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INTRODUCTION.

The manufacture of steel from pig iron and scrap is an oxidation
process in which impurities such as phosphorus, carbon and silicon are
oxidised and taken into the slage During this process the molten metal
dissolves oxygen to an extent which depends on the composition and
temperature of the metal and slage Normally the amount of oxygen diss~
solved in the steel at the end of refirning is in excess of that desired
and before the metal is teemed this excess must be removed. The amount
 of deoxidation necessary depends on the quality of steel and on the type
of ingot which is to be produceds Thus rimming steels are not ag fully
deoxidised as killed steels.

There are three different methods of deoxidation, namely, diffusion
deoxidation, carbon deoxidation and precipitation deoxidation. v Diffusion
deoxidation which is practiced in electric steelmaking involves covering
the molten metel with a slag containing only a very small amount of
ferrous oxide. This slag being out of equilibrium with the molten metal
will remove ferrous oxide from the metal till equilibrium is attained.

In deoxidation by carbon the deoxidation product is carbon monoxide which
can be relatively easily removed from the metsle Precipitation deoxida-
stion is the most widely practiced method and is used almost exclusively
in the open hearth and converter steelmaking processese In this method,
elements having greater affinities for oxygen than iron are added to the
steel. In addition to removing oxygen from the steel these elements
must give products of reaction which can rapidly separate from the molten

metale The requirements of s good deoxidiser ares-
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(a) Higher affinity for oxygen than iron

(b) Rapid solution in liquid irone

(c) High rate of reaction with oxygen dissolved in irone

(@) Rapid rise of the products of reaction.
The most commonly used elements are manganese, silicon and aluminium and
these satisfy the first three requirements.

The rate of rise of the deoxidation products in liquid steel
increases as the size of the product increases and also the nearer the
shape approaches to a sphere. If the deoxidation product is a liquid
it can increase its size by coalescing with other particles and will also
tend to be spherical, whereas if the product is solid, it is unable to
coalesce with other particles and is ususlly irregular in shape. Thus
wherever possible deoxidisers should be chosen which give liquid deoxida-
stion productse The latter are more likely to result from the use of
éllqys than single elements.

The study of the oxygen content of iron in equilibrium with liquid
oxides which may be produced during deoxidation is thus very important
from the point of view of understanding and improving deoxidation practices
Thermal equilibrium diagrams indicate slag compositions which will be
liquid at steelmaking temperatures, and by performing slag/metal meltw
with these slags the relation between the metal composition and the
deoxidation product can be determined. In this work a study has been
made of deoxidation using manganese and silicqn. The approach has been
to determine the equilibrium between molten iron and iron manganese

silicates. Deoxidation using mangenese and silicon is one of the most
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widely practised methods in steelmaking. Before deoxidation can be

completely understood and placed on firm scientific bases many investi-
;gations of this type will be necessarye Calculations can then be made
to find the best deoxidation alloy to use for any particular purpose and

the amount necessary to achieve any given degree of deoxidation.
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IT.  BISCUSSION OF PREVIOUS WORK.

1. Oxygen Solubility in Liquid Irone

The phase diagram of the iron=-oxygen system(l) is shown in
Fig;l; This shows an immiscibility gap in which the two phases are
liquid iron containing dissolved oxygen and a liquid oxide phasee.
The latter has a variable composition but is always slightly richer
in oxygen than would be represented by the formula FeO. Richardson(2)

has given it the formula Fe, 0 and its free energy of formation as

0:95Fe(.) + #0; = Fep.es0(.) AG® = -59,050 + 12,85T.

In discussions on steelmaking reactions the phase is normally referred
to as ferrous oxicde and will be treated as such in this discussione

The boundary BC gives the composition of the metal phase in equilibrium
with the liquid oxide phases It also marks the limit of solubility of
oxygen in liquid iron, as once this oxygen content is reached at any

given temperature a liguid oxide phase appearse

Many determinations of this limiting sélubility of oxygen in
iron have been made. In all these investigations impurities have been
~ present in the oxide phase because of the inherent experimental
difficulty of obtaining a container which will not be attacked by

molten iron or by the oxide phasee
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Le Chatelier(3) reported a solubility of oxygen in iron as 0-244%
at 160050. Austin(4) using magnesia crucibles found the solubilit}; to
be 0-288% but did not state a temperatures Tritton and Hanson(5) found
the éolubility to be 0+21% at the melting point of irone

- Herty and Gaineé(ﬁ) made the firgt study of the effect of temper-

sature on the solubility of oxygen in iron and geve the solubility as
[o] S
- Fe = 0+1475 10 “T°C -2-038
(max)
which gave a solubility of 0+25% at 1550°C.

Korber and Oelsen(7) l;easured the oxygen content of iron melts
made under FeO-MnO-MgO slagse They found that the oxygen content of
these melts was directly proportional to the ferrous oxide content of
the slags and by extrapolating to 1004 ferrous oxide found the solubility
of oxygen in iron et different temperatures. They found this solubility

to be

(o]

©Po(pay) = 0:131 107 £°C =177
giving a solubility of 0-26% oxygen at 1550°C. This figure was in
agreement with that of Hérty and Gainese
Chipman and Samarin(8) by studying the equilibrium between molten

iron and a hydrogen-water vapour gas mixture found that the concentration °

PE,0
PHa

to the partial pressure of oxygen. Thus a solution of oxygen in iron

of oxygen in liquid iron was proportional to the ratio and hence

obeys Henry's Law up to saturation and its activity is directly

proportional to its concentration.
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Dastur and Chipman(9) using a more refined experimental technique
than Chipmen and Samarin have measured the standard free energy charge

for a golution of oxygen in irone.

% 0 = [°] 17 activity in liquid iron

Ag® = -27,930 - 0-57T cale
An investigation of the solubility of oxygen in iron ‘has been made by
Chipmen and Fetters(10) using magnesia crucibles and heating in a high
frequency induction furnace. The slags consisted mainly of ferrous
oxide with small amounts of magnesia and calcium oxide picked up from the
crucibles They found a much lower solubility than that obtained by
Kérber and Oelsen(7) and Herty and Gaines(6), reporting it as

log & oxygen = 24_?:.@9_ + 1935
giving a solubility of 0-19% at 1550°C.

This solubility wa;s found to be independent of the nature of the
furnace atmosphere and of the purity of the ferrous oxide slag when its
total FeO content was above 90%. Chipman and Fetters also found that
ferric oxide wag not completely reduced to ferrous oxide by molten iron
but that the ratio of F%%i in their glagg at the melting point of iron
was 0072, | This was slightly higher than the ratio 04055 reported by
Darker;(ll) for ferrous oxide slags melted in iron crucibles. The
ﬁresence of magnesia in the slags possibly increased the ferric oxide
content by stabilising ferrites.

Sloman(12) found the solubility of oxygen in iron at its melting
point to be 0+15% which agreed with the value of Chipman and Fetters

and disagreednwith that of Korber and Oelsen and Herty and Gaines.
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Chipman and Taylor(13) using a rotating crucible furnace with magnesite
crucibles checked the data of Chipman and Fetters(10). They found the
solubility of oxygen in iron to bhe

log % oxygen = '6—;";-‘39 + 2734

giving a solubility of 0-19% at 1550°C. This work gave results of the
same order as those of Chipman and Fetters, only differing at higher
temperatures as indicated in Fige2.

Figscher and vom Ende(lé), who also used a high frequency furnace
with magnesite crucibles, redetermined the solubility of oxygen in iron and
.

reported a value of the sane order as Chipman and Fetters and Chipman and
Taylory their results are shown in Figele

The most probable cause of the discrepancies between the values
obtained by Kérber and Oelsen(7) and Herty and Gaines(6) on the one hand
and.Chipnan and his co-workers(10,13), and Fischer and vom Ende(14), on
the other, is the different methods used for tenmperature measurement ag
Chipman and his co-workers(10,13) have shown that the effect of differing
atmospheres and sampling techniques cannot be the causes Korber and Oelsen
and Herty and Gaines used optical pyrometers for temperature measurements |
whereas Taylor and Chipman, and Chipman and Fetters used immersion
thermocouplese Optical pyrometers would be inaccurate due to the absence
of black body conditions and the volatilisation of ferrous and manganous
oxicdese Although Korber and Oeclsen used emission coefficients to adjust
their temperature readings it would eppear that their temperature measure-
sments were still too low, and that this led to higher values of oxygen

solubilitye.
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2. Manganese and Oxygen equilibrium in liquid irom.

The stable oxide of manganese in contact with liquid iron is
manganeus oxide (MnO). The free energy of formation of manganous
oxide(15) is

Ma, ) + 03 = Mid(s) AG = -95,400 + 19+62T cal.
Ferrous oxide and manganous oxide are completely miscible in 1;he liquid
state but evidence on the solid structure of the mixed oxide is still
conflicting. Hay, Howat and White(16) and Benedicks and Lofquist(17)
have published diagrams showing a two phase region in the solid state
while Andrew, Maddocks and Howat(18) and Herty and Daniloff(19) have
indicated that ferrous oxide and manganous oxide are completely miscible
in the solid state. Jay and Andrews(20), Pettersson(2l) carried out an
X-ray study of the solid state and found only one phase present throughout
the systeme Carter, Murad and Hay(22) have provisionally accepted the
evidence of complete solubility in their discussion of the FeO-MnO-5i0
systems Sloman and Evans(23) and Whiteley(24) by examining FeO-MnO
inclusions from steel find no evidence of immiscibility in the inclusionse.
The weight of evidence is in favour of complete miscibility in both the
liquid and solid state but as yet no reliable diagram showing the liquidus
and solidus has been published. The appearance of a two phase region in
the work of Hay, Howat and White may have been due to the formation of
ferrites in the slags. Darken and Gurry(25) have shown in experiments
on the Mn-Fe~0 system that MnO has almost as great an influence as Cal

in stabilising Fe;(Oze

When manganese is introduced into liquid iron containing oxygen,

the equilibrium is
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(MnO) + F K )
+ {Mn| == + e =

(¥e0) + [n] _ (3Fe0) [®a]

The activity of iron is taken as unity in the concentrations occurring
in steelmaking. When weight percentages are substituted for activities

the constant has been designated

K.Mn =

(‘ZanOZ
(AFe0) [Am]
As MnO and FeQ are similar and are asgumed to be completely miscible in
both the liciuid and solid states, their activities can be replaced by
concentrations and because of their similarity in molecular weight, by
weight concentrationss This gives

100 K'y, = K
and the equilibrium cbnstan‘b K‘Mn can be taken ag the true equilibrium
constant Ky, for the manganese“reaction if the slag consists almost entirely
of ferrous and manganous oxidess
A value for this equilibrium constant can be calculated from funda-

smental thermodynamic data.
" Mn(,) + 1/ 0z = MnO(,) AG

Fe(x) + % G = FeO(y) AG

HnO(s ) o= un0(.) a6

-95,400 + 19+62T cal. (15)

~56,830 + 11:94T cal.  (15)

+10,700 - 5:2T cal. (15)

~

Assuming that a solution of manganese in iron behaves ideally then
RT 1n 0-01

Ma(y) == [Mn] 1% soln. in Fe, AG

-9+15T cal.

Hence
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[Mn]].% + FeO(s) = MnO(s) + Fe(s) AG = -27,870 + 11-63T cal.
Ink = -AG _ 27,870 - 11.63T )
, RT 4+ 5757~

log Ky, = Q%QQ -2+

at 155000 KMn = 6'1

The accuracy of this calculated constant depends on the accuracy of the
thermodynemic date and the errors in these are large enough to have a
considerable effect on this constant. Gero, Winkler and Chipman(26)
carried out a similar calculation based on slightly different data and
calculated a constant of |

log By, = 9%29 - 2+82

at 1550°C Ky, = 51

which is consiaerably lower’than the value calculated above.

Several investigations of the manganese equilibrium have been made.
Krings and Schackmann(27) carried out melts in small elumina and magnesia
crucibles, their slags thus containing either magnesia or alumina as
impurities. The results from melts made in magnesia or alumina showed
no significant differences. They reported a value for KMp of 3+1 # 0.2

at 1550/1560°C. Korber and Oelsen(7) used a small high frequency furnace

with magnesia crucibles, measuring the temperature with an optical pyrometer.

Quench samples were obtained by dipping a spoon into the slag and metal.
The results were summed up in the equation
log Ky = .6"_%.3_% - 10263

which correspond to a Ky, of 2+5 at 1550°C.



Gero, Winkler and Chipman(26) have re-examined the manganese

' equilibrium using data from melts made by Winkler and Chipman(28). These
melts were made in a large magnesia crucible the metal being heated by
induction and the slag by an electric arc held above the melt. The

slags consisted of ferrous and manganous oxides with magnesia, silica

and calcium oxide as impurities. From this data Gero, Winkler and
Chipman calculated two values of Ky, one using the total ferrous

oxide content of the slag (SFe0) and the other only the actual FeQ content
as determined by asnalysis, and designated Kfin. The values obtained

were

log Ky, = 228 - 2.9
+ ~
log Ky, = 6760 - 2:98

(7)

These values of K’Mn differed considerably from those of Korber and Oelsen
and are compared with those of other workers in Table I.

