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INTRODUCTORY .

During recent years great advances have been wade in the
study of the reactions taking place during tune manufacture of
steel by the two open hearth processes. With increased
knowledge attention has come to be focussed less on the metal
itself and more on the slag layer which forus en the surface
of the metal bath. The important part played by this layer
is n@w generally accepted and it is recognizea that further
advances in knowledge can only come with improved understanding
of the complex materials composing 1it. The effect has been to
concentrate attention on a new and fascinating branch of phys-
ical chemistry —”the pnysical chemistry of the slag forming
compounds at temperatures of 1200°C and over.

In this study much has been done, especially within the
last few years, but much still remains to be done. Qe
variables are so numerous, and the conditions so complex and
difficult to reproduce in the laboratory that progress nas
necessarily been slow in many directions. Further the worker
in this field finds himself, in many cases, bound by limitations
imposed by nature, in that materials combining the properties
of refractoriness, chemical inertness, strength, and lapermeabil-
ity to gases at high teumperatures, nmnecessary for tune construction
of his apparatus,do not exist.

In surveying the records of investigations a classification
into two broad groups suggests itself. The first of these
comprises investigations which concern themselves with the
composition and constitution of slag and metal throughout the
actual industrial process. The metnods employed are chemical
analysis and optical identification of mineralogical constituents
to obtéin data which on analysis, graphical or otherwise, will
provide information concerning the fundamental reactions taking
place. The second group 1is composed of researches. into the
properties of the known constituents of slags as such, or of
simple combinations of tiese constituents, wunder laboratory

conditions, 1in the nope that the data obtained aay be of use



in elucidating the more complex relationships of the actual
Steel bath. | . '

The two methods are, of course, complementary. The first
gives‘iﬁfdrmation regarding actual furnace conditions; the
second regarding properties of individual components. The
drawback to the first, at 1eaét as far as the provision of
fundamental physico-chemical data is concerned, is that the
conditions are so complex that complete analysis of the data
is difficult at the present stage. By the second method
physical and chemical constants of the various materials
involved can be obtained, and this has become increasingly
important since the successful application in recent years of
thermodynamical treatment to the reactions in the steel bath.
Thermodynamics can always provide irrefutable information
concerning the equilibria involvea provided the required
constants of the materials are known with sufficient accuracy.
Unfortunately in many cases knowledge in this respect is very
incomplete.

The present account treats of investigations which fall into
the second group of the above classification, the materials
investigated being important constituents of acid and basic
slags. The data collected has been of two kinds; firstly,
that concerned with the theruwal equilibrium between phases,
solid and liquid, information of considerable value from the
point of view of a process in which the fusibility and solvent
power of the slags are of prime importance; and secondly, that
concerned with the chemical constants of certain of the

materials and with the chemical equilibria dependent on themn.

Somewhat arbitrarily a division into two parts has been
made. Part I deals with important comstituents of slags wnich
are essentially acid in mature &S5 occur in the &cid open hearth
process; Part II with constituents of basic slags such as are

encountered in the basic open hearth process.

The arrangement adopted is as follows:



PART I : Investigations into the constitution of acid slags.
SECTION 1: The thermal equilibrium diagram of the binary

system MnO—SiO2.

SECTION 2: The thermal equilibriuwm diagram of the binary
system FeO«Mnogﬁ

SECTION 3: The thermal equilibrium diagram of the binary
system FeO- SiOZ.

SECTION 4: The constitution and properties of acid slags
regarded on the basis of'the ternary systenm
Fe0-Mn0O-510, .

PABT IT1 : Researches on some of the constituents of basic
open hearth slags with particular reference to the
oXidising mechanism of such slags.

SECTION 1: The thermal equilibrium diagram of the binary

systen CaO—F6203.
SECTION 2: Investigation of the dissociation of Fezoa,

monocalcium ferrite, and dicalcium ferrite.
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PART 1. Section 1.

THE THERWMAL EQUILIBRIUM DIAGRAM OF THE BINARY SYS Tl MnO—SiO2.

MnO and S5i0,, together with FeO, form the Principal constit-
uents of acid opén hearth slags. ( The three together make up
between 80 and 90 per cent of the average acid slag.) A knowledge
of the Thermal equilibrium diagram of the systen mnO—blOZ is
thergfore a matter of considerable importance.
An attempt to elucidate this diagram had previously been made

by Doerinckell. His results are based¢ on cooling curves taken
with melts in a platinum crucible, and are necessarily restricted
to the more fusible compositions. Herty2 has also investigated
this diagraw by Observing optically the fusion and soliditfication
of the necessary wmixtures. This method involves considerable
difficulties, particularly in the case of melts freezing over a
range of temperature. Herty himself did not determine the high
SiO2 portion of the diagram, but took the generally accepted work
of Greig5 as being correct. Greig investigated the effect of various
metallic oxides on the melting point of SiO2 by a method which
involved the quenching out of melts from different temperatures,
and determining by optical examination the relative amounts of

liquid and solid which had been in equilibrium at the moment of

guenching. By this means it is bossible to explore completely the

: liquidus and solidus lines of a phase diagram. In zddition to the

above Glaser4 and Cain5 have also proposed diagranms. There is,

however, considerable divergence between the results of the various

. Workers. For this reason, it was considered desirable to repeat

the determination of this diagram, and the following is an account

{fof the work. During the course of these determinations it was

discovered that the melting point of inO was at much higher temp-

erature than previously supposed (see"piscussion of curves"), and

hence it was considered advisable to redetermine the binary system

mnO—reO. ’
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-Details of Apparatus.

IPurnace fqr melting.‘ For the determination of thermal curves

a vertical molybdenum-wound furnace, as described by Andrew,
lladdocks, and Howat6, was employed (see Fig 1). The heating
element consisted of 41 feet of .04 inches diameter molybdaenun
wire wound on an alundum furnace tube, and carried a current of
30 azmperes for a potential drop of 250 volts at a teuperature of
1800°¢C. An internal alundum sleeve carried a grid of sheet
molybdenun to protect the temperature-measuring thermocouple

from the effect of the electric field of the winding at high
temperatures. 4 mixture of hydrogen and nitrogemn, got by crack-
ing ammonia, passed to the furnace via the pipe in the bottow of
the iron casing, wmaintaining a reducing atmosphere ana prevénting
the windings from burning out.

As a result of experience, several alterations in detall were,
however, carried out resulting in iumproved performance, and
increased life of the windings. Por example the diameter of the
furnace tube was reduced to a minimum (2?4 inches internal diam-
eter). The walls were made as thin as possible and the winding
put on the tube with somewhat closer turns to concentrate the
heat, In addition & very thick outer coating of alundum was put
over the winding, which resultea in an increase in the rate of
heating and in the maximum temperature attainable. The reason
for this appears to be that transfer of heat to the melt takes
Place mainly by wmeans of the gases introduced. These, to
escape. to the atmosphere, must pass from tue outer wirtight casing
of the furnace through the porous alunduan tube before emerging
from the top. and thus they have their temperature raised by
contact with the not alundum  wihich taus acts in the same fashion
aS checkers in regenerative practice. This has been verifiea in
that attempts to construct vacuum furnaces have provea aifficult,
due, in part, to the ubsence of this means of neat trunsfer.

4 great thickmess of alunaun es—edmmadtm also wcts as a protection
against slagging uue to the penetration of dust, and tie life of

tne furnace is very auch increased. 1t may be wmentioned that



furnaces in use five days a week to temperatures in excess of
1600°C have been known to last as long as six months, when cons-
tructed on these lines, and a teuperature of 1860°C has been re-

corded.

Experimental Procedure. At the comumencement oi work on tihis

system the original technicue employed by Andrew, niaddocks ana
Howat6 was adhered to very closely. About 50 graums of the

| appropriate mixture was weilghed out, and placed in a reifractory
crucible, while the point of a molybdenuu-tungsten thermocouple,
enclosed in a refractory sheath, was Inserted in the wmixture,
ana connected via a cold junction to a Tinsley potentiometer
operating in conjunction with « mirror galvanometer and scuale.
Inverse rate heating wnd cooling curves were taken.

From the outset great difficulty was encountered. ‘'he choice
of a suitavble refractory was perhaps the chief of these, on account
of the extremely reactive nature of the melts énd the hign temp-
eratures involved. Of all the substances tried, "balawender"
proved the best but it invariably gave peads of metallic uanganese
due to reduction in all uelts except those very poor in kno.
Further the only sheatn of any use wuas one made of carbon, got
by drilling out the centres of carbon arc electrodes, ana these

still further accentuated the reduction of MnO. Initially these
sheaths also caused a great deal of trouble witi the thermocouple
due to uncertain readings, until it was found necessary to insulate
both wires‘véry completely from contact with the carbon. 1o
achieve this both wires haa to be covered with silica sheathing
down as far as the join formed by twisting the two together, which
was itself i?serted in a seperate short piece, as indicated in
Fig. 2. The result was, to avoid the use of too thick & sheuti
at the actual point, sheaths haa to built up from two thicknesses
of carbon rod, +the point being sunk in a piece of sumaller uismeter
drilled to a smaller bore (see Fig. 2). The thermocouple tuer
venaved perfectly, but, even with these Precautions, tue amount

Of heat insulation tuxing place was consiceranle, and made the



detection of anything but large points rather uncertain. Lven
so, this method being the wost promising tried up to that tiue,
was employed until the true extent of the reduction with increasing
MmO content wus realisea. Previous to tihis, however a consider-—
able nuwnber of curves had been takemn.

apout this time it was noticed that the thermocouple wires,
even when immersed directly in the melts,showed no sign of corros-
ion (though the readings became very erratic), and it was decided
to try molybdenum itself as a refractory. knguiries to the
Tungsten Manufacturing Compény elicited the fact tuat molybdenua
crucibles could ouly be spun in america, «nd at a prohivitive
cost. It was decided to arill out crucivles frow the largest
size of rod avallable, which was only 11 willimetres in diameter.
These crucibles were about an inch in length «nd the size of the
wmelt was limited to about two grams in each case. Molybdenun
lias were fitted, and at first these were drilled to allow insul-
ated therumocouple wires to pass through them, the points peing
insertea directly in the wuelt. Later to eliminate erratic
readings,the joint was bound to tne outside of the crucible witi
molybdenum wire, on the assumption that, molybdenwn being
good coriductor oi heat, +the thermal effects woula be felt through
the system wmelt-crucible-thermocouple point as a wunole, particul-
arly as they were surrounded by relatively poor conductors. ‘o
ensure this and if possible increase the sensitivity, a cylindrical
container of wlundwn was constructed to fit tuhe crucible. The
melts, however, were now so small that only the largest points
showed up at all on the inverse rate curves, and only the soliuus
lines of the uiagram could be Iixed. Nevertheless this was by
far the most promising of wll the devices triea. ouch points as
were ootained after tue first curve were always repeatable, ana
the uelts appezred very pure wwxe in thnelr natural colours, whicu
vere only now seen for tne first tiue. Chiemical analysis failea
to show any evidence of change of coumposition, or of contamination.

The problem was to find ametihod oI greater seusitivity; by

vilch cowplete curves for tunese small welts could be obtuinea.
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This w=g finally achleved by using a differential molybdenum-
tungsten-molybdenum ' thermocouple , and after one or two preliminary
trials a technlque was aeveloped, which was used almost unaltered
for the éomplete investigation.

A cylindrical contalner of alundum was constructed as shown in
Filg. 3, having two recesses side by side just large enough%o holéd
a molyhbdenum crucible, and a blank of the same material. One of
the points of the differential couple, ~and that of the temperature
recording counle were bound to the crucible with molybdenum wire,
The other point of the differential couple was bound to the blank.
The differential couple was connected directly, via the usual
cold Junetion, to a galvanometer, deflections being indicated by
a lamp and scale. The temverature couple leads were, of course,
connected to the Tingley potentiometer as before. Readings of the
"differential deflections were taken simultaneously with readings of
the temperature counle. In some cases a simplification was
introduced in that on:;f the molybdenunm wires was usged to serve for
both couples, so that only three wires came from the furnace. This
was found undesirable as a general practice, however, owlng to the
necessity of preserving the calibrated sample of wire as long as
Possible, and it entalled the use of calibrated wire for both of
the molybdenum leads. Usually uncalibrated molybdenum wire was
usec for the differential.

The temnerature recording thermocounles used throughout were
calibrateg (1) up to 105000 agalnst a known chromel-alumel thermo-
Couple, (2) by taking heating and cooling curves for "Armco" iron
Up to the melting point, and thus obtaining the A, point,140200, and
the melting point, 153000. A check was got br calculating the
equatlion of the curve from the values obtained by the first method
and verifying that the iron points lay on it. (Thils ecuation is

of the form y=axn where ¥ represents the thermocouple reading in

’
millivolts, and x the temperature in degrees Centigrade. n 1s then
approximately 2 in most cases.) Several thermocourles have been
Calibrated by this method and the agreement between them has always

been very close.



Optical Bxamination of the lielts for the Identification

of Phases.

Using the small molybdenum crucibles describea above, 1t was
impossible, short of sectioning the crucibles containing then,
to obtain the melts in a form sufficiently massive to permit
of polishing and examination by reflected light. The cost of
sacrificing a crucible for every wmelt would nave beecu consiaeraole,
so it was necessary to remove the melts by some umeans. 1t was
found that the only possible wethod was to chip out a little oy
percussion, or, alternatively, +to make use of & mechanical
drill. The material was then obtained in the form of fine
fraguents. That remaining in the crucible was removea by a
combination of fusion in sodium cafbonate, ana bolling in
concentrated acid, a process which only attacked the crucible
to a slight extent.

The method adopted to identify the constituents of the
fragments of the melt thus obtained was by weasureument of their
refractive indices, wusing the Becke wethnod.(see any stundard
text book on Optical llineralogy), supplementec as far as possible
by determination of other optical properties. This methoa provides
no information as to the structures formed in the wmelts, but
on the other hand, as it actually depends on the weasurement ot
what ére physical constants oif the phuses present, it provides
more positive information than examination by reflected lignt, in
S0 far as identification only is concernea.

4 series of standard liquidas was prepared with refractive
indices up to 1.78. For higher determinations standard glasses
of sulphur and selenium, prepared as described by ilerwin and

7 )
Larsen’ were employed.
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The High Temperature Microscope. To assist in the investigation
of slag systems, a high temperature microscove was constructed,
by means of which fusion =nd solidification could be observed at
high temperatures. Briefly 1t consisted of a cylindrical water-
jacketed contailner of bhrass 1§ii§2 heating element was vplaced,
and a water-jacketed 1id, provided ecéntraglly with a small window,
(See Pig. 4.), =bove which a microscome could be erected. The
furnace unit conslisted of two concentric z2lundum tubes, wound
with molybdenum wire .125 millimetres in diameter, and it was
mounted vertically inside the contalner. A stool was onrovided,
&8 shown in Fig. 4, on which the specimen to be examined could
be pleced. lelting or freezing could then be observed from outside
by means of the microscope. A 35 millimetre objective was found
to be &ery convenient for this purpose, as it allowed of the spec-
imen being placed in the hot zone of the furnace. With the molyb-
denum winding it was necessary to work in a reducing atmosvhere,
and provision was made for passing nitrogen and hydrogen (got by
cracking ammonia) into the container. A device for clamping down
the 1id was fitted, and, as packing material between the 1id
and the body of the container, a ring of plasticene was found
Very convenlent. Then the 1id wss screwed down tightly, this
€ave a very efficient joint, and , moreover, 1it was a very simple
matter to embed the insulated thermocounle wires in the plastlcene
Without danger of leakage.

A very intense heat was obtainable with these small windings,
the highest temperature recorded with this apvaratus being Just A
over 165000. A shallow crucible of molybdenum was used to hold
the melts, ang the thermocouple was bound to 1t as shown in Fig,.
5. Only very small weights of melt could be taken, of course.
(about .2 grams on the average) .

Naturally the temneratures recorded by this means were not
®Xpected to be so accurate as those got from heating and cooling
turves, and test runs, made with metals in the cruclible, 1indicated

. o
in some cases an error of the order of 20 to 30 C. Conditions

Tere, however, definitelv worse with metals, =8 a thin lining



of alundum had to be nut over the ineside of the crucible to
prevent alloying, and, further, the molten metal always
formed a snherical drop due to surface tengion, =and this rose
un so high that the upver surface, which was the one under
observatlion, was above the level of the tor of the crucible.
Eence it 1s probable that the error with slagg in the ecrucible,
never exceeded this figure, and that it wss in fact usually smaller.
Certainly in many casee the results obta’ic? ~how remarkable agree-
ment with those which were derived later from heating and cooling
curves.
Furnace units wound with platinum were also constructed for

the high temperature microscope, and have been used when it
was necessary to carry out the heating of the melt in an oxidising
atmosphere. These could not, of course,be taken to as high
temperatures as the molybdenum windings.

The microscope employed was fitted with a glass plate placed
at an angle of 45° to the axis of the barrel, 1in order that
light couid be reflected down the tube to illuminate the specimen.
As a source of light, a carbon arc lamp, fitted with a condensing
lens, was found most suitable, a verr intense light being
necessary to reveal the specimer at high temperatures when glare
from the furnace become troublesome. In the nelghbourhood of
1000°C the field was clearly illuminated by its own thermal
radiations, but at higher temperatures, these became so intense
that all gifferentiation was lost, and external illumination
Vas recuired. To improve the visibility a moveable slit was
Inserted between the arc lamp and the reflecting glass nlate. B
this means only a portion of the field was illuminated at a tine
and was revealed much more clearly to the eye than when the whole
area was illuminated at once. Bven with this device, however,
accurate obgervation at temperatures approaching lSOOOC vas very
difficult,

Attempts were made to photogranh the field at high temperatures.
Preliminary experiments in the neighbourhood of QOOOC with pleces

°f silver foil in the furnace were very successful, and thoto-



graphs were obtained both with "panchromatic" plates using the
arec lamp to provide illumination, and with "infra-red" plates

br means of the thermal radiatlions from the specimen itself. At
higher temperatures and with manganese silicate melts in the
crucible no photogranhs could be got, the reasons being apparent-
ly the increased glare at thece temperatures, and the lower

reflective power of the slag surface.

