225 © 0.5510
7 1324 4.4455 0.0095 0.0427
" 1559 " _ 0.1250 0.5620
1593 " 0.1240 0.5578
1} . 1545 4.4453 0.1248 0.5620
29 1588 4.4455 0.1225 0.5510
1620 "o 0.1255 0.5650
21 1540 4.4453 0.1238 0.5510
" 1575 " 0.1248 0.5620
22 1564 4.4455 0.1240 0

. . . 5578
: 1571 " 0.1245 0.5600
; 1585 " 0.1250 0.5620
" 1597 .o 0.1245 0.5600
. 1607 " 0.1225 0.5510
o 1625 " 0.1245 0.5600
- 1640 " 0.1285 0.5784
24 1680 " 0.1440 0.6480
T 1620 4.4450 0.1250 0.5620
1650 n 0.1355 0.6100

|
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ABLE ib.

BEUILIBHRIUM I IRON OLIDE 1mLinh.

Oxygen Pressure = 15.2 cu. of mercury.
Attempt to correct for reduction by platinum at high teup-

eratures ( ueterminations given in chronological sequence ).

Series Temp . Initial Loss in llols of
No. °C. FeZOB' weight. FeO.

gm’ gil.

25 1619 4.4455 0.1235 0.5560
" 1638 " 0.1315 0.5920
" 1619 " 0.1275 0.5740

Permanent loss = v0.018

Corrected Value at 1638° 0.5740
noo 1654 4.4455 0.1370 0.6170
n 1619 " 0.1295 0.5830

Permanent Loss 0.027

Corrected Value at l654° 0.5900

TABILE IT.
EGUITLIBRIUM IN TRON OXIDE MELES.

Oxygen Pressure = 76.0 cm. of mercury.

Series Temnp. Initial Loss in Mols of
No. °C. Fe, 0. weight. FeO.
273 o
gm. ot

18. 1000 C4,4461 0 0 .

" 1054 " 0 0

: 1128 " 0.0003 0.0014
" 1165 " 0.0006 0.0027
) © 1212 " 0.0012 0.0054
" 1267 " 0.0023 0.0103
" 1290 " 0.0032 0.0144
" 1367 oo 0.0055 0.0248
) 1386 n 0.0072 0.0324
" 1418 " 0.0163 0.0734
) 1440 "o 0.0241 0.1084
" 1464 " 0.0966 0.4350
. 1506 " 0.1068 0.4800
. 1538 " 0.1081 0.4870

1566 n 0.1021 . 0.4600

2 1055 4.4453 0 0

. 1133 " 0.0005 0.0023
" 1404 " 0.0078 0.0351
" 1432 " 0.0164 0.0739
" 1444 " 0.0317 0.1429
n 1448 " 0.0424 0.1909
" 1451 " 0.0920 0.4145
" 1445 : 0.0970 0.4370
" 1485 " 0.1042 0.4696
" 1527 , " 0.1054 0.4750
i 1554 " 0.1054 0.4750

1562 "o 0.1014 0.4565
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PAaBLE 11 ( CONLINUED ).

TROL OXIDE QUIL Sit1Ul.

Oxyzen Pressure = 76.0 cm. of mercury.

Series Temp . Initial | Losg in Mglg of
Yo. °C. Fe 0 weight . F'e0.
23" ‘ 2
“jﬂlt i °
26 1574 4.4453 0.0946 0.4260
W 1580 n 0.0951 0.4280
n 1584 n 0.0966 0.4350
" 1601 " 0.1012 044560
" 1609 " 0.1045 0.4710
Permanent Loss on Cooling 0.0200
Corrected Value at 1609° 0.4510
25a 1555 4.4453 00.103%4 0.4750
n 1573 " 0.0950 0.4278
n 1578 " 0.0950 0.4278
n 1584 " 0.0982 0.4420
v 1592 n 0.1002 0.4510
" 1610 n 0.1042 0.4694
20a 1568 4.4453 - 0.0950 0.4280
n 1583 " 0.0970 0.4370
" 1622 " 0.1047 0.4720
L 1654 n 0.1153% 0.5196
" _ 1676 n 0.1217 0.5480
19 1615 4.4453 0.1027 0.4625
: 1636 " 0.1092 0.4922
24a 1645 4.4453% . 0.1124 " 0.5060
Permanent Loss on Cooling = 0.0230
Corrected Value at 1645° = 0.483%0
TABLE IIT.
IRON OXIDE EQUILIBRIUM.
Oxygen Pressure = 37.0 cm. of mercury.
Sgries" Temp. Initial Loss in lols. of
. °c. re203 weight . FeO.
2. gm.
&7 1060 4.4444 0 0
n 1083 " 0.0005 0.0023
. 1209 " 0.0015 0.0068
. 1303 " 0.0024 0.0108
. 1376 . 0.0044 0.0198
. 1411 n 0.0218 0.0980
" 1421 " 0.0364 0.1639
" 111436 " 0.0954 0.4290
" 1485 " 0.1084 0.4880
" 1536 n 0.1131 -0.5100
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TABLE IIT ( COLTINUED ).

IHON OXIDE BQUILIBRIUN.

Oxygen Pressure = 37.0 cm. of mercury.

series Temp. Initial Loss in siols. of
No. °C. Fe 0. . weight. re0.
' 273 I o
Zi. <
26a 1407 4.4426 0.0211 0.0951
n 1416 " 0.0251 0.11351
. 1415 " 0.0311 0.1402
n 1422 " 0.0341 0.1536
" 1437 " 0.0981 0.4420
n 1448 n 0.1031 0.4645
n 1489 n 0.1076 0.4844
n 1520 n 0.1111 0.5005
" 1549 " 0.1135 0.5110
" 1564 n 0.1140 0.5130
" 1572 " 0.1096 0.4930
" 1581 n 0.1066 - 0.4800
" 1586 n 0.1066 0.4800
" 1593 " 0.1076 0.4844
" 1606 " 0.1121 0.5052
250 1543 4,4453 0.11453 0.5150
" 1551 " 0.1143 0.5150
" 1560 " 0.1127 0.5090
" 1572 " 0.1087 0.4900
" 1585 " 0.1052 0.4740
" . 1%93 " 0.1063 0.4790
" 1605 " 0.1106 0.4980
n 1620 " 0.1158 0.5220
25¢ 154% 4.4453 0.1143 0.5150
" 1551 " 0.1143 0.5150
" 1560 " 0.1135 * 0.5110
" 156Q " 0.1096 0.493%5
" 1582 " 0.1057 0.4755
" 1586 " 0.1058 0.4760
" 1590 " 0.1078 0.4850
: 1605 n 0.1113 0.5010
1620 " 0.1158 0.5220

Permanent Loss on Cooling 0.0190
Corrected Value at 1620° 0.5030

TABLE TV.

IRON OXIDE EQUILIBRIUui.

Oxygen Pressure = 4.0 cm. of mercury.

B onm—

' Sﬁrles Temp. Initial .Loss in Mols. of

o. °Q. Fe ,05. Weight . FeO.

. g%. gm.
13a 1515 4.4455 0.1235 0.5553
. 1571 n 0.1286 0.5790
" 1594 " | 0.1329 0.5970
. 1616 " 0.1409 0.6330
,, 1630 " 0.1446 0.6500
190 1570 4.4455 0.1289 0.5810
' 1609 no 0.1381 0.623%5
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PaBLE IV ( CONTINUED ).

IRON OXIDE BEQUILIBRIUM.

Oxygen Pressure = 4.0 cm. of mercury.

Series Temp. Initial Loss in Mols. of

No. °C. F6203. weight. FeO.
Zm. Sul.

1901 1639 4.4455 0.1498 0.6750

25d 1619 4.4453 0.1375 0.6190

" 1648 n 0.1460 0.6570

Permanent Loss on Cooling 0.0040
5 Corrected Value at 1648°  0.6530

TABLE V.
TRON OXIPE EQUILIBRIUIM.

Oxygen Pressure = 2.0 cm. of uercury.

Series Temp . Initial Loss in ‘Mols. of

To. o Fe,0, weight . FeO.
' | gu. g

25¢c 1619 4.4453 0.1473 0.6640

f 1650 n 0.1569 0.7060

Permanent Loss on Cooling 0.0082
Corrected Value at 1650° 0.6978

" The above results are given graphically in Figures 5 to
8, the gram molecules of ferrous oxide formed from one gram
%ﬁmlecule of ferric oxide (as given in the last célumn of the
‘tables), being plotted against temperature with the oxygen
Preséuré constant. No assumption is made, at the moment,

as to whether the ferrous oxide is cowmbined with ferric oxide

, 88 magnetite or not.

b
B

ZISSOCIATION OF FERRIC OXIDE IN THE SOLID STATE:

As described in the paper by White, Graham and Hay, to
whic
hich reference has already been made, the dissociation in

th : .
€ 80lid state of finely powdered ferric oxide is completely

-Toversg
: ible so long as the mass remains porous and open. The
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dissociation is, however, accompanied by sintering, due
presumably to thé process of recrystallization involvea,
gnd, if it is allowed to proceed to a stage at which the
composition of magnetite is approached, the mass becomes
dense and hard and there is considerable shrinkage, ang,

on cooling, it reconverts very sluggishly to ferric oxide.
In practice complete reconversion was never actually observed
under these conditions. This was also found to be the case
with samples which had been heated till wmolten. apart,
however, from this limitation, which is due to physical
rather than chemical reasons, the equilibrium between the
oxides of iron in the solid state at high temperatures
appears to be a truly reversible one. This is borne out by
the work of other investigators.

The results obtained by the present wethod of investigation
agree well with those given in the earlier paper for the
dissociation of ferric oxide in the solid state. The
dissociation appears to begin at even lower temperatures than
were then observed: This was not altogether unexpected since
it was then found that the dissociation of ferric oxide on
heating ‘at constant oxygen bressuie is at first very gradual,
and it was surmised that a certuin amount of dissociation
would have occurred before it becawe detectable. - The present
method, gave better oppurtunities for observing the onset
of dissociation, and showed that this was the case. The
curves obtained indicate that the dissociation increases
steadily and at a progressively increasing rate with temp-
erature correspondiné to the formation of F6304'which enters .
~into solid solution in the residual FeZOB’ At a temperature
which depends on the oxygen pressure of the system,'thefe is
a sudden increase in the amount of the dissociation, which
&Ppears to indicate that the saturation limit of the solid

solution has been reached, with liberation of another phase,

a s0lj . ' : c
0114 solutjop of Fezo3 in Fe304. While these two solid
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solutions are present tune system is monovariant, and hence

at constant pressure the change over from the one solid
solution range to the other should occur at a constant
temperuture. This appears to be the case, though experiument-
ally it is rather difficult to demonstrate it witi absolute
conclusiveness. Several hours are necessary to allow the
change over to complete itself, and, towards the end, as

the new equilibriwas condition is approached, the system
becomes increasingly sluggish.

Thére seems to be a certain amount of hysteresis
associated with the change over, which is not difficult to
understand in the case of a reaction involving two solid
solutions. There are indications that the lower +the temp-
erature is, +the more pronounced does the hysteresis becoue,
and this may explain the earlier résults of Sosman and

Hostettert~

, at 1100 and 1200°C. Other factors to be
considered - are traces of impurities in the oxide, and the
preéenoe of temperature gradients throughout the sample.

The dissociation of the Fe504—rich solid solution increases
fu;ther as the temperature r;ses, but at a steadily decreasing
rate till the curve becomes almost horizontal. Wﬁén melting
takes place a pick up of oxygen by the system occurs, so that
the liquid formed has a lower contenf of Fe0 than the solid
at the melting point. At higher temperatures the dissociation
of the liquid oxide increases progressively as the temperature
rises. Only in the case of the incompleted curve at 4.0 cm.
0Xygen pressure is no oxygen pick-up observed. Pick-up )
would be more difficult at the lower partial pressure of
OXygen in the apparatus.

Some time was spent in checking the determinations in
the neighbourhood of the melting point at the other three
Pressures given. It was found that oxygen was invariably
Picked up on melting. Further, the pick-up was strictly

rev i . . . .
ersible, for on freezing a corresponding loss in weight

0
CCurred. It was also noted that as the oxygen pressure
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was increased the melting point was decreased to a slight
put quite definite and reproducible extent; the temperatures

at which melting and oxygen pick-up began are stated in Table

vI.

DATA ON THERMAL BEQUILIBRIUM DIaGRald OF Thi SYoTHu F6293—F6394;

source . Description. Oxygen Pressure Tgmp. F9304.%
cm. of mercury. C. by weight.

A. - Solid Solubility LimitsX

Fig.5 Limit of Fe203—rich 15.2 1368 17.4
solid solution.
" Limit of Fe304-rich 15.2 1368 66.8
solid solution.
Fig.6 Limit of F6205-rioh 76.0 1450 21.2
solid solution. .
" Limit of F6504-rich 76.0 1450 61l.5
solid solution.
Fig.7 Limit of Fezoa-rich 37.0 1425 21.2
solid solution
" Limit of Fe504—rich 37.0 1425 59.0
solid solution. '
B. - ILiquidus and Solidus Compositions
and Temperatures.
Fig.5 - Beginning of melting - 15.2 1585 83.6
" End of melting . 15.2 1605 81.9
Fig.6 Beginning of melting 76.0 1555 70.5
" End of melting 76.0 1575 63.1
Fig.7 Beginning of melting 37.0 1565 76.5
" End of melting 37.0 1585 70.5

In the currently accepted form of the Iron-Oxygen thermal
eguilibrium diagram, as given by Benedicks and Lofquistzl;

22

latthewson, Spire and Milligun®® and others, a peritectic

Teaction is postulated between the two solid solutions (F6203~
rich and F -ri - i |
| €30, rich) of the system Fezo3 F6304. This form
°f the diagram would indicate that a loss of oxygen should

occur on melting under constant pressure, and also that an

% Denoted by X on Figures 5. 6 and 7.
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increase in the oxygen pressure should raise the melting
temperature. The presence of a eutectic between the two
golid solutions would, however, explyin both of the phenomena
actually observed. Theoretically, at constant oxygen press-
ure, melting «nd oxygen pick up should take place invariant-

ly. This was found, however, not to be the case. Various

reasons might be suggested for this - the presence of

impurities, the existence of temperature gradients in the

oxide sample and (see later) reaction between the crucible
| d the oxide.

Figure 9 shows the thermal equilibriwa diagram of the
- system Fe203-—Fé304 modified in the light of the present
evidence, the fresh data from which it is mainly constructed
being that given in Table VI. Compositions at the beginning
and end of melting are used to give liquidus and solidus

for the melting of the Fe 04-rich solid solution, the temp-

3
perature difference between the two bheing neglected. It is
difficult to obtain accurate figures for the limits of

solubility in the solid state from +the present data owing

to the difficulty of establishing the extent of the truly
’sveftical portions of the curves of Figures 5, 6 and 7. The
 limits can, however, be apuroximately fixed ( points marked
X in these figures), and when replotted on Figure 9 they
show reasonable agreement with the values previously given

in the paper by White, Graham and Hay, particularly as

‘régards the limits of the F6203-rich solid solution.
It is of interest to consider the form of the thermal

.Qurves of Fezoj'in the 1light of the new information. Figure

illo shows a heating and cooling curve taken on a sample of

\fiiorric oxide in a platinum crucible under an oxygen pressuré

f Just over an atmosphere. Both curves are difference
'*:¢“IVes and were taken by the iethod of Roberts-Austen. On

;hOth two thermal changes are to .be observed, beginning at

:14¢ o
45°f55°0v and at . 1555-60°C. respectively on the heating

9, and corresponding ciosely to those on the cooling
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curve. On couparison with the dissociation curve of ferric
oxide at 76.0 cm. oxygen pressure given in Figure 6, an
explanation of these thermal changes is provided. The
lower one corresponds closely as regards temperature with
the change over from one solid solution to the other. The
upper one agrees closely with the temperature range over
which oxygen pick-up occurs, and is due to melting of the
oxide. Incidentally by the time melting occurs it is no
longer ferric oxide that is being investigated. Actually
‘complete conversion to the Fe304—rioh phase occurs at the
temperature of the lower arrest, and it is the melting of
this substance which gives rise to the observed arrest at
the higher temperatureQ Very large pressures indeed would
be required to maintain ferric oxide stable up to its
melting point. The literature contains wmany references to
the lower arrest got on heating ferric oxide. Various
explanations have been put forward, but there seeums little

doubt that the correct explanation is that now given.

EQUILIBRIUM IN LIQUID JRON OXIDE MELTS:

As it was intended to attempt an analysis of the experi-
mental work from the point of viewunof the law of mass action
some importance was attached to the elucidation of the

equilibria in Simple liquid iron oxide melts. Considerable

" trouble was, however, encountered in obtaining reliable

values for the dissociation in the liquid state. It was

first of all noticed that the equilibrium in these melts

was &pparenfly not completely reversible, and that a permanent
loss of weight seemed to occur every time the liquid oxide

Was raised in temperature and then cooled again. Chronologic-
8lly this work was carried out towards the end of the investig-
ation

» 88 mentioned earlier. During the earlier part of

*he work on systems containing lime and silica the equilibrium

!»??d always appeared readily reversible, and this discovery
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was rather unexpected. Owing to the high melting point of
the iron oxides alone, the determinations were extended to
higher temperatures than had previously been the case, and
it was thought that volatilization of the oxide might be
occurring. Indications of this were completely lacking,
however? The possibility of loss due to splashing caused

py effervescence of the oxide was also ruled out by fitting
g perforated platinum 1id to the crucible. No traces of

- splashing could be seen on the 1lid but the loss continued.
It was finally established that the platinum of the crucible
was picking up iron from the melts. It was observed that,
after heating at low temperatures for some time, the outéide
of the crucible became discoloured by iron oxide due to the
oxidation of iron picked up at higher temperatures. Sosman
mm.Hostetterl5 have previously mentioned the possibility

of this occurring at certain temperatures and oxygen pressures.
It appears that over 1600°C it occurs even at an oxygen
pressure of 76 cm. of mercury. It was established that it
only becomes serious above fhe melting point. In the solid
state the contact between the platinum and oxide which had

not been previously wmelted was relatively slight, and

became even less on heating due to the large amount of
shrinkage that occurred causing the oxide to shrink away

from the sides of the crucible. Further, iron oxide melts
containing lime or silica appeared to be little affected by
the platinum. Only in the case of those melts having low

lime or silica was any discrepancy from this cause observed,
and then only when the oxygen pressure/ferrous oxide isotherms
Were being determined, which necessitated the taking of a
Considerable number of high temperature determinations on

the same melt. A progressively increasing error was then
Doticeable in some cases. With iron oxide melts it was also
observed thgt the loss of weight was comparatively slow while

t .
he Yemperature remained steady, but appeared to be much

R

* See note at the enda of this section (page 65).
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accelerated byba rising teuperature. This beiny so, attempts
to minimise the effect by taking deterwinations as rapidly
as possible were only partially successful. In most cases,
nowever, the rate of loss just above the melting point was
fairly slow (though on repeated wmeltings a slight progressive
loss was found). an attempt was, therefore, wmade to estimate
the permanent loss occurring on heating to higher temperatures.
The equilibriuun was first determined just above the melting
point, then, as quickly as possible at a higher temperature,
after which it was cooled quickly back to the previous teump-
erature and the equilibrium redetermined. The difference
between the two low temperature determinations was a wmeasure
of the permanent loss which had occurred due to platinum
reduction on heating to the higher temperature. Thus a
correction could be applied to the higher temperature deter-
nination. Some time was spent in trying to 6btain, in this
way, values on which reliance could be placed. The results
obtained indicated that the increase with temperature of the
ferrous oxide content of these melts took place at an
appreciably slower rate than the earlier results had seemed
%o show. It was also evident that the rate of increase was
practically the same at the different oxygen pressures used.
Table I B and Figure 5 B give in detail the history of a
melt which was investigated in the manner just described.
Other determinations corrected in this way are also given

in the other Tables. From the corrected ferrous-oxide/
temperature curves thus obtained at the various oxygen
Pressures employed oxygen—pressure/'ferrous oxide isofherms
have been drawn for two temperatures as shown in Figure 11.