Table I. Values of Ky, at 1550°C,

(26)
Ref. Korber and Krings and Gero Winkler and Chipman
+*
Oelsen(7) Schackmann(27) Ky v,
Ky R2+4 3.1 38 542

- - - -~

The low value found by KOrber and Oelsen is probably due to the use of
6ptical pyrometers.
The oxygen data of Winkler and Chipman and KOrber and Oelsen showed

that ferrous oxide behaved ideally in an FeO-MnO-MgO slag, as the ratio

20
(Fe0) was independent of the slag composition and depended only on
temperature.



Hilty and Crafts (29) attempted to check the equilibrium constant
Ky using a furnace with a rotating crucible, and found that an FeO~MnO
slag would not remain in the rotating metal cup, but crept up the sides
of the crucible on rotation. They were only able to report their results
a8 a relation between the oxygen and manganese contents of the liquid
iron. This data agreed with those of Winkler and Chipman but not with
those of Korber and Oelsen. The three sets of results are compared in
Fig.3.

Sloman and Evans(23) studied the deoxidation of iron by manganese
~at the melting point of iron, by adding a known amount of iron oxide
followed by a weighed amount of manganese to liquid iron held in an
alumina crucible in an argon atmospheree The melt was analysed for
manganese and oxygen and the inclusions separated by the alcoholic iodide
method for X-ray analysise This invegtigation did not lend itself to
the determination of KMh in liquid iron but for comparative purposes
Sloman and Bvans assumed equilibrium to be attained at the melting point
of iron (1527°C). Their'results agreed fairly well with the theoretically
determined equilibrium between iron and solid FeO-MnO slags as calculated
by Kubaschewski(30). Above 0-7% manganese in the iron the inclusions
were almost pure MnO. The reéults are of little value in showing the
effect of manganese on the solubility of oxygen in liquid iron.

In all the work carried out on the manganese equilibrium it has
been agsumed that manganese has no effect on the activity coefficient of
oxygen in iron. Richardson(3l) has suggested from the effects of
venadium and chromium on the activity coefficient of oxygen in iron

(fo) that Os5% panganese might lower it to 0+9 and 1% Mn lower it 4o O-8.
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Mangenese is intermediate between chromium and vanadium in affinity for
oxygen and l% vanadium reduces fo to 0-52 while 1% chromium reduces it
to 0+ 9. In the range of manganesge coﬁtents in which the work on the
mangénese equilibrium has been carried out this effect will be very small
and within the experimental errors involved. When a deoxidising element
reduces Jo its effect on the oxygen concentration of the melt is not as

great as would be expected from affinity considerations.

‘

3¢  Ferrous Oxide - Silica system.

The approximate phase diagram for this system is shown in Fig.4j
it shows that ferrous oxide and silica are not completely miscible in
either the liquid or solid state. In the liquid state there is a region
of immiscibility typical of most systems between silica and a basic oxide
while in the solid state a compound 2Fe0.SilG; (fayslite) exists. The
existence of the zone of immiscibility in the liquid state suggests that
there might be a positive deviation from ideality in the activity of ferrous
" oxide in Fe(G-8i0; slags and the existence of the compound fayalite indicates
a tendency for a negative deviation. These opposing factors suggest that
ferrous oxide should not behave ideally in these slags but that the
deviations from ideality should not be as great as would be the case if
only one factor was involved.
Some data obtained by Taylor and Chipman(13) on the oxygen partition
between liquid iron and Fe0-SiO; slags indicated that ferrous oxide
behaved ideally in these slags up to silica saturation. A more extensive

and precise measurement of 2FeQ in Fe0-Si0; slags has been made by
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Schuhmann and Ensio(33) who studied the equilibrium between these slags,
¥ -iron and a °%C0, gas mixture. From this study they found the
activity of ferrous oxide in these slagsy their results are used for the
binary FeO-8iQ; part of Fig.1l5. This indicates a slight positive
deviation from ideality with silicé contents up to 25 mol. per cent and
a negative deviation above this which increases with silica content up
to silice saturation. At silica saturation Schuhmann and Ensio found

the 8Fe0 to be

log apgg = - §%Q = 0+590

in contact with ¥ -iron. If this is extrapolated to the melting point
of iron it indicates ap,g of 0377 at this temperature, the concentration

of ferrous oxide being 0-48 moi.fraction.

4. Silicon-oxygen equilibrium in liquid iron.

When silicon is added to liquid iron containing oxygen the
equilibrium is

[si] + 2[0] = (si0) g = —{28i0)

o . [aSi]x[ao]?
The activity of silica can be affected by combinatién with férrous oxlde
but virtually all experimental work carried out on this equilibrium has
been performed using silica crucibles. This fixes the activity of silica
as unity and the deoxidation constant reduces to

- 1
T T

gy = [% o] x [%a1]
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Two experimental methods have been used in studying this equilibrium, the
gas-metal and slag-metal methods. Zapffe and Simsg(34) and Chipman and
Gohcen(35) have used the gas-metal approach. In thié method a mixture
of hydrogen and water vapour was used to control the oxygen potential of
the gas and the molten iron held in a silica crucible was brought to
equilibrium with this gas.

Zapffe and Sims carried oubt an invegtigation of the reaction

RHa0 + [Si] = 2H, + Siob(solid)
.K : ) <'PH3A2 L
VPRd TS
but did not carry out any extensive invéstigation of the oxygen contents
of the metals The oxygen determinations which Zapffe and Sims did make
indicated that silicon affected the activity coefficient of oxygen in
iron, which they explained as being due to the presence of silicon
monoxide in the melt reducing the effective concentration of oxygen, in
terms of the structure of the melt one atom of oxygen would tend to be
associated with one atom of silicon.

The work of Zapffe and Sims has been repeated by Chipman and Gokcen
using s more refined experimental technique in which steps were taken to
prevent errors due to thermal diffusion and also a study was made of the
rate of approach to equilibriume. It is interesting to note that the
controlling reaction was the one between the gas and metal and that the
crucible and metal were always in equilibrium with each othere The

equilibrim - involved were
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!

(s10;) = [si] =2[0] B = [#&i] [#0]P
(5i0;)+ 2B, = [Si]+ g % = [fs1]{Fmols
On plotting the oxygen content of the metal against the ratio

Hz 0/, Ha with which it wes in equilibrium a ratio was reached at which the
owgeﬁ conbent of the metal remained constent with increasing values of
HBO/ Hae This oxygen content was the concentration at which a silica
saturéted FeO-SiOz slag was formed and was the concentration in equilibrium

with this slag. At 1600°C the concentration was 0-088% giving a value of
0. 088
0.225
Fe0-Si0; slag, 0-225% being the oxygen saturation value at 1600°C.  This

= 0+39 for the activity of ferrous oxide in tﬁis silica saturated

value agrees reasonably well with the figure of 0377 obtained by extra-
polating the results of Schuhmamn and Ensid: (33) to 1527°C., the melting
point of iron.

Fischer and vom Ende(14) using silica crucibles and high frequency
heating have studied the effect of temperature on the oxygen content of
liguid iron in equilibrium with silica-saturated Fe0-Si0; slags. The
rather high ferric oxide contents of their slags was probably due to the
air atmosphere useds From Fischer and vom Ende's results the activity of

ferrous oxide is shown in Table 2.

Table 2.
Temperature 1550°C 1600°C 1650°C 1700°C
8Fe0 . 043 0+42 0-39 0-37
Mol. fraction Fe0\®2/ 0-48 0e 47 043 . o 37

at saturation.

-~ - ~

¥ FeO 0+9 0+9 0+91 1-0
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These data indicate that the activity of ferrous oxide in a silica-saturated
Fe0-Si0; slag falls with increasing temperature, a trend which was in
conflict with the work of Schuhmann and Ensio. who found that apgg increased
with increasing temperature in silica saturated Fe0-SiO; slags. Rey(36)
has also shown from the heat of solution curve for FeO in FeO-5i0; slags
that apgp should increase with increasing temperature. But it should be
‘ noted as shown in Table 2 that in Fischer and vom Ende's work the activity
coefficient of ferrous oxide (5 Fe0) increased with in&;reasing temperature
due to the fact that the concentration of FeO in silica saturated Fe0-Si0p
slags decreases as the temperature risese Thus the results of Fischer
and vom &nde are not in conflict with Rey and Schuhmann and Ensio, as
has been suggested by Turkdogan and Pearson(37).
For the equilibrium
810z (cmisr.) = [8i]py + 2[o]g,
Chipman and Gokcen(35a) have given fhe fdllox}iﬁg values
AG° = 133,340 =-5037T
logly = :'3-9-;-]-‘-519 +11°01 where k = [es1][2,
Their data on the equilibrium was-summed up in the tezr'narjrrsy.stem Fe~0~Si
shown in Fig.5.

Kbrber and Oelsen(38) have studied this equilibrium using silica
crucibles and heating in a carbon tube resistance furnace in an atmosphere
of nitrogen. Temperature measurements were made by an optical pyrometer
checked occasionally by immersion readings with a platinum-platinum rhodium
thermocouple. The slags used were FeO-MnOrSiO; slags with a small quantity
of alumina picked up from the crucible. From a large number of melts

Kérber and Oelsen(38) obtained a value for the equilibrium
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Si + 2Fe0 = 80, + 2We k = [FeJ’ (®s10,)
(a'FBO)z [a'sj_]

Since the activitj of iron was approximately constant and ihe éctivity of
éilica was unity this reduces to
K = (%pg0) [®a1]

or using weight concentrations K = (AFe0)® [#si]
Korber and Oelsen found K to be independent of the,rel;tive amounts of
FeO and MnO in the slag and also of the composition of the metal and
reported its value as

log K = ".1_9.%9.?.'.7. + 111008 where K = (fFe0)?[si]

giving K = 45 at 1550%. I
Since Korber and Oeléen determined the oxygen content of their melts, this
can be substituted for (FeO) in the expression for K giving
Kg; = [fOP[#8i] = 1:34¢ x 105 at 1550°C.

This result comparés with the vélue of 1«1 x 1075 obtained by Chipman
and Gokcen and 1¢6 x 1075 obtained by Hiity and Crafts(29).

The figuré obtained by Hilty and Crafts was from experiments carried
out in a rotating crucible furnace using silica, ﬁagnesia and alumina
crucibles. Owing to the difficultieg already mentioned only metal data
were obtained and the results were plotted as a relation between the oxygen
and silicon contents of the metal. This indicated that the different
crucible materials had no significant effect on the equilibrium except at
very low silicon contents. This was surprising since it might have been
expected that magnesia and alumina would increase the deoxidising power
of gilicon by reducing the activity of silica because of the tendency to

gilicate formations.
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Hilty and Crafts plotted the relation between silicon and oxygen
as two intersecting curves (Fig.ﬁ). It was suggested that thig inter-
section marked the change from equilibrium with a liquid silicate to
equilibrium with solid silica, i.e., was the point of three phase equil~-

ibria, solid silica, liquid silicate and liquid iron. Darken(39) has ‘

pointed out that the gradient of the curves at the join violates the laws
of heterogeneous equilibria as their metastable extensions pasg into the
homogeneous phase field, i.e., liquid iron. Hilty and Crafts results
indicate that the oxygen content of iron in equilibrium with a gilica |
gaturated Fe0-Si0; slag is O-04% at 1600°C, i.e., the value at the point
of three phase equilibrium. This is much lower than the figure of
0-088% oxygen obtained by Chipman and Gokcen for the same equilibrium.
The results of Kdrber and Oelsen(38), Hilty and Crafts(29) and Chipman
and Gokcen(35) for the silica oxygen equilibrium are compared in Fige€e

Using a similar technique to that already discussed for their work
on the deoxidation of iron by manganese, Evans and Sloman(40) have studied
deoxidation by silicon. The total oxygen content of their melts for any
given silicon content was much higher than that expected from Chipmen and
Gokcen's results at 1527°Cy this was probebly the result of incomplete
rempvai of the deoxidation,product, silica, from the iron. This work
gave little information on the silicon-oxygén equilibrium in liquid iron
but may be useful in showing the composition of the deoxidation products
formed when iron is deoxidised by silicome The results showed that at

silicon contents above 1% the inclusions consisted of almost pure silicae



5., Oxygen Equilibrium between molten iron, mangsnese and silicone

Al]l the experimental data on this equilibrium has been obtained from

slag-metal experiments. Korber and Oelsen(38) have studied the equilib-
rium under silica saturated FeO-Mn0-Si0; slags, their technique having
already be’en mentioneds They determined K' Mp TOT 2 wide range of Fe(
and MnO contents and found it to be independent of the ratio %8—,
within the limits of experimental error. K! My W25 found to be consider-
tably higher in these slags than with simple"FeO-MnO slagsy Korber and
6elsen reported it as |

log K'y, = 7940 . 3.172
. T .

giving a value of 15+5 at 1550°C, compared with 3+8(26) and 2:4(7) found
for FeO-MnO slagss "The data of Kérber and Oelsen on this eqt;ilibrium
show a large scatter and if plotted on a statistical basis as in Fig.7,
values of 13 to 18 for K‘Mn occur with almost equal frequency indicating
a velue of K'y, of 155 ;i-_ 2 5.