Preparation of Materials.

Preparation of 1In0. Pure MnO was prepared as indlcated by Andrew

and co-workers6 by heating pure recrystallized manganese oxalate
to approximately 85000 In vacuo to decompose it, all gases being
pumped off as fast as they were evolved. One modification nmayr
be mentioned. It was found advantageous, before opening the
tube, and after decomposition had ceased, to heat to 1000°¢.
This rendered the product stable in air. Otherwise 1t was liable
to ignite spontaneously on exposure to alr, or to undergo a dark-
eningvin the colour due to oxidation. When the above precautionsg
vere observed, 1t was obtalned as a dark, olive green powder

analyzing pure Mn0O within the limlits of exverimental error.

Source of 5i0n, Pure silica sand was emploryed throughout.

Experimental Results.

Heating and Cooling Curves. The Adlfferential heating and

cooling curves for this system are reoroduced iIn Figs. 7 to 21.
The vertical scale is 1 inch equivalent to .30 millivolts (thermo-
couple~feading), and on the horizontal.scale 1 inch represents

a deflection of 6 centimetres on the graduated scale of the
€alvanometer connected to the differential thermocouple. This
€raduated scale was placed at a distancé of 3 feet 6 inches from
the mirror of the galvanometer. These curves are reproduced in
the untouched condition, 1including any accldental irregularities
occurring, and the method of internreting each one is fully

Indicated. In most cases a drift of the zero took place in

the differential circuit, and, though the desirabllity of
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keeping this small i1s recognized, 1t has, 1in most cases, no
adverse effeéts on the value of the curve. Of course in a
furnace tube at such high temperatures it is difficult to
eliminate local temperature gradients, and this drift was never
entirely got rid of, though care was taken to shape the container
go that the crucible and blank were symmetrically placed with
regard to the winding. Generally three heating curves were
taken (the first usually differing widely in contour from the second
and. third), and two cooling curves, though in some cacses three
of these were also taken. In taking the earlier curves time-
temperature readings were invariably taken simultaneously for
rurposes of comparison, and to act as a check, but this practice
was later discontinued, as it was found to be unnécessary, and
only dependable in the case of the larger points. Derived
differential curves were also nlotted for a number of melts
but in most cases no great advantage accrued.

The differential curves were interpreted as follows.
The crucible and blank would heat up at the same rate until melting
began, when the temperature of the crucible would begin to lag
behind that of the blank, and hence the first deviation from
Zefo of the differential galvanometer would that melting had
begun, and generally this voint, or very closely above it (the
position of maximum rate of deviation) has been taken as the point.
When melting was comvlete the temperature of the crucible would
once more start to gain on.that of the blank, and the deflectlion
would decrease approximately asymptotlecally till zere was reached
again, Hence the nositlion of maxlimum deviatlon would occur at
or near the conclusion of the heat absorption, and would tend to
be orolonged above the true voint. Hence 1t was considered more
accurate to take the commencement of the lag as indlcating the
point., PFig. 6 will indicate the method sufficlently.

In plotting the curves, the 1deal zero curve has always been
Crawn in to ascist in the interpretation. This would, theoretically
be a vertical stralight line, but is rarely so in practice.

Several blank runs were actually made with enpty crucibles to



determine it, and 1t was generally of the shape shown, *though

the exact curvature and slope varied somewhat from heat to heat.
In Figs. 22 to 24 a selection of the ordinary inverse rate

time-temperature curves of the éame melts is given. It will

only gilve

be observed that these curvesAevidence of the larger arrects.

Discussion of Curves. Curves of MnO: These are revoroduced

in Fig. 7. Several attempts were made to melt mO 1in a molybdenunm
crucible before success was actually attalned. Widely differing
figures have been quoted by previous workers. For examnple, Andrew
and co-workers6 give 158500.; Birnbauer and Tude8 give 165000.;
Benedicks and Ldfauistg estimate a temperature of 17OOOC or over,
‘while Herty2 indicates 161000. The other workers on this gystem
diéd not carry their investigations near enough to the MnO end

of the diagram to allow of estimates to be made.

In the present instance the first indication of the very‘
melting point of MnO was obtained with the high temnerature
microscope, when a sample heated to 165000 shoved no signs of
fusion. After this two attempts were made in the blg furnace
one to 168000, and the other to 1745°C (maximunm temperatures
recorded), but in neither case was any evidence of an arrest
obtained, and the ¥n0 was found to be still unfused. Another
attempt was made, 1t having been decided to sacrifice the furnace
if necessary, and this time success was achleved, although the
' first curve was not properly completed as the large deflection
produced was mistaken for an accidental drift of the zero such as
sometimes occurred near the upper limits of the furnace. A
second curve was, however, sufficlently completed to show the
point, On cooling no very definite points were obtalned, due
Orobably to the highly viscous nature of the molten material causing
undercooling. Naturally the furnace suffered considerably

nd a

as

during this run. The alundum showed signs of glagging,
new sleeve had to be constructed.
On examination 1t was seen that the MnO had obviously been

melted, although traceg of the original outline imposed by the
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INVERSE RATE CURVES.
A selection of the curves taken during the earlier part

of the work by ordinary time/temperature methods.
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shapé.df the crucible could still be detected, showing that it
héd reﬁainea very viscous even when in the wolten state. #
considerable volume shrinkuge hed also taken place. Tnis was
one of the few melts wuanich could be ot from the crucible in

a lump suitable for polishing and examination by reflected light,
and it was found to consist of & mass of homogeneous polygonal
grains of a dark green colour, providing definite evidence that
melting.followed by crystallization n«d taken place. it is of
interest to note thnat a time-temperature curve taken souwe tiue
previously with #nO in an alundun crucible gave a point at 1585°C

the temperature quoted by sandrew and co-workers®.,

Remaining Curves: The other curves for this system are shovin

in Figs. 8 to 21. when 8i0, is added to wnO in increasing amounts
a point appears at 1330 to 1340°C, and this remains constant
over a cousiderable range of SiOZ content. This point apparently
indicates the occurrence of a peritectic reaction, the compouna
tephroite (ZMnO.bioz) dissociating on heating into free unU and
a Sioz-rich liguid melt. The determination of the liguidus
riear the 4n0O end of the diagrain was only made possible by the
extreme sensitivity of the differential method. Liven so the
- points obvtained were very small, but there seems no reason to
doubt their accuracy as they were always repeatable within reason-
able limits. Figs. 8 and 9 were obtained with melts lying in
this region of the diagram. Curve lic. 1 of Fig. 9 is of interest.
A‘distinct heat evolution is shown just after melting had comuaencedq,
due, presumably, to the heat of formation of tephroite formea
at this teuperuture frow its constituents.

ielts intermediate in compositién between 2Mh0.5102ana Mno.bioZ
began to melt at 1208°C (see Figs 10, 11, 12 ana 13%). This appears
to indicate the occurrence of w« eutectic between the two compounus
teph;oite and rhodonite (Mno.bioz). almost all ol the curves in
this region of theé diagram preseni a souwewhat puzzling feature in
that arrests at 1530°C and 1275°C, +the teumperatures of peritectic
dissociation of tephroite and rhouonite regpectively, countinue to

appear even in the case oi welts in wnich tnese materials shoula



have beén preSént only in the fused state at these temperatures.
These anomalous points also appeared in the earlier tiwe-temperature
curves and led to considerable confusion when attempts were maue
to interpret them. The explanution is sowewhat obscure, unless
sbme form of segregation or liquuation were occurring, resulting
in the formation of both oil these compounds in the massive state
together with the eutectic. Ceftain of the observations maue
with the high temperature microscope in this region would seew to
indicate the possibility of such an occurrence. when once these
points had been recognized, the interpretation of the curves in
question presented no difficulty. with %2% of 510, (Fig. 10)
melting begins at 1208°C, +the eutectic temperature, and is
continuous, with a suggestion of the rhodonite dissociation at
1275°C, i1l 1330-1540°C when tephroite dissociates, and above
this, so close that the two tend to run together, comes another
point, evidently tne liquidus. The cooling curves conflra tunis,
there being evidently‘two points close together at thne top. with
536% of 510, (Fig. 11) the tephroite point still occurs (though
the mass should be molten at this temperature), but it is much
smaller.. A large point at 1235°C now follows closely on the first
.deviation at 1208°C, and is continuéd over the dissociation
temperuture of rhodonite, which is indicated by & slight bulge.
The cooling curves also show these higher points, together with
a very pronounced point at 1150°C, which should be coumpared with
the corresponding point on the cooling.curves Qf the 40% 510,
melt‘(Fig. 12). In the latter case the oooliﬁg curves cobviously
éhow two points close together corresponding to this one (though
the degree of supercooling differs sowmewhat), indicating that
the former is very close to the eutectic composition or at least
nearer to it than the latter. This was also confirmed by orainury
time-temperature curves taken simultaneously for these uelts,
which are not reproduced here. With 42.5% 510, (Fig. 13) the
eutectic arrest is again pronounced, «nd there is another point
at 1520°C just below what is probably tne tephroite point at

1540°¢C. The rhodonite point is not well developeda but tnere



is sufficient indication of a well developed point in thuis region
on cooling.

he curves Tor rhodonite(45.8% 8102) shown in fig. 14 show a
large point at 1270 to 1290°C, wnile there is also & small wrrest
at 1420°C, evidently corresponding with the liguidus, which
must therefore rise very steeply in this region.

The curves of Fig. 15 (47.5%% SiOE) show only the uwerest trace
of a deviation at 1208°C after the first heat (due possibly to
a slight lack of homogeneity), but a very pronounced point is
shown at 1275°C, with a bulge at 1330°C. The position of tue

because
liquidus is very difficult to locate, probably, it rises so steeply,
but tihere is a very slight bulge at 1500°C. The cooling curves
merely indicate that the liguidus wust certainly be higher thun
1380°cC.

It should be pointed out that,. With increasing bioz, tThe
points, apart from that due to the rhoaonite dissociation,
‘became very sluggish and uncertain, and the sauwe certalinty does
not attach to this part of the diagram as to the earlier part,
at least as far as tihe liguidus is concerned. FProm 50% of ‘oi()2
onwards the curves may be discussed together . Briefly, there
is an invariant point at 1270 to 1280°C, which becowes smaller
with increase of 5102. There is also a more or less uncertain
heat absorption at 1530 to 1540°C on most of the curves, which
may possibly be due to the ratner sluggish tridymite-cristobalite
change taking place in the free 5102 in presemce of unO (or
rhodonite) as a flux. At the rates of nheating employed such
& change if it occurred at all, would naturally be expected to
occur at & teuwperature rather higher than theoretical. neveral

of the curves also show whut may be points at-higher . temperstures
and. from these a more or less tentative liguidus has been sketched
in to conform with the probuble existence of two immiscible in
this region as found by Greigﬁ.

1t was not intended to carry out a run on pure LiU put the

2)
melting point of this material was obtained accldentally in tuking

a melt to over 1700°C, whnen the silica sheathing on the therao



couple melted ana drqpped on to the blank. Thereafter three
successive runs showed the point (in the direction of neat
evolution by lue melt) at temperatures from 16Y5°C to 1705°¢.
After-that other meuans other means of insulation had to be

employed Tor very nigh temperatures.

Observations with the High Temperature ilicroscope:

The high teuperature microscope proved 01 great value in
investigating the system MnO—SiOZ, uand provided the tirst
incontrovertible evidence of the melting ranges, berore the
enployuent of the aifferential thermocouple. ‘he method euploy-
was to heat up tie specimen while observations were made throughi
the microscope. The current was controlled by two riheostats
in series giving very fine zdjustment, and the rate of heating
céuld be very accurately controlled. 1f necessary the temperature
could be held stationary to allow changes to take place.

The following temperatures were noted ,
(1) when the rirst liquid appeared,
(2) when the mass became mainly liguid and lost rigidity of
shape, if this took place sudadenly as 1t often dia.
(3) when the last traces of flouting solid disappeared. This
latter could not always be deterwined with certainty as sometimes
the surface wus lost owing to the glare, and because the window
tended to become coated with & reddish deposit,  probably from
volatilization of the wolybdenwn windings., for this lutter
reason it wuas not always possible to take recoras of cooling,
but where this was done they have beeiu reproduced. Where several
neatings were observed tue observations ure tabulated. 1n those
cases where the melt was fresihly made up froa tihe constituent wno
and 510,
it was found that on tiuese neats no liguia appeared till wuch

the first heats pnave not veen recordea. 1n gereral

higher temperatures thun normally, which agrees witin wiat was
found in the case of heating curves of such umelts. omall amounts
. - . , .. HWaking

viere employed but great care was exercised n the welghings

involved, so that the percentuges quoted suould pe reasomably

accurate.



Details of the liielts;

100% Hmno.

Taken up to 1650°C. No signs of fusion.

91% n0: 9% $i0,:
Pirst liquid appeared at 1350°C. Very small in bulxk.
At 1610°C solid was still in existence. Could not be followea
further owing to glare.
AT room temperature the melt appeared dark green in colour,

and "sat up" high in the crucible indicating high surface tensiou.

75J; imo: 27\/0 510

2_2_
Second Heat:

Pirst liquid appeared at 1240°C. Only in very minute traces and
in localized areas. ‘

The bulk of the mass becaume liqﬁid rather suddenly about 1360°C.
The last solid disappeared at 1430°C.

Third heat:

First liquid appeared at 1350°C, when the bulk of tue mass appeared
to melt.
The last solid disappeared about 1440°C

Lvidently the first heating of the constituents had peen
insufficient to homogeneize the melt and some ligquid appeared at
1240°C on the second heating.  The wmelt appearea dark green on

removal from the furnace, and possessed high surface tensiowu.

68% imn0O: 32% S5i0

2.’.
Second Heat:

First liquid appeared at 1160°C. Only in two small local ureas

and possibly due to traces of impurity (dust particles, etc.).

The bulk of the wass was liquid by 1280°C. This took place graduwlly.
The last solid disappeared at 13560°C. |

Third Heat:

Pirst liquid appeared at 1200°C.

The bulk of tue uwass was liquid by 1280-1290°C.

The last solid disappeared at 1345-55°C.



55% WnO: 47% 5102;

Second Heat:

First.liquid appeared at 1210°C. Only in small amounts.

The bulk of the mass went ligquid ana the rigidity of shape was
lost ratiner suuadenly apbout 1280°C. Particles of 510, (probably)
vfloating onn the top in the Torm oi rosettes.

Between 1455 and 1460°C the amount of floating solid increaseu.
No further change until 1525%°C when all apparently went liquid.

Third Heatb:

First liguid appeuared at 1205-1210°C. Swall amouuts.

The bulk of the mass went liguid at 1290°C. Appearence as.on
second heat.

The surface appearea to set solid wbout 1440°C. A4All ligquid agaiun
over 152050.

On stuanding at just over 1450°C, the solid continued to
separate on top, so that the effect aid not vary progressively
with rise of temperature. Furtuner it was not reversible on
cooling. Un removal from the furnace the appearance of tue
surface depended on the temperature to which the welt nad been
taken; if thnis were under 1500°C it appeared white probavly
due to separation of a layer ot 5102, if over about 1520°C it
had the characteristic pink colour of rhodonite.

It is probable that the phenowenon observed hnere was the solution
of the 510, in the flux (rhodonite) and its siwultaneous
precipation at the surface. 'he conversion of 5102 from one
modification to another by means of this wechanisin has been
observed by many workers. In the present instance the surface
layer would almost certainly be at a somewhat lower temperature
than the rest of the wmelt, and such a reprecipita%ion would be
particularly liable to occur. The form of biO2 precipitated
was most probably tridyuwite as it tended to take the forw of

lamellae radiating from a common centre.

}52% winO: 48% 5i0

2
First liquid appeared at 1210°C. =4 trace.

The bulk of the mass went liquid at 1280°C, but couwplete rigiaity



was notv lost ttill about 1400°C. Observations incouaplete.

50, 1n0; 50% $i0,,.

First liquid appeared at 1210°C. 4 trace.(On cooling all appear-
ed solid by 1280°C).
Bulk of the mass went liquid between 1280 and 13%20°C.
Crystals on the surface began to increase wbout 1500°C. 4All
liquid at 1600°C.

as above the appearance of the surface depended on whetaer
the melt had peen taken to a temperature high enough to dissolve

all the solid.

Discussion of Observations with the High Temperature iiicroscope.

On the whole the agreement vetween these observations and the
heating and cooling curves is very close. Ihne three welts
ranging from 53% to 50% of 1nO are of interest, because of the
apparent separation of solid at the surface as already descrived.
wWhile the explanation advanced above is very possible, tnere is
also a possibility that it might have been an ordinary liguation
effect, caused, for example, by a difference in specliic gravity,
or 1t way have been due to surface tension effects, as these
melts tended to spread themselves over the surface of tne crucibple,
and being very simall, formed a very thin layer. Wwhatever the
explanation a very steep liquidus in this region is probably
indicated.

There seems to be a very distinct tendency for segregation
to occur in manganese silicate welts.  As can be seen from
these observations, even melts with Si()2 present in excess of the
rhodonite composition, tended to forwm swall azmounts of liquia
on passing through the eutectic temperature, in spite of the
fact that they had previously been couwpletely fused. The therwmal
curves provide evidence which seems to support this. PFurther
attempts to observe melts approximately of the eutectic compos-
ition were not successful as the materiuls unever appeareu couplete~
ly liguia till tewperatures as high, 1in soue cases, as 1550°C

were reached. Possibly segregation was the. cause.
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Results of Uptical hxamination for the ldentification of

Phases.