?° get. certain of the values on the isotherm at 1600°C it

Was necessary to extrapolate the liquid-state portion of

the ferrous-oxide/temperature curves since, at some pressures,
thig Yemperature is within the melting range as can be seen

‘ by referring to Figures 5, 6, 7, and 8. Because of the
Qiificulties involved this part of the work is probably
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less reliable in character than the remainder.

PART II - EQUILIBRIUM IN LIME/FERRIC-OXIDE WBITO.

The effect of lime on the equilibrium in iron-oxide melts
was studied by all three of the methods described. 1Tne quench-
ing values, on the whole, tend to lie somewhat lower than the
others, particularly in the case of the more fusible compos-
itions, and of the higher-temperature determinations. This
is as might be expected.

In making these determinations fresh melts were not made
up each time. TFerric oxide was first melted and calcium
oxalate was added progressively to give a series of determin-
ations with regularly increasing lime contents. Care had to
be taken in heating up with the calcium oxalate additions in
the crucible, as too rapid decomposition of the oxalate caused
a loss of lime and gave too high a figure for the ferrous-
oxide content, the effect being cumulative if the loss was
Iepeated. For this reason it was not desirable to make too
nany lime additions to any one melt without checking the
Vaiues obtained against entirely fresh melts, and this was
done whenever possible. Each time a fresh melt embodying a
fresh batch of ferric oxide was made, a new series number was
allocated to it. Several entirely different melts were made
up during the investigation of the lime/ferric-oxide equilibrium
The results obtained are given in Tables VII 4 and VII B,
the latter being the figures for the quenching experiments.
From the weight lost on heating the original components to i
-the stated temperature the number of gram-molecules of ferrous
Oxide formed in that weight of the melt which would have con-
tained initially one gram-molecule of ferric oxide was
calculated and is entered in the penultimate column. The
last column gives the number of.gram—molecules of lime present
in this latter amount of melt, i.e. the number of gram-molecules

°f lime that would have been added to 1 gram-molecule
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of ferric oxide to give a melt of the composition under
jnvestigation. The results are recorded graphically in
Figure 12. The range of compositions studied at the lower
temperatures is restricted by the narrowness of the range of
1ime concentrations which are completely fusible at these
temperatures. Some of the compositions for which figures
are given ( marked with an asterisk in the Tables) would
not be completely liquid at some of the temperatures studied.
This would be expected to affect the equilibrium conditions,
% and the values so obtained do, in fact, lie off the curves.
In drawing the curves the results with the high-temperature
balance have been assumed to be more accurate than the
others. As the lime content of the melts is increased,
a,the liability to error increases, since any error in com-
puting the lime content of the calcium oxalate added becomes
of progressively greater significance, while, at the same
time, the weight loss due to dissociation becomes smaller.
The chief tendency to error lay in the direction of higher
dissociation values than were actually the case, this being
d?e to small lime losses as already mentioned. This tendency
can be observed in some of the results given in Table VII A.
and -in the series of quenching experiments. Some of the
earlier results were obviously considerably in error for
this reason and have been rejected.
The effect of a change of oxygen pressure on melts with
various lime contents is shown in Tables VIII to XII aﬁd,
graphically, in Figures 13 to 17. As before; the results

are given in terms of gram -molecules of ferrous oxide

g

formed at equilibrium from one gram molecule of ferric oxide,
snd in the diagrams this is plotted against the oxygen pressure
at various constant temperatures.

There were indications that the melt containing 0.4920

gram-molecules of lime was being affected to some extent

: ’bW the platinum of the crucible. The effect was minimised
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TABLE VIT A.

EQUILIBRIUM IN LIME/FHRRIC-OXIDE MKLTS.

Oxygen Pressure = 15.2 cm. of mercury.

Series Temp. Initial Cal Loss in 1Illols.  ilols.
No. °C. Fe20 . gm. weight. of of
» gm? O gu. FeO  CaO.

3 1274 4.4453 0.5570 0.0101 0.0455 0.3580
1383 " " 0.0453  0.2040 "
1525 " " 0.0670 0.302 n
1592 L " 0.0820 0.368 "
1274 " 0.9396 0.0174 0.0779 0.6050
1383 " " 0.0304 0.1366 "
1525 " " 0.0519  0.2330 "
1592 " L 0.0639  0.2875 "
1274 n 1.3222 0.0142 0.0637 0.8500
1383 J " 0.0230 0.103%5 "
1525 " " 0.0415 0.1865 "
1592 n | n 0.0535  0.2409 "
1274 " 1.5521 0.0129 0.0580 0.9970
1383 " " 0.0204 0.0917 "
1525 " " 0.0369  0.1660 "
1592 " " 0.0489  0.2200 "
1274 " 1.7434 0.0107 0.0481 1.199
1383 " " 0.0172 ©0.0772 n
1525 " " 0.0327  0.1470 "
1592 " " 0.0427 0.1920 "
1274 " 2.1260 0.0080 0.0395 1.364
1383 " " 0.0148 0.0665 "
1525 " " 0.0268  0.1205 "

5 1525 4.4457  0.1913 0.0998 0.4485 0.1230
1592 n n 0.1063  (©.4780 "
1274 " 0.7599 0.0169 0.0759 0.4880
1383 n " 0.0359  0.1616 "
1525 " oo 0.0579 0.2610 n
1592 " " 0.0698 0.3141 "
1525 " 1.5251 0.0361 0.1630 0.9820
1383 " 2.0990 0.0140 0.0618 1.346
1525 LI o 0.0255 0.1146 "
1592 " n - 0.0320 0.1442  »n
1525 " 2.4816 0.0216 0.0971 1.595
1592 " " 0.0276 0.1242 "
1525 "o 2.6729 0.0204  0.0918 1.7150
1592 " " 0.0254 0.1142 "
1525 n 2.8642 0.0192 0.0862 1.841
1592 " n 0.0235 0.1056 "
1524 n 3.055 0.0175 0.0787 1.964
1592 " n 0.0218 0.0980 "
1524 n 3.2468 0.0161 0.0724 2.086
1592 " " 0.0196 0.0880 n
1524 " 4.0120 0.0155 0.0697 2.580
1592 " " 0.0179 0.0804 "

15 :
1592 4.4453 3.4805 0.0168 0.0755 2.240

1592 " 4.4805 0.0163 0.0740 2.886
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TABLE VII A ( CONTINUED ).

;;ies Temp . Initial Ca0. Loss in WMols. llols.
No. °C. Fe 03. gn. weight. of of
ém. SMe reO. Cal.
15 1592 4.4453 5.4655 0.0168 0.0755 3.510
1592 " C6.57T75 0.0198 0.0757 4.23 -
16 1592 4,4453 4.9085 0.0158 0.0712 3.16
17 1524 4,4453 3.8420 0.0113 0.0510 2.472
1592 " " 0.0163 0.0740 "

TaBLE VII B.

EQUILIBRIUM IN LIME/FERRIC~OXIDE MELTS.~ QUENCHING EXPERIMENTS.

Oxygen Pressure = 15.2 cm. of mercury.

Temp . Initial Cal. loss in Mols. o Mols
°C. Fe 03. gnm. weight. of of
g%. gim. Fe0. Cal.

1592 4.4505 0 0.1225 0.5485 O
1592 n 0.1913 0.1068 0.4800 0.1230
1524 " 0.3826 0.0791 0.3550 0.2460
1592 " " 0.0846 0.3850 "
1383 " 0.7652 0.0372 0.1672 0.4920
1592 n n 0.0637 0.286 "
1383 " 1.1478 0.0273 0.1234 0.7380
1524 " " 0.0444 0.1995 "
1592 " _ " 0.0538 0.2415 "
1524 " 1.4351 0.0481 0.2210 0.9200
1592 " n 0.0345 0.1550 "
1274 n 1.5430 0.0170 0.0763  0.990
1383 " " 0.0240 0.1076 "
1592 " n 0.0538 0.2415 "
%383 J : 1.9256 0.0196 0.0879 1.234
1524 n " 0.0291 0.1305 "
592 " " 0.03%66 0.1640 "
%383 " 2.6908 0.0108 0.0485% 1.725
l524 n " 0.0228 0.1022 "
592 . w " 0.0283 0.1270 "
igZQ n %.0920 0.0182 0.0815 1.983

9 n n 0.0233 0.1046 "
%gsg n %.4746 0.0169 0.0758 2.226
2. " " 0.0219 0.0982 "

+ Not completely molten at this temperature.
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Elconstant Ca0 content = 0.7652 gm.

F pABLE VIIL - EQUILIBRTUM 1N LIME/FRRRIC-OXIDL MLTS.

i.e. 0.4920 mol per mol

of FeZOB‘
Oxygen Pressure Varying.

. é;iies Tenp. 'Oxygzen Pressure Initial ILoss in iols of

% Yo. °C. cm. of Hg. FeZOB' weight. FeO.

Zms gn.

' 224 1383 76.0 4£.4455 0.0260  0.1172
« 1544 " " 0.0453 0.2042
1619 " " 0.0610 0.2750
1383 5.0 4.4453 0.0576 0.2595
1544 n " 0.0752 0.3388
1619 n nu 0.0956 0.4300
1383 51.0 4.4453  0.0290 0.1308
1544 " n 0.0499 0.2246
1619 " n 0.0658 0.2966
1383 76.0 " 0.0274 0.1232
1544 " " 0.0477 0.2144
1619 " n 0.0609 0.2739
1383 37.0 " 0.0335 0.1510
1619 " " 0.0705 0.3178
26¢ 1383 15.2 4.4454 0.0359 0.1620
L 1524 " " 0.613 0.2760
1619 " " 0.0750 0.3380

TABIE IX - EBQUILIBRIUI IN LIME/FERRIC-OXIDE

MELTS . (MONOCALCTUM

. Constant CaO content = 1.5540 gnm.

FERRITE) .

Fe 0

273"

Oxygen Pressure Varying.

i.e. 1.000 mol per mol of

0.0353

Series Temp. Oxygen Pressure Initial ILoss in  Mols. of
- No. °cC. cm. of Hg. Fe203, weight. FeO.
’ gm. 7 gu.
1544 15.2 4.4453  0.0412 0.1855
1619 " " 0.0537 0.2420
1274 76.0 n 0.0072 0.0326
1383 ", " 0.0141 0.0636 -
1544 " " 0.0259 0.1169
1619 " " 0.0354 0.1596
1274 5.0 " 0.0213 0.0961
1383 L " 0.0315 0.1420
1544 " " 0.0509 0.2295
1619 n " 0.0645 0.2910
1274 15.2 4.4454 0.0133 0.0599
1383 " " 0.0205 0.0923
1544 n " 0.0402 0.1810
1619 " " 0.0533 0.2400
1274 76.0 4.4454  0.0073 0.0329
1383 " " 0.0125 0.0564
15414 " " 0.0254 0.1144
1619 " " 0.1590
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L BIE IX. ( CONTINUED ).
Series Tenp. Oxygen Pressure initial ILoss in uols. of
No. °cC. ci. of Hg. Pe,0,. weight. FeO.
~ L-;::’ﬂ% 3 Zilde
29 1274 37.0 4.4454 0.0088 0.0397
1383 n " 0.0167 0.0734
1544 " " 0.0313 0.1410
1619 " " 0.0423 0.1908

PABIE X - BQUILIBRIUM IN LIKE/FERRIC-OXIDE LELTS.

Constant Cal Content = 2.3192 gi. i.e. 1.492 mol per mol FeZO3
Oxygen Pressure Varying.

of

Series Temp. Oxygen Pressure Initial Loss: in ilols.
No. °c. ca. of Hg. Fe,05. weight. FeO.
23 ,
gm . 2.
23 1383 . 15.2 4.,4453  0.0144 0.0649
1544 " " 0.0256 0.1154
1619 " 0.0321 0.1449
1383 76,0 i 0.0061 0.0275
1544 " " 0.0145 0.0653
1619 " " 0.0215 0.0969
1383 36.0 n 0.0107 0.0482
1544 n " 0.0211 0.0951
1619 " " 0.0284 = 0.1281
1383 5.0 " 0.0173" 0.0779
1544 " n 0.0318 0.1433
1619 n " 0.0414 0.1864
1383 2.5 n 0.0222 0.1000
1544 " " 0.0381 0.1717
1" "

1619

0.0483 0.2179

TABLE XI - EQUILIBRIUM IN LIME/FERRIC-OXIDE MELTS.

vconstaht Ca0 Content = 3.1062 gm. i.e. 2,000 mols per mollFezo
' Oxygen Pressure Varying.

5

0.1849

Series Tgmp. Oxygen Pressure Initial Fe203 loss in ldols of

No, C. cm. of Hg. gm. weight. FeO.

. gm.

- 23 ~‘ 1544 15.2 4.4453 0.0192 0.0864

1619 " " 0.0237  0.1068
1544 " 76.0 n 0.0084 0.0378
1619 L n 0.0125 0.0564
1544 37.0 n 0.0146 0.0658
1619 n " 0.0189- 0.0851
1544 5.0 n 0.0247 0.1115
1619 " " 0.0347 0.1564
1544 2.5 " 0.0334  0.150
1619 no " - o.ozgo 2%
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PABIE XII - EQUILIBRIUM IN IINE/FERxIC-OXIDE MELTS.

constant CalO Content = 3.8800 gan. i.e. 2.500 mols per m;l gf
e

. 273"
Oxygen Pressure Varying.
Series Temp. Oxygen Pressure. Initial Ioss in Mols. of
No. °C. cu. of Hg. F6203. weight. FeO.
am® gm.
29 1544 76.0 4.4454  0.0068 0.0306
1619 " " 0.0078 0.03552
1544 37.0 " 0.0106 0.0477
1619 n " 0.0126 0.0566
1544 15.2 " 0.0153 0.0690
1619 " " 0.0173 0.0779
1544 5.0 n 0.0213 0.0960
1619 " ' " 0.0263 0.1184

(Continued from page 43.) .

by using fresh melts whenever evidence of reduction was noted.
Its influence can, however, be seen in the case of the melt

of series 26D, the results for which are given in chronological
order. It will be seen that these oxygehrpressure/ferrous-
oxide isotherms have a general charadteristic shape. Their
steepness'tends, hoﬁever, to increase somewhat as the lime
content increases and, to a less extent,‘as the temperatures
fall. If will be seen that very high‘oxygen pressures would
be needed to prevent entirely the dissociation of these

liquid melts. 1t has been found, however, that slow freezing
in an atmosphere of oxygen gives crystalline ferrites with

a negligible content of ferrous oxide, pro?ided that sufficient
line ig Present to combine with ali of the ferric oxide.
Con7ersely, on melting the ferrites, there is always a sudden
eVOlution.of'oxygen, until the liquid melt reaches equilibrium
With the atmosphere over it. If the lime is not sufficient

to combine with all of the ferric oxide, crystals of magnetite
Separate out on freezing, along with the ferrite, and these

°xldize completely only with great difficulty.
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kaBT II1 - EQUILIBRIUM IN SILICA/FERiIC OAiDH WMBILS.

The procedure adopted in studying the equilibrium in silica/

ferric oxide melts was the same essentially as that used

" in the case of the lime/ferric oxide melts. Progressive

TR T

additions of silica were made to iron oxide melts, and the
equilibrium was determined with the various silica contents
thus obtained at various temperatures. It was found that
the time required to reach equilibrium increased as the
silica content rose, owing probably to the marked increase
in viscosity which occurred. Because of the high melting

points of these melts it was considered desirable to make

" a series of determinations at a higher temperature than had

| been used in the case of the 1ime/ferric—oxide melts. It

is of interest to note that, though fayalite (2Fe0.510,)
melts in vacuo or in neutral atmosphere at 1205°C, the
same melt, heated under equilibrium conditions in air re-
quires a temperature of over 1600°C for complete fusion.
The corresponding mixture of ferric oxide and silica will,

at equilibrium under the same conditions, yield a melt of

- the same composition as is obtained from fayalite. In the

80lid state, however, such a mixture behaves very sluggishly
and silica and ferric oxide interact very slowly below 1550°C.
The effect of silica in ferric oxide melts is to increass
the dissocigtion at equilibrium under any conditions, presum-
ably because of the formation of ferrous silicates, which

mst therefore be presumed to have at least partial stability

‘In the liquid melts. The results obtained ( Table XIII A and

B and Figure 18 ) indicate that the increase in ferrous oxide

content takes place almost linearly as the silica content

;increases. The variation of the equilibrium with the

- 0Xygen pressure was studied with silica contents of 0.2400

gram

414 0.8400 gram-molecules per,melecule of ferric oxide, and

» results obtained are given in Tables XIV and XV and in
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Figure 19. It will be seen tnat fhe oxygen-pressure/ferrous
oxide isotherms are of the usual charactertistic form.

They are, however, less steep than those obtained with

iron oxide alone or with the lime/ferric-oxide melts.
Purther, the indications are that the steepness decreases
progressively as the silica content increases. OSilica

thus acts in this respect in the directly opposite sense

to lime which causes a progressive increase in the steep-
ness of the isotherms. It follows that the melts containing
silica were much more sensitive to the influence of the
atmosphere than the lime/iron-oxide melts.

At the temperatures employed it was not possible to
extend the investigation to higher silica concentrations
than are stated in the Tables, since the melts becane
saturated with silica at a concentration of between 0.900
and 1.000 gram-molecules. Even after heating to 1619°C,
the silica added to bring the silica content up to the

latter figure could be seen undissolved on top of the

melt.
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PABIE XTII A - BQUILIBRIUW IN SI1.1CA/FERRIC-OXIDE MELTS.

Oxygen Pressure = 15.2 cm. of mercury.

Series Temp. Initial 8102 lLoss in  lols. of Mols.of
No. °C. Fe203. weight. PeO. 510, .
eyt gl &ule

6 1592 4.4455 6] 0.1231 0.5540 0
1592 " 0.2000 0.1286 0.5790 0.1200
1619 " " 0.1331 0.599 "
1592 " 0.4000 0.1371 0.617 0.2400
1619 " " 0.1431 0.644 "

7 1592 4.4455 O 0.1240 0.558 0
1558 " 0.7000 0.1450 0.652 0.4200
1592 " " 0.1500 0.674 "
1619 " " 0.1579 0.714 "
1558 " 1.1000 0.1625 0.730 0.6600
1592 n " 0.1695 0.7620 "
1619 " " 0.1770 0.796 "
1592 " 1.5000 0.1865 0.833 0.9000
1619 n " 0.1935 0.870 "
1592 " 1.6667 0.1882 0.845 1.000
1619 " " 0.1942  0.877 "

TABIE XTIT B.- EQUILIBRIUM IN SILICA/FERRIC-OXIDE MELTS.
QUENCHING EXPERIMENTS.
Oxygen Pressure = 15.2 cm. of mercury.

Temp. Initial 5i0,. Loss in Mols. of Mols. of

°C. Fe203. gm. weight. Fe0 - 5i0,.
g’ Sule

1592 4,4445 0 0.1222 0.5480 0
1592 " 0.2000 0.1315 0.5920 0.1200
1592 " 0.4000 0.1400 0.6300 0.2400
1592 n 0.6000 0.1495 0.672 0.3600
1592 " 1.0000 0.1650 0.742 0.6000
1592 " 1.4000 0.1855 0.832 0.8400
1592 " 1.5700 Melt saturated with Si0,.

TABIE XIV.- EQUILIBRIUM IN SILICa/FERRIC-OXIDE MELTS.

Constant $i0, Content = 0.4000 gm.i.e. 0.2400 mol per mol of

Oxygen Pressure Varying. F9203.