The o:&gen detc;rmina’;.ions made by Korber and Oelsen showed that
the ratio LZ%) was independent of the {%&g} ratio of the slag and was
0+17 at 1550°C. |

’ Krings and Schackmann(41l) have made a study of the effect of
silica on K'py, in slags which were not silica saturated. This work was
carried out using alumina crucibles giving slags which contained up to
267» alumina. No determinations were made of the oxygen content of the
melts. The results for XK'y, showed that the value increased with
increasing silica content 3.n the slag and at a mole fraction silica of
0+5 it was 10+8. Krings and Schackmann's results are shown in Figse

12 and 13.

|

|
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Korber and Oelsen obtained data on the manganese-silicon equilib-

riuwm in liquid iron, which can be represented by the equations-
[®Mn]3x(%5i0,)
[®s1] = (*an0)?

Using weizht concentrations in place of activities and putting aSng

Si+2Mn0 = §5i0; + 2Mn KT =

equal to unity as the slags were silica-saturated, the equilibrium becomes

K = [Mn]?
t GwoR(a]
Korber and Oelsen found this to'be‘represented by the equation

(10g Ky o) = "%-23 " 4757
giving a value of 9-6 x 107 at 15509,

When manganeée is used in conjunction with gilicon it is a much more
effective deoxidiser than when used alone. This isg shown by Fig.8, where
a comparison is made between the effect of maﬁganese on the oxygen content
of molten iron in the presence and absence of silicon. This indicates
that with 1% manganese the oxygen concentration in the presence of silicon
is only 1/9th of that in its absence.

Hilty and Crafts(29) have carried out work on the relation between

manganese, silicon and oxygen in molten iron, using alumina and magnesia

crucibles in the rotating furnace. Their results were plotted from the
data obtained using alumina crucibles and on the basis of the composition
of the metal since the slag data was unreliables The oxygen contents for
correéponding silicon contents were higher in the mélts made in magnesia
crucibles. This may have been due to either alumina lowering § meg in
Fe0-Mn0-5i0; slags or to magnesia raising ite This effect was most marked

in melts with low silicon contentsy 1in these meits the Fe0 content of the
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slags was highest and the alumina pick up was therefore greatest, whereas
the magnesia pick up was least in these slags. .

In their graphs showing the effect of silicon on the oxygen content
of the metal containing different concentrations of mangasnese, a similar
inflexion to that already mentioned for their work on the silicon-oxygen
equilibrium was indicated aﬁd 1s open to the same objections.

No reliable conclusions can be drawn from the slag data of Hilty
and Crafts. Values of K'yp, for both magnesis and alumina crucible
data showed no trend with“silica content and there was a very large scatter
in the results. AbtiVities of ferrous oxide calculated from the oxygen
contents of the melts showed a large scatter and the only factor notice-
able was a tendency for XF@O to be less than unity, a tendency more
marked with alumina crucible melts than with those made in magnesia
crucibless

Some data on the effect of silica on K'py, and on XfFeO in
Fe0-Mn0O-Mg0-Si0; slags can also be obtained féom the work of Ninklér and

Chipman(28). This will be discussed later.

(6) Slag-Metal Equilibria.

Several methods have been used in an attempt to interpret slag-
metal equilibria in terms of the law of Mass Action. It was soon realised
that the use of molar concentratibns for slag components as determined
by chemical analysis rarely gave constant equilibrium consbants. ©Slags
could not therefore be regarded as ideal solutions. Various hypothesis
have been advanced to explain the deviationg from ideality. The first

to achieve prominence was that in which certain compounds were assumed to
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exist in the slag. Activities were then equated to the uncombined or
"free" oxides presenf. Schenck(42) in particular has used this method
extensively to inberpret the various slag-metal equilibria. Thus in
molten iron silicates

(EFe0) = (Fe0) + 0-7 (2Fe0.5i0;)

where (ZFe0) total ferrous oxide

(FeO) = "free" Fel
(2Fe0.5i0;) = concentration of fayalite in the liquid silicate.
The "free" FeO content can therefore be calculated if the "dissociation

constant" of fayalites -
_ (Fe0)?® (si
Dpes = (810;)
(2Fe0.81i0, )

is knowne By using the concept of free concentrations, which is similar
to the concept of activity in the modern thermodynamic approach, Schenck
has constructed diagrams showing "free" ferrous oxide contents in slag
systems at various temperatures. Thus Fig.9, which shows the "free"
ferrous oxide contents in FeQ-Mn0-SiO; slags, indicates that the "free"
ferrous oxide contents are lower than the total ferrous oxide contents,
i.e., the activity coefficient is lowered in the presence of MnO and Si0; »
- Further diagrams were constructed by Schenck showing the manganese, silicon
and oxygen contents of iron in equilibrium with FeO-MnO-SiO; slagse
White(43) has used a similar approach, which was applied by Murray
and White(44) to the equilibrium between liquid iron and FeO-MnO-SiG;
slags at 1600°C assuming that the compounds FeQ.S5i0z, 2Fe0.Si0; and
Mn0.Si0; exist in the slage Calculations were made of the effect of

silica on K'py, taking the value of Ky, obtained by Korher and Oelsen in
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simple oxide slags as the true value. Their calculations showed that .
K'yMp increased with increasing silica coﬁtent up to silica saturation. .

” Although the concept of the existence of compounds in liquid slags
is somewhat formal and can hardly be regarded as an exact picture of their
éénstitution - ag was pointed out by Murray end White = it is useful in
predicting the effect of one slag constituent on the activily of another.

A more accurate picture is probably that in which liquid slags are
agssumed to congist of ions, since this is in line with modern views on
the structures of solid oxides and silicates which have been shown by
X-ray diffractior{ work to be essentially ionic in character. As the low
entropy of fusion of silicates suggests that there is no radical change
in structure on pelting, it seems reasonable to assume that the liquid slag
is merely a disordered version of the solid slage There is, however,
gome disagreement on the nature of this ionic structﬁre. Thus,
Herasymenko(45) asgsumed that the cations and anions were randomly distri-
buted in the melt and took up positions regardless of pign or charge,
whereas Temkin(46) postulated that the cation positions were filled by
cations 6n.]y but quite randomly and irrespective of charge, the anion
positions being similarly occupied by anions. Herasymenko!s concept is
similar to that of a gas in which the thermal movement of tfxe ions over- |
come the electrostatic atiractive forces between oppositely charged ionse
Thus if E’,nm is the total number of cations and !.':1:1gr of anions, then the

ionic fraction on the Herasymenko model is

= Nyt

Zﬂr‘l t+ 2Nk,

Ny
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On the Temkin model the structure of the slag is determined to a

large extent by electrostatic forces, and the lonic fraction is given by |
N"* = v ’nnﬂ"
: Z’nmu- 27‘",, + Z hn3,.1 ...

Flood,Fgrland and Grjotheizg“ﬁave pointed out that there is an

important difference between Temkin's model and a mixed ionic crystal
in that the substitution of a monov;lent ion by a divalent one requires
the creatlion of a vacant cétion position, hence a dival_ent cation is
equivalent to an adjacent pair of monovalent cationse Flood therefore
defines the ionic fraction by

N"'-H» = 2 My
‘TLM,. + R Mpger +° °°

since this represents the solid structure of the crystal beﬁter. These
ionic fractions are used instead of concentrations in expressions for
equilibrium congtants. In the above approaches to slag-metal equilibria
assumptions mist be made with regard to the constitution of liquid slagse
This is not necessary in the purely thermodynamic approach, in which
N éxperimen’oal determination of the activities of slag components and of
elements dissolved in liquid iron and their heat and entropies of mixing
are made. Various methods have been used to calculate these thermo-
dynamic quantities including studies of gas-slag, gas-metal and slag-metal
equilibris. Since a great deal of experimental data on these quantities
is not yet available, approximate calculations have been made using phase
diagrams notably by Richardson(48), Rey(36) and Chipman(49).

This latter dpproach in which deviations from ideality are
expresséd in terms of activity coefficients will be used in the present

works.
e
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III. EXPERIMENTAL TECHNIQUE.

le Crucibless

One of the biggest practicsl difficulties in slag-metal experi~
sments ié;gbtaining a suitable container which will resist attack by
Both slag and metal and which will ndt have a great effect on the
equilibrium being studiedes The rotating crucible furnace developed by
Taylor and Chipman(13) appeared to offer big advantages for slag-metal
-work when it was first described, but these advantages now appear to be
confined to a very limited range of slag compositions It was found by
Hilty and Crafts(29) and Murad(50) that using FeO-MnO-Si0; slags in this
type of furnace it was impossible to keep the slag in the metal cup and
that it crept up the walls of the rotating crucible, It has been pointed
out (Bell, Murad and Carter(51)) that the height of rise of the rotating
liquid is independent of itg density and that if surface and interfacial
tension effects are excluded the slag must come into contact with the
crucibles For the rotating crucible to be successgful the slag must
have a high éontact angle and interfacial tension againgt molten metal
and also the metal must wet the crucibles These conditions do not exist
in molten iron and FeO-MnO-Si0; slagse It is also probable that even
if contact between the slag and crucible were prevented crucible attack
could still take place through oxygen in the metals In this case the
metal might ﬁend to come to equilibrium with the crucible rather than
with the slag layer which is ﬁsually thin with induction heating. The
use of induction heating in slag-metal work although giving a certaih

amount of stirring to the melt has the disadvantage that the slajg layer
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is not heated directly. Attempts have been made to overcome this draw-
-back by using a coil of molybdenum strip, heated electrically, held
above the slag (Fetters and Chipmah(lo)) or by an electric arc above the
slag (Winkler and Chipman(28)). As in this work it was decided to heat
the slag and metal equally, it was necessary to find a crucible which
would be impervious to slag and metal at temperatures above the melting
point of iron.

A study of the thermal equilibrium diagrams for metallic oxides
showed that magnesia appeared the best available crucible materiel for
use with FeO~MnO-Si0O; slags. Magnesia forms solid solutions with both
ferrous and manganous oxides and the melting point of these solutions

" rises rapidly with increasing magnesia contente The magnesia pick up
in slag attack by these oxides is therefore not large. The addition
of silica to these oxides increases the solubility of megnesia as is
indicated by the FeO-Mg0-5iG, ternary system(52)(Fig.10), but with
silica contents below 307% the attack is not serious enough to destroy
the crucibles The use of magnesia as a crucible material meant that
another component was introduced into the slags, but as yet no method
hag been found of varying the concentrations of three components of a
slag in slag-metal experiments without introducing a fourth.
| Several methods have been tried to produce magnesia crucibles
with a low permeability. Barret and Holbrook(53) attempted to make
fused magnesia crucibles by filling a graphite crucible with magnesia

powder and heating it by high frequency heating to give a fused layer
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of magnegia on the internal wells of the graphite. This method was tried
and although producing a crucible which would hold moiten iron, as soon

as a slag was added it soaked into the crucible and would not remain as

a layer on top of the metal. These crucibleg were therefore unsuitable
for slag-metal work.

A similar technique to that of Barret and Holbrook was used by
Dancy(54) but instead of a graphite crucible the magnesia powder was packed
found a graphite core. This agsembly was heated by high frequency current
to produce a fuged layer 6f magnesia round the core, the core being removed
while the crucible was hot to prevent cracking during cooling. It was
found that using this method the fusion temperature of magnesia was
easier to attain as the graphite wag insulated by the magnesia powder,
but considerable reduction of magnesia took places Although the crucibles
pfoduced by this method were found to be an improvement on those of Barret
and Holbrook, they had a high permegbility and did not resist slag
penetrations This finding was confirmed by Dancy(55) when in a paper on
the reduction of ferrous oxide by carbon saturated iron it was shown that
as soon as ferrous oxide came into contact with the crucible it was
destroyeds As these crucibles have only a thin fused layer on the surface
of the crucible, when this layer is penetrated the crucible is useless.
They will contain molten iron only because of the high contact angle
between molten iron and magnesia.

Several proprietary crucibles were tried and although an

improvement on the above, they were not sufficiently impermeable to slage
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Efforts were therefore made to pfoduce an impermeable crucible by slip-
scastings. It had been shown by Thomson and Mallet(56) that any
fefractory oxide can be made sufficiently plastic to be slip cast by
grinding very finely. I{ was recommended that magnesla be ground for
17 hours to meke it suitéble for slip cagtings It wag found in the
present work that longer grinding periods gave better results and 24 to
30 hours‘waé useds Due to ite tendency to hydrate, magnesiz cannot be
slip cast using an aqﬁeous slip. Crucibles cast by aqueous slips were
riddled with cracks when drieds Some patented methods for producing
magnesia crucibles using an aqueous slip exist, but these use added oxide
such as B30z to prevent hydration thus adding further impurities to the
crucible;

It was found using ordinary alcohol (containing about 5% water)
that it was alimost impossible to obtain crueibles which did not crack either
on drying or firinge Absolute alcohol was tried as Thomson and Mallet had
found that crucibles free from cracks could be produced using this as a
slip casting mediume This proved successful in producing crucibles but
often up to 50% of thecrucibles showed cracks after firing. It was,
therefore, decided that complete drying of the alcohol might increase the
yield of sound crucibles. The Grignard method of drying alcohol was used
and zlcohol dried by this method gave very satisfactory results, producing
a yield of 95% soundcrﬁcibles.