The results of this examination may be stateu very briefly.
With 100% knO only one phase . .is present with a refractive index
between 2.10U ana 2.20. It .is deep green in colour and aniso-
tropic. In the presence of Si02 inO persists as a phase till
the Si02 content reaches approximately 50W when it disappears.
Between O and 50% 5102 a practicully colourless phase 1is assoclatea
with the wnoO. 1t has a refractive index lying between 1.78 and
2.00 and is apparently tephroite. Above 30% of 510, a brown
material occurs along with tephroite. 1ts refractive index lies
between 1.76 and 1.78, which identifies it as rnoaonite.  Uver
approximately 46% of 5102 tephroite disappears and rhodonite
is associated witih tridymite of refractive index just under 1l.ob.
Two of the crucibles which cracked while the welts were peing
drilled out were sectioned, and the melts examined oy reflected
light. Of these one contained e# 97% of 510, and consistea of
~a white groundmass of silica, in which were embedded small glob-
ﬁles of the red rhodonite phase. IThese appeuared to hiave veewn
entrapped by the freezing silica while themselves in the wmolten
- state, dindicating that in all probability two imwiscible liquids.
exist in this part of the diagrawm at high temperatures. The other
melt thus examined contained 50% of 810, and was found to consist

of a closely interwoven mixture of rhodonite and silica.

The Thermal kguilibrium Diagram of the Systew un0O-5i0,.

The thermal equilibrium diagram of the systen an—SiUZ, based
on the data detailed above, is given in Fig. 25. Two compounds
tevhroite (2Hn6.8i02), and rhodonite (MnO.SiOZ) occur. The
only other phases are free in0 ana 5102, and solubilities in the
solia state, 1f they exist, are negligibly small. The transition
tenperatures given are based aluwost solely on the heating curves
of the various mixtures, as the points on cooling were alwuays

subject to a considerable ana very variable aaount or supercooling.



On this basis the eutectic temperature is 1208-1210°C, as
against 1195°C zgiven by Doerinckell, whose diagramn was based
solely on cooling curves. The eutectic urrest, as can be seen
from an examination of the curves reproducea, is however liable
to show supercooling even when siow rates of cooiing are euploy-
ed, and it is quite to be expectec that nis results would oe
gomewhat Llow. Deternination of the sutectic composition in
these viscous silicate melts is & matter of some difficulty as
there is a tendency for a form of segregation to occur as already
mentioned, and the normal fine-grained eutectic structures are
not obtained. Doerinckel fixed the eutectic at 415 of pilica,
but in the light of the present results 38% of Silica and 624%
of MnO is a more probable composition. Eertyz orn the other
hand observed by optical means that the eutectic melted at 1225°C,
but the uncertainty of this method when unconfiriied by other
means has already been pointed out. He considers 31w of wilica
as the most probable composition of the eutectic.

Both of these workers agree with the present findings tnat
two compounds occur, tephroite, the orthosilicate (ZMnO.biU;),
and rhodonite, the metasilicate (MﬁO.SiOz), and further that
these compounds undergo peritectic dissocilation on melting.

Fig. 25 gives 13530°C as the temperuture of the tephroite peri-
tectic. This figure ig: identieal with that quoted by Doerinckel.
In the case of uwelts in this region of the diagram much less
supercooling was, in general, observed, which probably explains
the close agreenment with regard to this teuperature. Herty's
figure of 1575°C is certainly too high. The temperature of tue
rihodonite peritectic dissociation is now given as 1275°C. This
point invariably showed considerable supercooling and the value
1220°C would again be low. Herty gives 1280°C for this reactiowu.
with regard to the position of the liquidus lines the present
work differs somewhat from the earlier determinations. For
one tning the melting point of wnO is undoubtedly wmuch higher
than previously supposed, and the slope of the liguidus on the
left of the diagram is accordingly steeper. Further the slope

of the liguidus on the Silica side of the eutectic is very steep



é and even at the rhodonite composition & temperature of 1450°C
is reqﬁired to give complete fusion. For Silica contents in
excess of 50% thevposition of the liguidus was rather difficult
to determine as the thermal changes obtained were very sluggish

i snd ill-defined. Certain of these melts were found to contain

rounded globules of rhodonite in a groundmass of pure white silica
indicating immiscibility in the liquid state. This part of the
diagram has therefore been druwn in somewhat qualitatively as
shown, and agrees reasonably closely with that suggested by
Greigﬁ.

No solubility ranges have been indicated, as, if these
occur, they are certainly very minute, and the refractive

indices obtained appear to be those of the pure materials.
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PART 1 - SECTION 2.

THE THERMAL BEQUILIBRIUM DIAGRAWM OF THE BINARY SYSIhi FeO-1noO.

Experimental procedure: The system FeO-in0O was investigated

by the method developed for the system MnO—SiOZ, the furnace
employed being the same, and the arrangement of crucible, blank,
thermocouples, etc. identical with that alrewdy aescribed.

One modification had, however, +to be introduced owing to
the ease with which FeO is reduced to iron, or oxidised to
higher oxides. 1t was necessary to carry out all work on these
aelts in vacuo, or, failing that, in an inert afmos;here.

For this purpose a "Pythagoras" tube of 2 inches internal
diameter was inserted inside the furnace tube as shown 1n Hig.
26. (See also andrew, iladdocks, and Howatl). The molybdenwn
grid was then bound direct to the Pythagoras tube and the iuner
alundum sleeve (see Fig. 1) dispensed with. The cylinarical
container for the melt and blank was placed inside the "Pythagouras®
tube, which was closcd at the top end by a three-holed rubber
bung. Through the holes in this bung were inserted short lengtns
of glass tubing, one of which was connected by rubber pressure
tubing to a wmercury pressure gauge and "Cénco Hyvac" vacuuu

paap . The other two provided egress for the thermocouple leaus.
They were sealed after the leads had been threaded through them
by tightening screw clips on the shbrt pileces of rubber tubing
attached to theu. 411 joints and connections were painted with
& solution of celluloid in amyl acetate to render them vacuun
tight. For the more fusible melts, when temperatures in excess
of 1450°C were not reguired, melting was carried out in vacuo.
4% higher temperatures there was a aanger of the "Pythagoras"
tubes collapsing, so nitrogen was introduced, the pressure
peing so arranged that, at high teumperutures, it reachea a
value of just over one atwmosphere.

apart from tuls the technique was the saume, the differentiul

unethod being employed throughout.
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Preparation of iaterials.

Preparation of ino: This was carried out as described in

Part 1, Section 1.

Préparation of I'e0: IFeO was prepared according to the method

given by Andrew and oo-workersl. In the present instance
aecomposition in vacuo at 600°C was followed by roasting a

short time at 1000°C. The product was tested by wnualysis for
total iron (though the limitutions of this metnod are realisea),
and by the.magnet for presence of F9304. 1t was difficult to
obtain the material in the absolutely non-magnetic forw, presuwu-
ably becausé of the instability of FeO at all temperatures

under 575°C (see below). Further if the initial heating to

1000°C were omﬁitted, the product was liuble to become wagnetic
in air due to spontaneous oxidation, and it was, 1in extreme
cases, actually pyrophoric in nature.

The substance so prepared was a black or blue-black powder.
when preparea under the most favourable circumstances, its
magnetism was so slignt as to be barely detectable, but was
probably never completely absent. Analysis for total iron
showed the iron content to approximate very closely to T77.5%

(theoretical FeU, 77.78%), though in the case of the more

magnetic batcnes it was slightly lower than this.

Note on FeO: The material ferrous oxide, it is now fairly

well established, 1is unstable at all temperatures under 575°C,
where it undergoes a dissociation into Feﬁu4 and free iron
containing a certain amount oi oxygen solutidn. It can, however,
exist at room temperatures in the metastable condition, owing

to the fact that the conversion is slow even ut temperatures

just under 575°C. (See Benedicks and Léfquistz.) At 1370°C

on the other handa, it melts incongruently to give an oxygen-

rich liquid and a solid iron-ricn phase which does not aissolve
completely till considerable higher temperatures are reached.

any binury systea of tuhe type FeU-um0O or re0-5iU, of which eV

forms one of the constituents camnot, therefore, be regardea



as a trué binary system as tie dissociation of FeO results in
the formation of phases whose composition cannot be expressed
on the diagram. As an approximation, however, this is
usually neglected, as it is probable that in most systems its
effect will be slight, and, moreover, will be confined to
a short range of composition at the FeU end of the diagran.
Again between 575°C and 1370°C so-called ferrous oxide has
a considerable range of existence as regards composition, and
it can dissolve appreciable amounts of iron on the one hand,
and oxygen (or F8304) on the other. The name Wustite has been
applied to the material existing over this range. There is,
moreover,considerable evidence in.existence which indicates
that this range does not include within its boundaries the
chemical composition FeO, and that wustite always contains
an excess of oxygen over that required oy the foruula. This
has been verified by thermal and chemical dataj, by X-ray
mneasurement of the Wustite 1attice4, and by weasuring the
amounts of CO and 002 at equilibrium with a solid phase contain-
ing varying amounts of oxygen at temperatures in the region of
900005. On the other hand several workers have reported the
preparation of oxide analyzing practically 100% FeO, which
should be impossible ii the above view is correct, and at the
present moment the weight of evidence in its favour seeums to
suggest that it is. The wustite region of the iron-oxygen
diagram as proposed by Liathewson, ©Spire and uiilligan is

reproduced in PFig. 27.

Experimental Results.

Heating and Cooling Gurves: 4 selection of the heating and

cooling curves obtuined is the accompanying diagrans.

curves for FeO: In view of the peculiarities of Ferrous Cxide

described above, ana also because of the difficulties involved
in its accurate unalysis (a very suwall weight of oxygen in re(
can represent a very considerable proportion of Fe504), a

considerable nunber of heating and cooling curves were carried



out with a view to determining the possibility of error from
this source.

Pirst of all a series of curves was taken with a sample of
"non-magnetic" re0 (Fig. 28). There is an indication of a
sligiht arrest at 1160-1170°C which is rather more pronounced
on the first heat than on the second. "his apparently corres-
ponds to the eutectic between FeO and Fe504, and it is quite
éharacteristic of such points that it is larger on the first
heat when the material was in all probability not perfectly
homogeneous. | The bulk of the material appears to melt at 1570°C
on the first heat, and at a slightly lower temperature -1555°C-
on the second. This might be caused by the ilmprovea heat

conductivity of the crystalline as opposed to the initial powderecd

material, or, alternatively, by the more uniform aistribution

of the Fe—O4 content. If any very considerable increase of

3

the total Fe O4 content had tuken place, for example aue to an

3
insufficient degree of vacuum, the eutectic point might have
been expected to show an increase instead of a diminution in

size. There is a slignt indication of & point at 1410°C,

corresponding possibly with the A4 point in the free iron libexr-

ated at the peritectic. FPinally melting is cowmpleted at 1480°C.

The cooling curves sihow evidence of all these points somewhat

supercooled.

Owing to the slight discrepancy between the temperatures
1570 and 1555°C obtained for the peritectic reaction on the
first and second heatings respectively, it was thought desiraole
to repeat a similar series of determinations a large number of
times on a given sample to see if this change was. progressive. .
The particular sample was melted no fewer than six times. Qne
initial depression took place as betfore but after the first
heat all subsequent curves were pruactically identical.in contour.
To apply a still further check a veries of uelts was carried out
in platinumn. IThe results again agreed very closely, wlthougu
it was evident on removal from the furnace that the platinuu

had dissolved an appreciable amount or iromn. Lo visiole trace



of reaction could ever be found with molybdenum though test
crucibles were sectioned and examined microscopically, the
only exception to this being proviaed by one case when the
"Pythagoras" tube cracked and allowed hydrogen to pass insiae.
The free iron formed by reduction alloyed with the crucible
causing pitting or the surface, and the rormation of an iron-
molybdenum a113§T2asily detected under the wmicroscope.

5till another sumple of FeO was investigated (Fig. 29) to
find whethier even the most magnetic batches would cause serious
discrepancies. For this purpose a fraction was separuted froum
some of the more magnetic wmaterial oy means of a uagnet. he
general form of the curves is siwilar but tune 1170°C point is
more pronounced, as is the continuous range between tihis point
and the peritectic or temperature of muximum wmelting, which is
further 1owe£?%y about 10°C. This was, of course,an extreme
example, anu it is therefore fuairly certain that with the
precautions taken to keep thne wmagnetic countent of the oxide to
a minimun no serious alscrepancies would arise from this source.
In practice all samples which were at all strongly uagnetic
Wefe rejected.

It is of considaerable interest to compare these iron oxide

curves with the diagram of lathewson, Spire, and slilligan given

in Fig. 27. The temperatures of the arrests agree very closely
with the teuperatures given on the diagrau. The fact that the

eutectic arrest occurs with melts so high in iron and in associuat-

ion with the peritectic, would suggest, however, that toe
boundary'of the Wustite range should be displaced somewhat on

the oxygen-rich side to souwewhat lower oxygen concentration.

Cﬁrves of FeO-MnQ diixtures: 1n interpreting the curves for the
system KFeO-inO a slightly daifferent procedure was adopted thun
in the case of the m’nO-SiO2 melts. There were indications
that & solic¢ solution melting range tendeda to give an elongateud
but continuous deviation of the differential galvenometer.

. . . - ,
The termination of these Tranges has, ‘therefore,been taken in
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'mbSt.cases tb indicate the p¢sition ot the liguidus. whenever
possible (when it was obvious that sﬁperoooling had not occurred)
this was verified by noting the point at which freezing begsan
on the corresponding cooling curves.
vilth 90% FeO the liquidus is placed at 1410°C the solidus
at 1365°C. A slight bulge higher than this is probably given
by traces of the iron rich rhase mentioned earlier. The cooling
curves als@ show this deviation corresponding very closely
with a similar one on the cooling curves of FeO itself.
With 80% Fe0 there is a break in the range and it 1is probable
that the peritectic reaction at 1430°C takes place in this melt.
Withvvo% FeO there are indications of four distinct bulges.
The bottom one may indicate the position of the solubility
curve in the solid state, but this is of course uncertain and
mist be regurded as hypothetical. T'he arrest at 1430°C is
now much larger. as the content of MnO is increascd the .uelt-
ing range becomes increasingly prolonged but there is always
an indication of an invariant point at 1430°C. Determination
of the liguidus at the high #n0O end of the dalagram presents
practically insurmountable difficulties owing fo the necessity
of maintaining an inert atmosphere, and the fusibility of
Pythagoras tubes at temperatures in excess of 1650°C. With the
melting point of im0 known, however, and the type ol ulagran
inﬁolved,its course can be predicted with a considerable degree
of probability. A number of dincomplete curves were carried out in
this region to explore the solidus; the mixtures being first
subjected to a prolonged sozking at the highest attainable

temperature in an endeavour to ensure equilibriun.

The Thermal Diagram of the System Fe0—in0.

Several different forms of this alagram have been proposed.

$ anc 1 I series of solid solutions
andrew and coworkers™ give an unbroken ,
With meltiing points ranging from 1410°C, the proposed welting
point of FeO, to 1585°C, the proposed melting point of wnO.

In this diagram the temperature range between liquidus and
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solidus is very small.  Herty

gives a similar type of
diggram, with melting points ranging from 1370°C (FeO) to
1610°C (kn0). It differs from sndrew's in that the liquidus

and solidus are separated by an exceedingly wide temperature
interval, which would indicate that the two oxides just fail
to show dmmiscibility.

Benedicks und Lofquist! give a diagram ol the iype now
advanced, showing only partial miscibility in the solid state.
The available evidence, including thermsal aata wna the results
of microscopic exumination of fused mixtures of FeU and wn0O, is
surveyed by these authors whno come to the conclusion that this

is the most probable type of diagranm.

It is difficult to explain the invariant point at 1430°C
on any other assumption than that a peritectic reaction vetween
two phases occurs. 1t may be mentioned tnat a diagram of this
type would appear to fit the points got by Herty almost as closely.

as the one he favours.

Optical btxamination of the Melts.

The method adopted for the identification of phases was the

same as that described in Section 1. Owing to the high refract-
ive indices of the uaterials glasses of sulphur and seleniua

had to be employed throughout. The opaque nature of the mater-
ials rendered the application of the method rather more ditficult
than usual, out it was found that ligpt could be got throug

the very fhinnest portions of the powder fragments to a sufficient
extent to enable measureuments to be mave.

The refractive ipndex of FeO itself was found to have the value
2.0.  with adaition of im0 up to the limit of solubility it
increases up to a limiting value of approximately 2.10. simul-
taneously a new phase with a characteristic greenish colour
appears with a refractive index,as near as can be estimated,of
2.13 but increasing with increasing snO to 2.16 the value for

bure ImoO.



TABLE OF REFLRENCES GIVEN IN PART 1, Section 2.

1. J.H.Andrew, VW.R.laddocks, and D.D.Howat, Journal of the Inst.
of Iron and Steel, 1931,No.2, ¥285.
2. C.Benedicks and H.Lofquist, "Non Metallic Inclusions in
lron and Steel", Chapman and Hall, 1930,
P45 et seq.
5. Hlathewson, Spire and iilligan, Trans. of the American
Society for Steel Treatment, 19,lNo.l, 1931.
4. E.R.Jette and F.Foote, Am. Inst. of iining and uet. bkngineers,
Iron and Steel Division, Contrib. No. 7, Class C,
| 1933.
5. Schenck and Dingmann, Zeit. fur Anorg. Chémie, 166, 1927,
Pl44.
6. C.i.Herty, Metals and Alloys, 1,No.18, 1930, P883.
7. C.Benedicks and H.Lofquist, ibid, P74.