Series Egmp. Oxygen Pressure Initial Loss in Mols. of

No, cm. of Hg. FeZO3 weight. FeO.
gme gm.
28 1592 76.0 4.4450 0.1083 0.4890
1648 " " 0.1207  0.5444
28a 1592 37.0 4.4450 0.1213  0.5470
1648 " ' " 0.1322 0.5960
1592 - 15.2 n 0.1370 0.6175
1648 n " 0.1510 0.6805
, igzz 4.5 . " 0.1540 0.6940
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TABLE XV. - EQUILIBRIUM IN SILICA/FERRIC-OXIDE MELIS.

Constant 3102 = 1.4000 gu. i.e. 0.840 mol per mol of Fe203.

Oxygen Preésure Varying.

Series Temp. Oxygem Pressure Initial Loss in llols. of
o

No. C. cm. of Hy. FeZOB' weight. ¥eO.
gu. gl
30 1592 76.0 4.4453 0.1409 0.6345
1619 n " 0.1483 0.6680
1592 37.0 " 0.1600 0.7205
1619 " " 0.1680 0.7560
1592 15.2 " 0.1815 0.8175
1619 " " 0.1895 0.8535
1592 4.5 " 0.2055 0.9250
1619 " " 0.2115 0.9530

PART IV. - BEQUILIBRIUM IN IIME/SILICA/FERRIC-OXIDE MELTS.

In studying the equilibrium in the presence of both
lime and silica~it was found most convenient to examine
the effect of progressively increasing the lime content
while the silica content waé kept constant at various
selected values. For this purpose melts with the approp-
riate proportions of ferric oxide and silica were made up,

and the equilibrium was determined over a range of lime
concentrations; the results obtained are recorded in

Tables XVI to XXIV and in Figures 20 to 27. In all cases
the final figures for the lime, silica and ferrous oxide
contents are given as gram-molecu;es calculated on the
basis of one gram-molecule of ferric oxide initially.

Iwo compositions were also investigated for the effect

f '°f_°x¥8en bressure on the equilibrium; the results
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appear in Tables XXI and XXII and Figure 25.

The range of lime and silica concentrations studied
covers practically all the field of coumpositions compietely
fusible at the temperatures employed. On some of the curves
divergencies can be observed, arising fromvthe fact that
the compositions involved were incompletely fused. The
curves obtained with a silica content of 2.478 gram-uolecules
( Table XXIV and Figure 26 ) suddenly shifts to a higher
ferrous oxide value when the lime content exceeds 4.6
gram-molecules. There is reason to believe that this also
is due to the appearence of a solid phase in the melt, as
there were definite signs of incomplete fusion at this
point. Separation of a constituent having a high lime to
silica ratio ( e.g. 2Ca0.8i0, or 3CaO.Si02) might produce
such an effect, since it would leave the remaining liquid
impoverished in liwe. Further information is, however,
required on this point.

With many of the compositions studied an unforeeean

difficulty arose in that the melts crumbled to a fine

dust on cooling below red heat. This "dusting" was accompan-

ied by a considerable volume expansion, which usually
resulted in rupture of the crucible walls. 1t occurred with
all the melts idwhich the silica exceeded 0.24 gram-molecules
whenever the lime content was greater than a certain, fairly
definite, amount, this amount being dependent on the silica
content. TFor example, dusting began at lime contents of
approximately 2.2, 1.0, and 1.4 gram-molecules of lime in
melts in which the silica contents were 1.0, 0.673 and 0.498
gram- molecules respectively. These figures were obtained
incidentally in the course of the work, and no attempt was
made to determine systematically the range of dusting
compositions, since the effect of the phenomenon on the
Crucibles was altogether too drastic. It was apparently due
; o the crystallization of caleium orthosilicate from many

.P: these melts on freezing. This material, as is well-
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kmown, undergoes a transformation on cooling that is
accompanied by a considerable volume expansion, which
causes the substance ( and slags containing it ) to cruuble
to a powder.

This dusting tendency provided a serious problem for a
while. It was possible in some cases to suppress it by
rapid cooling from high temperatures, but this served no
useful purpose, since on the next heating, after the desired
amount of calcium oxalate had been added, dusting took
place at some temperature below redness. It was out of
the question to clean out the crucible each time, and
start each heat with a fresh mixture, owing to the time
required to remove these very hard and insoluble melts
from the crucibles. The problem was finally overcome by
constructing a small electric muffle furnace, into which
the crucible and its contents could be transferred on
removing it from the high temperature balance, which was
done while the temperature was still above 1000°C. The
muffle was held at approximately 600°C. and the crucible
was kept in it overnight, and at the weekends when necessary.
All additions of calcium oxalate, for the purpose of increase-
ing the lime content, had to be made to the hot crucible.
This was done by making the oxalate into pellets in a
pellet press, and adding these from a weighing-bottle by
tilting it over the crucible, the weighing-bottle being
Weighed before and after the addition. With a little practice
it Was possible to do this without any sacrifice in accuracy
and yet sufficiently rapidly to avoid cooling the crucible
below the transition point of the orthosilicate.

At the end of a series of determinations it was necessary
Yo clean out the crucible without cooling it to room
temperature. Severul fluxes were tried as additions to
Prevent the formation of the orthosilicate, but considerable

difficulties in cleaning were encountered. The most
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~clay pot in the furnace and heat it to 1600°C.

gsuccecsful method was to invert the crucible over u fire-

TABIE XVI - MQUILIBRIUI! I LIME/SILICA/FERRIC-OXIDE IELIS.

Oxygen Pressure

= 15.2 cm. of mercury.

Constant S5i0, Content 0.2000 su. i.e. 0.1200 wmol per aol
of F8203.
Temp. Initial Ca0 Loss in Hols.of lLlols.of
°C. 203+ go.  weilght. FeO. Ca0.
: gul.
1592 4.4453 0 0.1293 0.5820 0
1592 " 0.1913 0.1166 0.5240 0.1230
1524 " 0.3826 0.0889 0.4005 C.2460
1592 " " 0.1040 0.468 "
1383 n 0.7652 0.0440 0.1980 0.492
1524 " " 0.0595 0.3130 "
1592 " " 0.0855 0.3845 . "
1383 " 1.1478 0.0336 0.1513 0.7380
1524 " " 0.0556 0.2500 "
1592 " " 0.0696  0.3135 w
1383 " 1.5304 0.0235 0.1057 0.9840
1521 " " 0.0430 0.1937 "
1592 . " " 0.0545 0.2453 "
1383 " 1.9130 0.0181 0.0813 1.2300
1524 » " 0.0341  0.1543 "
1592 " " 0.0436 0.1962 "
1383 " 212956 0.0152 0.0683 1.4760
1524 " M 0.0272 0.1224 "
1592 " " 0.0362 0.1629 "
"1524 " 2.6782 0.02 0.1049 ~1.7220
1292 " " 0.03§g 0.1408 n7
1524 " 3.0608 0.0199 0.0895  1.9680
1592 " " 0.0264 0.1186 n
1524 n 3.4434 0.0175 0.0787 2.214
1592 " n 0.0215 0.0967 "
1524 " 4.2086 0.0127 ©0.0571  2.706
15692 " " 0.0167 0.0751 "
1592 " 5.7390 0.0196 0.0881 %.686
»
1592 . 4.4453 4.9085 0.0168 0.0755  3.16
1592 4.4453 3.8420 0.0203 0.0915 2.472
« 1592 4.4453 6.5775 0.0165 0.0740  4.23
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PABLE XVII.- EQUILIBRIUN IN LIME/SILICA/FERKIC-OXIDE HELIS.

T c——

Oxygen Pressure = 15.2 cm. of mercury.

 gonstant SiO2 Content = 0.4000 ;.

i.e. 0.2400 mol per mol

of Fe203.
‘Series Teump. Initial Cal Loss in liols of Hols of
No. - °C. Fe203 3. weight. FeO. -Cal.
Zm. Sil.
9 1592 4.4450 0 0.1375 0.6130 ©
1524 " 0.3826 0.0946 0.426 0.246
1592 " " 0.1126 0.507 "
1524 " 0.7652 0.0772 0.3472 0.492
1592 " 0. 0.0877 0.3945 "
1383 " 1.1478 0.0378 0.1700 ©.728
- 1524 " " 0.0628 0.2380 "
1592 " " 0.0773 0.3480 n
1383 " 1.5304 0.0299 0.1545 0.984
1524 " " 0.0519 0.2356 L
1592 " oo 0.0636 0.2861 "
- 1383 " 1.9130 0.0245 0.1105  1.230
- 1524 " " 0.0425 0.1912 "
- 1592 " " 0.0532 0.2390 "
. 1383 " 2.2956 0.0201 0.0903 1.476
1524 " " 0.0351 0.1579 "
1592 " " 0.0451 0.2028 "
1524° " 2.6782 0.0292 0.1314 1.722
1592 " " 0.0377 0.1695 "
1383 " 3.0608 0.0138 0.062 1.968
1524 " " 0.0248 0.1215 "
1592 - " L 0.0323 0.1453 "
1524 . " 3.8260 0.0170 0.0764  2.460
1592 " " 0.0230 0.1036 n
1524 " 4.5912 0.0132 0.0595 2.952
1592 " " 0.0177  0.0796 "
1524 " 5.3564 0.0154 0.0693  3.444
- 1592 " " 0.0194 0.0873 "
1592 4,4453 4.9085 0.0188 0.0845  3.160
1 1592 4.4453 3.8420 0.0253 0.1140 2.472
15, 11592 4.4453  6.5775 0.0163 0.073 4.23
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PABILE XVIIT.- EQUILIBRIULL IN LIWE/5ILICA/FERRIC-OXIDE WMBELTS.
Oxygen Pressure = 15.2 cu. of mercury.
Constant 8102 Content = 0.8288 gm. i.e. 0.4980 mol per wol

' of Fezoj.

Series Temp. Initial CaO Loss in  lols of llols of
No. °C. Fe203. . weight. FeO. CaO.
g, Sl
10 1592 4.4387 O 0.1560 0.7040 0
1524 " 0.3826  (0.1146 0.516  0.2460
1592 " n 0.1316 0.593% "
1524 " 0.7652 0.0952 0.4290  00.4920
1592 " " 0.1127 0.5080 "
1383 " 1.1478 0.0488 0.2200 0.7380
1524 v " 0.0793 0.3575 "
1592 " o 0.0948 0.4270 "
1383 " 1.5304 0.0414 0.1865 0.9840
1524 " " 0.0664 0.2992 "
1592 " " 0.0809 0.3646 "
1524 " 1.9130 0.0565 0.2545 1.2300
1592 " " 0.0675 0L3042 "
1383 " 2.2956  0.0286 0.1290 1.4760
1524 " n 0.0481 0.2170 "
1592 " " 0.0586 0.2640 "
1524 " 2.6782  0.0422 0.13902 1.7220
1592 " " 0.0522 0.2356 "
1383 " %3.0608  0.0231 0.1041 1.9680
1524 " " 0.0363 0.1646 n
| 1592 " " 0.0458 0.2063 "
14 1592  4.4455 1.9400 0.0678 0.3055 1.246
: 1592 " 2.8090 0.0498 0.2246 1.808
1524 " 3,6700 0.0258  0.1161 2.360
1592 "o " ' 0.0338 0.1521 "
1524 " 4.7620 0.0178 0.0800 3.066
1592 " " 0.0222 0.1000 "
1592 n 5.7820 0.0183 0.0813 3,719
1592 L 6.8320 0.0153 0.0689 4.395
16 1592 " 4.9085 0.0226 0.1015 3.160
17 1592 4.4453 3.8420 0.0356 0.1600 2.472
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P 0ABLE XIX.- EQUILIBRIUM IN LIME/SILICa/ FERKIC-OXIDE MELTS.

- Oxygen Pressure = 15.2 cm. of mercury.

Oonstént Sioé Content = 1.2700 gm. i.e. 0.7630 mol per mol
S of Fe,0

3°
! Series. Temp. 1Initial Ca0  Ioss in lols of Hols of
¢ FNo.  -°C. Fe,05. gm. weight. FeO. Ca0.
i : gm- ~ ga-
%éll - 1592 4.4453 O 0.1763 0.8940 O
1592 " 0.3826 0.1592 0.688 0.2460
1524 " 0.7652  0.1155 0.520  0.4920
1592 " o " 0.1380 0.621 "
1383 " 1.1478 0.0651 0.2935 0.7380
1524 " " 0.1001  0.451 "
1592 " " 0.1196 0.538 "
15920  n 1.5304 0.1032° 0.465  0.984
1383 n 1.9130 0.0483 0.2176  1.2300
- 1524 " " 0.0763  0.344 n
1592 " n 0.0918  0.413 n
1524 " 2.5158 0.0586 0.2640 1.616
1592 " " 0.0756  0.3405 "
16 1592 4.4453  4.,9085 0.0288 0.1296 3.160
17 1592  4.4453 3.8420 0.0491 0.2210 2.472

1592 4.4453 6.5775 0.0118 0.0530 4.23
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TABLE XX.- BQUILIBRIUM IN LINE/SILICA/FERRIC-OXIDE sBLTS.

Oxyzen Pressure = 15.2 cm. of mercury.

Constant SiOZ.Content = 1.6670 gu. i.e. 1.000 mol per mol

of F6203‘
Series Temp. Initial Ca0 Loss in lols of iols of
No. - °C. FeZOB' 2. weight. Pe0. Ca0O.
Eeliin gi.
7 1592 4.4455 0 0.1882 0.8450 0
1524 " 0.1913  0.1655 0.7430 0.1230
1592 " " 0.1805 0.812 "
1383 " 0.5739 0.1061  0.477 0.3%69
1524 " o 0.1481 0.667 non
1592 " / " 0.1626 0.732 ; "
1383 L 0.9565 0.0912 0.411 0.615
1524 " " ©0.1297 0.583 "
: 1592 " " 0.1447 0.651 n
© . 1383 " 1.3391 0.0783 0.352 0.860
1524 " n 0.1148 ' 0.517 "
- 1592 " " 0.1303 0.586 n
1383 " 1.5879 0.072% 0.324 1.020
1524 " " 0.1051  0.473 "
1592 " " 0.1211 0.545 "
1383 " 1.7792 0.0684 0.308 1.142
1524 " " 0.0989  0.455 "
1592 " " 0.1144 0.514 "
1383 " 2.1618 0.0615 0.277 1.392
1524 " n 0.0885 0.3978 n
1592 " " 0.1035 0.466 n
1383 " 2.5444 0.0544 0.2444 1.639
1524 " L 0.0791 0.3561 "
1592 " " 0.0926 0.416 "
1383 " 2.9270 0.0487 0.2192 1.882
1524 u " 0.0712  0.3203 "
1592 " " 0.0847  0.3808 "o
1383 n 3.3096  0.0453 002040 2.129
1524 n " 0.0628 0.283 "
1592 " nn 0.0763 0.344 n
16 - 1592 4.4453 4.9085 0.0483 0.2170  3.160
17 1592 4,4453 3.8420 0.0641 0.2890 2.472

1592 n 6.3170 0.0366 0.1646 4.06
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TABLE XXI. - EQUILIBRIUM IN LIME/SILICA/FuRRIC-OXIDE MELTS.

Oxygen Pressure Varying.

gonstant CaO Content = 1.5534 gm. i.e. 1.000 mol per mol of
Fe, 0,.

275
Constant Si0, Content = 1.6667 gu. i.e. 1.000 mol per mol
v of F€2O3.
Series Temp. Oxygen Pressure Initial Loss in llols of
No. °c. cm. of Hg. Fe203. weight. FeO.
gm. Sl e
30 1544 76.0 4.4453 0.0821 0.3700
1592 " " 0.0921 0.4155
1619 " " 0.0995 0.4485
1544 , 27.0 " 0.0921 0.4150
1592 ' " " 0.1030 0.4640
1619 " " 0.1108 0.4990
1544 15.2 " 0.1105  0.4980
1592 " " 0.1210 0.5455
1619 weoo " 0.1300 0.5860
1544 4.5 " 0.1218 0.5485
1592 " " 0.13570 0.6170
1619 oo " 0.1500  0.6755

TABLE XXII.- EQUILIBRIUM IN LIME/SILICA/FERRIC-OXIDE MELTS.

Oxygen Pressure Varyihg.

Constant CaO Content = 2.7024 gu. i.e.l.739 mol per mol of
Fe, O

273"
Constant $i0, Content = 1.6667 gu. i.e. 1.000 mol per mol of
Fe203.
Series Temp. Oxygen Pressure Initial Ioss in Mols of
No. °c. cm. of Hg. AF8203. weight. FeO.
' ' - gm. gl A
30 1544 - 76.0 - 4.4453 0.0545 0.2456
: 1619 "o " - 0.0695 0.3136
1544 37.0 " 0.0675 0.3041
1619 " " 0.0793 0.3575
1544 ‘ 15.2 " 0.0802 0.3612
1619 " " 0.0936 0.4213%
1544 4.5 ‘ " 0.0912 0.4110

1619 "o " 0.1090 0.4910
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| QABIE XXT1I.-EQUILIBKIUM IN LIME/SILICA/FERKIC-OXIDE MELTS.

Oxysen Pressure = 15.2 cu. of wmercury.

‘constant SiO2 Content ¥’2.9075 Zin. l.e. 1.746 mol per mol '

" of PFe, O

273"
Series Teimp. Initial Cal Loss in kiols of Mols of
No. °C. Fe,05. g weight. FeO. Ca0.
Zil'e 3 Sil.
12 1592 4.4453 0.6824 0.1917 0.862  0.4380
' 1524, " 1.3194 0.1362 0.614 0.8480
1592 " " 0.1552 0.699 "
1524 " 1.9204 0.1232 0.555 1.23%5
1592 " " 0.1402 0.631 "
1592 " 2.5794 0.1227 0.552 1.656
1524 n 3.5104 0.0767 0.3%3455 2.259
1592 " " 0.0927 0.4170 "
15924 n 4.4304 0.0780 0.%3514 2.853
1592 n 5.3904 0.0805 0.3%3625 %.465
16 1592 4,4453 5.9085 0.0873 0.3930 5.160
17 1592 4.4453 6.3170 0.0606 0.2724 4.06

TABLE XXIV.- EQUILIBRIUM IN LIME/SILICA/FERRIC-OXIDE MELTS.

Oxygen Pressure

= 15.2 cm. of mercury.

Constant 5i0, Content = 4.1243 gm. i.e. 2.478 mols per mol

- of Fe203.
Series Temp. Initial Ca0 Loss in  Mols of lols of
No. °C. Fe203. gm. weight. FeO. Ca0.
. gm. Sl R
13 1592 4.4453 0.6905 0.1596 0.7180  2.478
1592 " 1.5550 0.1446 0.6510  1.000
1524 " 2.4600 0.1271 0.5725 1.581
1592 " " 0.1351 0.6090 "
1592 " 3.3590 0.1236 0.5560 2.160
1524 " 4.2340 0.1116 0.5022 2.722
1592 " " 0.1221 0.5500 "
1524 " 5.0620 0.0891 0.4010  3.256
1592 " " 0.1001  0.4500 -
1524 " 6.0350 0.0731 0.3295" 3.880
1592 " " 0.0861 0.3880 "
1524 n 7.0780 0.0681 0.3070 4.550
1592 " " 0.0721  0.3245 "
- 1524 " 8.1230 0.1706 0.7675 5+225
1592 " " 0.1721 0.7750 "
’ 1592 n 9.0250 0.1731 0.7800 5.810
1592 " 9.9094 0.1751 0.7880 6.375
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: 1t will be noticed that ?ll of the curves obtained
in this fashion ( i.e. by keeping the silica content constant
and increaéing the lime content ) follow the same general' |
trend, They run, in fact, roughly parallel to each other
and to the curve obtained by simple lime addition to
ferric bxide in the absence of silica. This can be seen

- clearly by referring to Figure 27. At high lime concentrations
several of the lower-silica-content curves converge on
:this.basal zero-silica-content curve. The lime content
at which this takes place increases progressively as the
'ailicaAcohtent‘increases. It seems reasonable to suppose,

i: from their general trend, that* the other curves will also

- approach the zero silica curve ultimately.