The technique used to make these crucibles was first to grind

" fused magnesia in a ball mill for =zbout 24 hours. A1l the crucibles

used in this work were made from magnesie ground in a steel ball mill using

s

steel ballss This resulted in a small pick up of iron but did not lead
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' to‘any difficultieg in the process or in the experimental worke Crucibles
have also been produced using magnesia ground in rubber lined ball mill
with alumina balls and with only a very small alumina pick upe.

The ground magnesia was mixed with dried alcohol, adding the
magnesisa to the alcohol a little at a time until a slip of the desired
consistency had been produceds This usually contained about 50% by volume
of powdered magnesia but the quantity was not meagured, it being judged by
the consgistency of the slipes At first the slip was allowed to stand
overnight before being used but later it was found that it coulcd be used
immediately after mixing.

Good plaster of Paris moulds were found to be essential for the
production of magnesia cruciblese These moulds were made using fine
plagter of Peris and sprinkling it.into water, avoiding lumps and keeping
the mixture well stirred until it was of a creamy consistency. The
mixture was then poured into a greased mould containing a metal core which
was the shape of the crucible desired. Once the plaster had set the metal
core and the mould were removed and the plaster mould allowed to air dry
for several dayse A crucible shape was chosen with a slight taper from
top to bottom fo make it easier to extract the slip cast crucible from the
plaster mould.

The crucibles were made by filling the plaster mould with the
alcohol siip and when a éufficient thickness of magnesia had formed round
the walls the superfluous slip was poured off. Considerable difficulty
was encountered at first in removing the crucibles from the mould since

they tended to stick to the plaster and did not shrink away on dryinge
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Tt was found that if the plaster mould was dusted with French chalk before
casting each crucible, ,trouble due to gticking wes obviatede In some
experiments on the effect of grinding time it was found that longer grinding
reduced the tendency for sticking in the mould, and only an occasional
dusting with French chalk was necessary if the magnesia was ground for

30 hourse An almost limitless number of crucibles could be produced from
one plaster mould since the alcohol slip had no effect on the plasters

The crucibles were dried for zbout 24 hours before being fired,
and in the dried state were fragile although some sghaping could be done
on them if carried out carefully. The crucibles were fired in a gas
fired muffle to about 1600°C, the temperature being raised slowly and the
crucibles being allowed to cool in the furnaces

After firing the crucibles were{pechanically strong and almost
impervious Lo gases. Their main drawback was a low spalling resistance
which rendered them unsuitable for high frequency heating.

Two types of crucible were produced, one using fused magnesia
which contained approximately 3% silica, the other using 2 high purity
fused magnesia conteining about 0+3% silica. On firing the first type
had a polished surface showing some slight fusion of the bond at 1600°C where-
tas the purer magnesia crucibles had 2 matte surface after firing. Both
types of crucible were impervious after firing. The purer magnesia
crucibles were used when it was necessary to keep the silica content of the
slags as low as posgible.

Using slip-cast magnesia crucibles, molten iron could be maintained

in contact with an Fe0-MnO-Si0, slag for an almost unlimited time at 1550°C.
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The slag picked up magnesia by attack on the surface of the crucible but
did not penetrate ite This pick-up of magnesia depended mainly on the : i
silica content of the slag, being greater the higher the silica content;
There was a slight variation in the amount of magnesia pick-up depending
on the FeQ/MnO ratiosy at any given silica content the pick-up tended to be
higher the greater this ratio.

For some mélts silica crucibles were required and several types
of fused silica crucibles were tried. It was found that the main
cause of failure in silica crucibles was due to devitrification of the
gilica. As long as the slag added contained enough silica to prevent
too great an attack on the crucible there wes little or no trouble from
failure due to slag attacke Devitirification appeared to start at the
walls of the crucible and progress inwards so that if a thick walled
crucible were used failure due to this cauge could be delayed. Using
- silica crucibles with a wall thickness of 1/4 inch, slag and metal could
be held at 1550°C for at least two hours without crucible failure. The
silica crucibles used in this work were made from silica tubing llféinch
external diameter and 1/4 inch wall thickness onto which an end had been
fused using silica sheet of the same thicknesse These crucibles proved
véry satisfactory for this work.

To protect the magnesia crucibles from contact with the furnace
tube thin slip cast alumina crucibles were useds These crucibles were
made by grinding fused alumina for about 12 hours in a ball mill and

afterwvards treating it with 10% hydrochloric acide This removed the

iron picked up during grinding and gave the necessary acidity for slip
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casting alumina. The alumina was allo#ed'to settle in the acid, the
excess acid decanted off apd the consistency of the slip adjusted with
water. The crucibles were then made in plaster moulds, dried and fired
at 1600°C. This firing temperature did not give an impermesble crucible

but was satisfactory for the'purpose required.
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- 1l. Materials used in meltss

Metallic charge.

Armco iron from which the scale had been completely removed was
used as a source of iron. The mein impurities weres-
Carbon Manganese  Phosphorus  Sulphur Silicon
 0-012%  0-0177% 0+ 005% 0+025%  0-003%
Manganese was added as electrolytic manganese and silicon as lump silicon.

Slag materials.

The silica used to make the slag additions was a natursl silica
of »99% SiG,. It was ground and further purified by boiling with
‘concentrated hydrochloric acid to remove any metellic oxide impuritiese.

Ferrous oxlide was prepared from ferrous oxalate by heating in
vacuum in an iron tube to 1000°C. After holding for about an hour at
this temperature the tube was sealed to hold the vacuum and then quenched
_ in water. This gave ferrous oxide slightly richer in oxygen than the
stoichiometric formula FeO.

| Manganous oxide was made by heating manganese oxalate up to 1100°C
in an atmogsphere of cracked ammonia. The gas was continually passed
during heating and the material was cooled in the same atmosphere. This
method produced manganous oxide of a bright green colour and this was

stored in a sealed bottle.
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111. Furnace and Apparatus.

The melts were carried out using a platinum wound resistance
furnace, as shown in Fig.ll. The furnace tube used was a l%é inch
internal diameter mullite tube which could be used up to 1700°C and which
was impervious to. gases up to this temperature. This tube wa.s placed
inside a thin alundum tube on which the platinum wire was wounde The tube
was wound over a length of 14 inches with 20 S.W.G. platinum wire and the
furnace insulated as shown in the sketch. This gave a furnace which at
1550°C was found to have a hot zone of 2 inches in which the temperature
did not vary by #5°C., and which did not vary by # 10°C over 3 inches.

The input to the furnace was controlled by a 16 ampere Variac which gave
very sensitive control of the furnace temperature. With this method of
control the furnace could be held at 1550°C #5°C for long periods with only
occasional attention.

It was found that if the magnesia crucibles came into contact with
the mullite tube at high temperatures they fluxed with the silica in the
mullite andvstuck to the tube. To prevent this the magnesia crucible was
placed inside a thin alumina crucible. A small depression was made in
the base of the alumina crucible into which a fused alumina thermocouple
sheath was inserted. The crucibles were supported in the furnace on
alundum stools which rested on a rubber bung at the base of the furnace
tube, as shown in Fig.ll.

The crucibles were located in the furnace so that they were
inside the hot zone, as also was the thermocouple tip. The magnesia

crucibles were 11/ inches highy thus they could sit completely in the



;: c: Nl*ﬁzbﬁé‘;v

e -

)

a3shd

YNIWNTD

g
AR
~'
NE
NES
"'l"-
N
<
L
n

Fiq. . FurRNACE.

O

Pr+ Pe.lh.
N_ 2
THEAMo CourtE .




36.

hot zone leaving %/2 inch into which the thermocouple sheath could projecte.

The accuracy of this method of measuring the furnace temperature was checked

by suspending a thermocouple inside the crucible and comparing it with the

sheathed couple. This showed that the method of temperature measurement

was reliable gs there was almost no difference in reading between the two |
thermocouples. Platinum -13% rhodium-platinum thermocouples which had f
been calibrated against the melting points of gold (1063°C) and palladium
(1554°C) were useds The E.M.F. generated by these couples was measured |
on a Tinsley vernier potentiometer.

Using this method of heating both the slag and metal could be M
heated directly to the same temperature. As the mullite tube was
approximately 36 inches long both ends were cold enough to hold rubber
bungs without water coolinge The bung at the top of the furnace held a
T-tube with a window and a nitrogen inlet as shown in Fig.lle The nitrogen
used wés commercial cylinder nitrogen which was purified by passing through
a furnace containing four tubes connected in series, the nitrogen passing
in succession over copper gauze, steel wool and megnesium turnings held
at 600°C. The nitrogen was then dried and passed into the furnace, the ?
gas pressure being maintained at about 1 inch of water above atmospheric

pressure.
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IV. Experimental Method.

In carrying oubt a melt a magnesgia crucible was first charged with

approximately 60 grams of Armco iron, in some cases with the addition of

manganese or silicon. The crucible was placed in the furnace as in Figell. |

The nitrogen supply was then connected to the furnace and heating commenced,

taking approximately 5 hours to reach 1550°C. The power input to the
furnace was controlled so that the rise from 1450 to 1550°C took about one
hour, the last 20°C requiring about 20 minutes. This slow method of

heating the furnace was adopted to ensure that the platinum winding of the

furnace was only slightly above the temperature measured by the thermocoupley

this increased the life of the furnace and gave a more accurate control of
furnace temperature. A check was obtained on the thermocouple by noting
the temperature at which the iron begen to melt. Once the furnace temper-
sature had been stabilised at 1550°C the slag was added as a pelleted
mixture of ferrous oxide, manganous oxide and silica. In the melts made
in magnesia crucibles it was found that 10 grams of slag was sufficient
to cover the molten iron. By making the slag addition after the iron
was molten it was found that the magnesia pick up was not as gredt as when
the oxides were charged with the metal at the beginning of the melt. This
was probably related to the time and area of contact of the molten slag
and crucible.

The work of Korber and Oelsen(38), Winkler and Chipman(28) and
Krings and Schackmann(4l) has shown that equilibrium between iron and
Fe0-Mn0-8i0; slags is reached rapidly, less than 30 minutes being required.
In this worlz the slag and metal were normally held at 1550°C for approx-

simately one hour before sampling. To establish that equilibrium was
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being attained in this time melts were carried out in which equilibrium
was approached from different directions, by transfer of manganese from
metal to slag and vice versa. Melts were also carried out in which slag
and metal,which were in equilibrium according to previous data were used;
These were held at 1550°C for 2 hours =nd sampled. Both methods indicated
that equilibrium was attained in less than one hour.

After holding for one hour at 1550°C the slag and metal were
samplede Slag samples were taken by dipping an iron bar into the molten
slag to give a chilled layer of slag on the bar. In most melts the iron
was sampled by suction into a silica tube using a rubber bulbe For some
melts the metal semples were taken using the Cerney, Chipman and Grant(57)
modification of the Taylor(1l3) sampler in which the metal is sucked through
a short piece of silica tube into a copper block, but this sampler gave
trouble at the silica-copper joint and it was found that using silica tube
alone identical results were obtained for silicon, manganese and oxygene
The ends of the metal sample were discarded, the centre only being used
for analysis. The slag sample was ground and any entrapped iron
sepﬁrated with a magnet.

When the magnesia crucible was removed from the furnace and
sectioned lengthwise the slag and metal layers appeared as in Fig.ll.

It appears that in the presence of a FeO-Mn0-Hg0-Si0; slag that molten iron
has a high contact angle with magnesia whereas the slag has a low contact
angle. This was one of the main reasons why the rotating crucible

furnace was not successful with these slagse
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Numerous melts were made using this technique with varying
proportibnsof ferrous_oxide, manganous oxide and silica; The magnesia
crucibles resisted the attack of these slags without failure with silica
contents up to 40%, although when the silics in the slag was above 30%
the magnesia pick up increased rapidly with increasing silica.

Some melts were made in silica crucibles to obtain results with
sllica-saturated slags. Using these crucibles the technique was slightly
different from that used with magnesia crucibles. 120 grams of Armco
iron were melted in the silica crucible and the temperature stabilised
at 1550%C. A slag of ferrous oxide, manganous oxide and gilica was
added as before using 20 grams with a silica content of about 45% to
prevent too large an attack on the crucible. The remainder of the silica
necessary to saturate the sleg was picked up from the crucible. After
45 minutes at 1550°C the sleg and metal were sampled as before. A small
quantity of ferrous oxide was then added to the slag to change its
composition and the melt held for a further 30 minutes wheﬂ slag and
metal samples were agein taken. The slag composition wag again altered
by adding ferrous oxide and the same procedure repeated. This technique
allowed three samples to‘be taken from one silica crucible.

The contact angle relationships between slag, metal and crucible
were similar to those found in magnesia'crucibles. Although the crucible
was not completely devitrified after 2 hours at 1550°C the surface of
the crucible in contact with the slag and metal was devitrified and
probably converted to cristobalite, since at 1550°C this is the

decomposition product of vitreous silica.
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Ve Analysié of S8lag and Metal.