PART 1 - SHCTION 3.

PHI THERMAL QUILIBRIUM DIAGRAW OF THE SYSThu FeO—SiO2.

The binary.sy$tem FeO—Si02 is one of considerable import-
ance in the fieldé of general ceramics, petrology, and both
ferrous éndinbn—ferrous metallurgy. 1t nas accordingly bheen
investigated by various workers and a nuwaber of diagrams have
been proposed which, however, vary somewhat in thelr essential
features. The chief difficulties encountered are, as in the
case of the MnO—SiO2, the high temperatures involved and the

very corrosive nature of the melts, which makes it extreuwely
S difficult to find crucibles which will enable welting to be
carried out without serious contamination taking place.

The main points on which the various suggested diagraus
differ are with regard to the exact fixing of the uwelting
temperatures and also as to the compoﬁnds formed between the
components. Two such have been propounded. Of these the
orthosilicate, fayalite, (2Fe0.5i0,) can be considered definitely
established. The metasilicate (FeO.Siog) is of uncertain
existence and was included in the earlier diagrams mainly
because a somewhat rare silicate, grﬁnerite, of approximately
this composition is found in nature. Of the several workers
on this system von Keil and Dammanl investigated mixtures with
up to 40% of 5102 which range does not include the grﬁnerite
composition. Whitef} and Hallimond2 proposed a dlagran
vwhich was mainly qualitative and was based on the .iicroscopic
examination of slags. They appear to favour the existence of
grﬁnerite. Gre133 working on the high 8102 end of this diagram
oy means of quenching experiments found evidence of immiscibility
in the liquid state between the coupositions 60% and 97% of
5102- Benedicks and Lgfquist4 constructed a diagram based

on the findings of von Keil and Daumman and of Greig in which
$rﬁnerite is tentatively included. Herty eand Fitterer? on tue

other hand, show only fayalite on thelr diagreud. Bowen and

O

—%r§i96 also support the contention that srunerite aoes not
Scharrer g
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exist. Thelr diagram was based on the examination of uelts
quenched from aitferent teuperatures in the wmanner of Greis.
‘ney were unable actually to melt the orﬁnerite composition
owingz to its high melting point but they state that a melt
which should theoretically have contained 80% of grﬂnerite
gave, Wwhen subjected to X-ray analysis, dindications of the
fayzlite lattice only with a background of scattered radiation
which they attribute to free 8102 in the glassy state.

In general configuration the several diagrams detailed
above resemble each other to a certain extent and the results
of the various researches can be summarized briefly. Between
Pe0 and fayalite a eutectic exists.the.composition being given
variously as 4% (X and D), 22% (H and ¥), and 24% 510, (B and 5)
and the eutectic melting temperature as 1075°C (K and D), 1237°C
(1 end #), and 1177°C (B and $). A waximwn in the liquidus
is reached corresponding to tihne fayalite composition, the

melting point of which is given as 1503°C (i and D), 1330°C

(K and F), and 1205°C (B and 9). Between fayalite ana 5i0,

(or grinerite) is a second eutectic at 46% $i0, (K amd D),

5 56 510, (E and P), or 38% 010, (B and S), the temperature

of melting being given as 1115°C (X and D), 1250°C (H and ¥),
and 1178°C (B and 35). On the 5i0, of this eutectic the liguia-
us slopes somewhat steeply to the region of immiscibility

described by Greig where melting takes place to give two liquius

at an invariant temperature of 1698°CE15. If grinerite does

exist it will in all probability melt incongruently in analogous
fashion to mno.SioZ and so the guestion of the existence or
non-existence of this compound can have little effect on the
contours of the liquidus.

In view of the success attained with the use of molybdenun
as a refractory, it was considered highly desirable to work
out this system by the methods already developed in an endeavour

to remove some of the uncertainties just aescribed.



Preparation of ilaterials.

The melts were made up by mixing the appropriate amounts

of FeO and SiOz. These materials were prepared as already

described.

Experimental Procedure.

The apparatus employed and the technique were exactly as
described for the investigation of the system FeO-inO, heating
being carried out in vacuvo, or in the case of the more refract-
ory melts, in an atmosphere of nitrogen to prevent collapse
of the "Pythagoras" tubes. 1t was noticed that foi some reason
as yet unexplained nitrogen had a deleterious effect on the
rerformance of tie thermocouples and curves obtained with this
gas in the tube were always umuch wore irreguiar»than when the
un was made in vacuo. #ielts were examined in the usual way
for the identification of phases. Certain of the melts were
also examined by sectioning the molybdenum crucibles containing

them.

Discussion of Bkxperimental Data.

A selection of the heating and cooling curves obtained is given
in Figs. 37 to 42.

Briefly it can be said that, with the addition of 8102 to
to FeO there is a progressive depression of the temperature
at which melting is complete. This is illustrated by the
curves corresponding to the compositions 10%, 15%, and 20% of
8102. At the same time an invariant arrest appears at 1150°C.
This conclusion is borne out very well by the cooling curves
though the arrests occur at somewhat lower teuperatures due to
supercooling. In the case of the melt containing 106% of Sio2
the completion of melting on heating appears to be very long
delayed. This can probably be attributed to the presence of

the iron rich bhase produced by the dissociation of tue free

FeO on melting.



1219°C 10207

410, S

peQ -

h090°C

OOLIHG




REARTING ATV COOLING CURVES - DIFFERENTIAL METIOD.

5102 : 20.
PeO v 8O.

1200°C 200°C.

1155°C ,
1150°C

1120°¢ -

11

HEATING.

1192°C-

1140°cC

la 53, COOLIlix.

11



HEATING AND COOLIKG CULVES - DIFFERENTIAL »ETHOD.

Si0, @ 25
PeO : 75.

185°¢
150°¢
1114°¢C
1100°¢
II I
HEATING COOLING.
810, : 35.
FeO : 65.
} 1198°C.
1140°C.
11
HEATING. COQLIN %

FPIz. 39.



~

HEATING 45p COOL1N g CUrVES _

10900

HEATING,
10850
FIG. 40-
COOLIL ;. 11

DIFFEHENTIAL

11389

108

HETHOD .

8102 ¢ 30,
Pe0O 70.

11500

fet
—
!



.'7 3

AT

Fapr

NG anp Cooz,

NG Cunvpg _ D1rRmig:; {[AL' HETHOD

8102 40,
FeQ

60.
/

117500

11240

FIz, 41,

COOLIN .



H

TG

WDy SN

ALD COOLILG CULVES ~ DIFFE]

(Reduced scale).

510
Feld

1580°¢C

1525°C

1150°c¢

1100°¢C

i1

HEATING

45.
55.

1530°C

1155°C

COOLING

FIG.

42.

RENTTAL :6ThoD.

1480°cC.

1155°C
1100°¢C

il

HBEATIN G



Wwith 25% of 510, the 1150°C point still occurs but the
melting range is again longer.

4 somewhat puzzling feature of these curves is that at a
temperature of approximately 1100°C in all cases there is
evidence of a change on heating involving absorption of heat.
In many cases tuis took the iorm of a gradual drift of the
spot of light from the galvanometer in the differential circuit,
but it was of too constant occurrence to be the result merely
of an accildental drift of the zero. Further though it was
rather irregular it appeared on the whole to increase as the
the fayalite composition was approached. in the case of the
30% 510, melt (fayalite 29.4% 5102) it is so pronounced as to
practically mask the beginning of melting. With higher per-
centages of 5102 it once more decreases in magnitude, though
indications of it are present on all the curves reproduced.

With 30% of SiO2 melting appears to be complete at 1210-
1230°¢C. Increase of the SiO2 content to 35% results in the
appearence of an arrest at 1155°C, +the liquidus arrest being
blaced at 1210°C. Thereafter with increasing 3102 content
the arrest at 1155°C remains constant and is apparently the
eutectic melting temperature. Incidentally it exists beyond
the grinerite composition of 45% 510,, which would lead to the
conclusion that grﬁnerite could not exist. Over 40% 5102,
however, the liquidus apparently rises very steeply and, by
the time 50% of 5i0,,is reached, the mixtures are very infus-
ible and very viscous, so that it is quite possible that even
after melting a second time these melts would not be gquite
nomogeneous, ana so this alone was not taken as proviaing
conclusive evidernce on the matter. Curves for the compositions
4.5% 5102 ("grunerite"), and 50% 510, are reproduced plotted
on a reduced scale because of the extended teuwperature ranges
they involve. During the investigation of the latter uelt
several attempts were made before the melt was completely fused,.
At last success was achieved but at a teumperature of 1630°C

approximately the "Pythagoras" tube fused so that the curve was



incomplete. As the melt had been completely molten, however,
there seems little reasonable doubt that the bulge observed
at 1615°C on the heating curve indicates the position of the
liquidus. A mixture containing 60% of 510, was found to be
incompletely fused after heating to temperatures approaching
1600°C . kven after soaking at these high temperatures for a
considerable time the arrest at 1155°C was still obtained on

heating from low temperatures.

Optical Data: On examination of the above melts the occurrence

of iron oxide and fayalite as phases was definitely established.
In melts containing over 30% of SiOz, however, it was found that
there were apparently iﬁdications of three phases, fayalite of
refractive index 1.78-2.00, cristobalite of refractive index
1.49 and traces of a phase with refractive index 1.74. A
vossible explanation was thét grﬁnerite did actually exist in
the system FeO-SiOz, but that, owing to the relatively rapid
rates of cooling ,and the extreme viscosity of these melts,

very little of it was actually formed on freezing. To settle
the question several melts of the grﬁnerite composition were
nade and cooled very slowly after soaking at 1600°C for periods
up to three hours. The crucibles containing these were then
Sectioned and examined by reflected light. 1t was apparent that
considerable amounts of cristobalite were present as shown by
the characteristic dendrites in the form of skeletal octoheara
and the ladder-like structure of tiie plates when seen in section.
Under vertical illumination these appeared dark in a light
background. Under oblique illumination they were seen to be
clear and transparent while the background appeared greenish,

and probably of duplex structure.  Purther examination of tie
bowdered fraguments revealed that in all probability the particles
of refractive index = 1.74 previously described were duplex

in nature and consisted of a fine-grained aggregatevso that

the refractive index measured was only an apparent one the

effect observed being the swa of two separate effects. nence

o4 . .
no evidence pointing to tne existence of grunerite in tuese



melts has been obtained, and it has been concluded tuat this
material is not formed in the simple binary system FeO-SiOz, at
least under ordinary conaitions of freezing. In the petrolog-
ically reported analyses of this uaterial, various percentuages

of other oxildes are invariably given as impurities, notably

amongst these being uig0. 1t appears gquite possible that tuese

way be essential coustituents of grﬁnerite and that- thelr presence i:

necessary to confer stability on 1it.

The Thermal Hguilibrium Diagram: The thermal equilibrium

diagram of this system has accordingly been constructed as in
Fig. 43. Two eutectics exist (1) between FPeO and fayalite at
a composition containing approximately 24% of Si02 and melting
at 1150°C, and (2) between fayalite and 5i0, at approximately
59% of 510, and melting at 1155°C.  The configuration of the
liquidus for FeO contents higher than 90% is only an approximation
as FeO dissociates to give new phases. The region of immiscib-
ility at the high Si02 end is taken from Greig's work and it
fits in well with the rest of the diagram, which, on the whole,
agrees fairly closely with that of Bowen and Schairer except tunat
the two eutectic temperatures now quoted are somewhat lower
than was indicated by them.

Grunerite is considered too unstable to exist. It will
~also be observed that the fayalite maximum is extremely flat
and rounded, indicating a considerable amount of dissociation
taking place on melting.‘ It would seem, therefore, that even
fayalite tends to be unstable at high temperatures. (In this
respect it is of course acting in analogous fashion to tephroite
and rhodonite which both undergo dissociation on melting.)
Wwith regard to the change observed on the heating curves in the
neighbourhood of 1100°C, it is probable that this is concernea
with fayalite as it appears to reach a maximum at the composition
of this compound. o dairect references to tanls change was
found in aﬁy af the papers quoted above unless the extrenmely

low values of'1075°c and 1115°C given for the two eutectic

temperatures by von Keil wnd Damman can be attributeda to this
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cause . lisser, averdilech, and Grass:7 however, 1in their
researches on the Specific Heats of materials at various temper-
atures have found that there is a marked increase in the speciiic
‘heat of fayalite over 1100°C and have published a curve showing
a marked break at 1105°C in the rate of increase of internal
‘ energy with temperature. They point out that this cannot be
due to fusion taking place as no evidences of liguia formation
were found until a temperature of 1195°C had been reached.
Hence it seems probable that a change of some sort begins 1o
take place in fayalite at approximately 1100°C. The exact
nature of this change is not yet clear but it is not impossivtle
that it may be comnnected with the increasing instability of

this compound at high temperatures.
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PARY 1 - SECTIOR 4.

THE CONSTITULION AND PROPERIIES OF ACID SLAGO sbrAdgDsD ON LhHb

BASIS OF THE TikIARY SYoTmul FeO—mnO—SiOz.

The'oontrolling influence of the slag on the reactions
taking place in the open hearth furnace nas long been recog-
nized. Except for a certain amount of oxidation brought about
by direct contact at the slag-metal interface, which can
probably be regarded as fortuitous, the eliwmination of carbom,
silicon, manganese, etc. is generally considered to take place
by the action of the FeO dissolved in the molten metwul, which
gives rise to reactions of the type-

FeO + C = Pe + CO

and 2¥e0 + 8i = 2Fe + 510,
By virtue of its solubility in both media, the available FeO
is partitioned between slag and metal according to the ordinary
laws of solution (see McCancel). Further on account of its
low solubility in the metal as compared with the slag, and
since thexproportionality expressed by the partition law must
always be maintained, the slag can; in effect, act as a
reservoir of Fe(O, wailntaining a constant and regulated supply
to the metal so tnat the oxidation reactions above proceed
from left to right. The "availebility" in this respect of the
Pe0 in the slag at the temperature of the open hearth furnace
is

, therefore, a matter of importance since, from purely a

‘priori reasoning, it might be expected tnat the presence of
other constituents forming stable compounds with PeU would
have considerable influence on its partition. A study of the
effect of slag composition, and, in particular, of the counstit-
ution of slags in the liquid state uight be expected to provide
valuable information with regard to the functioning of the
slag in this respect.

Again during the actual steel-making process, the effect
of the atmnospnere of the furnace cannot be neglected, and is

provably of prime importance with regard to tue supply of oxysen



to the metal. 1t 1s probable that oiidation of a certain
proportion of the el of the slag to the ferric state is always
proceeding, while the reduction of this Fezoj, largely by
contact with the wmetallic iron, serves to keep the e
concentration from dropping as it ultimately woula do as the
reactions proceeded. Thne rate at which this oxidation and
reduction cycle proceeds will depend, firstly, on the concentrat-
ion of the "free" or "available!" FeO in the slag, and, secondly,
on the fusibility and fluidity of the slag, since these will
exert a controlling influence on diffusion. The addition of
oxide to the slag in the form of iron ore, mill scale, etlc.

is perhaps best regarded as a means of controlling this oxid-
ation as it is probable that fthe inairect effect of a large
increase of the Pe0 content with the consegquent increase of
fluidity broﬁght about will outweigh the ilumediate effect of

the addition of reducible oxide to the bath. 1t is well kunown
that, other thiﬁgs being equal; the more fluid slag is always
the more reactive. It is to he expected that both of these
factors, . oxidizability as well as fluidity, will depend

largely on constitution.

Yet another aspect of slag study is pro#ided by the prbblem
of non-metullic inclusions in steel. The factors controlling
the occurrence and distribution of these inclusions have been
widely investigated because of the marked influence they may
exert on the fatizue resistance and general mechanical properties
of the metal. 4t the present moment complete elimination of
these impurities is impossible, but to & certain extent the
final form they take, and their distribution in the steel
are capable of control. Such inclusions are of two kinds,
"native" uand "foreizn". The latter are produced mainly by
mechanical admixtufe of furnace slag and portions of refractory
during the disturbances consequent on tapping and casting.

In general they are relatively large in size and can be expected
to rise fairly rapidly in the unetal provided it is allowed to

stand for some tise in the fluia state. "ative! slag grailns



on the other fiana are inherent in the fluid wetal and separate
from it by virtue of reactions occurring in it (for example
the oxidation of in, 51, etc. by the FeO in solution), or of
ges In solubility taking place as the metal freezes. The
addition of 5i, rin, or Al as deoxidisers to reduce the residual
FeO in the metal also gives rise to solid or liquid products
which contribute largely to the bulk of the inclusions. ‘lhe
materials so formed in the fluid steel will be very finely
dispersed initially, but will, given sufficient time, tend

to coallesce and rise to the surface. By reason of the imminence
of freezing, however) this pr&cess will in ordinary practice

be very incomplete. The factors controlling coallescence and
elinination have been summarized by Benedicks and Lgfquistg.
generally speaking the more fusible and fluid +the material of

the inclusion is the more rapidly will coa%#esoence tend to

take place, and therefore the greater are iis chances of being
removed before'freezing occurs. On the other hand, products
which are extremnely refractory and of very low surface tension
mnay remain so finely dispersed as to be harmless. By controlling
the amount of deoxidiser added, and by using combinations of
different deoxidisefs, a measure of control over the coumpos-
ition and constitution of the resultant product can be obtained.
Ihe basis of such control is provided by the thermal eqguilibrium

diagrams of the systems involved provided these are known with

sufficient accuracy.

The Ternary System FeO-MnO—SiOZ.