GENERAL SURVEY OF Thl EXPERI«BENTAL RESULIS.

The findings of the preceding sections can be briefly
summarized as follows.
(2) In liquid (as in solid) systews containing iron

~oxides there exists,at high teuperatures, an equilibrium

between the ferrous and ferric oxide contents of the
system.

(v) The equilibrium relationship is determined by thé
ﬁemperature and oxygen pressure of the system. The pro-
portion of ferric oxide to ferrous pxide decreases as the

temperature is increased, and increases as the oxygen

Pressure is increased.
(c) The presence of lime alters the equilibrium
- Yelationship. The higher the lime content, the lower is

- the proportion of ferrous oxide to ferric oxide at

(d) silica also causes a displacement of the equilibrium,
% in the opposite sense. The higher the silica content,

higher is the proportion of ferrous oxide to ferric
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oxide at equilibriwun.

(e) When lime and silica are present simultaneously,
each tends to shift the equilipbriwa in the sense character-
istic of it. Hence the proportion of ferrous oxide to
ferric oxide at equilibrium depends on the relative propor-
tions of lime and silica. It does not depend solely on
that, however, as, even when the proportions are kept
constant, a variation in the amounts of these additions
causes a variation in the equilibriwa relationship. There
is a continuous variation in the relationship as the ratio
of lime to silica is varied over the entire range of
compositions covered by the investigations.

The data thus sunmarised are given quantitatively by
the Tables and Curves. From these the equilibriua
composition of any lime/silica/iron-oxide slag under any
condition of temperature, and oxygen pressure (in the
range covered by the investigations, of course ) is obtain-

able.

APPLICATION TO OPEN HEARTH FURNACE SILAGS.

The results obtained throw considerable light on the
relationship between acid and basic furnace -slags as regards
their reaction to the influence of the furnace atmosphere.
In slags of the former type the ratio of ferrous- to ferric-
oxide will be much larger at equilibrium than in those of
the latfer. The effect of this on gas-oxidation is easy
to foresee. 1In contact with liquidiiron only ferrous oxide
is stable ( or at least a combination of iron and oxygen
approaching the composition FeO as can be seen from a

- consideration of the immiscible liquid region of the iron-
Oxygen thermal equilibriuw diagraw.). Hence at the slag/

Retal interface the slag is tending to an equilibrium

‘state j.n}uhich only ferrous oxide is present in it, while

'ﬁ?n the upper regions it is tending to pick up oxygen from
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the furnace atmosphere to reach an equilibrium state at
which a definite proportion of ferric oxide, depending on
the constitution of the slag, the temperature and the
furnace atmosphere, will be present. The two conditions
are, of course, incompatible, and hence a cycle of
reactions is set up which results, as previously noted,
in gas oxidation. In a basic slag the difference between
the equilibrium conditions in the two regions of the slag
is much more marked than in an acid slag, and hence, it
might be expected that, in the absence of couplicating
factors, gas oxidation would take place to a greater extent
in the basic process than in the acid process, which, in
actual faot, is the case. It is, however, necessary to
make allbwance for the fact that the increased ferric oxide
contenf of basic slags is, in all probability, due to
compound formation, and that the increased amount of
ferric oxide is consequently not free but combined as ferrite.
In this connection it has been suggested that the presence
of lime should actually decrease gas oxidation since it
forms stable compounds with the ferric oxide of the slag.
This need notAnecessarily be the case, however. For one
fhing the present experimental results indicate that the
ferrites are not completely stable in the liquid state, |
but that they undergo partial dissociation od melting.
Hence, even in the presence of lime the ferric oxide cannot
be considered as being stably combined. On the contrary
there will always be a certain proportion of free iron
oxide in the slag. The equilibriumbcondition in slags
containing ferrites can probably be represented by the
following reversible reactions -

CaO.FeZO = CaQ + Pe

5 2%
and FeZO5 = 2Fe0 + %02

In al1 cases dissociation will proceed till equilibrium is,

tFeached. It will be observed that at equilibrium a certain

ontent of free ferric oxide is to be expected in the slag,
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in addition to the ferrous oxide formed by dissociation.
The experimental results, as they stand, do not, however,
give any information as to the amount of this oxide or of
any of the other molecular species in the liquid melts,
nor is it possible to say whether the two oxides of iron
are actually chemically free or combined to give F6304,
as takes place in the solid state.

It was with the objecf of throwing light on these points,
and on others of a similar nature, that the theoretical
investigations described in the succeeding sections were

undertaken.

NOTE ON VOLATILITY OF Fezgﬁ(see I1ootnote to page 40).

- ilore recent experiuents have shown, however, that
FGZO3 can apparently volatilize under certain conditions.
A current of air, passed over the molten oxide at 1600°C.,
carries with it appreciable amounts of oxide which appears
to be wainly in the ferric state. Hence it would appear
that molten iron oxide has an appreciable vapour pressure
at this temperature. This suggests a possible reason

why the rate of loss of weight was accelerated by a rising
temperature (see remarks near foot of page 40). The
bubbles of oxygen escaping from the melt as the temperature

rose would tend to be saturated with iron-oxide vapour,

thus contributing to the permanent loss in weight observed.



SECTION II.

INTERPRETATION OF THE PRESENT EXPERIMENTAL DATA IN

TERMS OF THE JTAW OF WASS ACTION. DEDUCTION OF THE

MOLECULAR CONSTITUTION OF THE MBLTS.




NOTE ON CALCULATIONS 1IN THIS SECTION: The calculations

carried out during the theoretical investigations described
in the following section were very lengthy, and depended
very largély on methods of trial and error, and on
successive approximations. It has been found practically
impossible to reduce them to a form of reasonable length
suitable for reproduction, and hence only a very brief
indication of the methods employed is given. The results
obtained are, however, given in full, since, in addition

to their intrinsic significance, they provide evidence

that the various theoretical curves deduced are actually

Mass Action curves.
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INTERPRETATION OF THI PRESENT DATA IN TRNS OF LIOLECULAR

CONSTITUTION OF TiHi MITS.

The experimental results, as they stand, give no infora-
ation concerning the actual molecular constitution of the
liquid melts, since only the totalvamounts of the various
constituents are recorded. In this respect the liquid
state is more difficult to study than the solid st%Te, in
which the crystalline couapounds present can usuallx:;dent—
ified. Similar knowledge of liquid systems can only be
obtained indirectly e.g. by examination of data of the
kind now under discussion in the light of established
chemical laws. The study of the cheanical kinetics of high
temperature systems is still, couparatively speaking, in
its infancy. It is known, however, that the laws of
ideal solutions are obeyed at least approximately. It is
hardly to be expected that they will be obeyed exactly,
since many of the reactants are highly concentrated ( at
least in systems of the kind ndw under consideration).
Hevertheless, much ﬁseful inforuation can often be derived

by applying the ideal laws in such cases, even though only

approximgte agreement may be obtained.

CALCULATIONS BASED ON THE LAW OF MASS ACTION.

EQUILIBRIUM IN IRON OXIDE MELTS.

It is convenient to cohsiderkthis simpler case first.
The calculations are based on the data in Figures 5, 6,
7, 8 and 9.

Three oxides of iron with definite chemical identities
are known to exist, and so long as no evidence to the
contrary arises we are justified in assuming that only
these three are liable to occur in the liquid melts. It

18 not, of course, known to what extent Fe304 may be diss-

oclated into FeO and Fe,0; under these conditions. ( It
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should be noted that Fe0O itself is, according to the iron-
oxygen thermal equilibrium diagram, subject to dissociation
on melting, but at the oxygen pressures now under review

this will be very much suppressed and can almost certainly be
neglected.) Assuming an equilibrium to exist between the
three oxides and the oxygen pressure over them, it can be

completely defined by the two reversible equilibria:

X (}E‘eo)%u/—}':T
Fe, 0 = 2Fe0 + 30 whence k., =
. 275 2’ 1 (Fe,05)
(FeO)(Fe,0.)
and Fe 0, = FeO + Fe,0,, whence k, = 2.2 ,
374 2°3 2
. (Fe304)

where (FeO), (Fe203) and (Fe304) are the activities of these

oxides and P is the pressure of diatomic oxygen over the uelt.

Assume that one gram-molecule of ferric oxide was taken
initially. |

Let the total ferrous oxide formed from it at equilibrium
be 24 (expressed in gram-molecules, as are all the other
quantities in the discussion). Then the total ferric oxide

left at equilibrium = 1 - A.

Let the free Fe0 = x.
Then Fe304 = 2A - X.
and Fe203 =(1l-4)-(20-x)=1-3A+ X,

where Fe304 and FeZO3 denote the amounts of these substances
actually present in the free state in the melts.
Also if M denotes the total number of gram-molecules of
all molecular species present in the system, then
M=1-A4A4+ x.
Hence, assuiing the activities of the oxides to be pro-

Portional to their concentrations expressed as molar fractions,

x2x JP

(1 -4a+x)(1-31+x)

kl =
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x (1 -3A+ x )

and L, =
2 (1 -4A+x) (24-x)

I1f, at any temperature,the value of 4 is known for two
values of P, kl and k2 can be evaluated. Sufficient
experimental data on the iron oxide melts had been obtained
to make it possible to draw oxygen-pressure/ferrous-oxide
isotherms at various temperatures. Use was also made of
the data from the silica/iron-oxide melts to obtain confiru-
ation of these as far as possible. Since the silica/iron-
oxide isobars were almost linear, they could readily be
be prbduced to zero silica content, and the values thus
obtained used to check the iron oxide data. Figure 28
shows the experimental values which were utilised in evaluat-
ing these constants?b From the isotherm at 1619°C the
values calculated were k) = 0.4926 and k, = 0.2432 ( the
oxygen pressure being expressed in centimetres of mercury ).
Using these constants it is possible to calculate a theor-
etical isotherm at this teumperature ( passing, of course,
through the points selected to evaluate ki and k, ), as

shown in the following table:

Theoretical data on isotherm at 1619°C. calculated on the
basis of k, = 0.4926, k, = 0.2432.

Total Oxygen
Fe;rous : Pressure.
Oxide. FeO Fe304 Fezo3 M Ca. of Hg.
0.4600 - 0.1503 0.3097 0.4603 0.9203 85.9
0.5000 0.1735 0.3265 0.423%5 0.9235 40.9
0.6000 0.2410 0.3590 0.3410 0.9410 7.4

2.9

0.6600 0.2888 0.3710 0.2988 0.9588

Similarly, from the data for 1592°C. the values of the
constants calculated were k, = 0.3845, k, = 0.2387, which
gave the following figures:

* See also Figure 11.
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Theoretical data on the isotherm at 1592°C. calculated on

the basis of ki = 0.3845, Kk, = 0.2587.

Total - Oxygen
Ferrous Pressure.
Oxide. re0 F9504 FeZO3 sl . cin. of H_.
0.4400 0.1380 0.3020 0.4780 0.9180 78.5
0.4800 0.1600 0.5200 0.4400 0.9200 37.0
0.5300 0.1900 0.3400 0.3950 0.9250 15.2
0.5600 0.2100 0.3500 0.3700 - 0.9300 9.0
0.5800 0.2240 0.%560 0.3540 0.9340 5.0

It can be seen ( see Figure 28 ) that these ILigures
reproduce the characteristic form of the isotherus very
closely.

By assuming logarithmic variation of the constants
with the reciprocal of the absolute teuperature, it was
possible to calculate values of kl and k2 at other temp-
eratures, and hence to calculate the approximate form of
the isotherus at these temperatures. The results of these
calculations are given below and ( graphically ) in

Figure 28.

Equilibrium values at 1558°C. on the basis of kq = 0.2793,

k, = 0.2310.

Total . Oxygen
Fe;rous Pressure.
Oxide. FeO Fe304 Feij M cm. of Hy.
0.4060 0.1190 0.2870  0.5100 0.9160 85.0

- 0.4500 0.1404 0.3096 0.4654 0.9154 ~ 36.5

. 0.4970 0.1665 0.3305 0.4210 0.9180 15.2
0.5400 0.1930 0.3470 0.3830 0.9230 7.0
0.6000 . 0.2352 0.3648 0.3352 0.9352 2.5

+ Bquilibrium values at 1660°C. on the basis of k, = 0.7170,
k, = 0.2468.

Oxygen

' Pressure.

FeO Feép4 Fe203 M cm. of Hg.
0.1750 0.3250 0.4250 °  0.9250 84.7
0.2002 0.3398 0.3902 0.9302 42.1
0.2435 0.3575 0.3420 0.9430 15.2

0.2910 0.3690 0.3010  0.9610 6.0
0.3260 0.3740 0.2760  0.9760 3.3
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Equilibrium values at 1696°C. on the basis of Ky = 0.9920,

Total Oxygen
Ferrous Pressure.
Oxide. FeO Fe304 Fesz il ca. Of Hz.

0.5400 0.2018 0.3382 0.3918 0.9318 79.3
0.5800 0.2296 0.3504 0.3596 0.9396 40.5
0.6410 0.2770 0.3640 0.3155 0.9565 15.2
0.7000 0.3280 0.3720 0.2780 0.9780 , 6.3
0.7200 0.3462 0.3758 0.2662 0.9862 4.7

The isotherus thus obtained agree well with the
experimental data, as can be seen from Figures 5a, 6a,
Ta and 8a, in which theferrous oxide values vblained
from them at the appropriate oxygen pressures have been
plotted against temperature. This seeus to justify the
assumptions made.
| From the variation in k, and k2 with temperature,
indicated by the above calculations, the heats of reaction

of the corresponding reactions are as follows

FeZO3 = 2Fe0 + %02 - 65.1 Cal.

Fe304 = FeO « FeZO3 - 4.9 Cal.

The first of these values agrees closely with that
usually accepted, which was, of course, determined at wmuch
lower temperatures, and with the solid oxides. The figures
for the second reaction is considerabi& greater than the
accepted value, which is usually given as 1.9 Cal. The
latent heats of fusion of the oxides have, however, to be
allowed for. Purther, the values given above caﬁ only be
accepted as approximate, as comparatively small changes in
the values of the constants at the various temperatures

bProduce considerable changes in the calculated values of

the heats of reaction.

.- BQUILIBRIUM IN LIWE/IRON-OXIDE HELTS.

On general chemical grounds it is to be expected that
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the effect produced by lime on the iron oxide equilibrium
will be due to compound formation in the ligquid state,
involving presumably the free Fe2o3 of the melts and the
added lime. In the solid state two calcium ferrites are
known to exist8, monocalcium and dicalcium ferrite.
Assuming that both of these can occur in the liquid
melts, and that they aré then at least partially dissoc-
iated ( since, in view of the experimental data, it is
imbossible that either should be completely stable ), the

equilibrium in these melts is defined by the two iron-

oxide equilibria already considered and the following

equilibria: C
(Ca0) (Fe203)
GaO.Fe203 = Cal0 + F8203, whereby k5 = —< ’
C (CaO.FeZOB)
and  2( CaO.FeZO3 ) = ZCaO.Fezo3 + F8203,
(ZOaO.Fezoj)(Fegoj).

whereby k4 = (CaO.FeZOB)Z
As before the quantities in brackets are the activities
- of the substances indicated, and are assumed to be pro-
portional to the molecular concentrations expressed as
molar fractions.
The conditions to be investigated are somewhat more
~complex than in the case of the simple iron oxide equilibria,
and no fewer than six molecular species are involved.

Matters are; however, somewhat simplified if k. and k

1 2
are known at the temperature under investigation. Then,
Provided that the total ferrous oxide conteht”and the
corresponding oxygen pressure are known at two different
lime contents, k5 and k, can be evaluated.b Hence it is
Possible to calculate the equilibrium concentrations of
the various reactants at any desired lime content and

oxygen pressure. The total ferrous oxide content can

also be be derived andbompaied with the ¥alue' determined

. $Xperimentally under the same conditions. The calculabions
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required are somewhat involved but present nothing novel
in a mathematical sense, so they are not reproduced.
Below are given some of the results obtained on

investigating the lime/iron-oxide equilibria in this way:

Equilibriuwa in Lime/Iron Oxide Melts at 1592°C. and Oxygen
Pressure of 15.2 cm. of Mercury.
Liwme Content Varying.

Constants: k1 = 0.3845, k2 = 0.2387, k3 = 0.0422,

k4 = 0.1417.
Total
Ferrous Ca0.- 2Cal0~ thal
Oxide. TFeO Fe304 Fe203 FeZO3 FeZO3 ca0 M. Line.

0.530 0.1900 0.3400 0.3950 0.0000 0.0000 0.0000 0.925 0.0000
0.341 0.1656 0.1758 0.2660 0.3305 0.0580 0.0548 1.051 0.501
0.210 0.1350 0.0750 0.1570 0.4655 0.1960 0©.1469 1.175 1.004
0.174 0.1227 0.0513 0.1234 0.4773 0.2610 0.2017 1.237 1.200
0.132 0.1051 0.0269 0.0830 0.4563 0.3610 0.3145 1.347 1.493
0.096 0.0860 0.0100 0.0457 0.4003 0.4960 0.6076 1.645 2.000
0.081 0.0765 0.0045 0.0290 0.3451 0.5835 1.0100 2.049 2.520
0.078 0.0744 0.0031 0.0235 0.3190 0.6165 - 1.3690 2.406 2.920

When the values for the total lime content and total
ferrous oxide content thus obtained are plotted against each
other, as shown in Figure 12, a smooth curve is obtained.

The actual experimental curve shows breaks, however, a quite
definite one at one gram-molecule of lime ( the composition
of the monocalcium ferrite ) and a very slight one at two
gram- molecules of lime. Such bieaks are usually assumed to
constitute evidence of compound formation. It should be
realised, however, that the ideal laws assumed in the calcul-
ations above cannot account for such breaks, which are due

%o influences which constitute deviations from the simple
laws. Hence exact agreement is not to be looked for. The
Values gf k3 and k4 given above are those which, on the basis
°f the ideal laws only, reproduce the general trend of the
®Xperimental curve most closely.

It will be as well to make clear at this stage the principal

‘”thS &0Verning the shape of the calculated curve. The
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greater the stability of the ferrites the more will the
curve be depressed and the nearer will it approach té the
horizontal axis of reference i.e the axis of zero ferrous
oxide content on Figure 12. The slope of the curve depends
on which of the ferrites is most stable. Several exaaples
to illustrate these points are given in Figure 29. If
monocalcium ferrite were completely stable the curve would
be practically a straight line intercepting the horizontal
axis at one gram-molecule of lime (see Curve 1). If the
dicalcium compound alone were stable in the liquid state,

an approximately straight line meeting the horizontal axis
at a lime content of two gram-molecules would be obtained.
(Curve 2). On the other hand, if only the monocalcium
ferrite existed but in a partially dissociated state in tiue
liquid, the curve obtained would be of the type shown by
Curve 3. This curve slopes downwards till it approaches

a lime content of one gram-molecule when it flattens out
rapidly so that, for higher lime contents it is almost
horizontal. The greater the stability‘of the ferrite, the
nearer will it be to the horizontal axis when this occurs.
Curve 4 shows the type obtained when only dicalcium ferrite
has appreciable stability in the liquid nelts. It is similar
%o Curve 3 in general form but the flatfening-out is con- |
fined mainly to the region of two gram-molecules of lime.
Below this lime content the curve shows only slight convexity
fcwards the horizontal axis. At higher lime contents it is
Practically horizontal. When both ferrites are present the
form of the curve depends on the relative stability of the
two. ' The greater the stability of the monocalcium compound ,
the graater will be the convexity of the curve towards the

?ﬁizental axis in the range zero to two gram-molecules of

e, while the greater the stability of the dicalcium ferrite,
‘more pronounced will be the slope of the curve in the
“one to two gram-molecules of lime. Bearing these

derations in mind, and neglecting the breaks Previously
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gentioned, it will be seen that the general forau of tine
experimental curve indicates that both ferrites must have
appreciable stability in the liquia state.