Slage

The slag sample was analysed for total iron (¥Fe), manganous
oxide, ferrous oxide, magnesia and silica. A sample of the slag was
boiled with water and hydrochloric acid added till it was dissolved;

The solution was boiled to dryness and bakeds The residue was boiled
with hydrochloric acid and the silica filtered off and determined by
ignition and purification by hydrofluric and sulphuric acids. The iron
was determined in part of the filtrate by reduction with stannous chloride
and titration with potassium dichromate solution. In the remainder of
the filtrate iron and manganese were removed using a basic acetate
separation and precipitation in ammoniacal solution by ammonium
persulphate respectively. Magnesia was then determined by precipitation
with smmonium phosphste and ignition to magnesium pyrophosphates

The manganous oxide content of the slag was determined by solution
in dilute nitric acid using a few drops of hydrofluoric acid to aid
solution. The solution was oxidised by sodium bismuthate to give
permanganic acid and the manganese determined by titration with ferrous
ammonium sulphate and potassium permenganate solutionse The ferrous
oxide was estimated by solution in hydrochlorie acid in a carbon dioxide
atmosphere and ti%rated wi@h potassium dichromate solution.

In all estimations the weight of sample used was varied according

to the expected analytical contente.
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Manganese, silicon and oxygen were estimated in the metal samples;
One of two methods was used for manganese depending on the amount present.
With contents below 005% an absorptiometric method was used while for
mangsnese contents above Os5% the bismuthate oxidation method was used;
Details of both these methods are published in Analysis of Steel and Ferro
Alioys(58).

The silicon contents met with in this work were very low and this
necessitated a colorimetric method of estimation. Although the molybdenum
blue reaction is very sensitive for silicon, reproducible results are very
difficult to obtain at low silicon contentse Several methods using the
molybdenum blue reaction were tried, mainly differing in the reducing agents
used but the only method which gave reproducible results was the method
publiched by the Methods of Analysis Committee of the Iron and Steel
Institute(59). This method had modifications for low silicon contents and
claimed an accuracy of :0-002% with silicon contents less than O-0l%.

Using this method it was found that the blank steadily increased through
each estimetion and this trouble was traced to the potassium permanganate
solution useds It was found that if a potassium permengsnate solution
which had been kept in a glzss bottle for some time was used the blank was
too high to be measured in an ezbsorptiometer, whereas if a new solution of
potessium permangenate was used the blank was very low. When this solution
was made up and kept in a wax bottle no difficulty was experienced with
varying blanks. It was found by this method that silicon estimations could

be reproduced to within +O-00L%.
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The iron was analysed for oxygen using the vecuum fusion method
which is the standard method for determining oxygen in steels The
apparatus used was identical with that described by Murad(50) and the
procedure used was in almost all respects the same. The apparatus was
first of all degessed by heating the graphite crucible to 2000°C in
vacuume This temperature was maintained for 4 hours when the pressure
in the furnace t%ube vas usually of the order of 10 = millimetres mercury.
The furnace temperature was then dropped to 1550°C which brought the
pressure down to 1075 millimetres mercury. The gas being pumped from
the furnace tube in 30 minutes was then collected to give a blank for the
apparatuse The apparatus was then ready to receive a metal sample.

The weight of the samples used depended on the probable oxygen
content of the metal, and was adjusted so that all the gas produced would
be evolved and collected in 15 minutes. These conditions were evolved
to suit the particular apparaﬁus end not to overload the diffusion pump

which did not work efficiently if the backing pressure rose above 1

millimetres The backing pressure was kept as low as possible by operating

the Toepler pump used to collect the gas samplese

The gas collected was analysed in an Ambler gas analysis apper=-
satus. Carbon dioxide was estimated by absorption in potassium hydroxide
solution, oxygen by absorption in alkaline pyrogallol and carbon monoxide
using ammoniacal cuprous chloride solution. The nitrogen could be
extimated by differences In almost all cases only carbon monoxide and

nitrogen were detected.
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The blank was normally of the order of O+1 to 0¢2 c.c. of gas
in 30 minutes and contained about 30% carbon monoiide. AThus in 15 minutes
the amount of carbon monoxide from the blank was of the order of 0+04 c.ce
which was a very small fraction of the carbon monoxide evolved froﬁ the
metal samplese

The apparatus was checked occasionally by employing samples
‘already analysed at the National Physical Laboratory. For a sample
containing 0-02% oxygen the results always agreed within :0‘0005% of
this value. ) No standard samples were available containing—higher oxygen
contents but in the melts analysed duplicate analysis for oxygen contents
above 0104 did not vary more then :O-OOS%. A melt made using only
ferrousaoxide as a slag addition gave‘an oxygen content of 0+196% which

is comparable with the oxygen saturation figure at 1550°C gi&en by Chipman

and his co-workers(10(13),




DISCUSSION OF EXPERIMENTAL RESULIS.
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IV. DISCUSSION OF EXPIRIMENTAL RESULTSe

1. Experimental Resultss

The complete analysis of all the melts made are shown in Table 3.
The iron content of the slag has been expressed both as total ferrous
oxide (Fel) and as ferrous and ferric oxide. The ferric oxide contents
may be rather higher than the actual ferric oxide content of the liquid
slag since in the method of sampling the hot slag was cooled in air.
It was noticed, especially in light coloured slags, that the surface of
the chilled slag which had come into contact with the air was darker in
colour than the remainder of the slage

The slag analyses have been tabulated both as weight and mole
per cents In the lagt column of the tsble the values of K'Mp where
KiMh = @ F;g?€%ﬁﬂf have been shown. All the data given'refer to an
experimental temperature of 1550°C, and the melt numbers missing from
the table were melts which were rejected because of crucible failure or

because the metal samples were considered unsuitable for analysis because

of entrapped slage
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11, Equilibrium in slags relatively free of silicae.

Several melts were made in which no silica was included in the

slag additiony the data for these melts is shown in Table 4.
' Table 4.
Melts made without silica addition (1550°C).

Melt 510,  Fe0 Ma 0 K Mn 0

VNO' mole fraction Weight &% '@SF% Fe0
11 0:044  0:743  0-055 0143 3.8 0-194
38 0-0049 0-750  0-075 0-139 3.8 0-186
40 0-0049 0-674  0-13 0-120 3.2 0-180
43 0-0038 0-799  0-048 0-157 3.5 0-195

Melt No.ll was made using a magnesia crucible made from the less pure
magnesia, hence the pick up of 3+8% silica. It appeared that the attack
of the slag on these magnesia crﬁcibles was concentrated on the bond,
which would be higher in silica than the remainder of the crucible. The
other three melts were made in the purer magnesia crucibles and only a small
 quantity of silica was picked up (<0s5%).

From these melts the averagé value of K'Mpn was 3+6. In melt
No.40 in which the value of Kyp was lowest it was noticedhthat the slag
was more viscous than in the other meltg. Since this slag had the highest
manganous oxide content this was probably due to its composition being
near the liquidus composition at 1550°C. Attempts were made to fuse slags

with higher manganous oxide contents than this in order to obtain a value

for Kth with a higher accuracy but a fluid melt could not be obtained.
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~The average value of K'yy, obtained in this work is compared
with those obtained by previous workers in Table 5.'

Table 5.
Comparison of values of K'ym.

Ref. This Korber and Krings and Gero, Winkler
work. Oelsen(7). Schackmann(27). and Chipman(26).

K'vn 3+6 24 3.1 3.8

The value obtained by Gero, Winkler and Chipman(26) was extrapolated from
a series of results at higher temperatures using thermodynamic data to
calculate the effect of temperature on the equilibrium. The results
obtained in this work confirm the value obtained by Gero, Winkler and
Chipman rathér than that of Korber and Oelsen(7). As already mentioned,

the temperature measurements of the latter workers were probably too lowe

[ % oxygen ]
(mole fraction £ Fe0)

in Table 4 for thegse melts. This gives an average value of 0+19 for this

The ratio has been calculated and is shown
ratio again agreeing with the data of Gero, Winkler and Chipmaﬁ and
differing from that of Korber and Oelsen(7), who obtained a ratio of

0:24 at 1550°C. Assuming that ferrous oxide behaves ideally in an
FéOthO'slag, the present work indicates that at a mole fraction of Fe0
of one, molten iron at 1550°C would contain 0+19% oxygen. This value
agrees with the oxygen saturation values of Fétters and Chipmen(10),
Taylor and Chipman(12) and Fischer and von Ende(14) at 1550°C. It also
indicates that manganese in the concentrations met with in these melts

has no influence on the activity coefficient of oxygen in molten iron.



The variation of oxygen content of molten iron with the manganese
conbent aﬁ 1550°C is shown in Fig.l2. Above 0-13% manganese the equilib-
srium is between manganese and oxygen dissolvedﬂin liquid iron and solid
FeO-n0 slags. If it is assumed that FeO and MnO behave ideally in the
solid FeO-MnO slag('this assumption would appear valid because of the
similarity of FeO and MnO and that they are probably mutually soluble in
the solid staté) the oxygen-manganese equilibrium in molten iron with
solid FeO-MnO slags can be calculated. In the ensuing discussion the

value of 3+6 is taken as the true value of the equilibrium constant
(3m0) "
3Fe0[ #Mn ]

solution' of manganese in iron.

at 1550°C, the standard state of manganese being a 1%
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111. EBEquilibrium in Melts made in Silica Crucibles.

Several melts were made in silica crucibles to determine the
equilibrium between manganese, silicon and oxygen in molten iron with silica
saturated FeO-MnO-Si0; slags. The data obtained from these melts are shown
in Table 6.

From these experiments the average value of K'yy, was 15-6 which
agrees well with that of Korber and 0elsen(38) of 155 fo:; silica se;turated

slagse

Since Ky = = gMngMn = 36
e .

If it is assumed that within the above range of concentration mangsnese

behaves ideally in a molten Fe-Si-Mn-0 alloy, then

Xmgo(Mno) = 36
¥ reo\Fe0) [ am] -

From this relation, knowing the activity coefficient of ferrous oxide (§re0)

that of manganous oxide (XMnO) can be calculated.
If it is assumed that silicon does not affect the activity
coefficient of oxygen in molten iron, the activity of ferrous oxide in the

molten slags can be calculated from the partition coefficient

lgﬂ = Q019 at 1550°C.
2re0 -

Values calculated from this relation are given in Table 6, and indicate an

average value foereo of Q-87.

~
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4 Chipman and Gokcen(35) found that silicon affected the activity

Clarmes Fiani 0.0ty S !WL
? of oxygen in molten iron and (g (gave the effect of s:.llcon oii» the activity

*..
| coefficient of oxygen ( 1( ) (88:0+82 for 0-04% silicomat 1545°C., This date

has been withdrawn in a revision(BSa) of the paper as Chipman and Gokcen(35a)

believed it did not f£it with the work of Dastur and Chipman(9). If this

"‘W? effect is applied to the calculation of § FeQ the pertition coefficient is

Ry . 0 ﬁ [70] = 0419 at 1550°C
o \r*"b“-m\j‘ . (aFeo) o

Values Mcr)f X Te0 using Chipman and Gokcen's data are also shown in Table 6
and indicate ero equal to 0480 at 1550"6.

Over the range of compositions studied and considering the small
number of melts made, no reliable conclusions could be drawn as to any
variation in ¥ 1;’e0 with the MnO content of the slagse A gtudy of the data
of K51.*ber and Oeclsen(38) for this equilibrium also does not indicate any
variation in FeO With slag composition, although when the amount of
scatter they obtained is considered a small variation might escape notice.

In comparing Korber and Oelsen's data on apegp in silica-

- saturated FeO-Mn0-SiQ, slags with the pres;nt work the difficulty of choosing
an oxygen saturation figure arises. Xdrber and Oelsen(7) in their earlier
work on FeO-MnO glags reported this as O+ 24% at 1550°C and the disagreement
with results obtained in other work(10)(15) has been attributed to errors
in temperature measurement. Using this figure for oxygen saturation the
activity coefficient of ferrous oxide in Korber and Oelsens' silica saturated
slags would be 0+7l.. However, as the value of K'Mn obtainéd in the prewent

work agrees withnthat obtained by Kérber and Oelsen it would appear that
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the temperature measurementg in their work on silica saturated slags were
correcte  Their value of 0+24% for the solubility of oxygen in iron at
1550°C is almost certainly too high and when 0197 is used, 0-9 is obtained
for XFeo in these slags (neglecting any effecfof silicon on the activity
coefficient of oxygen). This figure agrees with that of 087 obtained in
the present work. ‘
y 4 Applying the data on ﬂ ‘ obtained by Gokcen and Chipman reduces
¥Fe0 celculated from Kérber and Oelsen from 0+9 to approximately 0482, but
the scatter of results is too great to detect ”any effect of silicon on {o.

Gokcen and Chipman have given apgg in silica-saturated Fe0-SiO
slags as 0+39 at 1600°C, Schuhmann and Ensio(33) as Oe 377 at the melting
point dof iron and Fischer and vom Ende(14) 0443 at 15509C , corresponding
to XFeO equal to 0+83, 081 and 0-90 respec’;ively. These results when
cémpared with those’of the;, present’work indicate that manganous oxide has
no great effect on ¥ pe0 in silica-saturated FeO-MnO~SiQ slags.