As already pointed out acid slags consist essentially of
the three oxides FeO, im0, and 5102 with varying sumaller amounts
of A1203, Ccao, Fezoa’ etc. Hence the ternary equilibrium
diagram of the system FeO—MnO—SiO2 must form the basis of any
detailed study of thege slags and thelr functions.

Benedicks and Lgfquist5 collected all the data then avallable

and formulated a triangular diagram which was largely qualitative

in nature. It is now possible to modify this diagrain in the
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light of the data provided by the present research. Al
isometric projection of the modified diagram is given in Fig.
44, Apart from the compenent binary systems already described
this diagram is still to a considerable extent qualitative, at
least with regard to the exact contours of the liguidus and
solidus surfaces, as a systemmatic investigation of the melts
has not yet been attempted. A nunber of qualitative observ-
ations on the melting of tefnary mixtures have, however, been
obtained, and further a considerable amount of optical data
with regard to the phases occurring in various regions has

been aocumulated; and it is felt that a considerable degree of
probability attaches to the diagram as it now stands. The
optical data is summarized in the phase diagram reproduced in

Fig. 45.

Discussion of the Ternary Diagram of the System FeO-MnO-SiOzz

The diagram now propouhded differs from the original mainly in
that grunerite does ﬂot occur, and that the supposed high
melting péint of fayalite (1503°C) has been replaced by the

now fairly well establiéhed value of 1210-1220°C thus producing
a general lowering of the ridge in the liquidus surface corres-
ponding to the fayalite—knebelite—tephﬁoite range ' of solid
solutions. (FPayalite and tephroite, members of the olivine
group, form a complete range of solid solutions. The name
knebeiite has been given to a 50:50 solid solution of the two.
It is perhaps preferable to apply it to the complete series of

such solutions to distinguish them from the pure components. )

This incidentally is more in keeping with what has long been

o e 4
recognized by practical steel makers. As Bowgn and Schairer

have pointed out, if the previous high figure were correct,
slags of this composition would have to be avoided in practice,
whereas in reality they are amongst the mos?t fusible and fluid
encountered.

As 5rﬁnerite no longer appears, the eutectic trough rumning

from 39% 530, on the Pe0-$i0p binury to the eutectic on the



_‘f;fan--SiO2 binary may be expected to increase progressively in
melting temperature from 1155°C to 1210°C as the im0 content
increases. This is found to be highly probable since the
melts over a considerable of this area begin to melt between
1160°C ana 1180°C. Incidentally although grunerite itself
cannot exist it will be observed that FeO can replace the LIn0
in rhodonite to & considerable extent. This is accompanied

by a change in the characteristic red of rhodonite to a greyish
colour. Whiteley and Hallimond5 state that the limit of
existence of rhodonite as a definite phase is reached when the
ratio Pe0/ln0 = 73/27 which may be taken as indicating the
limit to which FeO can replace 1m0 in the metasilicate molecule.

Between the fayalite-knebelite ridge and the free FeO or
Wustite phase runs another eutectic trough and in this region
also melting has been observed to begin in the region of 1170°C.
This trough is, however, discontinuous since no eutectic exists
between tephroite and imoO.

The only parts of this diagram which can be regarded as
refractory at 1600°C are those corrésponding to high unO
concentration and high SiO2 concentration respectively. In
acid pfaotioe where it is essential that SiO2 should be in
excess of the bases it is unlikely that the MnO concentration
should ever be S0 high that an infusible slag would result
from this cause. The liguidus surface corresponding to high
SiO2 content is important from this poipt of view, however,
and it indicates that solid 5i0, will be present at 1600°C in
all ternary slags in which the SiO2 content is greater than
approximately 55%. Such slags would be expected to be very
viscous and inert. Again the extreme steepness of the liquidus
surface in this region indicates that a relatively small ircrease

in the 8102 content of the slag could convert a fluid slag to

a viscous one saturated with respect to 510,. Ihe need for
accurate control of highly gilicious slags is thereiore clear.
The part played by oxide additions is also uade clear in that

they shift the composition of the slag to a more fusible region



of the ternary diagram. The diagram is, therefore, of consid-
erable importance becuuse of the information it conveys concern-

the workable range of slag coupositions.

Constitution and Functions of Acid Slags in the Fluid State:

The condition of the component oxides in composite slags
in the: fluid. state is of great interest from the point of view
of a study of the physical chemical relationships existing in
the slag. In particular the condition of FeO is important
because of the part it plays in the furnace reactions.
Consideration of the ternary diagram shows that the FeO in
a ternary slag can only exist in the free state, in the coubined
state as a constituent of fayalite or knebelite, i,e. as ortho-
silicate,or in the combined state replacing some of the LnO in
rhodonite, i.e. as metasilicate. kGrﬁnerite is apparently too
unstable to exist even in the solid state. Furtiner on melting,
rhodonite is known to dissociate, at least in part (see the
binary system MnO—SiOZ). The replacement of unO by FeO with
an unstable metasilicate may be expected to increase this
dissociation. Again the maximum in the liquidus of the FeO-S102
diagram corresponding to the fayalite composition is markedly
flat. It is therefore probable that even fayalite undergoes

a considerable amount of dissociation on melting. Tephroite

~also undergoes peritectic dissociation. Hence the presence of

InO can hardly be expected to have any marked stabilizing action
on the orthosilicate molecule in the liquid state, so that
knebelite also is likely to be at least partly dissociated.
Hence it seems probable that even in the presence of excess Si0,,
with or without #mO, an appreciable amount of the total FeO
will be "free;.

within recent years several investigators have carried out

researches on the equilibria existing between the various constit-

uents of the molten slag, and the conclusions arrived at are

quite in keeping with these conceptions of slag constitution.

Krings and Schackmann6 have determined the equiliorium constant



of the reaction

FeO + lin = Fe + 1m0
at 1560°C in a system consisting of a slag of the mixed oxides
over a path of the molten metals, the concentrations of FeO
and im0 being measured in the slag, and those of in and Fe in

the metal. They have shown that the addition of SiO. to the

2
melt of the mixed oxides causes an apparent displacement of
this equilibrium to the right. The effect of 8102 addition
will be essentially to form silicates of the two oxides, and
this effect on the equilibrium constant can only be explained
on llass Action grounds if ferrous silicate is dissociated to

a greater extent than manganese silicate. Incidentally the
magnitude of the constant,even in the absence of Sioz, is such
that it is improbable that fhe reduction of in0O by metallic
iron should ever proceed to any great extent in the open hearth
process. Hence, since the solubility of InO in molten iron
has been shown to be negligible, this oxide cannot be regarded
as an active agent in the oxidation of Carbon etc. from the
bath, wunless under very special circumstances.

Tamman and Oelsen7 have obtained curves from actual furnace
Practice which agree with the conclusions of Krings and Schack-
mann. Again Korber and Oelsen8 have investigated the partition
of FeO between slags of varying content of Fe(O, Ca0 and 510,
and molten iron at 1575 to 1625°C and have found the concentration
in the metal to depend only on the total FeO of the slag and
to be practically uninfluenced by comstitution.  This would
at once lead to the conclusion that, at the temperatures in
question, the ferrous silicates of the molten slags were almost
completely dissociated. Krings9, in discussing these results,
makes the statement that it is practically correct to regard
all the FeO as "free".

Concerning the otuer aspect of slag activity, namely its

oxidation by the atmosphere over the bath, 1% would be expectea

that constitution would play a considerable part in determining

the extent to which it could proceed. Precise data is largely



lacking with regurd to tuhis property oi the ucid slag, but
complete slag enalysis, where available, invariubly show the
presence of & small proportion of Eezoj which tends to increase
towards the end of the process when the reducing action of the

> estimated that

metal bath falls off. whiteley and Hallimona
at least half of the carbon removed between melting and tupping
was removed by means of atmospheric oxygen transferred mainly
through the slag. They also claimed to have shown that the
equilibrium ratio of FeZO3 to FeO in a given slag under given
conditions of atmosphere and temperature depended on the 6102
concentration of the slag, decreasing as the 3102 increased.
Under ordinary furnace conditions the ]5‘320,j present during the
boil was about .3%, but this increased to as much as 3% in
some cases during the finishing stages. They state that, in
the absence of reduction by metallic iron, the equiliovrium
amount would be about 4% in the ordinary acid slag. hey
therefore postulate an oxidation and reduction cycle in which
Fezo3 is formed and reduced coutinuously. 1In connection with
this theory McCancel6 has pointed out that it is very unlikely
that Fe205 as such will be formed under the conditions of temp-
erature and pressure in tue open hearth furnace. He describes
the behaviour of an acid slag which was heated in a current of
air at 1100°C and later uprto progressively higher temperatures.
4% 1100°C it gained in weight an amount equivalent to the
complete conversion of all the FeO present to FeZO5 and the
broduct was non-magnetic. On the temperature being raised to
1300°C, however, loss in weight took place, consequent on the
decomposition of the Fe205 apparently and the product was wagnetic.

5 as such dissociates readily at high temperatures by virtue

of its high dissociation pressure.

Fe20
The presence of FeU result-

ing in the formation of Fe5O4 stabilises it, this latter compound

having g very low dissociation pressure. further it is to be

expected that even after the destruction of the Fe504 lattice

on fusion the Fe504 molecule will have some foru of existence
in the liguid state - in other words that tne effect oI constit-
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ution will persist in the liquid state. Hence though 1"e2().j
is formed and reported in chemical analyses it will presumably
have no individual existence in either the liquid or solid
slags, and Fe504 will properly speaking be the active agent
in oxidation and reduction cycle. The actual amounts of FeZOﬁ
found in acid slags by Whiteley anu Hallimond, even under
equllibrium conditions and in the absence of metallic iron,

are much smaller than could account for the complete conversion

of all the FeO to Fe "It is quite to be expected that an

59
equilibrium will be attained in all cases between undissociated
ferrous silicate, dissociated ferrous silicate giving free 1'e0
and 8102, .dissociated F9504 resulting in free FeO and Fein,
and undiSsqciated Fe304. The position of equilibrium would
depend on the oxygen pressure in the atmosphere over the slag
and on the Si02 contration of the melt. The dissociation
relationships of the ferrous silicate would also be an important
factor. vo far no quantitafive data are available. 1t may

be noted in passing, however, that bchenckli, Klardiﬁgl2 and

their collaborators in their investigations on the equilibria

‘between €0, CO, and the oxides of iron have found that the

Presence of excess SiO2 causes the reduction of F9504 according

to the reaction
F6504 + 0O = 3Fe0 + €O,

to proceed irreversibly, equilibrium being only attained when
the conversion of all the iron oxzide to FeO, corresponding to
the formation of féyalite, is approached. Further reduction
then proceeds with difficulty.  This would indicate that the
Presence of 8102 decreases both the oxidisability and the
reducibility of FeO. These experiments were, however, carried
out on finely powdered solids at a temperature of 900°C and it
is quite to be expected that fayalite would then be undissociated
and stable. . In the liquid state it is possible that a very
different state of arfairs exists.

To try to arrive at gomething like & complete picture of

sleg relationships .nd to correlate the work of the various
i , 1



suthors, a certain auount of work has been carried out along
the lines indicated above, but as yet this is only in its
preliminary stages. It has been found, for instance, that
molten fayalite at temperstures in the neighbourhood of 1400°C
undergoes a considerable amount of oxidation even at oxygen
pressures as low as 2 to 3 centimetres of mercury. In addition,
an attempt has been made to investigate the reactivity of various
ternary slags. For this purpose the rate of reducibility by
solid carbon was chosen since the progress of the reduction
conld readily be followed by measurement of the sases evolved,
and because conditions could then be kept fairly constant
throughout the different experiments, These were carried out
in the apparatus described in Part II; Section 2 for the invesi-
igation of dissociation pressures. ilelts were first prepared
by melting the appropriate constituents in iron crucibles in
vacuo . After cooling & small cylinder of carbon of constant
welght ana dimensions was added to each melt, which was then
heated rapidly in vacuo to 1310°C when the temperature was

held steady. ilelts which would be completely fluid at that
temperature were chosen and the pressure of gas generated 1in

the tube was measured at constant intervals. Since reaction
would occur at an approximately constant'fluid slag=-solid carbon
interface this would give a measure of the rate of reaction.

The results obtained are graphea in Fig. 46, details of the
slags concerned being reported in the accoupanying table.

The constituents reported were determined in the various @elts
before carbon addition. . Curve 1 is abnormal in that a certain
‘amount of solid 510, would be present at the temperature of the
eXperiment, but a measure of the reducipility of a mixture of
the two silicates of wanganese is given by curve II.

(NOYE: These curves are reproduced originating from a coummon
ZETO. This was not actually the way in which they were obtain-
ed since varying small amounts of reduction took place durinyg

the initial neating to 1510°C.)

FProa consideration of the curves reproduced it 1s evident



20

14

OF MERCURY .

PRESSURE OF co IN CM.

18 }

16 |

12 }

—
O

R
F1G. 46: Reduction by solid
carbon at 1310°C.
No. | FeO ¥no 8102 Constituents
vi. 1 _— 54.1| 45.9|Khodonite.
Tephroite.
111 | 70.6 | === | 29.4|Fayalite.
IV | 40.0 | 20.0] 40.0|fthodonite.
Knebelite.
. Knebelite.
Vi 50.01 20.0¢ 30.0 Rhodonite .
VI 50,0 | 30.0} 20.0} FeO
Xnebelite.
V‘
Iv.
I1iI.
ITI.
I.
" N 5 _#
T0 20 30 40 50 60

Hinutes.



that the activity does not depéhu on the concentration of the
Pe0, mnor yet on the concentration of the 5102 or 1ts complenent
the total concentration of ¥eO + 1n0O. heither can the deviation
- from any such slmple order he attributed simply to varistions
in fluidity. 1t is noteworthy, for instance, that iknebelite
(with a small amount of rhodonite containing FeO. bee Curve V,
Fig. 46: also Fig 45 for amounts and composition of pnasés.)
is more reactive than fayalite (see Curve III, Fig. 46) though
the 'eO content of the latter is about equal to the total. FeO +
EmO content‘of the latter. Again rhodonite containing FeO
(with a small amount of knebelite. See Curve IV, Fig. 46) is
slightly more reactive than fayalite though the total smO +FeoO
oontenf’is much smaller than the FeO content of fayalite.
Further this melt being high in SiO2 should be more viscous
than the fayalite melt. (This statement is based on purely
Qualitative observations.) The relatively low reactivity
of the pure manganese silicate umelts (Curves I and 1I) and
the very abno&mal activity of the melt containing free FeO
(Curve VI) seem to indicate that the FeO as such is the active
agent in melts. If this is so then the effects of compound
formation still persist to a counsiderable exftent in the melts
at 1310°C and the total content of FeO is probably not in the
"free" condition.

Presumably the dissociation of the possible coumpounds

Will be subject to an equilibrium condition of the type

2FeO,SiO2 = 2Fe0 + 8102

or MnO.Si02 mO + 5102
The presence of im0 may be expected to modify the dissociation
‘ relationships of ferrous silicate, and, conversely, FeO will
affect the dissociation of the manganese silicates.

13510°C is not very far removed froa the melting point of
Most of these slags and constitutional influences are likely
1o persist. At still higher temperatures dissociation may
be expected to become progressively greater. nat this is so

aDbears to be shown by the work of the German investigators



already quoted.

Y
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PART TI1.

RESEARCHES Ol S0iE OF THE CONSTITUERTS OF BASIC OPEN HEARTH

FURNACE SLAGS WITH PARTICULAR REFERENCE TO THE OXIDISING

HMCHANTSH OF SUCH SLAGS.

1t is generally accepted that the elimination of carbon
from the molten metal during the manufacture of steel takes
place according to the homogeneous reaction

FeO + C = CO + Te
which takes place wholly in the metal bath by virtue of the
solubility of FeOU (or oxygen) in the liguid steel. The
concentration of FeO in the metal is, however, directly
proportional to that of the FeO in the slag, wnd a definite
partition coefficient exists connecting the concentrations in
the two phases.

Of the terms on the right hand side of the awnove equation,
the iron is present in very large excess and remains sensibly
constant throughout the reaction. With regard to the carbon
monoxide, after the initial small amount sufficient to sat-
urate the metal has been dissolved, 1t wmust escape to the
atmosphére over the bath, being thus removed from the sphere

of reaction. Hence as both terus on the right hand side
remain constant throughout the reaction, +the conditions at
equilibrium wust be expressed by the relationship
K = (Fe0).(C)
where (FeO) and (C) are the concentrations of tnese substances
in the metal, and K is a constant for any given temperature.-

During the initial stages of the process the conditions

are necessarily far removed from equilibrium, and the reaction

goes from left to right with elimination of carbon, a constant

Supply of FeO being maintained from the slag.  Towards tae end

of the operation, however, when the carbon concentration has

fallen to a low value, equilibrium conditions should be

approacheqd. Carbon removal shoula then take place wuch wore



slowly, ana the reU concentration of the wetul should rise
slightly until no more diffusion of #e0 frowm the slag to the
metal takes place, and it is in equilibrium with the FeO of
the slag on the one hand and the carbon concentration of the
metal on the other. Reaction would then cease.

This state of affairs can be realised in the acid process,
where the slags are essentially acid in nature and contain
excess of free silica (though in practice the furnace is usually
tapped with the carbon still falling slowly). The product
(e0).(C) then reaches a constant value. In basic practice,
however, an entirely different condition exists.  Towards the
end of the process, the carbon begins to be eliminated with
increasing rapidity, and it is found that the reason for this
is an abnormal increase of FeO in the metal, so much so that
the prbduct (Fe0).(C) is actually increusing rapidly when the
- furnace is tapped. Decreasing the supply of air in the furnace
gases can reduce the magnituae of this effect considerably. T'o
quote MoOance% "In the acid process, control at the end of the
operation is almost wutomatic; in the basic process the state
of the metal at the end is materially affected by the air (oxygen)
in the atmosphere over the bath."