The discrepancy between the experimental and the calcul-
ated curves is greatest at low lime concentrations, and at
first sight it might be expected that the agreeument between
theory and fact should be closest here. The analogy with
aqueous solutions does not necessarily hold, however, since
even at low lime contents a system containing concentrated
reactants is being dealt with. If only the initial part of
the experimental curve is considered in eValuafing the constants
the calculated curve deviates widely from the experimental
curve at higher concentrations.

( It will be noticed, of course, that the total ferrous
oxide content at zero lime content has, for the purposes of
the calculations, oeen obtained by extrapolation of the
experimental data for the liquid state of the iron oxide samples
investigated at 15.2 cu. of oxygen. (See Figure 5a and also the
experimental points on Figure 28.) This is necessary since the
actual experimental value got at 1592°C. and 15.2 cm. pressure
is for a system that is only partly liquified. Even allowing
for this, however, the deviations are still as stated.)

The lack of complete agreement between theory and fact
indicates (as might be expected) that the laws of ideal solutions
assumed are not completely valid. In particﬁlar, it is probable
that the assumption that the activity of the reactunts is direct-
1y proportional to their molecular concentrations is only approx-
imately true. It can be shown that the break in the experimental
Cwrve at the composition CaO.FeZO3 can be reproduced if the
Proportionality factor connecting the activity und the molecular
Concentration of this reactant is itself a decreasing function
of its concentration, i.e. if the now current concept of "activit;
“efficients" is utilised. (It may be noted in this connection

that the molar concentration of monocalcium ferrite reaches g
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paximu in the melt having a liwe content of one gram-mol-
ecule, i.e. im the melt which was originally of the coumpos-
ition of monocalcium ferrite. Sinilarly the concentration
of dicalcium ferrite is a maxiawa in the melt having a
lime content of two gram-moleculecs. his can reudily be
gseen by referring to the table of figures given above.)
The rapid dip of the initial part of the experimental curve could
be reproduced in similar fashion, by attributing a similar
variation to the activity coefficients of some of the other
reactants. These are the usual methods ewmployed in the
study of aqueous solutions at higher concentrations. 1In
the present instance, however, such devices would be arbitrary
in nature, especially when it is remembered that no fewer
than six molecular species are involved, each of which is
liable to show similar deviation from the ideal law. At
the present stage it is probably more useful and instructive
to consider only the approximate agreement provided by the
simple theory.

The constants obtained above were used to calculate
theoretical oxygen-pressure/ferrous-oxide isotherms at 1592°C

with various lime contents.

Equilibrium in Lime/Iron Oxide Melts at 1592°C. Oxygen Pressure

Varying.
Constants: k, = 0.3845, k, = 0.2387, k; = 0.0422, k, = 0.1417.
(1) Total Lime = 0.5000.
Total '
Oxygen

g;ggous ; Cal~ 2Ca0.- Preggure
Vxlde. FeO *9304 F8295 : FeZO3 F6205 Ca0 M. cm. of Hg
0.292 0.1323 0.1599 0.3000 0.3405 0.0545 0.0495 1.037 47.0
8-336 0.1615 0.1740 0.2700 0.3315 0.0590 0.0539 1.050 17.4
0.352»0.1720 0.1796 0.2600 0.3275 0.0580 0.0552 1.052 12.4

368 0.1845 0.1832 0.2500 0.3235 0.0590 0.0573 1.056 8.9




Total Oxygen
Ferrous Ca0.- 2Ca0.- ) PreSS§I§°
Oxide. FeO Fejo4 Fe2‘;3 Fezo3 FeZO3 Ca0 M. ca. O g .

(2) Total Lime = 1.000.

0.145 0.0872 0.0580 0.1800 0.4950 0.1925 0.1325 1.145 104.5
0.182 0.1129 0.0695 0.1700 0.4790.0.1900 0.1367 1.158 35.0
0.205 0.1302 0.0746 0.1600 0.4680 0.1955 0.1442 1.172 18.1
0.260 0.1711 0.0889 0.1500 0.4550 0.1980 0.1540 1.217 5.7

(3) Total Lime = 1.500

0.0834 0.0639 0.0195 0.0915 0.4843 0.3620 0.2936 1.315 129.5
0.0997 0.0778 0.0219 0.0900 0.4793 0.3610 0.2995 1.330 58.6
0.1256 0.0995 0.0261 0.0850 0.4650 0.3620 0.3182 1.350 20.0
0.1580 0.1272 0.0308 0.0800 0.4511 0.3605 0.3278 1.377 6.98

(4) Total Lime = 2.000.
0.080 0.0716 0.0086 0.0465 0.4053 0.5000 0.5890 1.621  51.8
0.092 0.0820 0.0096 0.0455 0.4000 0.5000 0.6050 1.643 18.6
0.149 0.1360 0.0140 0.0420 0.3795 0.4860 0.6440 1.700 2.2
(5) Total Lime = 2.500.
0.059 0.0552 0.0035 0.0305 0.3544 0.5810 0.9760 2.001 g

0.076 0.0713 0.0044 0.0300 0.3496 0.5760 0.9945 2.026
0.103 0.0975 0.0058 0.0200 0.3410 0.5700 1.0180 2.062

The figures for total lime and total ferrous oxide contents
indicated in these tabulations have been plotted on the
appropriate diagrams for comparison purposes (see Figures
13 to 17). As no experimental determinations of the iso-
therms were actually carried out at 1592°C., it is necessary
to interpolate the experimental results at this temperature
to obtain a direct comparison. This can readily be done
because of the regular fashion in which the ferrous oxide
content of the melts varies with the temperature at any
OXygen piessure. The interpolated values are also indicated
on the diagrams. The calculated curves are indicated in
the figures by broken lines.

In comparing the calculated curves with the experimental
ones allowance must be made for the divergence which, as
already noted, occurs at certain lime contents. For instance
because of the discrepancy between the calculated and the
®Xxperimental isobar at low lime contents, the calculated

isotherms for a lime content of 0.5000 gram-molecules are
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necessarily.displaced relative to the corresponding iso-
therms experiuentully obtained. In this case it is only
possible to compare the two for general form, and fox
parallelism.

In comparing the experimental results with the calculated
ones, the following points will be noted. Theory is able
to predict curves of the same type as are obtained by
experiment. Theory predicts that the steepness of the
curves should increase as the lime content increases, and
this also is found in actual fact. The chief discrepancy
is that for most of the compositions the calculated curves
are noticeably steeper than the experimental curves. 1t
was thought at first, in view of the difficulties encountered
in establishing the simple iron oxide equilibria and the
form of the iron oxide isotherus, that this might be due to
errors in kl and k2. It has been found, however, that as
the lime content increases the part played by these two
constants in determining the slope of the calculated curves
decreases markedly. It is wmuch more probable that the
discrepancy is due to the shortcomings of the simple laws
previously discussed, and calculation has indicated that
the use of fractional activity céefficients in arriving at
the activities of the ferrites would introduce a correction
in the right direction.

Extrapolation of the iraﬁ oxide data to the appropriate
Yemperatures made it possible to evaluate the constants for
the ferrite equilibria at the other temperatures at which

éXperimental determinations had been carried out:

Bquilibrium in Lime/Iron-Oxide Melts at 1524°C.and Oxygen

Pressure of 15.2 cm. of Mercury . Lime Content Varying.

- Oomstants: k; = 0.1950, k, = 0.2263, k; = 0.0451, k, = 0.0940.
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Total
Ferrous ) Cal .- 2Ca0 .- g thal
Oxide. FeO FeBO4 r6203 B8203 16203 Ca0 M. Lime.

0 0 0.9140 ©
.3790 0.0465 0.0623 1.048 0.535
.5473% 0.2100 0.2327 1.250 1.20
.4868 0.4100 0.6932 1.716 2.00
.3840 0.5330 2.000 3.008 3.45

0.460 0.1440 0.3160 0.4540
0.272 0.1230 0.1490 0.2880
0.134 0.0911 0.0429 0.1328
0.078 0.0684 0.0096 0.0546
0.065 0.0623 0.0024 0.0260

coccCccce

These Values have been used to give the theoretical curve
at 1524°C in Figure 12.

The following figures have also been calculated.for
the oxygen—pressure/ferrous—éxide isotherm at 1524°C with

a lime content of 1.000 gram- molecule:

Equilibrium in Lime/Iron-Oxide llelts at 1524°C.
Oxygzen Pressure Varying. |

Constants: ky = 0.1950, k, = 0.2263, ky = 0.0451, k, = 0.0940.

Total . _
Ferrous Lime Content = 1.000. Oxygen

Oxide. Pressure.
Ha w hn ™ . 1 o
PeO £v304 r9203 rezo3 reZO3 Cal M. ca. of Hg.

0.1671 0.1021 0.0650 0.1700 0.5260 0.1540 0.1652 1.182 14.1
0.1501 0.0904 0.0597 0.1750 0.5350 0.1520 0.1620 1.174 23.8
0.1272 0.0747 0.0525 0.1850 0.5445 0.1500 0.1545 1.161 48.9

The calculated isotherm at 1524°C (see Figure 14) is
of the same form and runs practically parallel to that
calculated at 1592°C. This also is in agreement with
the experimental observations. It is, hbwever, rather

steeper than the experimental curve.

Equilibrium in Lime/Iron-Oxide Melts at 1383°C. and Oxygen

Pressure of 15.2 cm. of Mercury.
Lime content Increasing.
Constants: k, = 0.0394, k2 = 0.2127, kj = 0.0600, k4 = 0.0400.

——

Total

ggiious | Ca0.- 2Ca0.- - Total
= e. FeO F6304 Fezo3 Fezo3 F9203 Ca0 M. Linme.
‘0~310 0.0753 0.2347 0.6103 O

0.092 0.0514 0.0406 0.2060 0.6
;52963 0.0440 0.0190 0.1330 0.6

0 (O -0.920_6
70 0.0600 0.2330 1.238 1.000
66 0.140

4
T 0 0.4434 1.456 1.400
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Equilibriwa in Lime/Iron-Oxide Melts at 1274°C. ana Oxygen
Pressure of 15.2 cum. of ilercury.
Lime Content Increasing.

Constants : kl = 0.00946, k, = 0.2043, k

3
Total i
Ferrous Cal.- 2Ca0 .- Total
i P 7 1) Qa0 . e .
Oxide. FeO F6304 Fezo5 rezo3 -e203 Cal M Lime

> = 0.0780, k, = 0.038.

0 0 0.9412 O
.6022 0.0500 0.1978 1.1850 0.500
.6933% 0.1100 ©.4867 1.4920 1.400

0.202 0.0412 0.1588 0.7412 O
0.062 0.0286 0.0334 0©.2834 O
0.038 0.0244 0.0136 0.1641 -0

The data in the above tables is also plotted in Figure 12.

On examination of the values of k3 and k4 obtained by
calculation it can be seen that theré is a regular variation
with temperature. Actually it is found that the logarithms
of the values of the constants vary almost linearly with
the reciprocal of the absolute temperature, the only exception
being in the case of the calculatea value of k4 at 1272°C,
which is high. Neglecting this latter point, the thermal

values for the various reactions are:

Ca.O.Fe.ZO3 = Ca0 + .’E‘eZO3 + 11.1 Cal.
2(CaOaF9203) = ZOaO.FeP_O3 + Fe203 - 37.2 Cal.
?.CaO.Fe203 = 2Ca0 + FeZO3 + 57.9 Gal.

- It is rather surprising to find that ( if reliance .-
is to be placed on the values thus obtained ) the stability
of the ferrites increases as the témperature rises, and
that the increased dissociation found in ferrite melts as
the temperature is increased is due solely to the increased
instability of ferric oxide. On looking over the thermal
Ouives determined a few years ago during the investigation
of the systen CaO—F62038, it was found that there was usually

R0 sign of a heat evolution on the fizst’heating curves,

¥hich were always taken on the initial mixture of the two

 constituents. This lends & measure of support to the
.&bove findings. In two cases small heat evolutions were

i¥served, both with compositions intermediate between CaO.Fe203
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and ZCaO.FeQOB. These occurred above tlie temperatufes
of first liquid forumation, and might have been due to the
second of the above reactions. The question arises as
to whether the heat of dissociation of the ferrites
liberated at melting would not have tended to mask the -
the heat absorptions due to the melting process. In
actual fact large and well-marked thermal arrests were
obtained with most of the compositions. It is known now,
however, that the heat changes measured were not simply
‘due to fusion but involved the heat changes due to the
dissociation ('and association on cooling ) of the ferric
oxide liberated by the dissociation of the ferrites. The

thermal changes measured are thus the sun of several effects.

EQUILIBRIUM IN SILICA/IRON OXIDE MELILS.

The equilibrium in éilica/iron oxide melts can be
studied by methods similar to those used forfthe melts
containing lime. It can be assumed that two compounds are
capable of existence in the melts in addition to the oxides
of iron, these being 2FeO.SiO2 and FeO.SiOz. Hence thé
following equilibria must be considered in addition to

" those between the oxides of iron:

(Fe0) (5i0,)
FeO + 8102, whereby k5 = ~—?
(Fd)&o)

(Fe0)? (SlO )
2FeO + Sioz, whereby k6 = .

(2Fe0.5102)

Fe0.510

il

2

2Fe0.5i0

i

2

.The methods employed in elucidating these equilibria
were the same as those already outlined. The activities
of the reactants were once more assumed prbportional to
their concentrations expressed as molar fractions, and
the silica/ferrous- oxide isobars of Figure 18 were first

,kinvestigated using the values of kl and k2 previously

;ﬁstablished for the appropriate temperatures.

For the isobar at 1592°C and 15.2 cum. pressure the

“allow1ng figures were obtained:
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Equilibrium in Silica/Iron-Oxide Melts at 1592°C. and
Oxygen Pressure of 15.2cm. of ilercury.
Silica Content Increasing.

Constants: ki = 0.3845, k, = 0.2387, kg = 0.2520, kg = 1.180.

1 - 2 =
Total
Fe;rous FQO.— 2F§O.— . ” thgl
Oxide. FeO Fe304 FeZQ3 u102 8102 5102 M. Silica.
0.530 0.1900 0.3400 0.3950 O 0 0 0.925 0
0.623 0.2080 0.2998 0.3885 0.1079 0.0039 0,1372 1.145 0.249
0.710 0.2270 0.2640 0.%810 0.2056 0.0067 0.2877 1.372 0.500
0.810 0.2457 0.2270 0.%680 0.3%188 0.0096 0.503%5 1.675 0.83%2

0.830 0.2493 0.2200 0.3650 0.3413 0.0097 0.5490 1.734 0.900
1.067 0.2891 0.1465 0.3200 0.6060 0.0130 1.297 2.672 1.916

Below are given the data similarly calculated for the

isobars at 1619°C. and 1558°C. (Figure 18).

Equilibrium in Silica/Iron-Oxide uelts at 1619°C. and
Oxygen Pressure of 15.2 cm. of Mercury.

Silica Content Increasing.

Constants: k; = 0.4926, k, = 0.2342, kg = 0.2260, kg = very

large.
Total
Ferrous FeO.- 2FeO.- , Total
Oxide. FeO F9304 Fezq1 S:‘LO2 SiO2 8102 M. Silica.
0.557 0.2100 0.3470 0.3745 0 0 0 0.9315 O
0.742 0.2502 0.2691 0.3%599 0.2227 O 0.2773 1.379 0.500
0.871 0.2742 0.2221 0.3%424 0.3747 O 0.5255 1.739 0.910

Equilibrium in Silica/Iron-Oxide Melts at 1558°C. and
Oxygen Pressure of 15.2 cm. of Mercury.

Silica Content Increasing.

Constants: kl = 0.2793, k2 = 0.2310, k5 = 0.2030, k6 = 0.6300.
Total

Fe;rous' FeO.- 2Fe0.- Total
Oxide. FeO Fe;0, Fego3 SlOgr 510, Siog M. Silica.
0.497 0.1665 0.3305 0.4210 O 0 0 0.9180 0

0.653 0.1935 0.2675 0.4060 0.1740 0.0009 0.2370 1.287 0.420
0.730 0.2061 0.2389 0.3961 0.2610 0.0120 0.3870 1.501 0.660
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Tne following theoretical data were also calculated for
the oxygen-pressure/ferrous-oxide isotherus of the melts
containing 0.2400 and 0.8400 gram-molecules of silica
respectively (Figure 19), assuming the values of the constants
already found from consideration of the ferrous-oxide/silica
isobar at 1592°C.
Equilibrium in Silica/Iron-Oxide ielts at 1592°C. Oxygen

Pressure Varying.
Constants: k, = 0.3845, k2 = 0.2387, k5 = 0.2320, kg = 1.180.

Total Oxygen

Ferrous FeO.- 2FeO.- Pressure.

Oxidef ¥eO F6304 F§g95 SiOzw SiO2 SiOZ, M. cm. of Hg.

(1) Total Silica Content = 0.240.

8.?8? 0.1600 0.2740 0.4625 0.0898 0.0025 0.1479 1.137 62.1
. 0.1800 0.2853 0.4315 0.0901 0.0030 0.1410 1.137 33.8

0.606 0.2000 0.2967 0.4020 0.1019 0.0035 0.1345 1.139 19.3
0.639 0.2200 0.3042 0.3758 0.1070 0.0041 0.1289 1.140 11.6

(2) Total Silica Content = 0.840.

0.712 0.2000 0.2150 0.4280 0.2835 0.0067 0.5498 1.684 47.2
0.779 0.2300 0.2232 0.3980 0.3090 0.0083 0.5225 1.690 22.3
0.812 0.2460 0.2262 0.3679 0.3215 0.0093 0.5095 1.680 15.4

The following points may be noted in connection with
the theoretical data thus calculated. From the isobars it
would appear that 2FeO.SiO2 is almost completely dissociated
in these melts. The almost linear nature of the curves
over the range of silica contents covered indicates that
this should be so. The greater the content of 2FeO.SiO2
in the melts, the greater would be the tendency of the
curves to flatten out in this range, i.e. the greater would
be their convexity towards the top of the diagram (Figure
18). It is of interest that the most stable silicate of
iron in the liquid staute appears to be the metasilicate, if
the evidence of the isobars is accepted. There is good reason

to believe that, under mormal circumstances, this compound

does not crystallize out from simple FeO-SiO2 melts7 on
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freezing.

The calculated pressure/ferrous-oxide isotherus are
again of the same fora as those obtainea experimentally.
Purther, the calculated values indicate that they should
ﬁecome less steep as the silica content increases, and
this is found to be the case. Using the values of the
constants obtained from the isobars, however, there is, as
in the case of the ferrite isotherms, a discrepancy in
that the calculated curves are steeper than the experi-

mental ones for the same silica content. It is of interest

.that the slope of the experimental isotherms can be very

nearly reproduced if the assuuption is made that only
2FeO.SiO2 exists in the liquid state. This does not agree
with the evidence of the isobars, however, since they
would then be markedly curved in the range of silica
contents studied. The discrepancy can probably be
attributed to a departure from the ideal laws similar to
that previously discussed.

From the figures given it is probable that thghissociation
of both silicates increases as the teuperature rises,
though the variation of k5 with temperéture is rather

irregular. If this is so, the formation of both of these

~compounds will be accompanied by heat evolutions. From

the figures it appears that the heat of formation of FeO.SiO2
will be small, and that of 2Fe0.510, much larger, sinée

the dissociation constant of the former appears to be

mich less affected by temperature than that of the latter.