¥ MnQ for the silica saturated melts has been calculated and is
shown in Table 6, giving an average value of 0:20. Korber and Oelsen's
data indicate a value of 0+21 (taking¥peo = 0+9) which is in good agresment
with the present worke Tflus silica has a much greater effect ond Mno than
oaneo, a result which is consistent with the cation-oxygen bond strengths
of Fe™* and Mn**,

| A value for the equilibrium constant for the reaction between

silicon and oxygen in molten iron |

Si(pa) * 2 O(pg) = Si(aw ) Hgy = [AIOF

has also been obbained from the above data.  As a silica crucible was used
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the activity of silica has been taken as unitye The values calculated for
this equilibrium constant are given in Table 6 and the average value obtained
is compared with previous work in Table 7.

Table 7.

Comparison of values of Kgi obtained by
different workerse

Reference Present Korber Hilty Chipman
Work. and

and and
Oelsen(38) Crafts(29) Gokcen(35a)

Kas = -
o = 13710 1.34x10 0 1.6x10°  1.1x10°
[s1][70] : | :

~ ~

The value of Chipman and Gokcen(352) is a revised value using
new data on the formation of cristobalite. The valueg obtained here agrees,
within the limits of experimental error, with that obtained in other work,
and suggests that mangsnese has little effect on the silicon-oxygen equil-
sibrium at the concentrations encountered in the present work. Korber and
6elsen(38) have used the ratio K'ypgto express the equilibrium between
manganese and silicon dissolved in liquid iron and silica-saturated FeO-MnO-SiC;
slagse Values of this ratio have been calculated and are shown in Table 6.
They give an average value for K'ypys, of 8 5x10 % compared with ¢+ 6x107%
obtained by Korber and Oelsen. | | |

Hilty and Crafts(29) plotted the relation between manganese and
silicon in liquid iron melted under silica-saturated Fe0-Mn0~-Si0; slags,

taking as their silica-saturated slags the points of inflexion in the
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silicon-oxygen plots.  Their data is compared with that of Kbrber and Oelsen
and with the results of the present work in Figel3., This shows that the
present work confirms that of Kérber and Oelsen bub disagrees with that of
Hilty and Crafts, the deviations being greatest at low silicon contents. It
has already been pointed out (page I9) that the points of inflexion in Hilty
and Crafts work are thermodynamically unsound and also that they did not agree
with the oxygen velues expected for equilibrium with silica saturated slagse
This is the probable reason for the disagreement between the present work and
that of Korber and Oelsen with the results of Hilty and Crafts on the manganese-
silicon equilibrium. The present work has in the main confirmed that of
Korber end Oclsen(38) on silica saturated FeO-MnO-Si0; slags at 1550%C. It
is therefore of interesgt to coﬁsider the effect of temperature on the
activities of FeQ and MnO in silics saturated slags, which may be caleculated
from the results of Kdrber and Oclsen(38), Chipman, Gero and Winkler(36) and

Taylor and Chipman(13), obtained at temperatures other than 1550°C.

Table 8e
Temperature  (26) (13) (38) (38) ¥Fe0 {1m0
°Cs Ky 0 K! 01100 silica-  silica-
aFe0 M "(Fe0)  * saturated saturated
Silica-sale .

1600 2-8 0225 12-0 0+21 094 022

- ~ -

1650 25 0-28 9.0 0+26 094 0+26

. ~

~ -~
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These calculations indicate that ¥ FeO does not vary much with temperature
but thatl'MnO increases with increasing temperature in silica saturated
FeO-Mn0-Si0; slogs. In the calculation of | Feo the effect of silicnon
the activity of oxygen in moltenr iron has been negleéfed, since the scatter
of the ﬁalues of %%g%) in Korber and Oelsen's work was too large for any

effect to be noticed.
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IV. Equilibrium in melts made in Mapnesia Crucibles
with Slags conbaining Silica.

(a) Oxygen equilibriume

A& Jarge number of melts were made to find the effect of silica
coﬁtent on the activity of ferrous oxide in the system FeO-Mn0-Si0s. Since
magnesia crucibles were used in these melts the slags contained FeO, MgO,
MnO and Si0;. The magnesia pick up of the slags increased with increasing
silica.content and above 30% silica beceme too large for slags in the range
30-50% silica to be studied satisfactorily. |

The oxygen contents of all the melts made were determined and
are plotted in Fig.14 on a ternary diagrem as a function of the slag
composition with which they were in equilibriums. Thig hags been plotted
as a pseudo-ternary system FeO-(Mn0+Mg0)-Si0; combining the two basic
congbituents magnesia and mengesnous oxide. This form of plot was used as
it was impossible to separate the individual effects of MnO and MgQ., To
construct the diagram the date of Schuhmann and Ensio(33) for the binary
system Fe(0-3i0; has been used and also the data on silica saturaﬁed
Fe0~Mn0-Si0; slags obtained in the present worke The liguidus at the
(MgO#Mn0) corner of the éystem vwas taken from the diagrem FeQ-Mn0-SiO; of
Carter, Murad and Hay(22). Uging all these data, lines of equal oxygen
content have been drawn on the diagram which gives the oxygen content of
molten iron in equilibrium at 1550°C with (MnO+MgQ)-Fe0-35iC; slagse

The activity of ferrous oxide in these slags has been cealculated
from the oxygen content of the metal assuming that manganese and silicon in
the concentrations met with in this work have no effect on the activity

coefficient of oxygen in liquid iron. Iso-activity lines for ferrous oxide
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in the pseudo ternary system FeQO-(MnO+Mg0)-Si0; have been plotted and are
shown in Fig.l5. It is clear that ferrous oxide does not behave ideally in
this system but that there is a positive deviation froﬁ ideality which is a
meximum along the Fe0-2(Mn0,Mg0)Si0; join. The location of the maximum in
KFEO cannot be fixed with any degree of certainty owing to the lack of data
at silica contents between NSioz=0-4 and O+53 but data on the analogous
system (Ca0+Mg0)-Fe0-Si0; by Taylof and Chipman(lB) suggest this maximum

is near the join Fe0-2(Mg0.1n0)Si0s.

In systems MO-Fe0-SiO; where MO is a metallic oxide, there exist
two possibilitiesy if the oxide behaves similarily to ferrous oxide then it
is probable that ferrous oxide will behave almost ideally in the ternary
system, whereag if there is a tendency for the oxides MO and S$i0; to associate
then § poo Will be raiseds Taylor and Chipman(13) have investigated the
variation in the activity of ferrous oxide with composition in the (CaO+ig0)-
Fe0-Si0; system using the oxygen partition between slag and metal to find
afFeQs Although this work was not carried out at any particular temperature
it wes found that the activity of ferrous oxide as determined by the ratio

oxygen content of iron
oxygen saturation at the same temperature

did not vary with temperature and that & plot could therefore be made of
iso-activity lines for ferrous oxides Their results are shown in Fig.16
which indicates a much larger deviation from ideality in the (CaO+Mg0)-FeO-SiGs
system than in the (MhO+MgO)-FeO-SiOb system, in agreement with the fact that
the cation-oxygen bond strength is greater for calcium than for manganese

ionse Taylor and Chipman accounted for these deviations from ideality in
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the activity of ferrous oxide as being due to the association of Ca0O, Mg0

and Si0; in the liquid slag giving "molecules" of 4(Ca0,Mg0)28i0s.

A collection of all the available data(13)(28)(33)(35) on the
activity of ferrous oxide in slags containing FéO,MgO,CaO,MhD,SiOg,P205 has j
been made by Turkdogan and Pearson(37). From this they constructed a
pseudo-ternary system (SiO;+P;05)-Fe0-(CaO+MgO+Mn0) showing the veriation in
the activity of ferrous oxide with compoaition; This is shown in Fig.1l7.

This diagram shows the locus of points of inflexioﬁ of the iso-activity
iines as a curve joining the ferrous oxide corner of the system to the
orthosilicate composition 2(Ca0,Mg0,Mn0).5i0;. In view of the assumption
involved in this plot and of the scatter in the data used, it is doubtful
if a curve can be drawn with any accuracy and the strsight line of Taylor
and Chipman(13) would be preferable. From their study of these data
Turkdogan and Pearson concluded that ap,g was determined solely by the
concentrations of ferrous oxide and silica and was independent of the relative
proportions of calcium, manganese and magnesium oxides.

The data obtained in this work in which calcium oxide was absent
)when compared with those of Teylor and Chipman indicate that the conclusions
of Turkdogan and Pearson are wrongs Winkler and Chipman(28), whose data
were used by Turkdogen and Pearson, report the results of three melts in
which the slag was almost free of Ca0 and their results are compared with
those of this work and with apeQ expected from Turkdogan and Pearson!s

diagram in Table 8.
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Tsble 8.
Comparison of apsq in FeO-(MnO+Mg0)-Si0; Systems

Slag composition Mole ? Activity of Ferrous Oxide
Winkler and Chipman(28
S Fe0  MnO+MgO Si0; Winkler and This Turkdogan and
' Chipman(28) Work Pearson (37).
39.8 45 14,8 0.45 0.45 0.82
24.8 - 52.2 23.0 0.38 0.32 0,69
2248 54.1 22.95 0.32 0.30 0.68

This shows that Winkler and Chipman's results agree with those obtained in
this work and are very much lower than would be expected from Turkdogan and
Pearson's assumptions Their assumption is probably a reasonable approxi-
xmation“as far as steelmaking slags are concerned, where the concentrations
6f Ca0, MgO and MnO only vary within a limited range, but once it is removed
from these limits it is erroneéus and cannot explain the apgo in the
(MnO+Mg0) -Fe0-8i0; system.

As the effect of magnesia on apgy cannot be separated from that
of manganous oxide in this work the data on the system (MnO-Mg0Q)-Fe0-8iO;
has been used to give an approximation to the apgp in the MnO-Fe0-Si0;
system by assuming that MgO and MnO have a similar effect.

Schenck(42) using his dissociation constants for slag components
has calculated the variation of the actiﬁity of ferrous oxide with composition
in the Fe0-Mn0-SiO; system. This diagram, shown in Fig.9 indicates a
reductioﬁ in the activity coefficient of ferrous oxide with increasing silica

in the system, as against the increase found in this worke This indicates



Ratio of Ferric to Ferrous Oxide in Melts.

TABLE 9.

Melt Si0, FeO Melt  Si0, Fe0 F
Noe o o Fel Noe o o FeO
3 75 70-0 013 32 22.6  13.05  0.065
4 6.8 55,1  0.1C 34 27.1  5.75 -
5 8.8  27.1  0.093 35 26,1 20,9 0,045
6 13.6 26,5  0.089 37 27.2  27.0  0.043
7 12.6  40.9  0.094 38 0.41 75,6 0,093
8 16.4  32.¢  0.10 39 9.20  45.5 0,090
9 13,5 62.8 0,10 40 0,40  68.4  0.1C
10 194 39,0 0,11 41 15.42  43.8 0,094
11 3.8  77.0 0,10 42 36,5 2.3 -
13 16,5 46,5  0.099 43 0,32 8L.5 0,10
14 24,05 1.9 - 45 13.16 39.5 0,097
15 26,2  8.05 0.052 48 26,7  18.5 0,077
16 18,8 24,0  0.071 47 0.21 94.6 0,10
17 38.0  2.74 - 50 13.2  61l.3 0,10
18 26.2 20,5 0,057 51 15.2  59.4 0,10
19 16.4  62.C 0,089 52 19.8 511 0,09
21 1645 7.5  0.056 ' 53 28.0 43 -
26 16,0 41,5  0.080 54 26.6  17.1. 0,040
27 12,9 46.3 0,09 55 34.22 16,2 0,042
B8  29.24  5.75 0,027 57 23.2 2646  0.085
29 214 41,0  0.062 ¢ 58 24.65 24.7  0.087
30  21.16 32.4 0,060, 59 22.6 205 0,083
31 27.1 21.1 0,045 61 25.1  22.8  0.063

\

\
-
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that the assumption of compounds as applied by Schenck is not applicable to

the Fe0-Mn0~-Si0; system. ‘
Flood, Forland and Grjotheim(47) have put forward the equation
RT In¥pyn = 15 W Catt N-'-SiQ_a;*' + 9 Nle'l"l‘ g i

based on Flood!s conception of ionic f;action to expréss the”effeét of

calcium oxide ;nd magnesia on the activity coefficient of ferrous oxide in

the system (Ca0#Mg0)-Fe0-Si0; at 1600°C. On the same basis the activity

coefficient in the (MnO+MgzQ)-Fe0-Si0, system would be

= ] \ _
R 1afFe0 = % My, Waqe + 9 Wi, Msigue

where x Kecal. is the free energy change for the reaction

FeO =% Mng SiQ =2 % Fep5i0; + MO

Since the free énergy of formation of 2Mn0.Si0; is not known this
equation cannot be compared with the data, although it indicates that it
would be less than that of 2Ca0.5i0;.