This phenomenon has been explained by licCance and others in
the following way. Though ferric oxide itself is unstable
at high temperatures, the presence of lime as in these basic
slags causes the formation of calcium ferrites which are stable
under the conditions prevailing in the furnace. in a strongly
basic slag, therefore, under an oxidising atmosphere the lower
oxides of irom will tend to becoue oxidised to the ferric state
With formation of ferrites. The ferrite content of the slag
is, however, kept frou increasing by the reducing action of
the iron and, indirectly, the carbon oi the metul batn. The
ferrites, therefore, or wmore correctly, the iron oxiue of thne
slag by undérgoing a continuous cycle of oxidation ana reauction,

&cts as an oxygen carrier to tue wetal path. 1ln the earlier

) . > ] batn | irtue or 1its
Stages of the process, the carbon oI the batn by vi



greater"affinity" for oxygen, is in effect the chief mediun

for this reduction, but towards the end of the process, when'

the carbon content is low, the reduction of the ferrites is mainly
by the metal itself. This will at once result in tie formation:
of more FeO in the metal and slag, with a consequent increase

in the rate of formation of ferrites. The FeO content of the

slag and metal will thus towards the end of the process increase
"in snowball fashion" with the effect already noted.

The most obvious means of control is to decrease the oxid-
ising power of the furnace gases. ﬁeaganz has stated that the
addition of silica to the slag has a similar effect. The
explanation would appear to be that the increase in acidity
decreases the stability of the ferrites, or that thevformatibn
of calcium silicate by decreasing the concentration of free
lime reduced the velocity of the ferrite-forming reactions.

The theory advanced above, therefore, fits the facts quite
well, but it had never been completely verified by actual
experiment, so that it was felt to be highly desirable thuat an
attempt to do this snould be made. The work carried out in
this comnection can conveniently be.divided intdé two sections:
Section 1 - The determination of the thermal equilibrium diagram
of the system CaO—FeZO3, and Section 2 - An investigation into
the dissociation pressures of ferric oxide and the ferrites at

high temperatures.



PART 1T - SECT10K 1.

205

THE THERMAL BQUILIBRIUM DIAGRAM OF THE SYSTEW CaO-Fe

Ferric oxide, 1like alumina, possesses amphoteric properties,
and can act as an acid towafds strongly basic oxides. For

instance with limé, calcium ferrites are produced. veveral
ways of producing these are described in %hg-literature. (See
Gumelins Handbuch der Anorganische Chemieé), for example, by

heating mixtures of Fe,0, with Ca0, Ua(OH)2, Cas0,, or Cal0y

3
at temperatures ranging from 600°C to 1100°C in air, or, in

the wet way, oy precipitation from a solution of ferric chloride
with excess of lime water.

The thermal equilibrium diagram of the system OaO-FeZOj has
also been investigatea by several workers and various possible
forms have been suggested. Probably the earliest was that of
Hilpert and Kohlmeyer4 who proposed aldiagram in which no fewer
then five compounds between the two components occurred. Sosman
and Merwin5, in a much more recent investigation, found only
two compounds, monocalcium ferrite (CaO.FeZOj) and dicalcium
ferrite (ZCaO.F6205). Their diagram was left incomplete at the
Fezojend‘as it was found impossible to prevent the formation of
a considerable amount of ferrous iron with melts in this region.
Wit regard to the melting point of Fe,Us, Kohlmeyer® found
that pufe sintered oxide, when heated rapidly in a stream of

oxygen to reduce the dissociation to a minimum, melted at 1565°C.
Even with these precautions, however, there must have been a

Considerable proportion of Fe504 present at the melting point.

Campbell7 and Hansen and Bogue8 from their researches on the

constitution of Portlana ceument confirm the existence of only
tWo compounds as found by Sosman dnd merwin. hicken and Grune-
wald” on the other hand claim in éadition to have prepared a
baird with the foruula 5Ca0.§F8205.

Hence there still existed a degree oi uncertainty concerning

this system, and it was thougnt desirable to redetermine it,



and incidentally to obtain fresh data on the Properties of the

nelts.

PREPARATION OF MaTEAIALS.

Preparation of Fezgji The most satisfactory preparation of

pure FeZO3 was found to be from the decomposition of pure
ferrous oxalate under correct conditions. For this purpose

the ferrous oxalate was heuted at a slow rate in an alundum boat
in an evacuatea "Pythagoras" tube. The decouwposition was
allowed to proceed at the lowest possible temperature to ensure
the production of the highly recactive form of Fezoﬁ ~ the so-
called pyrophoric form. During the process of decowmposition
the gases were continuously removea from the iurnace by a "CENCO
Hyvac" pump. When decomposition-was couplete, as indicated

by the cessation of gas evolution, the furnace was coolea to
400°C and oxygen admitted slowly. Vigorous oxidation of the
PeC to FeZO5 occurred accompanied by the evolution of heat,
which was frequently sufficient to raise the temperature by
200°C, and if the temperature of the mass before oxygen admission
had been too high , a sinterea mass containing much F8504 was
Obtained. The oxygen pressure was allowed to rise to approx-
imately one and half atwospheres, and after a short soaking

at 600°C the material was allowed to cool in the tube to room

temperature.

Each batch of FeZO3 so prepared was tested for the presence
of ferrous iron by testing colorimetrically using an ammoniacual
solution of dimethyleglyoxime. The colour of Fe 0, varies
consideréoly and appears to depend upon the temperature during
oxidation. Sometimes there was a marked variation in colour
in the same butch, indicating a temperature gradient over the
lengtn of the voat. The colour generally varied frow reddish

brown to slate colour. On one occasion the product was orange

in colour and was strongly maguetic, though no trace ol ferrous

iron could be detected. Tnis material was more readily soluble



in hydrochloric acia than the usual product, ana was undoubteuly
the magnetic low temperature modification of Feeolj mentioned in
the literature.

Preparation of Cal: Cal was prepared from pure calcium

oxalate by decomposing it in a platiuum basin at a temperature
of 1000°C. The product was tested before use to ensure the

absence of 002.

EXPERIMENTAL PROCEDUKRE.

Preliminary work was carried out to determine the conditions
necessary for the formation of the ferrites. It was found
necessary to employ platinum crucibles, all other materials
tried causing reduction of the ferric oxide. (The ordinuary
refractory materials were unsuitable as they tended to slag
with the melts.) Furthef it was observed that, if Cal and
FeZO5 in the proportions to form CaO.'FeQOj were heated up at
normal rates to 1250°C in air, no compound was formed, and
the mass remained unfused. 1f, however, the finely ground
mixture was wmaintained at 1000-1100°C for a few hours & dark
powder was obtained in which no free lime could be detected.
After heating this powder further to 1250°C it Z?s found that
fusion nhad occurred, and, on cooling, a masshnurd, black,
metallic-looking needles was formed. Apparently Fegop becomes
unstable in air at temperatures round about 1200°C, and, under
the first conditions of heating, decomposition took place more
rapidly than combination with the lime so that no compound was
formed and the wass remained infusible at 1250°C. 4t 1000°C,
however, Fezo;,is stable in air and can react slowly with the
finely divided lime in the solid state to Toru the compound,
which remains stable over 1200°C, and melts to give the cuaracter-

istic needles of monocalcium ferrite.
On heating in a “Pythagoras" tube under oxygen at & pressure

f g . £, ‘ 3 compound was
of approximately one and a half wtmospheres, the p v

Torued even on rapid neating. 4ll melts for this systew were

therefore carried out in'Pythagorus" tubes under oxygen pressure.



s i Thesu cv;mb..ix.‘f,;?;«.i wims ok Grim ol G VUERLULL QUL sy m ad e
deizesided,  Sie srrangedent of ths apperatus oeing as shown D
Tilg.  In, o Lars L, ader tnese copdibtlons 16 was neveusal
mde Lol Tor botlh thne cracivle sne hhe DLunil,  ana

latimuny platinua-rhodiun thermocouple wus employed for tempsr-

atnre geagureaqent. for the differential thermocouple the
syaten LTxfmuum/Jlaflnum~rnodlum/ vlatinuw was nade use of . 1
tile marller ‘experiments attempts were made to immerse the point
Sewperature measuring thermocouple in the melts, bud
tromble was experienced due to the great tendency of wmany of
tae welts to "creep" up the wires and attack the silicea insul-
atlon, causing erratic behaviour of the thermocouple and
contamination of the melts with silica. Pinally the tiaermo-
conple points were attached to the outside of the crucivle,
after this had been shown by trial to give satisfactory resultu.
Owing to the relatively large size of the crucibles employea
melts of 15 grams could be investiguted, wnd hence anarked
arvests were obbtained on the ordinary time-temperature curves
a8 well as on the differential curves. Hor all the melts
belonging to this systew, therefore, differential and Tiume-
temperature (inverse rate) curves were taken simultaneously.
The various :.elts were prepared by grinding together 1n an
agate: mortar the requisite amounts of Ca0 and Fegoj. o all
cases first heat curves are of these mechanical mixtures and
1lfier somewhat in contours from subsequent curves.  aIter tue
deternination of the thermal data, tests were made for the
sresence of ferrous iron, and, except in the case of those
nixturs es containing Fe 2 5 as a free phase, this was never
Dresent as wore than a trace.  Finally the optical properties
o7 fhe phsses present in each melt were determined by the

*

JBcKe method as already described in Part 1.

4 selection of the differentiul

2855 ANy snd Cooling Curves:

T dvvavias pagte Bivester mperyture curves taken as described

BRI snrasy, S5 hhe ,‘j,cj,{:;('),’!]‘}_}i:ﬂlying diagrams. in 11113@1'1‘)1‘81;1115*

1+ should be remembered that the
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thermocouple was attached to the outside of the crucible ana
hence that it is probably more nearly correct to take the
beginning of the time lag rather than the position of maximuam
deviation as indicating the temperature of change . The curves
for those melts which contained less than approximately 80w

of FeZO5 call for no further comment as the method of interpret-
ation is sufficiently clear, and no anomalies occur. whenever
Fe205 was present much in excess of the proportions required

to form CaO.FeZO5 irregularities began to arise, as large
tiierinal arrests of a very ill-defined and uncertain type appear
at temperatures a little above those at which umelting begins.

It was known that these were actually occurring in soume cases

at temperatures when the material was completely molten. Incident-
ally they rendered the determination of the true ligquidus very
uncertain. 1t was found that all these melts, on cooling at
ordinary rates contained counsiderable amounts of ferrous iromn,
but, before the dissociation pressures had been investigated,
the exact nafure of these arrests remained obscure. However
the dissociation determinations on mixtures of Fe205 and CaU
indicate that they correspond guite closely (allowing for the
relatively rapid rates of heating and cooling) with the temper-
atures at which rapid dissociation of the FeQO5 wight be expected
to take place under oxygen pressures of omne and a hali atmos-
Pheres, the pressure meintained in the tube throughout these
experiments. 1t was also found during the later part of the
work that, when Fezo5 was in equilibrium with its own oxygen
Pressure at high temperatures, any decrease of the oxygen

Pressure of the system caused & considerable fall in temperature

of the mass, while, conversely, the admission of oxygen to

the partly dissociated oxide caused & marked rise. From &

consideration of the dissociation curves of the calcium ferrites,
it seeims probable that, eveu with CaO in excess ol the compos-

ition CaO.Fego,, & small amount of dissociation would occur
2
on melting, although this, by virtue of the action of the

o . » . / gining ifree e, 0 .
lime would be umch smaller tuan in welts containing 20,
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Fe,O5 itself was found to melt at 1595°¢, ~but at this temperature

ne

it must have contained a considerable amount of Fej04. A
pronounced arrest was obtained at 1450°C.  ‘uis would probably
mark the temperature at which the liwmiting solution of Fe504

in F6203 would comience to dissociate on heating (see dissociation
pressure curves of FeZOB)kunder an oxygzgen pressure of one ara a
half atwospheres. At this stage in the dissociation of Fezoj
a large proportion of the oxide would tena to be converted to
‘the ferrous condition comparatively suadenly which would cause
the absorption of a considerable amouunt of‘heat. Various
arrests at temperatures in the neighbourtiooa of this are

10), ana

described in the literature (Beneuicks and Lofquist
they have been supposea by some writers to indicate the
'existence of & high temperature wodification of ferric oxide,
but in the light of the data obtained in investigating tue
uissociation of Fe205 the above explanation would appear to

be more probable.

The Thermal kguilibrium Diagram of the System Cau-Fezgﬁ;

Fig. 29 shows the thermal data obtuinea from the ueating
ana cooling curves plotted in the toru of a binary diagranm.
Evidence for the existence of two co.pounds only was obtained-
monocalcium ferrite wnd dicalcium ferrite - and melts containing
lime in excess of that required by the coaposition ZCaO.FeZOj
contained lime as a free phase. The high lime region oif tue
diagram could not be investigated owing to the temperature
linits imposeu by the use of "Pythagoras" tubes.  The ulagram
now proposed agrees veiy closely with that advanced by Sosuwan
ana Merwinb, une can be tukeu as confiruwing tueir results
both:?egards the phuses occurring and the temperwtures ol tue
Pnase changes.

The nigh P U region (over Buﬁ'FeQUj) is ratuer hypotneticed

Tor the reasons stated above and cousiderable awounts oI f65¥;
s

8re alwuys present in tihese welts. Calcudatlonavaseu O Tuc
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later part of the present investigutions have indicated that
an oxygen pressure of several thousand atmospheres would be
necessary to compietely inhibit dissociation in these melts.
The arrests attributable to this dissociation are presented

on the diagram enclosed by the signs ().

Optical Lxamination of the llelts.

This was carried out in the ususl fashion and the results

are tabulated below.

F8203:v Refractive index between 2.95 and 3.10. (This material
would contain a variable amount of ferrous oxide.)

Characterized by deep red colour ih thin section.

CaO.FeZOB: Refractive index between 2.5 und 2.6. Colour

| reddish brown in thin section.
'he melt of wonocalcium ferrite alone consisted of
dark needles having a metallic lustre. They were

very hard and could uot be scratched with a knife.

2030.Fe203: Refractive index between 2.5 and 2.4.  Light
brown in colour. The dicalcium ferrite melt
. was tabular in appearance and was more friable

than the mouocalcium compound. 1t was also more

readily soluble in hydrochloric acid.
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PART 11 - SBCTION 11.

Investigation of the Dissociation of Ferric Oxide, ilonocalcium

Ferrite and Dicalcium Ferrite.

‘The dissociation of F6205 at high temperatures’has been
-investigated by several workers. Barly viriters specify "a
white heat" as béing necessary to cause loss of weight in air%
while, at lower temperatures, no loss took place provided
reducing substances were excluded from the crucible. Several
attempts have been made to detect the exact temperature at which
this loss began to take place. Hofman and Mostowitsch2 could
find none after heating to 1500°C in pufe dry air, and, hence,
concluded fhat the dissociation pressure at this temperature

was less than the éxygen pressure of the air. in a later
publioationjhowever, inspired by the results of Walden? (see
below), they state that Fezoj after heating to 1370°C in air
was sintered but non-magnetic wund contained no ferrous iron,

while a sample heated to 1375°C was definitely magnetic and
contained férrous irom. vosmarn and ﬂostetterb, following
on their work on the dissociation pressures of Fe205, carried
out the same experiment under more refined conditions in a
furnace fitted with a watei cooled chamber into which the boat

containing the oxide could be drawn to ensure rapid cooling once

equilibriuwm huaa been attained. It was tuous hoped to prevent
the pick up of oxygen again on cooling. They concluded that

a temperuture in the neighbourhood of 1200°C would be sufficient
to cause decomposition to begin. They pointedAout the aifficult-
ies involved in arriving at an accurate figure, ~since they
were of the opinion that, on account of the formation of solid
solutions between Fejo4 and Fe205, aissociation would be progress-
ive with temperature.

Of the systemmatic attempts to investigate the dissociation
(05 those of Walden4 and of Sosman and 'nostetter6

2
are probably the wost jmportunt. walden obtained uis results

Pressures of Fe
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by heating FeZO5 in a sealed tube and measuring the equilibrium
Pressures developed at various temperatures. He assumed that,
so long as any undissociafed FeZO5 was present, the resulting
oxides would have a definite dissociation pressure dependent

on temperature alone. sosman and Hostetter claimed that this
was not the case, and that the oxygen pressure at any temp-

erature vas also a function of the amount of ferrous iron which

-had been formed through dissociation. Lhey published curves,

obtained at 1100°C and 1200°C respectively, showing the variation

of the dissociation pressure with tue composition of the solid
phase at constant temperature. These showed that a rapid fall

in pressure took place with the formation of small wumounts of
the fall
F6504 in the oxide. For higher amounts of F6504Abecame much

more gradual (though in no region did the pressure ever become
constant with varying composition), till a composition approach-

ing Fe O4 wasS reached, when & rapid decrease to a very low

)
value took place. Sosinan and Hostetter interpreted these

results as indicating alcomplete range of solid solution between

- ana TFe.,

3 3
pointed out to be highly iwmprobable in the light of thermal

Fe20 O4 at these teumperatures. 'his has since been
data and microscopic evidence. (see Benedicks and Lafquist7).
One point of importance emerged from this work, namely, that
the initial dissociation pressure of Fezo5 was much higher than

had been previously supposed;

Details of the Apparatus.

Several attempts were made to construct an apparatus suitable
for this work. One of the chief difficulties encountered was
to find a tube capable of maintaining a vacuum at temperatures
over 1200°C, ana yet of suitably small volume. FPorcelain,
fused silica, and small dismeter "Pythagoras' tuvbes were all
tried without success. Finally it was agecided to have recourse
to the lurger size of "Pythagoras" tube as used in the earlier
section of the worx and to overcoue the alsaavantage ol the

large voluume by using lurger cuuntities of oxide.