In this connection it may be pointed out that, on the
evidence provided byothe constants, the stability of 2FeO.SiO2
Should increase rapidly as the temperature drops below 1600°¢,
“iile that of Fe0.Si0, will be affected to a much less |

extent. This may explain why 2FeO.SiO2 can separate out

. Irom simple FeO-510, melts (which it does as the crystalline

Compound Fayalite) while Fe0.510, apparently does not
. b

Timary silica and fayalite alone appearing from melts of
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- the composition Fe0.8102 on freezing. It is, however,

known that certain basic metasilicate-foruing oxides have
the effect of stabilizing, or at any rate of promoting, the
separation of FeO.SiO2 from silicate melts. The substance
grunerite, for instance, which occurs naturally, is
essentially a metasilicate of iron in which some of the

FeO has been replaced by other basic oxides, notably by

MgO. There are also indications that rhodonite (MnO.SiOZ),
the metasilicate of manganese, can exist when well over

fifty per cent of the inO has been replaced by FeO9.

EQUILIBRIUM IN LIME/SILICA/IRON-OXIDE MELTS.

The equilibria possible in lime/silica/iron-oxide melts
are very complex, as a large number of reactants are possible.
In addition to the compounds mentioned in the previous dis-
cussions, several compounds between lime and silica might
exist in the liquid melts; several ternary compounds are also
possible. Concerning these latter there is a certain amount
of justification for the assumption that they will be largely
dissociated in the liquid state, and it was found convenient
to assume this, a priori, as a working hypothesis on which to
base the theoretical treatwent. It is in fact known that the
ternary combination CaO—FeO-SiOz, which is probably the most
important combination of those involved from the point of
View of compound formation forms ohly one compound which is
stable up to its melting point - the compound Ca0.Fe0.5i0,27.
Examination of the experimental data suggests that this compound
is probably not véry stable in the liquid melts.

‘Figure 30 contains a series of curves derived from the
éXperimental data alreudy given. These curves show the variation
in the ferrous oxide content of iron-oxide melts at 1592°C.

&nd 15.2 cm. oxygen pressure when (a) CaO, (b) Ca0.SiO

’ 2 3
}(c) 20a0~8102, (a) Si0, ure added in progressively increasing
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gmounts. The two latter are of peculiar form and appear to
indicate the operation of several conflicting influences in
the melts. On the same diagram ( eurve (e) ) is shown the
effect of an inert diluent on the dissociation of ferric oxide,
as found by calculation. It will be seen that neither
Ga0.8102 nor 20a0.8102 can be regarded as inert diluents.
Both must, therefore, be at least in part dissociated in
the liquid state. PFPurther the effect of 20a0.8102 is at low
concentrations practically the same as the effect of Cal
added in the same molecular amounts. This can be taken as
an approximate indication that, neglecting the effect of
dilution by the GaO.SiOZ, 20a0.8102 behaves as a mixture
of CaO and stable CaO.SiOZ. The CaO.SiOz, by diluting the
reactants, would of course cause increased dissociation of
the ferric oxide. Hence even in the presence of the free

lime liberated by the dissociation of 20a0.510,, CaO.‘-’iO2

must be sufficiently dissociated to counteract the effect
of this dilution. It was, therefore, concluded thaf,as
far as could be ascertained from such an examination,
20a0.8102 is probably practically completely dissociated
in the liquid state, while Ca0.5i0, is at least partly dissoc-
iated. It is of interest that Krings and Schackmann24 conclude
from their studies of slag-metal relationships that 2CaQ.5i0

2

is completely dissociated in liquid slags into CaO.8102

which is completely stable and free lime.

Because of the complexity of the iron-oxide/lime/ silica
melts exact mathematical investigation of the equilibrium
conditions is necessarily somewhat involved. In attempting
%o represent the experimental results the following equilibria

wWere first considered.

' 2F9203 2Fe0 + %02 (kl)
Fe304 = FeO + FeZO3 (k2)

CaO.F =
al 9203 = Cal + Fezo3 (k3)
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2(Ca0.Fe,05) = 2Ca0.Fe,05 + Fe 05, (k4)
Fe0.Si0, = FeO + 5i0,, , (kg)
2Fe0.5i0, = 2Fe0 + Si0,, (kg)
Ca0.5i0, = Ca0 + 5i0,, (ko)
2(Ca0.810,) = 2010.5i0, + 5i0,. (kg)

Because of the high degree of dissociation of 2FeO.SiO2
found previously k6 could be neglected in the discussion so
that a slight simplification was introduced. Of the other
constants all had been previousiy determined except those
relating to the calcium siiicates. The method of..analysis
adopted was, as before, to find the values of the unknown
constants which would most nearly reproduce the experimental
curves. For the purposes of a preliminary investigation it
was found convenient to work from curves of constant lime to
silica ratio (i.e. curves of the type of curve (b) and curve
(c) of Figure 30) rather than with the curves as determined
experimentally. Such curves were, of course, readily derived
from the experimental curves. Figure 30a shows the effects
of adding to ferric oxide, in progressively increasing amounts,
lime and silica in the constant ratios of (a) 1:1.5, (b) 1:1,
and (c¢) 2:1, all at 1592°C. To facilitate the examination of
the curves, and to enable more accurate comparisons to be
made the vertical scale has been doubled in this diagram. For
the purpose of this preliminary investigation it was assumed
that the value of k8 was small so that the presence of 20a0.8102

could be neglected. The value of k7 giving the best agreeument
- With experiment was 0.02.
The following points emerged as a result of the mathematical

investigation of the curves. A4s in previous cases only smooth

Curves were obtained by application of the simple law of mass

~ 8ction. Secondary influences must, therefore, have been

°P§rating in the melts. The path followed by the calculated
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curves is dependent on the amount of dissociation of the Ca0.8102
i.e. on the value of k7. For example in the case of the curve
relating to the addition of Ca0.510, to ferric oxide, if the
value of k7 were zero, indicating complete stability of CaO.SiOZ,
the curve of inert dilution (see Figure 30) would be obtained.
As k7 is increased from zero the calculated curve is displaced
progressively downwards. This is illustrated by inclusion in
the diagram (Figure 30a) of the curve corresponding to k7 = 0.002
alongside that got with k7 = 0.02. At still higher values of
k7 than these the curve is displaced still further, but the rate
of displacement falls off, and a limit would be reached at com-
plete dissociation of CaO.SiOZ, the path of the curve being
then determined solely by the relative values of the dissociation
constants of the calcium ferrites and of the ferrous silicates
respectively. Several calculated points, obtained ih the course
of the mathematical investigation, are reproduced in Figure 30a,
with the corresponding values of k7 alongside them so that the
significance of the value of the constant can readily be seen.
It will be noticed that variation in the value of k7 is not
Particularly critical in its effect on the path of the curve.
Variations ranging from k7 = 0.015 to k7 = 0.025 do mot,over
Lost of the range,cause very much displacement of the curve.
Hence allowance must be made for a fairly wide degree of tolerance
in attributing the value of 0.02 to the constant.

The calculated data based on k7 = 0.02 is given in the
following tables:
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EQUILIBRIUM IN LIME/SILICA/IRON-OXIDE MBELTS AT 1592°C, AND
OXYGEN PRESSURE = 15.2 CM. OF WMERCURY.
0.3845, k, =0.2387, ky = 0.0422, k, = 0.1417,

Constants: kl

ky = 0.232, k, = 0.02.
(a) Cca0O : 510, = 1 : 1.5.
(1) (2) (3)
FeO (mols.) 0.2039 0.2478 0.2933
Fe,05 " 0.3710  0.3260  0.2940
Fe 0, " 0.2780  0.1770  0.1216
Fe0.510, " 0.0699  0.1970  0.2945
510, " 0.0905  0.3510  0.6915
0a0.510, " 0.0314  0.3800  0.9495
Ca0 - Fe 05 n 0.0605  0.1705  0.2095
2080 Fe .0, n 0.0141  0.0158  0.0212
ca0 n 0.0079  0.0421  0.0890
M. " 1.1272  1.907 2.954
Total FeO " 0.5518  0.622 0.709
Total Cal n 0.128 0.624 1.290
Total Si0,  ° 0.192 0.928 1.936
" 0.020 0.020 0.022
Fe0.510, 0.0803  0.1842  0.2340
i
Ca0.Fe 04 0.0537  0.0895  0.0708
Ty |
(b) cao : 510, = 1 : 1.
(1) (2) (3) (4)
FeO (mols.) 0.1966 0.2200 0.2390 0.2719
Fe,05 n 0.3675  0.3208  0.2885  0.2521
Fe,0, " 0.2870  0.1935  0.1436  0.0970
Pe0.S5i0, n 0.0426  0.1081  0.1430  0.1697
510, " 0.0535  0.1750  0.2780  0.4295
0a0.510, n 0.0256  0.2386  0.5350  1.1980
Ca0.Fe ,0, n 0.0812  0.2048  0.2696  0.3230
2620 .Fe 0 n 0.0025 0.0186  0.0358  0.0580
Ca0 . 0.0100  0.0413  0.0796  0.1605
M. " 1.066 1.521 2.012 2.970
Total FeO . 0.526 0.522 0.526 0.539
Total Ca0 " 0.122 0.522 0.956 1.797
Total $i0, 0.122  0.522 0.956 1.797
| " 0.020 0.020 0.021 0.020
Fe0.S5i
_fgﬁfffg_ 0.0501  0.0712  0.0712  0.0571
Ca0.
80.Fe 05 0.0761  0.1347  0.1340  0.1085

M
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EQUILIBRIUM IN LIME/SILICA/IKON-OXIDE MELTS AT 1592°C, AND
OXYGEN PRESSUKE = 15.2 Cul. OF MERCURY. (CONTINUED).

(c) ca0 : $i0, = 2 : 1.

(1) (2) (3) (4)
FeO (Mols.) 0.1960 0.1941 0.1921 0.1897
FeZO3 " 0.313%8 0.2670 0.2165 0.1718
F8304 " 0.2060 0.1515 0.1006 0.0646
FeO.SiO2 " 0.0437 0.0545 0.0550 0.0479
8102 " 0.0645 0.093%2 0.1149 0.1239
Ca.O.SiO2 n 0.1150 0.2161 0.4096 0.6680
CaO.Fe203 " 0.2410 0.3250 0.4027 0.4480
ZCaO.F3203 " 0.0262 0.0570 0.1063 0.1649
Ca0 " 0.0410 0.0735 0.1355 0.2%40
M. " 1.247 1.432 1.73%3 2.113
Total FeO " 0.446 0.400 0.3%48 0.302
Total CaO " 0.449 0.728 1.160 1.680
Total 8102 n 0.224 0.364 0.579 0.840
0.019 0.022 0.022 0.021
FeO.8102
— 0.0518 0.0657 0.0664 0.0587
CaO.Fe203
i 0.1935 0.2270 0.2330 0.2120

These results when plotted in the form "Total FeO" against
"Total SiOz" give the calculated curves of Figure 30a. As
Previously mentioned these curves are smooth and do not follow
the irregular path of the experimental curves. It will be
noticed that all of the latter show a maximum deviation from
the theoretical curves at a silica content in the melts of
1.000 gram-molecules. A study of the calculated data (see the
last two lines of each table) shows that the molecular concen-
trations of both Fe0.5i0, and Ca0.Fe,05 , expressed as molar
fractions, appear to reach a maximum in the melts at roughly
this composition. This supports the view that the deviations
are due to secondary influences resulting in a variation in
the activities of the reactants with their corcentrations.

When an attempt was made to reproduce the experimental
Curves of Figure 27 using the value of k7 thus arrived at,
and assuming that 20a0.3102 had negligible stability in the
liquid melts, it was found that the caloulated curves, though

they agreed quite well with the experimental curves at low lime
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concentrations, indicated too low ferrous oxide contents at
higher lime concentrations. It was necessary to assume, there-
fore, that 2CaO.SiO2 also had some degree of stability in the
liquid melts. ( At least it was found that better agreement
over the whole length of the experimental curves could be got
by assuming that k8 as well as k7 was of measurable dimensions.)

k, had already been fixed by investigating melts of low lime

aZd silica content when the efiect of k8 was likely to be
slight. It could, therefore, be assumed that the value then
arrived at would be at least approximately correct. This was
borne out by the results of the calculations now made. It was
found that the values of the two constants giving best all-round
agreement with the experimental curves were k7 = 0.02 and

ké = 0.10, where
‘ (CaO)(SiOZ)

(2¢20.510,) (510,)
ky = (Ca0.510,) and kg =

2 s

(CaO.Sioz)

the reactants being expressed in molar fractions as previously.

k6 was again neglected since 2FeO.8102 was previously found

to be highly dissociated in the liquid melts. The following

table shows the calculated data for melts of various lime and
silica contents. As in earlier tables the amounts of the various
Teactants are based on an initial ferric oxide comtent of 1
gram-molecule 8o as to be directly comparable with the experiment-
al results. The number of gram-molecules of each reactant in

this amount of melt is given. M denotes the total number of
gram-molecules of all the molecular species present. The

total lime, silica and ferrous oxide are also expressed as gram-

Dolecules.
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EQUILIBRIUM IN LIME/SIIICA/IRON-OXIDE MELIS AT 1592°C, aND
OXYGEN PhisSSURE = 15.2 CM. OF WMERCURY.

Constents: k; = 0.3845, k, = 0.2387, k; = 0.0422, k, = 0.1417,
k5 = 0.232, k6 neglected, k7 = 0.02, k8 = 0.10.
(1) (2) (3) (4) (5) (6) (7)
FeO 0.1828 0.1400 0.0825 0.1936 0.1293% 0.0922 0.0840
F9203 0.2958 0.1490 0.0315 0.3020 0.1108 0.0398 0.0237
F6304 0.1966 0.0660 0.0050 0.1941 0.0390 0.0071 0.0028
FeO.8102 0.0206 0.0045 0.0003 0.0423 0.0417 0.0007 0.0003
3102 , 0.0300 0.0100 0.0015 0.0639 0.0115 0.0038 0.0022
CaO.SiOZ 0.0581 0.0645 0.0352 0.1137 0.1000 0.0775 0.0617
2CaO.SiO2 0.0113 0.0410 0.0828 0.0202 0.0868 0.1580 0.1759
CaO.FeZO3 0.2721 0.4700 0.3548 0.2579 0.4664 0.3826 0.3200
2CaO.Fe203 0.0355 0.2097 0.5647 0.0312 0.2790 0.5205 0.6100
ca0 0.0446 0.1755 1.0450 0.0455 0.2728 0.8780 1,7200
M. 1.148 1.33%32 2.200 1.265 1.539 2.162 3.000

Total FeO 0.400 0.210 0.087 0.430 0.210 0.100 0.087
Total Ca0 0.468 1.211 2.729 0.520 1.572 2.695 3.674
Total 8102 0.120 0.120 0.120 0.240 0.240 0.240 0.240

(8) (9) (10)  (11) (12) (13)  (14)

FeO 0.2170 0.1866 0.1489 0.1082 0.095% 0.2397 0.2020
F6203 0.3168 0.2132 0.1210 0.0504 0.0300 0.3350 0.2109
F6304 0.1896 0.1000 0.0407 0.0097 0.0039 0.1940 0.0906

Fe0.510, 0.0924 0.0334 0.0104 0.0021 0.0008 0.1663 0.0474
SiO2 0.1490 0.0690 0.0300 0.0107 0.0059 0.2782 0.1069
CaO.SiO2 0.2235 0.2813 0.2498 0.1806 0.1436 0.2883 0.4332
2Ca0.3102 0.0335 0.1144 0.2078 0.3042 0.3484 0.0299 0.1753
CaO.FeZO3 0.2215 0.4134 0.4747 0.4092 0.3477 0.1600 0.4130

2CaO.FeZO3 0.0219 0.1134 0.2636 0.4707 0.5685 0.0109 0.1156
Ca0 0.0447 0.1359 0.3080 0.8110 1.4920 0.0349 0.1628

Total FeO 0.500 0.320 0.200 0.120 0.100 0.600 0.340
Total Ca0 0.600 1.286 1.855 2.951 3.817 0.565 1.591
Total Si02 0.498 0.498 0.498 0.498 0.498 0.763 0.763

(15) (16) (17) (18) (19) (20)

FeO 0.1355 0.1113 0.2565 0.2410 0.1990 0.1600
F6203 0.0773 0.0424 0.3455 0.2830 0.1740 0.1012
Fe304 0.0182 0.0066 0.1920 0.1370 0.0628 0.0265
Fe0.8102 0.0064 0.0021 0.2514 0.1220 0.0382 0.0135
3102 0.0262 0.0131 0.4395 0.2441 0.1027 0.0501

Ga0.8102 0.3261 0.2541 0.2900 0.5217 0.5562 0.4798
20&0.8102 0.4041 0.4939 0.0191 0.1115 0.3020 0.4570
CaO.Fe203 0.4507 0.3885 0.1078 0.2880 0.4493 0.4664
2030.F9203 0.3740 0.5030 0.0047 0.0416 0.1643 0.3050

Ca0 0.5930 1,1500 0.0255 0.0895 0.2519 0.4996"
M, 2.412 2.965 1.934 2.080 2.300 2.562
Total FeO 0.160 0.120 0.700 0.500 0.300 0.200
Total Ca0 2.926 3.786 0.471 1.205 2.190 2.970
Total 510, 0.763 0.763 1.000 1.000 1.000 1.000
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EQUILIBRIUM IN LIME/SILICA/IRON-OXIDE WBLIS aT 1592°C, AND
OXYGEN PRESSUKE = 15.2 CM. OF MERCURY (CONTINUED).

(21)  (22)  (23) (24)y (25)
FeO 0.2900 0.2750 0.2490 0.3190 0.27506
ngo3 0.3098 0.2659 0.2055 0.2920 0.1994
Fe304 0.1360 0.1057 0.0696 0.1098 0.0595

FeO.SiOz 0.2740 0.1593 0.0814 0.3112 0.1049
SiO2 0.6040 0.3880 0.2320 0.8010 0.3418
Ca0.8102 0.7700 0.9606 1.0010 1.1898 1.4318
ZCaO.SiO2 0.0980 0.2381 0.4316 0.1763 0.5997

CaO.FezO3 0.1880 0.3062 0.4095 0.2078 0.4045
2CaO.F6203 0.0162 0.0522 0.1154 0.0209 0.;167
Cal 0.0706 0.1407 0.2578 0.1066 0.3320
M. 2.757 2.892 3.053 5.536 %.868

Total FeO 0.700 0.540 0.400 0.740 0.440
Total Ca0 1.257 1.998 2.762 1.899 3.601
Total 8102 1.746 1.746 1.746 2.478 2.478

By plotting total ferrous oxide agains?t total lime for
the various silica contents the broken curves shown in Figure
30b were obtained. They are shown alongside the experimental
curves (unbroken lines) for comparison. It will be seen that
the ideal laws can account for the experimental data with
considerable success - to a first approximation at least.

CONCIUSIONS WITH fEGARD TO THHORETICAL INTERPRETATION OF
EXPERIMENTAL DATA : The constants arrived at by the above

methods do not necessarily represent finality. It is evident
that other influences than can be accounted for by the ideal
laws assumed are operative in the melts. It is hoped, however,
that the values obtained may be at least approximately true
and that they will hence contribute in some measure to our

knowledge of the chemistry of liquid slags.
Some interesting points arise from the calculated figures.

One way of regarding the action of lime on the iron-oxide
equilibrium is that it displaces FeO, a weaker base, from
combination in F6304, the liberated FeO undergoing partial
oxidation which results in a drop in the total ferrous oxide
of the systen. Similarly, silica displaces FezO3 from
combingtion in Fe304, the liberated Fe203 undergoing partial
dissociation, with a resulting increase in the ferrous oxide

content of the melt. When both lime and silica are present
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calcium metasilicate and calcium orthosilicate form in the
melts tending to cause decomposition of the calcium ferrites
on the one hand, and of the ferrous silicates on the other.
They are not, however, completely stable but are considerably
dissociated, and an equilibrium condition is reached in the
melts when both calcium ferrites and ferrous silicates are
present as well as the calcium silicates.