In the diagram(Fig.13) and the discussion of the activity of ferr-
sous oxide the ferrous oxide content of the slag has been calculated from the
f;.ron content of the slage This method was used as all comparative data
were based on this same assumptiony but analysis of the slags has shown
that varying" amount of ferric oxid; were present in the meltse These are
shown in Table 3 and as Fe;(Q;/Fe0 ratio in Table 9. Darken and Gurry(l)
have given the ratio Fey0;/Fe0 as 0-0525 in ferrous oxide melted in iron
crucibles, but Chipman and Fet’cers(iO) found that melting in magnesia
crucibles raised the proportion of ferric oxide, a finding which is confirmed
here. Darken and Gurry(25) have also shown that menganeus oxide has a

tendency to stabilise ferric oxide and the combined effect of MnO and MgO
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probably accounts for the higher ratio Fep;(3/Fe0 found in this worke The
effect of calcium oxide is greater than that of either magnesis or manganous
oxide and this is illustrated in Winkler and Chipmans(28) work where much
higher ratios ﬁere found.

The ratio of ferric to ferrous oxide was found to dscrease with
silica content and this is illustrated in Fig.18 where the ratio is plotted
against the silica content of the slags. Silice as would be expected has
the opposite efrect to the basic oxidesy this was algo found by Bowen and
Schairer(32) in their study of the FeO-éiOz diagram, and by White(43) in his
study of the dissociation of iron oxide in the presence of silica and of lime.

In the course of the oxygen analyses of the melts some datz on
the nitrogen contents were obtainedy these are plotted in Fig.1l9 vhich shows
that the oxygen and nifrogen conten%s of the melts were related. Since the
melts were made in a nitrogen atmosphere it would be expected that they
would be satursted with nitrogen (0+042% at 1550°C) but Fig.1l9 indicates
that the nitrogen pick up decreased-es the oxygen conteht of the melts
increased and saturation was only approached at low oxygen contents ( 0-04%).
It appears that oxygen either reduces the solubility of nitrogen in iroﬁ or
that it reduces the rate at which nitrogen dissolves in iron by afiecting
its rate éf diffusion. .This confirms the data obtained in Bessemer made
steel where at the end of the blow it would be &xpected that nitrogen satura~
stion would be reached bubt this is not the case and the observed nitrogen
;ontent is lower than would be expected. It has been suggested that this
is due to liquid oxide films but both carbon and silicon have been found to
lower the solubility of nitrogen in licuid iron(67)s it may be that oxygen

has a similar effect. The effect of carbon is compeared with that of oxygen
in Fige19a
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(b) Manganese Bauilibriume

From the melts made in mégnesia crucibles the effect of silica
content on the equilibrium |
Mn + Fe0 = MnO + Fe
between molten iron containing manganese, silicon and oxygen and FeO-Mn0-SiOs
slags has been gtudieda
The results for K'Mh have been tabulated in Table 3 and are
plotted in Fig.20 as & functlon of the silica content of the slag expressed

as weight per cents The values of K! at 0% and 50% silica have been taken

Mn
from the results already discussed for pure oxide and silica saturated slagse
In Fig.21 K‘Mn has been plotted against the mole fraction of silica in the
Slags. Boﬁh curvés show that K'Mh increases ag the silica content of the slag
increases up to saturation. "

Results of experiments carried out by Krings and SchacMmann(27)
in a2lumina crucibles - alumina wzs therefore present in their slags - are
also plotted in Figs«20 and 21. The agreement with the present work is good
especially since different crucible materials were used. The largest
deviations are at the higher silica contents where Kringe and SchacHmann
‘oﬂtained lower K!Mh values for equivalent silicza contents thanvwere cbtained
in the present w;rk. In the Fe0-41303-8i0; system silica saturation occurs
at a higher concentration of silica than in the FeOQ-11g0-SiQ; system and a
similar difference probably exists between the FeQO-}nO-Al; 05 -Si0; 2nd FeO-MnO-
Mg0-35i0; systemse This probably accounts for the differences between these
two sets of results, in that K'Mh would increase more slowly with increasing

silica in slags containing alumlna than in slags containing magnegia.
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The glag data of Hilty and Crafts(29) show too large a scatter
in K'yy, for any conclusions or comparisons to be made as to the influence of
silica on the value of K'yp.

As in the previous discussion the equilibrium

Yo (Mn0)
K} = —M29~ - = 3¢6 at 1550°C
(8Fe0)[ @in] .

must obtain. Using the date on the activity of ferrous oxide in these

slags swmarised in Fig.1l5, the activity coefficient of manganous oxide

. , ’ 3+6 8Fe0
can be calculated i‘romeno e RV (Fe0) To calculate ano 2 plot has

mole fraction MnQ)
&Fe0) A ]

éxpressed 2g a mole fraction and shown in Fig.22. Using this plot ¥ MnO

againgt the silica concentration

heen me.de of the ratio E

can be calculated at any given silica contente Since K'yy, 2t any given
silica content was independent of the ratio FeQ/Mn0 of the slag within the
limits of experimental error, the activity coefficient of manganous oxide
was assumed to be dependent solely on the silica content of the slag,

In this discussion of the activity of manganous oxide in these
slags msgnesia has been trested as a diluent. Thig can only be a first
approximation especially in the slags with more than 20% silica where‘the
magnésia contents were feirly highy however, physical measurements on liquid
silicates such as viscosity(60), surface tension(61) and electrical conduct-
vivity(62) suggest that the effect of basic ions on the liquid silicate

Structure decreages in the order Ca++, lMn++, Fe++, Mg++.
‘ The values of ano calculated from K'ypm and 3re0 have been used
to give approximate values for the activity of manganous oxide in the binary

system MnO-5i0; shown in Fig.23. At high manganous oxide contents these

slags are partially solid at 1550°C and the activities therefore refer to

|
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the supercooled liquids in the range O to 0+17 mole fraction silica. Since

no variation of K'jy.. with MnO/FeQ ratio was detected in the melts this

Mn
activity curve sh;uld give a close approximation to ay,o in this systems
The data are compared with the effect of silica on apgg and 2mo in the
FeQ/Si0; and Ca0-Si0; systems in Fig.23.  Schuhmenn and Ensio(33) data have
been used for the Fe0-5i0; system and the activity of calcium oxide has been
calculated(51) assuming a linesr variation from ageg = 1 at Ngjo, = O almost
to ag,g = 0 at NSiQ; = 0+33 and using the data calculated by Rosenqvist(64)
at the legs basic compositions. Also shown are vaiues for ag,g and 2510,
at 1600°C in the system Ca0-SiO; calculated by Richerdson(48). The data
on calcium oxide at gilica contents below 42% refers to supercooled Ca0-Si0;
slagse The relative positions of these activity curves are in agreement with
the known cation-oxygen bond strengths of calcium, manganege and irons

The activities of silica in these systems has been calculated using
.the Gibbs-Duhem equation and are also shown in Fig.23. Darken(63) has
publighed a method of applying the Gibbs-Duhem relation to ternary systems
8o that knowing the activity of one component that of the others cén be
calculated, but since this method requires extensive and precise measurements
of the activity at low concentretions of ferrous oxide, it was found to be
inepplicable to the results obtained in this worke Thus to obtain 2510,
in Fe0-Mn0-Si0, slags the approximate method used by Bell, Murad and Cafter(Sl)
has been adopted in which interpolation is made between the curves for agjig,

in the FeO-§i0; and MnO-Si0; systems according to the FeO/MnO ratio of the

slag.
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Using the datarFSMn in Fig.21 and applying it to slags a ternary
system FeO-MnO-Si0; has been constructed giving the manganese contents of
molten iron at 1550°C in equilibrium with these slags as a function of the

slag composition (Fig.24).
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(c) Application of the Ionic Concept of Slag Structure
to the Manganese Hguilibrium.

Flood and Grjotheim(65) have discussed the application of their
concept of the ionic structure of slags to the manganese equilibrium using
the data of Bell, Marad and Carter. In this discussion KMn was defined

as

78 [®Fe](Bnt+)
[®n] (3Fet+)
and calculated from the equation
n .
log gh :E; N, log g
i.tl 'i i

vhen n denoted the number of different kinds of anions i in the slag,
N; was the electrical equivalent fraction of the anion i and Kﬁrﬂ is the
equivalent constant for a slag containing only one kind of anions i. This

gave for Fe0-Mn0-SiO; slags,

n ‘
log KI = Nicﬂ’ log KMg + Nf’SiQﬁ‘ log thz%

and since N} = (1 = Mg, 4-) then log K™ should be a linear function of

NFSioié-, assuming that Mg** fons do not affect the distribution of manganese. .

The values of log K’Mh

calculated from the data obtained in this work and are plotted in Fig.25

. 3 J. ] ' -
and the ionic fraction N S10.% have been

using the values of log Ky, found for silica-free melts as the value of
K 8t Ngique = 0. (Pagekt ).

This treatment of Flood and Grjotheim suggests that manganese
distribution should show little dependence on the silica content of the slag
ot silica contents above the orthosilicate composition (2MO.SiG;).  If this

were the case then K'yp, in slags of the orthosilicate compogition would be the
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same as that for silica ~saturated slags, 1.e°, in the nomenclature of Flood

and Grjotheim

B0y _ o 510

i T TMn
The results plotted in Fig.25 indicate that Ko * is 12 while KISIOX
found to be 15¢5 at 1550%Cy this would suggest that the assumption of SiQ.*
ag the ionic‘séecies of siiica was not strictly correct in slags with a high
silica centent. It is probable thét in slags of S QB?’ 0+ 33 thet ions
of SigOsé- are present and also it is likely that ions of tﬁis type appear
when Ngj 10, < 0+33 and increase in proportion with increaging silica content.
This change in tne ionic structure of the slags would explain why Ky at
the orthogilicate composition was less than that in silica=-s aturateu slagse
Although the high electrical conductivity of liquid silicates strongly
suggests an ionic structure the precise nature of the ions is not yet
establiched.

In Flood and Grjotheim! s(65) treatﬁent of the manganess equilibrium
using ions the effect of interaétion between ions of the same sign hasg been
neglectedy this is probably a reasonable approach in this case but this 1
interactién may be Imnortent in other equilibriz. .

The ionic concept of liquid slag structure is at present not
very advanced but as information is developed on the types of lons present
it should prove a useful tool in the understanding of slag-metal reactionse

As used at present it is similar to the methods used by Schenck and White

in which slag components were congidered to be neutralised by combination

wheress in the application of ionic structure by Flood(47), Temkin(46) and



Herasymenko(45) ions are congidered to bLe rendered insctive by inbersction

with ions of opposite sign.
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(d) Silicon Bquilibriume.

In the discussion on silica~-saturated melts the silicon equil-

tibrium has been represented as
K'g; = [#81][#0]® = 11 x 107 at 1550°C (35)

since the aétivity ofAéilica vas ﬁnity. But in the melts made in magnesia
crucibleg the activity of silica was not unity and before K‘Si can be found
for these melts the activity of silica in.the slags must be’determined,
ieeay KiSi - L%Sé%%fglz
Chipman and Gokcen(35) have found thet in the range of silicon
contents 0+01/5% that the procuct [Si][#0]® is constant but that this
does not nécessarily mean that solutiohs of gilicon and oxygen in liquid
Fe-0-5i alloys obey Henry's Law in this range. They have found that'{c
is reduced by silicon and that in dilute solutionsféi increases with
concentration but that in respect to the silicon~oxygen equilibrium within
the range O-Ol/l% that these effects are approximately compensating. Using
silica saturated slags or Hp/H0 mixtures in silica crucibles the maximum
oxygen content of the metal is limited to thet in equilibrium with silica
saturated slags and the effect of high oxygen contents on the equilibrium
cannot be studied. In this work unsaturated FeO-MnO-}Mg0-Si0O; were used
and hiéher oxygen contents were obtained, but this also meant low silicon
contents and the errors in analysis resulting from this .

The activities of silica in the slags were calculated from the
curves for agiQ, in Mn0-Si0; and FeO0-35i0; shown in Fige23 by interpolation

between thesge curves according to the FeC and MnO contents of the slage
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Using this ﬁethod the magnesia is treated as a diluent and the values of
agi0, are therefore only approximate. Table 10 gives the values found by
this method together with the silicon and oxygen contents of the metal to
which they refer.  From this data values of K'g, have been calculated
and are given in Iable 10.  These resultsvindicate that when the oxygen

content of the metal was below 0-05% the velues of X'g; were of the same

order as those found for silica-saturated FeO-}m0-Si0, slags, but as the f,

oxygen content of the iron increased the ratio K‘Si increased rapidly till\
at oxygen contents above O-l% it was of the orde; of 20 times K'Si for
silica saturated slags. in view of the method used to agsess %he value of
agjg, and of the large effect on K'g; of small errors in the snalysis at
the low silicon contents a fairly %ide scatter in the results might be
expected « Hevertheless the deviations in K'g; showed a trend,the largest
- deviations being at high oxygen contentsy from this it appeared that oxygen
was affecting the activity of silicon in Fe-0-Si alloys.  If a factor
taking into account this effect is introduced into the expression for K'g;
-then the relation ”

°
JaaldInTe - ‘
{,Lég‘]i@.]__ = 1+1 x 10 S at 1550°C.
310, '

-~

, o
should be satisfied, ‘fS' being the effect of oxygen on the activity
i
coefficient of silicon in Fe-0-Si alloyse The standard state of silicon

in this expression is 0-1% solution of siliconin liquid iron. From this

i

‘expression values of f‘gi can be found for all the melts made which although

subject to some error should show the trend in the effect of oxygen on the

activity of silicon.