A specially designed, uorizontal, molybdenum-wound furnace

large enough to take the "Pythagoras" tube wus used (see Fig.

30) . The open ena of the tube was seuled with a three-holed
rubber bung to provide for connections' (1) to the Mercury pressure
gauge, (2) to the "Cenco Hyvac" pump, and (3) to allow the
emergence of the thermocouple leads, a vacuwa-tight seal being
obtained in the mamnner already described in Part 1. A water-
cooled copper coil was wound round the outside of the tube as
shown, and a baffle was placed inside the tube. This served
a double purpose as it kept the ruober bung practically at

room temperature and, further, by maintaining the temperature
in that part of the tube approximately constant, it decreased
the time necessary for thermal equilibrium to be attainea in
the system when the temperature insice the furnace was held
constant. The closed end of the "Pytuagoras" tube projected
only a few inches from the furnace casing. A vernier catheto-
meter capable of reading to, .00Vl cm. was employed to measure
the mercury levels in the pressure g&uge. Between the pump
and toe "Pythagoras" tube was inserted a I-piece, one leg of
which was connected to a conical pressure flask ana thence to

an oxygen cylinder. The ilask was further connected to a

secona pressure gauge so that, if necessary, known amounts of
oxygen could be added to or witharawn irom the system, stop-

cocks being provided for this purpose.

Experimental Procedure.

Dissociation of ie Details of Bxperiments; ‘FQZOE was

295.3.
Prepared as already described. In coumencing this work &

series of preliminary experiments was carried out in which 10
graums of the oxide was spread in o thin layer in a platinum

boat, but this metiod hud to be abandonea since it was fouud

that dissociation on heuting aid not take place uniforuly turough-
ut the mass. This was probably due to the existence ol &

Slidiit tenperstuce sroaient wilcs causeu Tie discociation Lo

ettt . f - . - ) . . .,—n_x_;f;’ S ‘:;‘_7‘5 T 7‘\,' s
Commerice at one Loint, wiu O progeed progreEslved, sl il
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boat as the temperuture was raised., This occurrence was broughnt
prominently to notice in one experiment when the rate of cooling
had been comparatively rapid. It was found that the resultant
oxlde was magnetic and largely Fe304 at one end, while at the

other end it was entirely re 03. 1t was also found that the

2
use of thicker layers of the material did not appreciably affect
the uniformity of the mass on cooling, indicating that the

charge remained sufticiently porous 0 adimit oxygen to all

parts on cooling. A platinum crucible was, therefore, substit-
uted for the boat so that the charge might be concentrated as

much as possible about a single point in the furnace. This
resulted in close agreement between different runs.

The method finally adopted was to start heating the charge
from room temperature with a known pressure of oxygen in the
tube. In the course of the heating the temperature was held
steady at suitable intervals till a state of equilibrium had
been attained. The pressure was then read off by ueans of fhe
gauge . As the temperature increased'the pressure rose in
regular fashion due solely to the thermal pressure increase
of the gas in the tube, until & temperature was reached at
: which the dissociation pressure of the oxide was greater than
that existing in the tube. A more rapid increase of pressure
with temperature then took place, this being shown by a break

in the pressure-temperature curve of the systen. By varying
}the initial oxygen pressure the temperature at which this break
took place could be altered. On cooling recombination with
this oxyzen took place und, in nearly all cases, after a run
the pressure at room temperature was found to have returned to
Within a few millimetres of the initial value. The oxide was
then found to have within narrow limits the same weight as
initially and to be non-magnetic éontaining no detectable trace
°f ferrous iron.. On cooling as rapidly as possible in- the
fu¥nace (which toox upproximately 1 hour to reach 400°C starting
from 1400°C) a very sligit trace of .agnetism could souwetimes

be detected and a swall amount of fervous irom, but tuere was




every indication that most of the oxygen evolved could be picked
up again very rapidly on cooling; In this connection it is
Iworthy of record that, when the partly dissociated oxide was‘
in equilibrium with the atwosphere of the tube at temperatures
in the neighbourhood of 1200°C, - any sudden admission of oxygen
such as tq raise the pressure rapidly caused an almost immediate
evolution of heat, shown by & marked rise in the temperature

as recorded by the thermocouple tied to the outside of the
crucible. Conversely, withdrawal of oxygen under similar
conditions caused an immediate drop in temperature. This
~appears to provide a clear indication of the rapidity with

which dissociation and recombination take place.

Those runs on which the initial oxygen pressure was very low
(less than 0.5 cm. of mercury) provided an exception to the
génerally observed behaviour in that there was evidence of small
unaccountable increases in pressure on heating. These evolutions
were irreversible on cooling as the gas was not picked up again,
; and the final bressure at room temperature was invariably higher
’fthan the initial pressure before heating. This may have been
due to a gas evolution from the tube at low pressures. A
islight degree of hysteresis in the equilibrium Fe205= FeBO4 +
;ioxygen at low pressures is also possible. (These samples were
{ usually slightly magnetio.) For this reason the values obtained
for the dissociation pressures of FeZO3 at the lower temperatures
investigated, are in all probability rather high. when freshly
' Prepared oxide was used an irreversible gas evolution also
Occurred, though the material was non—magnetiq on cooling. 'Inis
can probably accounted for as the evolution of gases wdsorbed or
Occluded by the oxide during its preparation.

The temperature of the room was recorded each morning, when
the final pressure from the previous day's run, and the initial
Pressure adopted for the next run were measured. During the
Wole series of experiments this did not vary more than 3°C, an

Wount which was considered to have negligible influence on tue

weights ot gas admitteu to the tube.



By weuns of the lTurnace control adopted - two rihcostats
for coarse und fine adjustment respectively in parallel - together
with the use of 'a highly sensitive galvanometer and Tinsley
vernier potentiometer for temperature measurement, it was
possible to maintain the temperature constant to within 1°C as
long as desired. In actual practice times ranging from half
an hour to one hour were allowed for the system to come to
equilibrium as regards temperature distribution. This took
considerably longer at temperatures under 1000°C than it did at
the higher temperatures. The oxide, once it had started to
dissociate, appeared to come to equilibrium with the oxygen
pressure much more rapidly than the tube did thermally.

In order to determine the dissociation temperatures under
different oxygen pressures, +the initial pressures in the tube
were varied as already described. From the preliminary exper-
iments the following points emerged:

(1) Wwhen freshly prepared oxide was used a marked irreversible
evolution of gas %took place at comparatively low temperatures.
This was absenﬁraeatingﬁ, and was no doubt due to the presence
~;,of gas in the finely divided oxide when freshly prepared.

(2) At temperatures from 1100°C and upwards, depending on

the initial pressure in the tube, the pressure began to rise
ore rapidly with temperature, and continued to do so at an
increasing rate as the temperature Was still further raised.
This evolution was strictly reversible on cooling. 1t was
also observed that,, where a small amouut of oxide was used, or
where the initial pressure was very low, at still higher temp-
eratures than the above there was again a lowering of the rate
at which pressure increased with temperature. The type of
Curve obtained is shown in Fig. 31.

(3) when the results were plotted on a pressure-temperature
diagram it was found that the steepest parts of all the curves
lay along a common envelope curve.

A number of these pressure-temperature curves have been



——

plotted in Figs. 72w and 220. Uver 4u differeut curves were
determined with varying initial pressures and varying amounts
of oxide. 1t will be observed that all converge on the sane
limiting curve. The upper temperature to which these curves
could be taken was limited in many cases by the tendency of
of the tubes to collapse at high temperatures when the pressure
inside was much below atmospheric. Wiith the higher oxygen
pressures a higher temperature could be attained though this
was still limited. On the other hand the maximun pressure
it was considered safe to employ at the higher temperatures
was roughly one and a half atmospheres.

The interpretation of these results is given as follows.
Referring to I'ig. 31, the first uniform portion, AB, of all
curves results from the increase in tewperature of the gas
already in the tube. The pressure of oxygen in the tube in
this region is presumably greater than the dissociation pressure
of the oxide so that no dissociation occurs. As the temper-
ature is increased, a point B is reached at which the dissociation
pressure becomes greater than the oxygen pressure in the tube
and an evolution of oxygen accordingly takes place, accompaniea
by a corresponding rise in pressure. Ihere is, therefore,
an increase in the rate at which pressure increases witu temp -
erature. This is at first gradual but later increases in
rapidity as shown by the curves till it attains an approxiumately
constant value. Thus the preésure-temperature curves show
two distinct parts in this region, (1) a curved portion, BC,

where the rate of pressure increase is increasing, and (2) a

Steep portion, CD, where the pressure is increasing rapialy
though the rafe of increase is fairly constant. On some of
the curves a third portion, DE, is shown where the rate of

Dressure increase again falls off. The steep parts of all the

Curves can be imposed on the same envelope curve, and apparently
indicate the existence of a definite phase, whose dissoclation
Pressure is dependent only on temperature, znd is independent

. N - . ) ..
°f the amount preseut. fThis phuse cannot be pure Fe,U; «s a
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cousiderable amount of Ohygel nas already becn evolved as
suown by the preceding portion of the curve BC. Furtnei in
this latter portion BC the pressure-temperature values are
peculiar to the individual curve on which they appeur, and
the value. of the pressure at any point appears to depend on
the amount of dissociation which has already taken place in
the oxide. In other words it would appear that the pressure
in this region is a function of the composition of the solid
as well as of temperature. Hence it follows, from consider-
ation of the Phase Rule,, that the substance forued on the
liberation of the firét portion of the oxygen from the FeQOj
must be soluble in the remaining F6203, Finally, when the
limit of solubility has been reached, & phase of aefinite
composition exlsts and further aissociation is accompanied by
the formation of a new phase. The first phase will be a
sqlution of F6504 in Fezoﬁ; the second of Fe205 in Fe304.

The complete dissociation of the Fezoﬁ—rich phase would result

in & marked deviation from the common envelope curve, and this
is shown in those curves in which the conditions were suitable
for this degree of dissocilation to be attained. The curve
showing the variation in the dissociation pressure of thue
saturated solution of FeBO4'in FeQQ3 is well marked by the
envelope curve. It is 1ess_éasy to pick out the points on

the various curves at which initial dissociation begins. ihis
has been done by taking the points where the break in direction
appears to originate. The points so obtained have been plotted
in the form of a curve of initial dissociation pressure against
temperature. 1t is quite possible tuat a small wmount of
dissociation occurs before oxygen e¢volution becowes measuravle
under the conditions of experiwent, in which case the true
initial dissociation pressures would be somewhal higher tnarn
indicatea by the curve. Both curves are reproduced in Fig. 2.
On this diagram are also plotteu the vulues wuicu were experiment-
ally detcruined by walden (l.c.) wnu publisuGa as tne uissoclilallon

Pressures of ferric oxide. 14 will be vbscrved tnat tuess
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values are in very good agreeumeut with tlie curve row given for
the dissociation of the limiting solid solution of Fej04 in
Fe205. Consideration of the method employed by vwalden indicates
that it is highly probable that the pressures which he measured
were those of the limiting solid solution, and therefore his
work provides confirmation of the present results. The pressure
- values on the curve of initial dissociation at 1100°C and 1200°C
also agree reasonably well with fhe values indicated by the
isotherms of Sosman and Hostetter (l.c.)as far as can be judged.
The experimental values have also been plotted in Fig. 54
in the form of the logaritlun of the pressure against tue recip-
rocal of the wbsolute temperature, curve (a) being that of
the initial dissociation and curve (b) that of the limiting
solution. Both curves appear to be linear except for the
four lowest values in each case (representing pressures of less
than five centimetres of mercury), which are apparently too
high. The fact that the deviations so produced would appear
to be themselves linear in nature is suggestive of some physical
meaning, but, as previously mentioned, these very low values
are not above suspicion on account of abnormal gas evolution
in the tube. A special apparatus woulJ:}equired to investigate
this region owing to the difficulties involved in working with
extremely low pressures at high temperatures. walden's values
are also plottea dn this diagram and, rather peculiarly, they
also show a deviation, though this occurs at a somewhat lower
Pressure than in the curves derived from the present experiments.
A éeries of pressure-composition isotherms was constructed
from the pressure-temperature curves. The method adopted was
to calculate, from a consideration of all the curves, an
"eXpansioh factor" representing the ratio in which the pressure
of the original gas in the tube increased between room temper-
ature and each of the isothermal temperatures selected. This
Was rendered necessary by the temperature variation existing
throughout the system. The agreement between the various

CUrves in this respect was very sabisfactory. — an exception



.r78

Ic. 24

I
-—

70

10 Q
oY Q
~ [
*Lanoaew Jo cwo uf sanssead usILxpo = d

225
260
150
50 |
25

ot.,

o
T a® U pot

\J-!75

00
175



*SLTOAITIIN NI DNIQVEY IFTdNO0O0MMIHL

it A ot 8 9 n
— ; — : . . 4 900" 1
162°1
. 041
alet
00°2
y *(wHOLOVA NOISNVAXZu) *SITOAITIIN NI SONIQVEY
FT4N000MMEHL ISNIVOY SAIVHVAAY SHI NI BHOSSud tazez
VD 40 FSVEMONT TVNOIIOVMA DNIMOHS EAMND *G¢ *DId
04z

- TOYTYONT -HENSSHYL TYNOILOVEL



sust be Lade in the case of those curves obhtained vwith very
low initial pressures in the tube, when as already described,
abnorinal gas evolutions took place. w& check on the value of
the "expansionffactor"4was got by running blank experiments
with only oxygen in the tube. Fig. 35 shows the variation

of this factor with increasing millivolt readings of the
thermocouple. A value for the volume of the apparatus was

got by measuring the pressure in the tube before and after the
admission of a known volume of oxygen to the systen. It was
then possible to calculate the weight of oxygen liberated from
the oxide for any temperature and pressure on the curves. For
this purpose the initial "thermal pressure-increase" part of
each curve was produced to enable the pressure increase due to
the dissociation to be obtained. This procedure was made
possible owing to the fact that over the range of temperature
conoernéd, 1100°C to 1500°C, the pressure increase with temper-
ature approached very closely to linearity, as shown in Fig.
35. The proportion of ferrous iron present in the solid phase
could then be calculated for various temperatures and preésures.
Further details concerning the calculation of these isotherms
aré givern in the appendix.. Fig. 36 shows the.pressure-compos-
ition isotherms for the temperatures 1200°C, 1272°C, 1345°C,
and 1415°C. whilst the absolute accuracy of the compositions
given in this diagram will depend upon the accuracy with which
the "expansion factor" has been determined, the relative agree-
ment of the points on each isotherm is independent of this
factor. The close agreement of these points can, therefore,
be taken as proof of the validity of this wethod. In Pig. 37
the datayconcerning solubility limits obtained from these iso-
therms has been plotted on the phase diagram of the systen

Fe,0,-Fe given qualitatively by Benedicks and Lofquist (l.c.).

5°4
Additional points have been calculated from the individual
Pressure-temperature curves from & consideration of the amounts

of oxysen evolved in the tube at the pointe at which the various

Curves spwroach or leave the envelope curve. These values are



"J,2THT 9® wIsyqoSI -AI
.oomsmﬁ 7® WJeYy40s8I-IIT
"0,2l21 9e wreyjosI -II
10,0021 9® wieyyosT - I
Laomma
-%0%e4 WEISAS THI 4O
SHYTHIOST NOILISOdNOD
/IHNSSTEd *9¢ *DIJ

jommh INID "H¥Jd m<ADOMAOE

09 04

ot 0¢ 02 0T

v -

0T

0c

0%

oh

05

ol

08 -

- XANOYEN A0 YD MI HUASSEEI NIDAXO




od JO INEO ¥¥d IHOTEM €o%ea
001 06 08 0L . 09 04 oh 0% 02 01 0
.pmﬁmeoq pue ¢301pLUSY
£q usAdt18 weaSertq mbﬂpmpﬂﬁﬂsw 8Uy1q woqy usieq sunqeasdwsq Juryren
o - 0011
*0°1) J81991S0H , . .
puz UBWHOS JO S94AJ4NO 8Y3 WO suoijleoypur sjeutxouddy e
*yInoTed £q seaAJno |TenpraTpUl BYL WOJ] |poUTBLQO anTeA
: .mauonpom4 81 WOoJJ |psUTB1qOo fanTep =
b 0021
X
- 00¢T
x x
L] OO
4 ooh1
/ 0041
o =N
: 0091
FHI 40 [VHEOVIQ NATHEITINDE [TVIMEHL 1.¢ *DId




fo%sa MNoSeq 40 INTO M3 IHOTEM ¢o%ea
001 06 08 0l 09 04 oh 0% 0z 01 0
*1811ib0T pur g3oTpPBUSY P
£q useq13 weaSety eatdesrTRNdb Byq wojJ usxeq spanqeasdweq JurarTon

o - 0011

*0°T) J89991S0H .

pue UBWEOS JO £8A4NO 8Yq wo4dl suoijeoipur sijeutrkoaddy o

*yInoTEo KLq seaano |TenpraTpul ®Yq WoLJ |pPOUTR4QO §oNTEA -

: *SWABYL0SY 8YG WOJLJ [pOUTBLQO $B8NTBA %
—- 0021

K
. 00¢1
x x
ooht
x x
//// 0041
—_———— \
Foffea-S0%e EisKS :llllll/l/rr
_ 00°T
FHL 40 ﬁ<m¢<Ha WOTHEITINGE [TYIHEHL  1L¢ *DId




.

Lol

o plotted on i, 56.,'_AEPIOXiMdt6 values dundicated by

the isotherus of Sosman and Hostetter, on the assumption that
p o

the central portions of their curves should have been horizon-

tal are also given.