The present investigation was undertaken primarily from
the point of view of oxygen transfer through the slag in
the open hearth furnace. The calculated data is of special
interest in this connection because of the light which it
throws on the mechanism involved. It appears that in the
liquid slag, whether acid or basic, there is always an apprec-
iable proportion of the iron oxides in the free condition,
which are thus able to take part in the reactions involved
in gas-oxidation. Further, even in acid slags, the ferric
oxide, the active agent forvthe oxidation of the metal of
the bath, is not entirely free, but is partly combined as Fejo4 .
In basic slags the principal mode of combination of the
F3203 is as the calcium ferrites, but there is still an
appreciable amount of free ferric oxide present. The |
velocity of gas oxidation will depend very much on the
velocity of dissociation of the Fe304 and of the ferrites
which will take place as the free FeZO3 is used up in
the vicinity of the metal surface. Similarly at the gas/
Siag surfgce free FeO will be continually tending to under-
80 oxidation to reach equilibrium with the atmosphere of the
furnace, the decrease in the free FeO which thus occurs
causing a readjustument among the other molecular species present
to take place. Hence gas-oxidation will depend closely on
the velooifies of dissociation of the various combinations
containing the iron oxides. At the moment little is kmown
of these velocities. It is, however, known that the ferrites

are readily reduced by metallic iron which supports the view
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that they must dissociate with considerable rapidity.

The present investigation was concerned with the study of
equilibrium conditions only, and hence , though the data
obtained can be used as a criterion of the tendency which

a slag of any composition has to undergo change, gives no
direct quantitative information on the velocities of the
reactions involved. In this connection it was noticed,

with most of the melts that the rates of oxygen evolution
and pick-up were very rapid. For example, on cooling the
sample, a gain in weight occurred practically simultaneously
with the fall in temperature as registered by the thermo-
couple. The only exception to this was in the case of melts
approaching saturation with silica and , to a less extent,
with lime. These were noticeably more sluggish and took
longer to come to equilibrium. They were also noticeably

more viscous.
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1 TRODUCTORY .

This part of the work constitutes an attempt to apply
the data on the molecular constitution of liquid slags
obtained in the\previous section to certain other known,
and fairly well established data on the physical chemistry
of slags. The object of this was twofold - (1) to test
the applicability of the constants to established quantitative
data, and to test their feasibility by examination of the
conclusions to which their applications may lead, and (2)
to establish constants for certain other slag equilibria,
for example, the dissociation constants of the manganese
silicates in the slag.

During the past ten years a considerable amount of quant-
itative data has been accumulated, particularly in Germany,
on the relationships that exist between the composition of
molten iron and that of liquid slags in contact with it.
Wvhen the two phase system consisting of liquid slag and metal
is allowed to come to equilibrium, it is found that the
composition of the metal, as regards the elements which it
picks up from the slag, and the composition of the slag
bear a definite relationship to one another. This is due
to the fact that, at high temperatures, and in contact
with the molten metal, the component oxides of the slag
are not completely stable , but may be considered as being
in part dissociated or reduced by the iron, the metal or
metalloid liberated entering the wmetallic layer in solution.

The system consisting of two immiscible liquid phases
in contact, and each containing substances in solution, is
a well-known one in physical chemistry. Each solute is
partitioned between the two phases according to a definite
partition coefficient which is a characteristic of the
solute and the two solvents. If a compound dissolved in one
of the solvents undergoes dissociation till an equilibrium

condition is reached, then, since the compound and each of
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the products of its dissociation are partitionea in this
way between both liquids, it can be shown that equilibrium
between the compound and its products must exist in each
of the liquids.
. The molten chlorides of tin and lead in ¥e contact with
the molten metals is an example of such a systew which has
been fairly thoroughly investigated25. At high temperatures
a definite relationship exists between the composition of
the chloride layer and that of the metal layer. The equil-
ibrium involved is -
PbCl2 + Sn = Sn012 + Pb.

This equilibrium can be considered to exist in either the
chloride layer or the metal layer. In the chloride layer
at equilibrium

(SnClz) (Pb)

X , Wwhere the orackets

(PbGlz) (Sn)
"()" indicated concentrations measured in the chloride

layer. ©Similarly in the metal layer at equilibrium
- M
[onCl 21 LPb |

[Poo1, | [sn,

brackets " 1" indicate concentrations measured in the metal

where the

H

K!

layer.

In practice it is more convenient to represent this
equilibrium in yet another way. Because of the direct
proportionality between the concentrations of each of the
reactants in the two media, it is possible to substitute
in the above formulae concentrations in the metal for
concentrations in the chloride layer or vice versa, so
long as it is understood that the values of the partition
coefficients involved in the operation become embodied in
the equilibrium constant for the reaction. In this particular
case, the concentrations of the chlorides in the metal phase, °*
and of the metals in the chloride’phase are negligible.

Hence it is convenient to express the equilibrium
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in the form

(8nC1,) (o] where the

K" = : ?
(PoCl,) [sn]

concentrations of the chlorides are measured ( by analysis )
in the chloride layer, and the concentrations of the
metals ( obtained similarly) in the metal layer.

Considerable theoretical signifance was attached to
the experimental investigation of this equilibrium ( and of
the exactly similar one involving the chlorides of lead and
cadmium in contact with the metals ) because of the opportunity
afforded for testing the applicability of the ideal
solution laws to high temperature systems of this type.

It was ultimately concluded by Korber and Olsen25 that, to
a sufficiently close approximation , the simple laws were
applicable.

The case of molten iron in contact with ferrous slags
constitutes a system which is essentially similar in nature,
though conditions may be complicated in some cases by
compound formation between the constituents of the slag.
When the slag layer is composed of only ferrous and méng—
anous oxides the system is exactly similar. In this case
the equilibrium involved is

PeO + Mn = MnO + Fe
(FeO) Dmﬂ
(in0) [Pe]

whereby, at equilibrium, Em =

In this case the metals are sparingly soluble in the oxide
layer, and the oxides are sparingly soluble in the metallic
layer, so it is convenient to express the constant as shown,
where the brackets "()" indicate concentratigns in the slag
layer, and the brackets "[]" indicate concentrations in the
metal, this being the usual convention adopted.

This system has been studied by several investigator326
at temperatures from 1550°C upwards and there seems little

reason to doubt from the degree of constansy observed in

the value of K,, that the solution laws hold. Of the reactants
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involved, only ferrous oxide appears to be appreciably
soluble in both liquid phases, and its partition coefficient
has been measured over a fairly wide range of temperatures
and concentrations. At any temperature it appears to be

a true constant, and independent of the dilution of the
ferrous oxide in the slag layer by manganous oxide or by
lime.

When silica is present in the slag it may be expected
that different relationships will prevail in view of the
fact that silica is capable of forming silicates with the
ferrous oxide and manganous oxide of the slag. 1In silicate

slags it is found that the partition coefficient of ferrous

_ 7
oxide between slag and metal is materially altered. Korbe12'°

found a value for the ratio [Fed]/(FeO) with silicate slags

at 1600°C which is decidedly lower than the value obtained

with simple oxide slags at this temperature. Since the

term (Fe0O) in the ratio represents the total ferrous oxide

concentration in the slag as got by chemical analysis, the

natural conclusion is that all of the ferrous oxide in

silicate slags cannot be regarde@és being chemically free.

If this is so, the ratio measured with these slags cannot

be regarded as the "true" partition coefficient, but rather

as the "apparent" partition coefficient since it is based

on measurement of the total ferrous oxide of the slag. The

"true" coefficient would take into account only the free

ferrous oxide content, and it would presumably, if no

complicating factors are involved, be the same as the coeff-

icient measured with simple oxide slags. Up to the present

there has been no way of estimating the free ferrous oxide

of silicate slags to test the validity of this assumption.
With silicate slags the experimentally determined values

of KMn likewise differ from the values determined with simple

oxide slags . . This, of course, is to be expected from the

alteration in the "apparent" partition coefficients produced

23.
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by the action of the silica on the ferrous and manganous
oxides. ( This holds only so long as the coefficients for
FeO and unO are not altered in the same proportion i.e. SO
long as the silicates of iron and manganese have not the
same degree of stability.) The investigations of Krings

and Schacknann24

indicate that the value of K, is altered
progressively as the silica content of the slag is increased.
Korber and Oelsen29 have made a systematic investigation of
slag/metal relationships with a ferrous-oxide-manganous-oxide-
silica slag saturated with silica, at temperatures ranging
from 1550 to 1700°C. They found that, in slags of this type,
the silica content at saturation is practically independent
of the relative proportions of ferrous oxide to manganous
oxide, and is, furthermore, little affected by temperature
over the range of temperatures investigated. It remained
constant in their slags at approximately 50 per cent of the
_slag by weight. ( This is a consequence of the form of the
liquidus surface of the termary thermal equilibrium diagram
of the system FeO-MnO-SiOz, and follows naturally from

the form of the diagram proposed by Hay, white and McIntosh?)
The relationships between slag and metal were investigated
by the usual method employed for such studies, namely,chemical
analysis of the two layers in specimens which had been cooled
rapidly from high temperatures by quenching after equilibrium
had been reached. It was found that over the entire range

of compositions studied the "apparent" partition coefficient
of FeO, and the "apparent" value of Kﬁn remained appreciably
constant. It should be pointed out that this is not a
necessary consequence of the applicability of the law of

mass action.to the system, because, owing to the presence of
ferrous and manganous silicates in the slag as indicated by
the changed values of the constants, the case presented by
such a slag/metal system is not strictly analogous to the

simple metal/metallic-chlorides system, or to the simple

iron-manganese/ferrous-oxide-manganous-oxide system. The
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observed constancy in these relationships is not a necessary
consequence of the simple laws, and hence, from the point of
view of the underlying theory, must be taken as constituting
a special case.

In the following sectious an attempt is made to interpret
these and similar observations in terms of slag constitution,
using as a starting point the values of the constants already

derived earlier in this work.

EQUILIBRIUM IN FERROUS-OXIDE/MANGANOUS-OXIDE/SI1ICA SLAGS.

The most comprehensive and consistent data on slags of
this type are undoubtedly those provided by the investigations
of Korber and Oelsen29 to which reference has already been
made. Figure 31 summarizes the results of their investigations
with silica-saturated slags at 1550°C. and 1600°C. The
curves reproduced show the variation of the concentrations
of the various constituents in the slag and metal layers
that takes place as the manganese in the metal is varied,
this being a convenient method of representing the relation-
ships observed. They are mean curves drawn through the
gxperimental points obtained. They are also "ideal" curves
in the sense that they were drawn by these authors on the
assumption that the various "apparent" constants are truly
constant and independent of the slag and metal compositions

at any temperature, i.e. that the following expressions should

be constant - [S.Feo]
Lpeo (partition coefficient) =
(s.Fe0)[s.un] (s.Fe0)
fain (s.MhO&
X (s.Fe0) [s.Si]
51 (s.5i0,)2 ’

where (s.FeO), (s.MnO), (s.SiOa) are the total concentrations
of these reactants in the slag, and [s Mn}, Es.Si are total
concentrations in the metal. There is a considerable amount

of scattering of the experimental points about the curves thus
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drawn, but, considering the difficulties involved in the
JAnvestigation, the agreement is reasonably good, and the
assumption made by the authors, that the experimental points
should fall on the ideal curves, is justifiable.

In the following discussion it is shown that the observ-
ations of these authors can be interpreted in terms of the
general law of mass action with a fair degree of accuracy.
Incidentally values are obtained for the stabilities of the
manganese silicates in the liquid slag.

In a slag consisting of'FeO, MnO and 8102 the following
equilibria have to be considered:

(Fe0) (SiOz)

Pe0.5i0, = FeO + SiO whence k. =
2 2’ z (Fe0.5i0,)
(Fe0)? (510,)
(2Fe0.510,)
(Mno) (Sio0,)
Mn0.Si0, = MnO + $i0,, " kg = 2
(MnO.SiOZ)
(Mn0)2 (sio0,)
: ) . _ 2
2Mn0.5i0, = 24N0 + Si0,, " kg =

(2Mn0.8102)

Of these constants k5 and k6 have been established at
certain temperatures.

The discussion is based on the following considerations.
If the law of mass action holds strictly in these slags,
it should be possible to interpret the observations on the
slag/metal relationships in terms of these constants, and
of the "true" values of K and LFeo i.e. the values of these
constants that involve the concentrations of the free reactants
only, and these values should, theoretically, be the same as
the values obtained for these constants with simple oxide
Slags in the absence of silica. It is understood that all
concentrations must be expressed és molar fractionms, ﬁot as
weight pe}centages. (In the metallic layer this is not
necessary, however, owing to the smallness of the concentratibns

involved.)
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Equilibrium at 1600°C:

In the following table is given a list of equilibrium
slag and metal compositions as given by Korber and Oelsen
(see Figure 31). The list covers practically the entire
range of manganese concentrations studied by them. Their
original curves are for weight percentages of the constituents.
In the table the concentrations of the slag constituents are
given on this basis, and also as molecular concentrations, the
figures given being the number of gram-molecules of the

various constituents in 100 grams of the slag.

Slag/Metal Equilibrium Compositions at 1600°C.

SLAG. METAL.
Weight per cent. Gram-molecules. Weight per cent.
MnO  FeO SiO2 MnoO FeO Si0,_. in o1 0
)95 5 14 5 50.0 .500 .202 .834 .200 .038 .0304
1)44.0 6 0 50.0 .620 .083 .83%4 .600 .221 .0126
345.46 4.54 50.0 .6395 .063 .834 ~.800 .366 .0095
46.3 3.7 50.0 .652 .0514 .834 1.00 .561 .0078

These correspond to the following constant values of the
"apparent" constants, i.e. the constants calculated on the
basis of the total conoentratlons of the various constituents

(as welght fractions). = 0.00082,

Lpeg = 0.0021 (expressed as [0] /@Fe0)), Kqs = 0.159x10 -4,
The following data has been used in intérpreting these results

in terms of the law of mass action:

At 1592°C.(the difference k5 = 0.23,
between this and 1600°C, can k. = 1.18
be neglected.) 6~ —°T0r

KMn'for simple oxide slags has been measured by several workers
at 1600°C26 There is reasonable agreement between most of the
recent determinations, and the value given by Korber and Oelsen30
can probably be accepted as reasonably correct. According to

them (s.Fe0) [ Mn]
| Kyn=

0.005 when the concentrations are
- (s.Mno) expressed as weight fractions.

0.5 when the concentrations are

expressed directly as weight
percentages.
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This is equivalent to 0.494 when the concentrations of FeO
and MnO in the slag are expressed as molar fractions but the
difference is probably negligible.

For the present purpose allrslag concentrations are
expressed as molar fractions. Concentrations in the metal
are left as weight percentages as the concentrations are
small, and the changes occurring in the total gumber of
gram-molecules in the metal phase are negligible.

» The methods employed in the mathematical investigation
were similar to those used in previous sections. k5, k6
and K, being assuned known, constant values of k9 and k.
were sought to fit the experimental results.

Examination of the figures for the ferrous silicate
equilibria discussed in a previous section showed that the
concentration of 2FeO.SiOZ'in the slags was always very
small, and so it was possible to neglect the presence of
this compound in the case under consideration, and hence K6
could be omitted from the discussion, thus introducing a
simplification. The results of the investigation are shown in
the followihg table. The compositions taken are those from the
previous table and appear in the same order as indicated by tue

tabulation numbers.

SLAG CONSTITUTION.. CONSTANTS.

- Gm.-Mols. per 100 gm. of slag. "True" Valueé. 5
FeO FeO. MnO MnO. SiO M. k L K..x10°.
510, 50, 2 9 FeO ©5iX
(1)0.092 0.109 0.037 0.463 0.262 0.963 0.0216 0.00315 0.00129
(2)0.057 0.061 0.046 0.539 0.233 0.936 0.0210 0.00293 0.00164
23 0.041 0.042 0.049 0.571 0.221 0.924 0.0204 0.00284 0.00181
4)0.031 0.032 0.050 0.589 0.213 0.916 0.0199 0.00278 0.00185
(5)0.026 0.026 0.052 0.600 0.208 0.910 0.0197 0.00280 0.001Y7

The first five columns give the various moleculai species
Present in the form of gram-molecules per 100 grams of the
slag. M is the total number of gram-molecules of all the
molecular species in the slag. k9 is the dissociation constant
of Mn0.8102 in the slag. LFeo is the partition coefficient
of FeO between slag and metal, and is got by dividing the
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concentration of oxygen in the metal, expressed as a weight
fraction, by the concentration of free FeO in the slag,
expressed as a molar fraction. Kbi is got similarly from
the free FeO in the slag, the free 5i0, in the slag and the
Si of the metal expressed as a weight fraction.

The following points will be noted. k9, LFeO’ and KSi
show only a slight variation, and might, to a first approximation,
be considered as reasonably constant. The variation is,
however, systematic not haphazard, indicating that the
figures arrived at are not completely satisfactory. In'
this connection it must be remeumbered thét the influence of
the orthosilicates of Fe0 and ¥MnO has been neglected. The
accuracy of the experimental results, however, probably does
not warrant any closer analysis. For one thing the assumptioh
that the 510, content at saturation is constant at 50 per
cent by weight as stated by Korber and Oelsen is at best
only an approximation. A variation of 1-2 per cent is
actually liable to occur. Further the scattering of the
experimental points obtained by these workers does not
allow the mean curves to be fixed with absolute exactness.

A slight displacement either way would be possible without
seriously detracting from the probability of the curves.

Hence it is felt that a more rigid analysis would not be
Justified. To illustrate this point similar composition
curves were calculated on the basis:..of a mean constant value
of 0.0205 for ky. The FeO/MnO isotherm obtained in this way
is plotted in Figure 31. The curve obtained is similar in
form to, and is only slightly displaced from, the experimentalv
curve. Hence it seems legitimate to assume that kg is a true
constant and that it has been evaluated at least approximately.

The values got for LFeo are of special interest. They
indicate a mean value of about 0.0029. This agrees very
well with the experimentally determined values for the

partition coefficient with simple oxide slags, and for the
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values given for the solubility of FeO in liquid iron at

1600°C. Some of these values are

Partition coefficient- 0.0033 Korber 1t
0.003 Sauerwald and 52
Hummitzsch” ™.
Solubility - 0.304 % Oxygen by weight. 33
’ Herty and coworkers”-. 34

0.31 % Oxygen by weight. Schenck”.

Equilibrium at 1550°C.

A similar examination has been made of the data provided
by Korber and Oelsen's curves at 1550°C.

SlagéMetal Equilibrium Compositions at 1550°C.

SLAG. METAL
Weight per cent. Gram-molecules. Weight per cent.
MnO  FeO 3102 MnO FeO SiOZ_ n __ Si 0.

§1337.85 12.15 50.0 0.533 0.169 0.834 0.200 0,031 0.0210
2)43.1 6.9 50.0 0.608 0.096 0.834 0.400 U.094 0.0119
'53 45.18 4.82 50.0 0.636 0.067 0.834 0.600 0.190 0.0083
4)46.28 3.72 50.0 0.652 0.0517 .854 0.800 0.324 0.0064
§5 46.98 3.02 50.0 0.661 0.042 0.834  1.000 0.493% 0.0052
6)47.46  2.54 50.0 0.668 0.035 0.834  1.200 0.692 0.0044

These figures correspond to the following "apparent" values

of the constants-

' _ _ -4

(all on the basis of weight fractions in slag and metal).
The constants used in analysis of this data were-
k; = 0.203, kg = assumed large. (both established at 1558°C.).

Hn

0.004 (weight fractions) in simple oxide slags.
0.00394 (molar fractions in slag).

nou

(Korber and Oelsen30).'

The results of the analysis are shown in the following table.