TABLE 10.

Silicon Equilibrium.

Melt Mole [81] [0] LZ
No. TFraction  ag, wte  wte % Sng -F
. 10,
510
= ta
3 0.079 0.08 <0.001  0.134 22 <0.1
4 0.076 0.07 0.002  0.097 26 <0.1
5 0,100 0.05 0.005  0.050 24 <0.1
6 0,157 0.08 0.008  0.0495 28 <0.,1
7 0.142 0,09 C.002  0.078 15 0.1
8 0.183 0.13 0.003  0.063 9 0,15
10 0,211 0.17 0.007  0.C75 22 <0,1
15 0.286 0.34 0.018  0.0238 3.0 0.4
16 0,200 0.15 0,004  0.051 6.8 0.2
18 0.267 0.30 0,004  0.040 2.1 0.6
21 0,160 0.10 0.0C5  0.021 2.0 0.6
26 0.180 0.14 0,006  0.085 31 <0.1
27 0.141 0.11 0.004  0.0965 33 <0.1
28 0.290 0.26 0.042  0.0103 1.24 1.0
29 0.218 0.20 0.003  0.085 10,5 0.1
30 04224 0.21 0,007 0,059 11 0.1
31 0.271 0.32 0.003  0.046 1.95 0.6
32 0.229 0,17 0,002  0.0297 1.1 1.0
34, 04279 0032 0.030  0.0185 1.6 1.0
37 04273 0.32 0,002  0.0590 2.1 0.6
39 0.102 0.08 0.002  0.083 17 0.1
41 0.173 0.13 0.002 0,088 12 0.1
42 04340 0.54 0.79 0.0028 1.17 1.0
48 04280 0.34 0.007  0.042 345 0.5
53 0.281 0.32 0.020  0.0145 1.3 1.0
54 0.R74 0,30 0.005  0.0505 4,2 0.3
55 0.336 0.51 0.014  0.044 5.3 0.2
57 0.233 0.23 0.005  0.067 9.5 0.15
58 0.252 0.26 0.005 0,055 545 0.2
59 0.234 0.20 0,005  0.040 4.1 003
61 0.265 0.28 0,004  0.049 3.5 063
65 0.26 0,62 0,026  0.018 1.36 1.0
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Chipman and Gokcen from their results on the Hp/HpO-Fe-Si-0
equilibrium have calculated a similar effect using Wagner! 8(68) method of
calculating the activities of the other components in a t;rnary system fron
a knowledge of one. Chipman and Gokcen(35a) withdrew this calculation in
view of the fact that the value of the egquilibrium constant K' = O/ 1
extrapolated to zero concentration of gilicon did not agree w1th that obt:uned
by Dastur and Chipman(9), but qualitatively stated that the activity
coefficlent of oxygen in molten iron is reduced by the presence of silicon.
From this it cen be concluded that oxygen should affect the activity coeffic-
sient of silicon, a result which has been confirmed in the present worke
in Fige26 a graph has been plotted showing the effect of oxygen on {;i
and indicating that at oxygen contents above 0+06% at 1550°C this effect is
lar‘ge. These resulte tend to confirm the firét calculations of Chipman and
Gokecen and exemination of their data indicates that the values of I[{;Iat low
s::.l:.con contents when extrapolated to zero szilicon content (Flg;esa) gives a
value for K3 agreeing reasonably well with that of Dastur and Chipman. 1In
view of this it appears that the original calculations of Chipman and Gokcen
on the activity of silicon in Fe=0-Si alloys are reasonably accurate.

| The silicon content of molten iron in equilibrium with FeO-MnO-SiQ;

slags can be calculated using the data on apep and agjq, in these slags with

. the value of K'g; and assuming at 1550°C

0]

K‘Sl = [%Sil]g@;s = 1.1 x 107

-~

0+19 apg0
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1.1 (®si0;) x 1075
0-036(8Fe0)2

[si]

3-1 #8i0; , 107
2Fe0)3. '
At gilicon contents less than Qe Ol% a coreection must be made for the effect.
of oxygen on the activity of siiicon.
Using thege relations lines of e@al gilicon content have been

plotted on the ternary system FeO-MnO-SiQ, in Fig.24.
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(e) Silicon-Manganese-Oxygen Equilibrium in Molten Iron.
, 2
The investigations of Hilty and Crafts(29) and Korber and Oelégi)
have shown that in the presence of manganese, silicon has a much greater
effect in reducing the solubility of oxygen in liquid iron than when used
alones The effect of silicon in the presence of manganese is shown in
Fig.27 where the oxygen conbtent hag been plotted for constant manganese
contente with varying silicon concentrztionse. This indicates the larger
effect whiéh silicon has in the presence of mangénese than when used alone.
Fig.27 was plotted using the data in Figs.14 and 244 +the same data hes
also been used in Fig.28 to show the effect of varying manganese concentra-
stiong at constant silicon contentse  Similar diagrams have e2lso been
éonstructed by Hilty and Crafts and these are compared with the present work
in Figs.28 and 29, which show that, although mangesnese reduced the solubility
of molten iron for oxygen in the presgence of'silicon, this effect was not
as large as found by Hilty end Crefts. The discrepancies between Hilty
and Crafts and this work can only bhe attributed to the effect of the
different experimental techniques. As has already been mentioned the
composition of the slags with which Hilty and Crafts! melts were in equilib-
srium was uncertain, the equilibrium being probably Eetween the metal and a
élag ﬁhich had sozked into the alumines crucibless This would probably tend
to reduce apeQ in these slags, hence reducing the oxygen éontent of the
melts. Also the large reduction in the oxygen solubility of molten iron
due to mangenese and silicon found by Hilty and Crafts would indicate that

afpeQ Was lowered by the addition of MnO to an Fe0-8i0; slag, an effect
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which would not be expected in the light of the work of Teylor and Chipman(13)

and Winkler and Chipmsan(28), and which has not been found in this worke
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Ve Application of Results to Deoxidation of Irone

1. Deoxidation by Manganesé alonee

The effect of manganese on the oxygen content of liquid iron
can be deduced from the value of K, and from the fact that ferrous oxide

behaves ideally in an FeO-lMnO-glag.

At 1550°C
o
Rm = __gﬁi'__al__mo = 346
(%Fe0)[Am] . .
CeY . '
(Freg) = ©-0019
- O -
Hence (100 - 5[—5%3,)0- o019 346
[(%0] [Am] -~ -

3¢6[AMm] +1

Thig equation only holds ;hen liquid FeO-MnO products are formed, and the
composition of these products can be readily calculated from the value of
Kipe  Liquid FeQ-MnO products are only formed when the concentration of
manganese in the iron at 1550°C is below 0-12%(26), at which the oxygen
content is 0+133%.  Further addi?ions of éanganose above 0-12%Z lower the
oxygen conteﬁt of the metal bu?/gigzucts consisting of FeO‘MnO solid
solution. The compogition of these products and the oxygen content'of the
metal with which they are in equilibrium can be calculated from the FeQO-MnO
equilibrium diagram and have already been indicated in Fig.l2.

The manganese addition required to produce a given amount of
deoxidation, within the limits of its deoxidising power, can be calculated

from a knowledge of the composition of the deoxidation products. This

calculation has been made for 1550°C and is shown in Fig.30 as the amount
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of manganese to be added to oxygen saturated iron to give oxygen contents
from 0+19%.to 0+13% and also showing the residual mangsnese content of the
metal.k In thié range of manganese and‘azygen contents the deoxidation
products are liquid. Manganese is thus not a very efficient deoxidising
element when used aloney also since the oxygen content of molten steel at
tap is seldom above O-lé% at 1550°C or 0-14% at 1600°C, manganese deoxidation

will produce solid préducts.
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11l. Deoxidation by Silicon.

The effect of silicon on the oxygsn content of molten iron can

be deduced directly from the rglation
Kg; = [#Si][#0 = 1-1x10° at 1500%

In contact with = siiica;éatﬁrated Fe0-51i0y incluéion the oxygen content of
molten iron at 1550°C is 0-074% at 1550°C. The silicon content calculated
fron K'Si would be 0'002% ﬁnder these conditlonsy bul as hes been indicated
it is doubtful if this value of K'gs; holds at ox&gen concentrations of this
order and the gilicon content of %he iron may be higher, probsbly of the
order of 0-005%.

’ If silicon is added to oxygen saturated molten iron at 1550°C
liquid products, Fe0-Si0; in composition, are produced till the oxygen
content is reduced %o 0-074%, further additions of silicon produce solid
silica as the deoxidation product. Using the data on KSi(BSa) and the
knowledge of the deoxidation products s disgram has been constructed relating
the amount of silicon added to the oxygen and silicon contents of the metal
and is shown in Fig.3l. This indicates that the first additionsof silicon
reduce the oxygen concentration repidly but after 0+16% silica has been
added the rate of oxygen removal with increasing siiicon decreases rapidlye.
After 0-06% silicon has been added the deoxidation products consist of solid
silica.y The oxygen content of oxygen-saturated iron at 1550°C can be
reduced to 0-01% by adding 0+2% silicon, 0+12% of which remains dissolved

in the irone
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Silicon is a powerful deoxidising element but it has the
disadvantage that where the prqducts are solid silica they are difficult
to remove from the metal as they rise very slowly because of their size.
One of the main uses of silicon as a2 deoxidiser is in "blocking" a heat
by reducing the oxygen content of a melt and so preventing further carbon

oxidatione
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11l. Deoxidation by Manganese and Silicon.
g

Manganese and silicon when used together have a much greater
deoxidising effect than when used singly. Fig.32 showe a comparison of the
deoxidising powers of mangenese, gilicon, silicon with 0+ 6% ﬁaﬁganese as
found in the present work and aluminium(69)(70) at 1550°C.  This shows that
manganese with silicon is a much better deoxidiser than nangsnese alone and
a little better than silicon alone but not so effective as aluminium.
Although this increase in deoxidising power is an advantage o further one
is that within the ranze shown the products are liquid whereas those of
aluminium and silicon are solid silica or alumina. Part of the FeO=1mn0-3i0y
phase diagram is given in Fig.33, the isothermels in the FeQ-Mn0~2Fe0sSi0s -
2Mn0.Si0; part being teken from Carter, Murad and Hay(22) while the eutectic
trough indicated near the MnO-SiQ; side of the systeu at 40% silica was
found by Murad(50). This diagram shows that it is possible to produce low
melting, very fluid deoxidation products at low oxygen contents. Two areas,
& and B, are maerked where the deoxidetion products are fluid at steelmeking
temperatures and in equilibrium with iron containing less than 0-5% manganese,

~

0+05% silicon and 0+04% oxygen.

Theoretically it should be possible to produce these liquid
inclusions by adding celculated amounte of ferro-silicon and ferremanganese.

In practice this is not possible since it is unlikely that the solid silica

and manganous oxide rich inclusions produced from the ferrosilicon and i

ferromanganese would come into contact and flux with each other to give a

homogeneous deoxidation product. Thus in deoxidetion it would be much better

to use a silicon manganese alloy of a predetermined composition which would

|
produce deoxidation products of the desired type directly.
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From Fig.33 desirable compositions of inclusions are shown in
Table 11.

Table Ll.
Compogition of low melting 1m0-Fe0-Si0; Inclusions.

Deoxidation product %. Melting Mn/Si Hetal in equilibrium with product

SiG MnO Fe0. point = ratio at 1550°C.
approxe in Mn% Sid Ojfg
nroducte
26 - 60 14 1280°C 36 05 0005 0:035
40 52 8§  1250°C 2.2 0-5 0-02 0-025

From this data it can be seen that the major part of the oxygen removal is
performed by the silicon since the manganese to silicon ratio is much higher

in the metal then in the deoxidation products If a silicon-manganese alloy

of %—q = % ratio were used then exbtra manganese would require to be added
i

to account for solution of manganese in the irons The amount of alloy to be
added can be calculated, for example taking a molten iron containing at 1550°C
Oe 14% oxygen, O- 17”; manganese and using a silica-manganese alloy oi; 70% mangan=
vese and 207 silicon. | _ |
Teking deoxidation product as 40% Si0, 527 MnO, 8% Fel
containing 35% oxygen '

Silicon to be added = (0:14 = 0-03) x 0-185 , g.g2 = 0-08%
T 0-35

Silico-manganese to be added = 0+40%

ianganese to be added = (0-14 :__Q_‘Qg) kx 040 + 0s4 = 0-52%
. 035 .
Additional manganese required [0+52 - (040 x 0-7)] = 024
or 00327 of.75% ferro-manganeses

~
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From this calculation it would appear to be better to use an alloy with a
higher menganese to silicon ratio than in the usual silico-manganese. A
silicospiegel of 25-30% manganese, 5% gilicon might be a better deoxidising
addition than silico-manganese, provided that a small increase in carbon is
of no great consequence.

After the deoxidation by silico-manganese, further deoxidatiqn
can be carried out by ferrosilicon followed by aluminium but this would be
done with the production of solid silica and alumina.  Deoxidising first
with silico-manganese reduces greatl& the amount of silicon and aluﬁiniﬁm

to be added.
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