Addendum: It is rather difficult to correlate these results

with the published work of Sosman and Hostetter (l.c.). The

two isotherms given by thése workers indicate very high initial

dissociation pressures for pure Fe2O5 and in this respect may

be said to agree with the present results. The central portions

of their isotherms are by no means horizontal though they are

considerably flatter than the extremities. Further the change

in direction is gradual, with no signs of discontinuity, so

that it is difficult to select positions at which it may be

said to originate. The pressure values on this flatter part

of the 1200°C isotherm range from roughly 4 m.m. of mercury

pressure down to 1 m.m. (the value towards the centre is approx-—

imately 2 m.m.). On substituting these values on a continuation

of the logarithmic diagram given in Fig. 34 it is found that

the highest of them (4 m.m. pressure) is slightly lower than

the value indicated by the upper part of curve (b) when produced

to the pogition corresponding to a temperature of 1200°C.

The values on the central portion of the 1100°C isotherm are .

related to curve (b) in roughly the same way. The work of

" Sosman and Hostetter was carried out with great attention to

detail in an apparatus specially constructed to operate accur-

ately at very low pressures. Since the values taken above lie

s0 close to the extension of the upper part of curve (b) it

seems to confirm that the deviations found in the lower parts

of curves (a) and (b) and in Walden's curve are due to errors

inherent in the apparatus which manifest themselves at low press-

ures. |
It is rather 4ifficnlt to explain the exact forn of tae

1 N, 5 ] e ) €S )
Sosmun und lostetter curves, however, unless 1t be postuluted



that the system FeZOB"F3304 is sﬁfje%t to.a form of hysteresis
nt low temperatures (1100°C and l2OO°Q)}Aor that traces of

somé impurity, causing progressive depréésion of the pressure
s the concentration of the Fe203 deoreased,'were present in

the iron oxide. The presence of even slight temperature
gradients throughout the mass of the sample taken could probably

have produced the same effect as has already been noted.




THE EFFECT OF Ca0 ON THE DISSOCIATION OF F6293: THE

DISSOCIAYION PRESSURES OF THE CALCIUM FERRITES.

In the investigation of the dissociation of the calcium

- ferrites the saume technique was employed as has already been
described in the case of the work on Fe203. At first the
compound was prepared as a separate operation, but later

the requisite amounts of CalO and FeZO3 were mixed together,

put into a platinum crucible and heated to a suitable temp-
erature under a pressure of 1% atmospheres of oxygen. On
cooling the material was ready for investigation. For reasons
given later this cooling had to be carried out very slowly, at

least until freezing was complete.

Monocalcium Ferrite: On heating monocalciun ferrite in vacuo

no measurable pressure was developed till the incongruent
melting point (see the thermal equilibrium diagram of the
systen CaO-F3203, Fig. 29) was reached. At this temperature
(1216°C) a sudden increase in pressure took place, shown by a
definite step in the pressure-temperature curve. The pressure
obtained after this gas evolution was not, of course, the
equilibriunm pressure of the pure. fused compound as FeO (or FeBO4)
would be forumed by the process of dissooiatién. The actual
pressure developed was found to depend on the weight of the
calcium ferrite taken and also on the volume of the apparuatus.

It was thus evident that considerations similar to those
governing'the dissociation df'F6203 applied and thaf the ferrous
oxide formed went into soluﬁion, the dissociation of this
solution being a function of composition as well as of teumperature
Runs were, therefore, made with varying initial pressures of
oxygen in the tube as was done in the investigation of Fe203.

It was found that,as the initial pressure was increased, a
‘value was ultimately reached at which the break in the pressure/
temperature curve was displaced to a higher temperature. This
appears to occur as nearly s could oe determined, at a pressure

of approximately 24 cm. of @mercury. his has, therefore,
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'FIG. 42. PRESSURE/COMPOSITION CURVES OF CaO-Fe,0,
MELTS AT 1272°C. Curve I. 1 Mol. Ca0 : 1 Mol.FesOgy+FeO.

Curve II.1 Lol.Cal : 1-64 ilol.Fey,03+Fe0,

100

20

80

70

60

OF MERCURY.

50

—
—

40

OXYGEN PRESSURE IN CM.
o §
!

30

W

20

10

\.\

0 5 10 ,

FeO COWTEHT OF LELT EXPRESSID AS A LIOLECULAR %
OF RESULTING FeO + Fey O,




been taken as the Qissdoiation pressure of OaO.Fe203 at the
temperature at which it undergoes the peritectic transformation
indicated by the phase diagram. For higher oxygen pressures
the break in the curve appears to be displaced to progressively
higher temperatures, though the rate of temperature rise with
ﬁressure increase is so small that it is difficult to determine
exactly. A number of the individual pressure/temperature
curves are shown in Figs. 38 and 39 the weight of material
used being indicated in each case. The dissociation pressure/
temperatggéngtained from the breaks in the various individual
curves 1is siown in Fig. 41. The upper portion of this curve
probably coincides with the curve of initial dissociation press-
ure of FeQOB, part of this shown by the broken line. This
- would appear to verify the peritectic dissociation indicated

by the phase diagram, the pressure recorded being due to the
dissociation of the free Fe205 liberated at the peritectic..
Below the peritectic temperature the dissociation pressure

is probably immeasurably small due to the stability of the
compound . It was further observed that, for a given temper-
ature above the peritectio,‘ the amount of oxygen liberated,

as shown by the size of the step on the curve, decreased as
the total pressure increased, indicating that the amount of
dissociation depends on the oxygen pressure over the liquid
melt. It was demonstrated by very slow rates of cooling

fhat the change was reversible (see curve VII, Fig. 58), although
with some difficulty, only a portion of the liberated oxygen
being generally picked up under the pressure at which it was
given off. From a consideration of Fig. 41 it is clear that
under low oxygen pressureé the pick up of oxygen can occur

only when the actual temperature of freezing is reached.
Hence oxidation and freezing must be proceeding simultaneously
thus increasing the difficulty of oxygen pick up.

In this connection a complication arose which would tend
to make the appafent dissociation too great. In order %o

obtain as nearly 100% GaO-,Fe2O3 as possible for these experiments



the molten material was always allowed to freeze as slowly as
possible under a pressure of 1% atmospheres of oxygen. It
was discovered that in freezing oxygen was very often entrapped
within the melt. This oxygen was then liberated during the
next heating under & lower pressure and resulted in a slow rise
of pressure below the melting point, or (presumably), when it
could not be detected, as an increased oxygen evolution on
melting. This fact was only realised when one of the platinum
crucibles was "ballooned out" due to the internal pressure.
From the individual pressure/%émperature curves shown in
Figs. 38 and 39 it was possible, as in the case of Fe203 to
measure the amounts of oxygen evolved by the various melts at
a given temperature and hence by calculation to find the auount
of FeO or Fe304 formed in each case before equilibrium was '
attained. Further when melts were run with a greater proportion
of Fe203 than required for the composition CaO.Fe205 dissociation
began at a lower temperature, due presumably to the free FeZO3
and in addition an increased amount of dissociation was obtained
for a given equilibrium pressure at the temperature selected
(1272°C). loreover this increase could not be accounted for
quantitatively by the dissociation of the added Fe203 as such.
It is apparent, therefore, that the amount of lime is also a
factorin the equilibrium in addition to temperature and oxygen
pressure. For the purposes of graphical representation, the
FeOQ formed in the melt was expréssed as a molecular percentage
of the total FeO + Fe203 for a given molecular ratio of Ca0 to
FeO + FeZO3 the change in this ratio due to oxygen evolution
being so small as to be negligible. The results obtained are
shown in Fig 42, curve I showing equilibrium conditions in
melts of the original composition GaO.FeZO5 and curve I1 in melts
in which the Fe203 was originally in excess of the Cal0 in the
molecular ratio 1.64:1. The curves on which this latter curve
is based are shown in Fig. 40. 1t should be pointed out that
the melt of curve VI, Pigz. 40 had been previously aelted and

even though it was allowed to freeze under the nighest possiole
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oxygén pressure it is improbable that all the iron oxide would
be converted back to the ferric state. The upper point on
curve I1I, ¥ig. 42 will therefore be displaced somewhat to the

left of its true value.

Dicalcium Ferrite: The investigation of the dissociation of

dicalcium ferrite was rendered difficult by the inability of the
tubes to stand up to the higher temperatures involved when

the pressure inside was much below atmospheric. It was possible
however, +to heat the compound in vacuo to temperatures in
excess of the peritectic temperature of the monocalcium com-
pound and nc rise in pressure was apparent. Hence it is
evident that the oxygen pressure of this compound is too small
for measurement below the melting point. A run was also made
with oxygen in the tube at a pressure of over 1 atmosphere.

At 1436°C, the temperature of the peritectic transformation

of dicalcium ferrite, a distinct step was obtained as shown in
curve 1V, Iig. 43. When an approximately similar pressure

of nitrogen was employed as in curve V Fig. 43 a much larger
step was obtained at the same temperature. The same consider-
ations, therefore, seem to apply to this compound as to the
monocalcium compound, the rise in pressure being probably

due to the dissociation of Fe205 liberated at the peritectic.

A series of runs was carried out with varying mixtures . .
of oxygen and nitrogen at a pressure of approximately one
atmosphere in the tubé. The curves obtained are reproduced
in Fig. 43 with details of the weights taken and of the propor-
tions of oxygen and nitrogen employed. With the apparatus
availéble it was impossible to displace the initial oxygen
evolution to higher temperatures. The reason is obvious
from a consideration of the dissociation pressure curve of
Pure/Fe203. A pressure of the order of thousands of atmos-
Pheres would be necessary. By the wmethods already described
the molecular percentage of FeO reckoned against the total
was again calculatea for ditfterent pressures of

FeO + FeQO3

. R . . A7 YO
oxygen in the tube, this tiae at a temperature of 1485°C.

\



The results, plotted against oxygen pressure, are shown in
Fig. 44, +the curve being apparently of the same form as that

obtained in the case of monocalcium ferrite at 1272°C.

SIGNIFICANCE OF THE EXPERIMNTAL HESULTS:

F6203 on heating to high temperatures tends to dissociate,
the dissociation pressure increasing rapidly at temperatures
over 1200°C. The FeO or Fe304 formed by this dissociation
is, however, apparently soluble to a limited extent in the
remaining Fe203, the result being the formation of a solid
solution with a dissociation pressure considerably lower than
that of the pure ferric oxide. Nevertheless, the dissociation
pressure of this solid solution,,eveﬁ when saturated with Fe504,
also increases rapidly at temperatures over 1400°C. For
instance, at 1450°C it has reached a value of over an atmos-
phere. Hence, unless the éxygen pressure in the surrounding
atmosphere reaches this value complete dissociation of the
F6203—rich solid solution will take place with the formation
of F6504 containing FeZO3 in solution,,the exact composition
depending on the oxyzen pressure. To cause dissociation to
proceed past the stage of F€304 very high vacue or very high
temperatures (or both) owing to its low dissociation pressure
and great stability. In other words, by virtue of the form-
ation of the stable complex Fe504, FPeO can stabilize an eqguiv-
alent amount of FeZOB'

The action of Ca0 is essentially similar in nature, being
the result of the formation of stable compounds, nawmely the
calciwn ferrites. These are apparently completely stable in
the solid state. On melting, due to the peritectic dissociation
which they undergo, they develope an oxygen pressure. The
value of this dissociation pressure from the pure melts is
Probably the ssaue us the pressure from F8205 uncontaminated
with any ferrous iron. (Compare Figs. 33 and 41).  Iumediately
dissocisation takes place, however, the conditions in the two

s oxide to Ierric
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congiderably in the two cases. The amount ‘of diéédéiation'
taking place in monccalcium ferrite melts at 1272°C at éXygen
pressures over 5 cm. of wercury is actually greater fhan that
taking place in pure Fe203 under the same conditions. This
can be seen by comparing the FQZOB—F8504 isotherm at 1272°C

(Fig. 36) with the pressure/composition curve of CaO.E9203
(Fig. 42) allowing for the fact that the former is expressed

in molecular percentages of FeBO4 and the latter in molecudar
percentages of FeO, Thus there seems to be a greater tendency
for ferrous iron to form initially in the ferrite than in the

Te This may be due to the different conditions existing

203.
in the liquid and solid states, as the ferrite is molten at
this temperature. Once this degree of dissociafion has taken
place, however, the resultant melt is much more stable than

the mixture of oxides obtained from the pure Fe203. For
example on decreasing the oxygen pressure to very low values,

to 1 cm. of mercury say, it is shown by the FeZOB-Fe.jO4 iso-
therm that dissociation will proceed till the Feﬁo4~rioh solid
solution is formed. The ferrite melt will only dissociate

+i1l) approximately 7% of Fe0 is formed (réckoned as a percentage
of the total iron oxides). Again, comparing the effects of‘
rising temperature, the shape of the individual pressure/
témperature curves of Fe 0. given in Pig. 32a and b should

be contrasted with the shape of those for CaO.F6203 given in
Figs, 38 and 39. Allowing for differences in weights taken

the increase of the oxygen evolution from the initially pure
Fe203 is much larzer than that from the ferrite. 1t is thus
evident that lime has a marked stabilizing effect on Fezo3 at
high temperatures after a certain initial degree of dissociation
has taken place. In other words, the initial dissociation
pressure is probably the same in both cases, but in the case

of the ferrite melt the presence of a very small amount of FeO
is sufficient to cause the dissociation pressure to arop to

- very low values. Though a similar drop takes place with initial-

mach less

o

1y pure Fe, 0, in tne presence of Fe( this is very
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ordinary oxygen pressures) tends to proceed until the compiete
conversion of all the oxide to Fe304 has taken place.

A completé pressure/composition curve for monocalciwm
ferrite is only available for 1272°C at present. The only
guide as to the extent of dissociation at higher temperatures
is provided by the trend of the individual pressure/temperature
curves which in most cases are not continued much above 1300°C.
This may probably be expected to increase considerably at
temperatures round about 1600°C(see for instance the upward
trend of certain of the curves of Fig. 38). Fig. 44, however,
shows the conditions existing in a melt of the dicalciunm
compound at 1485°C. with initially pure Fe203 at this temper-
ature the dissociation, even at oxygen pressures of half an
atmosphere, would be of the order of 90%, i.e. practically
complete conversion to Fejo4 Would result. FPig. 44 shows
only 4% of I'e0 at an oxygen pressure of 30Ocm. of mercury, and
approximately 6% at 1Ocm. of mercury. This indicates the
great stability of the Fez()3 in melts in which the molecular
ratio of Ca0 to oxides of iron is as»2:1. This stability
appears to depend on the lime content of the welt, the
dicalcium compound, for instancé,'being much more stable than
the monocalcium coupound.

Hence it is to be expected that in a slag containing excess
of Ca0 in presence of FeO under given conditions of temperature
und oxygen pressure oxidation will take place until the oxygen
pressure of the slag is equal to that of the atmosphere. For
a given lime content there will be, as indicéted by the above
results, a given equilibrium ratio of F8203 to FeO (which will
vary with temperature and oxygen pressure). Once this ratio
has been attained oxidation will cease. The active lime content
in this respect will presuuably be the free lime after combination
with 5i0, wnd P

2 2
with the metal bath there will be a constant tendency for tiis

O, has taken place. In a basic slag in contact
)

ratio to be attained, while simultaneously tue reduction of

FeQOE by tie .iolten iron is taking place. In this wey th ©

will "conver" oxvgen to the bati. The theory of the Tunction



of lime in the basic open hearth process as advanced by licCance
(1L.c.) and others seems, therefore, to be in the main correct.

One of the essential differences between the acid and basic
processes would seem to be that the equilibrium ratio of FeZO3
to FeO in the slag is probably much greater under given con-

ditions in the latter case than in the former.
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APPELDIX,
LETHOD OF CATLCULATING THE COMPOSITION OF THE SOLID PHASE FOR -

THE ISOTHERLS OF FIZ. 36.

From the individual pressure-temperature curves, examples of
which are shown in Fig. 32 (a) and (b), the composition of the
solid phase was obtained in the following manner.

At a temperature of 1272°C (14.00 m.v. oh the thermocouple)
curve %VII, Fig. 32(a) shows a pressure in the tube of 4.00 cm.
of mercury. By producing the linear portion of the curve it
is seen that, if there had been no evolution of oxygen from fhe
Feng, the pressure would have been 2.90 cm. of mercury at this
temperature. There is therefore an inciease due to oxygen
liberation of 1.10 cm. of mercury.

As deterwined empirically, the pressure in the tube increases
2.23 times between room temperature and 1272°C (the"expansion

factor" mentioned in the text). Hence the equivalent difference

of pressure at room temperature (22°C) = 0.495 cm. of mercury.

Volume of apparatus = 1800 c.c.
Hence, weight of oxygen liberated = 0.0145 gm.
Original weight of F6203 = 3.0020 gnm.

Hence molecular percentage of Fe504 = 10.88% at an oxygen pressure
of 4.00 cm. of mercury.

By this method a series of compositions corresponding to
various pressures were calculated for the temperatures 1200°C,
1272°C, 1345°C and 1415°C ( corresponding to 13.00, 14.00, 15.00
and 16.00 n.v. respectively).

The actual weights of Fe205 taken were varied. For exauple,
in Fig. 32(a) curves X¥I, XV1I,XV1II were obtained using 3.0020
gm. FeZO3 and curves X111, XIV,XV with 9.7243 gu. Curves XIV
and XV were got after curve XIIlhad been completed, by drawing

off known amounts of oxygén, so that, even with all the oxygen
in the tube combined with the oxide, there would still have been

some Ie 04 present. In the calculations based on these curves

3

this had to be taken into account.

. . ~ | s - ' O/ 1o
The table of values obtained for the isothern at 1545°C is
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