SIAG CONSTITUTION. Constants.

Gm.-Mols. per 100 gm. of slag. "True" Values.
FeO FeO. MnO MnO. SiO M. 2
5105 5107 2 Ky Lpeo K54%10

(1)0.074 0.095 0.038 0.495 0.244 0.945 0.0196 0.00268 0.00078

2)0.044 0.052 0.045 0.563 0.219 0.922 0.0190 0.00248 0.00091
3)0.031 0.036 0.048 0.588 0.210 0.912 0.0187 0.00240 0.00098
4)0.025 0.027 0.050 0.602 0.205 0.908 0.0187 0.00240 0.00105
55 0.020 0.022 0.051 0.610 0.201 0.904 0.0186 0.00233 0.00104
6)0.017 0.018 0.052 0.617 0.198 0.902 0.0184 0.00235 0.0011

An approximately constant value for is again obtained. L
. : FeO

v
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(mean vualue about 0.0024) again agrees well with the results
of experiment as shown by the following figures-
Partition coefficient of FeO- 0.0027 Korberﬁl.
Solubility of FeO in liquid iron- 0.233 Herty and coworkersbj
0.25 Schenckj4.
Both at 1600°C and 1550°C the results obtained indicate

that Mn0.Si0O, is much more stable in liquid slags than FeO.SiOz.

2
Incidentally the reason for the approximate constancy of the
"apparent" value of LFeOWith silica-saturated slags is made
clear, since it will be seen from the data on slag constitution
in the tables above that at each of the temperatures studied
the proportion of the total FeO that is chemically free is
fairly constant over the entire range of slag compositions

considered. At 1600°C the free FeO is very nearly one half of
the total FeO in all the cases dealt with.

EFFECT OF INCREASING SILICA CONTENT ON THE APPARENT VALUE OF

EMn WITH FeO—MnO—Si02 SLAGS.

From the values obtained for k5, k9 and KMn for simple
oxide slags it 1s possible to work out the effect of
Progressive silica additions on the "apparent" value of KMn'
This has been done at 1600°C and 1550°C as shown in the follow-

ing tables. Mean values of k9 have been assumed as indicated.

Effect of S5iO, Addition on "Apparent" K. at 1600°C.

Constants: k; = 0.23, kg = 0.0205, Ky, ("true") = 0.00494.

Gm.-Mols. per 100 gm. of Slag. Slag Composition M"Appar-
FeO FgO, MnO MnO. SiO2 Weight %. ent"
SlO2 S:'LO2 FeO MnO 8102 KMn

Mn in metal = 0.1 % by weight.

.9100 .0479 .1842 .1087 .0153 1.266 69.0 20.75 10.35 .0033
.6625 .0946 .1341 .2146 .0375 1.143 54.45 24,75 20.8 .0022
.4150 .1383 .0839 .3145 .0790 1.030 39.8 28.4 31.8 .0014
.1677 .1677 .03%39 .3803 .2240 .974 24.15 29.45 46.4  .00082
.0944 ,1575 .0191 .3583 .3925 1.023 18.15 26.8 55.05 .00068
.0351 .1052 .0071 .2395 .8605 1.247 10.1 17.5 72.4  .00058
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", 1
on "Apparent KML

at 1600°C.(continued).

Gu.-Mols. per 100 ga. of Slag

slag Composition."Appar_ 1

PeO- Mno- Weight %. _ent"
FeO  5i0, unO $i0, 510, . FeO Wm0 810, K.
Mn in metal = 0.5% by weight.
.4320 .0228 .4386 .2586 .0141 1.166 32.78 49.5 17.72 .0033
.2610 .0373 .2646 .4240 .033%4 1.020 21.48 48.87 29.65 .0022
.1396 .0465 .1416 .5300 .0713 .929 13.4 47.7 38.9 .0014
.0495 .0495 .0501 .5615 .2141 .925 7.12 43.45 49.45 .00082
.0271 .0451 .0274 .5140 .3820 .996 5.2 38.4 56.4 .00068
.0098 .0294 .0099 .3335 .8510 1.234 2.85 24.35 72.8 .00058
iin in metal = 1.0 % by weight.
3370 .0086 .6820 .1968 .0073 1.232 24,9 62.3 12.8 .0040
.2615 .0138 .5300 .3124 .0137 1.131 19.8 59.8 20.4 .0033
.1489 .0213 .3016 .4820 .03%24 .986 12.25 55.6 32.15 .0022
.0765 .0255 .1549 .5800 .0695 .906 7.4 52.1 40.5 0014
.0263 .0263 .0533 .5970 .2102 - .91% 3.89 46.2 50.0 .00082
Q0143 .023%8 .0290 .5415 .3790 .988 2.75 40.5 56.75 .00068
.0051 .0153 .0103 .3465 .8400 1.217 1.45 25.55 75.2 .00058

( KMn is calculated on the basis of weight fractionms.)

Effect of Si0,_Addition on "Apparent" K. _at 1550°C.

Constants: k5 = 0.203, k9 = 0.0185, KMn("true") = 0.00594.

Gm.-Mols. per 100 gm. of Slag.

Slag Composition.

T - "Appar-
FeO- NnO- Weight %. ent"

FeO  5i0, Wm0 5i0, $i0, . FeO MnO 5i0, K

Mn in metal = 0.1 % by weight.
.8570 .0451 .2179 .1257 .0134 1.259 64.55 24.4 11.05 .0027
.6095 .08T0 .1547 .2423 .0327 1.126 50.1 28.2 21.7 .0018
.3752 .1250 .0952 .3483% .0685 1.012 36.0 31.5 3%2.5 .0011
.1483 .1483 .0382 .4235 .1935 .952 21.35 32.75 45.9 .00065
.0861 .1433 .0227 .4155 .3420 1.010 16.5 31.1 52.4 .00053
0363 .1088 .0092 .2993 .7110 1.165 10.5 22.2 67.3 .00047

iin in metal = 0.2 % by weight.
.6405 .0337 .3255 .1879 .0128 1.200 48.53 36.4 15.07 .0027
.4250 .0607 .2160 .3383 .0311 1.071 34.8. 39.4 25.8 .0018
-2405 .0802 .1222 .4552 .0652 .963 23.1 41.0 35.9 .001l
.0915 .0915 .0465 .5104 .1888 .929 15.15 39.4 47.45 .00067
-0518 .0863 .0263 .4815 .3300 .976 9.95 36.1 53.95 .00055
.0214 .0642 .0109 .3575 .7070 1.161 6.15 26.15 67.7  .00047

lin in metal = 0.5 % by weight.
-3740 .0197 .4755 .2743 .0124 1.156 28.34 53.3 18.36 .002
2226 .0318 .2822 .4415 .0293 1.007 18.3 52.5 30.2 .0012
.1183 .0394 .1502 .5500 .0622 .920 11.35 49.65 39.0 .0011
-0700 .0420 .0889 .5850 .1090 .895 8.05 47.85 44.1  .00084
.0416 .0416 .0529 .5850 .1839 905 6.0 45.4 48.6 .00066
0255 .0391 .0298 .5455 .3261 .964 4.5 40.8 54.7 .00055
-0099 .0296 .0125 .4000 .7020 1.154 2.85 29.25 67.9 .00049
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at 1550°C.(continued).

Effect of 8102 Addition on "Apparent" an

a
4

Gm.-Mols. per 100 gm. of slag. Slag Composition. "Appar-
FeO PFeO. MnO MnoO. 8102 M. Weight %. . ent"
510, SiO2 FeO MmO SJ.O2 Kin

tn in metal = 1.0 % by weight.
.2200 .0116 .5590 .3224 .0120 1.125 16.7 62.55 20.75 .0027
.0636 .0212 .1612 .5910 .0609 .898 6.1 53.5 40.4 .0011
.0221 .0221 .0561 .6152 .1824 .899 5.2 47.6 49.2 .00067
.0123 .0215 .0312 .5710 .3255 .961 2.36 42.74 54.9 .00055

("Apparent" Ky, 1s based on weight fractions in slag and metal.)

The data thus obtained is plotted graphically in Figure
32 A and B, the "apparent" value of KMn being plotted as a
function of the total weight percentage of S5i0, in the slag
for the various contents of manganese in the metal. It will be
noticed that the value of Ky, should, over a wide range of SiOz-
contents of the slag, depend on the Mn content of the metal as
well as the silica content of the slag. From 50.per cent of
silica upwards, however, the value of the constant is practically
;independént of the n in the metal. This explains the
Oobserved cohstancy of the "apparent" KMn in silica-saturated
slags as found by Korber and Oelsen. (Note: It is understood,
of course, that some of the slag compositions given in the
above tables would not actually be liquid at the temperatures
quoted.)

Many writers appear to have assumed that "apparent" KMn
would depend on SiO2 concentration only for all ranges of
composition. If the reasoning by which the bresent conception
of slag constitution has been arrived at is correct, this
should not actually be the case. Krings and Schackmann24
ihvestigated the effect of progressive 8102 addition on the
value of Kﬂn, and drew a single smooth curve through their
somewhat scattered experimental points, assuming the value
of the constant to be independent of the m;nganese content
of the metal. Figure 32 C is a reproduction of their
curve at 1550°C and the experimental points from which it

is derived. (The points shown were obtained using alumina
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crucibles. Those obtained with magnesia crucibles were
consistently high and were not considered when drawing the
curve, so they have been omitted from the diagram. With
both types of crucible considerable contamination of the
slags occurred.) Alongside the experimental points the
manganese content of the metal at which the equilibrium was
determined is indicated. It will be seen that there is a
distinct tendency to higher values of KMn as the manganese of
the metal increases.

The general form of the curve indicated by Krings and
.Schackmann is similar to that of the theoretical curves
when allowance is made for the fact that the value of Kin
for simple oxide slags as obtained by them (0.0032 at 1550°C.)
differs somewhat from the value obtained by Korber and
Oelsen (0.0040) which was assumed in making the theoretical

calculations.

Equilibrium in Lime/Ferrous-Oxide/Manganous-Oxide/Silica Slags.

The previous investigations have shown that in slags
consisting of these four components, four equilibria within

the slag must be considered:

Fe0.8102 = FeO + SiOZ,
CaO.8102 = Ca0 + SiOz,
Z(OaO.SiOZ) = 20a0.8102 + Sioz,

MnO.Si0, = MnO + Si0,,
'(assuming the orthosilicates of FeO and MnO to have negligible
stability). The corresponding constants, kg, k7, kg and k9,
have all been evaluated at 1600°C. Hence it is possible to
work out the molecular constitution of any quaternary slag of
these components, and, in the case of such a slag in contact
with molten iron, to calculate what the "apparent" value of KMn
will be at this temperature, provided that the "true" value
of Kﬁn as got with simple oxide slags is known.

With four component slags of this type it was found that
"apparent" Ky, Was dependent on three variables, these being

(1) the ratio of lime to silica in the slag, (2) the percentage

of lime plus silica, or, convérsely, of FeO plus MnO, in the



slag, and (3) the content of manganese in the metal.
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In the

following tables the variation of "apparent" KMn is shown as

a function of the lime/silica ratio, the sum of the FeO and

MnO contents being kept at approximately 25 per cent of the

slag by weight.

Two cases were considered, viz. (1) 0.1 %

by weight of manganese in the metal, and (2) 0.5 % by weight

of manganese in the metal, and the results of the calculatiouns

are shown in the tables below.

In the lower table Y CaO, T 8102,

$FeO and §MnO denote the total amounts of these constituents

by weight in 100 grams of the slag.
Equilibrium in Slag/Metal System at 1600°C. Ca0/Fe0/Mn0/Si0,_

Slag:

"true" K1VII1= 0] 0004'94 .

SLAG CONSTITUTION (Gram-molecules per

100 grams of slag).

Mn in metal = 0.10 % by weight.

PV PV P
~ O\ SN

FeO
0.0322
0.0378
0.0630
0.1438
0.2415
0.2710
0.2821

FeO.
SlO2
0.0958
0.0935
0.0830
0.0561
0.0167
0.0080
0.0020

Mno.
Mno 810,
0.0065 0.2179
0.0077 0.2103
0.0128 0.1887
0.0292 0.1274
0.0490 0.0381
0.0549 0.0182
0.0572 0.0047

Cal
0.0012
0.0055
0.0197
0.0680
0.2303
0.3708

Ca0. 2Ca0.

8102 510,
0.0410 0.0002
0.1412 0.0030
0.2988 0.0296
0.3055 0.1122
0.1836 0.2139
0.1262 0.2175
0.0591 0.1634

510
0.6600
0.3023
0.0827
0.0158
0.0075
0.0021

M.

1.248
1.159
0.998
0.925
0.989
1.074
1.278

Mn in metal =

0.50 % by weight.

“Fe0.
2102
0.0257
0.0258
0.0235
0.0205
0.0086
0.0012
0.0044

¥no.
Mno 5102
0.0091 0.3039
0.0198 0.2940
0.0322 0.2660
0.0533 0.2330
0.1245 0.0967
0.1693 0.0138
0.1560 0.0509

Ca0
0.0012
0.0171
0.0360
0.0631
0.2202
0.7030

Cal.
5102
0.0404
0.2596
0.3062
0.2862
0.1753
0.0585
0.1236

2Ca0.
5i02
0.0002
0.0236
0.0605
0.1024
0.1992
0.1606
0.2113

5102
0.8460
0.2861
0.1551
0.0798
0.0154
0.0021
0.0072

.
1.233
00945
0.911
0.890
0.965
1.278
1.055

(For second table see overleaf.)
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ULTIMATE COMPOSITION OF bLaGS IN ABOVE TaBLk.
Weight percentages of comstituents.

L FeO+ _1 (apparent

£Ca0 x 100
1040+ 1510, o Kyn

¥ Cal L FeO 2.Mno ZSiO2

Mn in metal = 0.10 % by weight.

1) 2.38 9.22 15.9 72.5 3.3 25.1 1725
ézg 8.51 9.43 15.46 66.6 11.36 24.9 1640
(3)21.2 10.5 14.3 54.0 28.2 24.8 1362

4)33.5 14.4 11.1 41.0 45.0 25.4 773

5)47.1 18.56 6.16 28.18 62.75 24.8 331

6)52.10 20.05 5.20 22.65 69.8 25.25 257
§7 61.3 20.45 4.39 13.86. 8l.5 24.90 215

‘Mn in metal = 0.50 % by weight

£8 2.35 2.52 22.13 173.0 3412 24.7 1718
9)19.43 3.27 22.23 55.07 26.0 25.4 1360
(10)25.96 3.98 21.24 48.82 34.8 25.2 1063
11)31.12 5.25 20.31 43.32 41.8 25.5 775
12)44.97 9.57 15.70 29.76 60.1 25.2 328
13)60.59 12.29 12.97 14.15 8l.2 25.2 214
14)50.9 11.04 14.26 23.8 68.0 25.3 257

("Apparent" KMn is as usual calculated on the basis of weight
fractions of FeO, MnO and Mn in slag and metal.)

Curves (1) and (2) of Pigure 33a show the variation of the
reciprocal of "apparent" KMn with the value of the fraction
§E§5£%§%§IGE""IO° for the two cases considered. Curve (4) is
a similar curve proposed by Tamman and Oelsen35 which purports
to show the relationship between acid and basic slags as regards
the valpe of Kmn. These authors studied the dependence of KMn
on slag composition from actual steel furnace data. Figure 33b
shows the results of their study of basic slags, the unbroken
curve being the form proposed by them while the broken curve is
& reproduction of curve (2) of Figure 33a for comparison. In

calculating zCaOzSaggioz they assumed arbitrarily the effective

lime content to be the total lime diminished by the amount
necessary to form BCaO.P205 with the P205 content of the slag.
The (LFeO + TIMnO) content of these slags was throughout 20 to
30 per cent by weight, and their results for these slags are,

therefore, directly comparable with the present data. Their

- results for acid slags are not directly comparable with curves
'(l) and (2) of Figure 33a, however, since the latter are for a

§(!Fe0 + $Mn0) content of 25 per cent throughout, whereas the
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acid slags studied by them would have a considerably higher
content of these oxides. Curve (3) of Figure 33a was cualcul-
ated for (LFeO + ZlnO) = 50 per cent by weight and can be
compared directly with their curve in this range. Their
curve can be regarded as a composite one since the content
of these two oxides does not remain constant throughout its
entire range.

The agreement between Tamman and Oelsen's curve and the
present curves is only fair. The form proposed by them,
having a sharp break at the composition corresponding to the
compound 2Ca0.8102 would indicate that this compound had
complete stability in the liquid melts, while Ca0.510, would
Presumably have negligible stability. It is doubtful,
however, whether the sharp break in their curve is completely
Justified on the evidence shown (Figure 33b). It should also
be remembered that their data is necessarily somewhat "rough"
in character, being derived from analytical data on slag and
metal by the rather arbitrary method mentioned above. On
the other hand, as regards the present curves, the probable
shortcomings of the ideal laws must be borne in mind. Another
point is, of course, that while the present data is for a
temperature of 1600°C., there is no record of the temperature

in the furnaces involved in their study.
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CONCLUSION.

The earliest conception of fused slags and magmas was
that they were to be regarded as solutions of the component
oxides in each other. As data concerning the physical chemistry
of slags was accumulated, however, it was seen that this
simple view of slag constitution was hardly tenable. Field
and Royster'836 investigations of slag-viscosity/composition
relationships showed that decided constitutional influences
were operative in their slags. The stabilizing effect of
lime on ferric oxide, and of silica on ferrous oxide in steel
furnace slags points to the same conclusion, as does the
dependence of Kﬁh in slag/metal systems on the composition
of the slag."

Many attempts have been made to throw light on this
aspect of slag chemistry. ©Several workers have tried to
group the component oxides present in furnace slags into
supposedly stable combinations in such a way that an explan-
ation of the observed slag/metal relationships would be
obtained37. Such attempts have usuallyvbeen based on some-
what arbitrary assumptions, however. 1In the present instance
an attempt has been made to apply in systematic fashion the
ideal solution laws to reactions occurring within the slag,
and the conclusions arrived at have been tested in the light
of experimentally-established slag/metal relationships. A4s
regards the results obtained, their primary significance, in
the opinion of the writer, lies not so much in the values
of the constants which were arrived at, as in the fact that
so many of the experimental curves have been shown to be of
a form which naturally follows from the applicability of the
ideal solution laws. In most cases the numerical agreement
between the‘theoretical and experimental values is only

approximate, but this was to be expected. In concentrated

systems of the type dealt with it is hardly likely that the
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activity coefficients of the reactants should be independent
of their concentrations. Nevertheless the results of the
investigation appear to indicate that variations in the
activity coefficients are of secondary importance only in
the slags considered. It should be noted in this connection,
however, that in the case of the slag and metal systems
dealt with only low concentrations of the reactants in
the metal layer were considered. At higher concentrations
of manganese and silicon in the metal layer Korber and Oelsen29
have found marked departure from the ideal slag/metal
relationships found to hold at lower concentrations in
the metal layer, this being attributed to the fact that
with such concentrations the simple laws are no longer
applicable to the reactants in the metal layer. This
finding is confirmed by the present investigation since
the experimental data for these melts does not agree with
the constants now given.

In his most recent paper (presented to the Iron and
Steel Instituté@n May 1938) McCancémappears to favour the
view that the real cause of the variation with slag compos-
ition of the constants for the slag/metal equilibria is to
be found in the variation of the activity coefficients of
the reactants involved. In view of the success of the
simpler laws in accounting for the observed phenomena
such an assumption seems hardly justified. It would appear
that variations in the activity coefficients play only a
secondary part in determining the slag/metal relationships
at normal concentrations of the reactants in the metal
layer. |

The possibility ofban ionic type of aissociation in liquid
slag539 has also been suggested. At the moment it would appear
that the non-ionic type of dissociation postulated in the present
work is capable of furnishing a more complete explanation of

the observed phenomena.
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