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Summary : The deoxidation of steel with complex deoxidisers
vas studied at 1550°C and compared with‘silicon, aluminium and
silicon/aluminium alloys as standards. The deoxidation alloy
systems, Ca/Si/Al, lg/8i/Al and }n/8i/A1, were chosen for the
low liguidus temperatures of many of their oxide mixtures and
the potential deoxidising power of their constituent elements.
Product separation rates and compositional relationships
Tollowing deoxidation were examined.

Silicon/aluminium alloy deoxidation resulted in the
product compositions and residyal oxygen contents expected from
equilibrium and stoichiometric considerations, but with the Ca/
8i/Al and lig/Si/Al alloys the volatility of calcium and
magnesium prevented them participating in the final solute
equilibrium, despite their reported solubility in liquid iron.

Electron-probe microanalysis of the products showed
viarious concentrations of lime and magnesia, possibly resulting
from reaction between the metal vapours and dissolved oxygen.
The consequent reduction of silica activity in the products
due to the presence of CaO and kg0 produced an indirect effect o
calcium and magnesium on the residual oxygen content.

Froduct separation rates, indicated by vacuum fusion
analyses, were not significantly influenced by calcium and

magnesium but the rapid separationof products having a high Al

. stuhahtehind 2

O'Z

SiO2 ratio was confirmed,




Manganese participated in deoxidation, when present ei:
as an alloying element in the steel or as a deoxidation alloy
constituent. The compositions of initial oxide products were
related to deoxidation alloy compositions.

Separated products which were not alumina saturated,
dissolved crucible material to achieve saturation. The melt
equilibrated with this.slag and crucible by diffusion to
determine the residual oxygen content. MnO and SiO2
activities were calculated, and the approximate values of XMnO
deduced for the compositions obtained.

Separation rates were greater for products of high
interfacial tension. The rates calculated from a model based
on Stoke's Law, showed qualitative agreement with experimental

data when corrected for coalescence effects.
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STCTTON 1. INTRODUCTION.

1l.1. Oxygen in steel, Steelmaking processes involve

removing large amounts of dissolved impurity elements from molten
iron. Most of the impurities are removed by oxidation reactions,
and these are yrometed by inkeednsing oxygen into the melt from
highly oxidising slags or gases.

As the concentration of oxidisable elements is reduced the
activity of oxygen increases, until at the end of the refining
period, a low carbon melt can contain up to 0.05% dissolved oxygen.
The relationship between carbon and oxygen in a melt was
determined by Marsh (1) for electric furnaces and Fetters &
Chipman (2) for open hearth furnaces. Their results are shown in
fig. 1.1. The oxygen concentration always exceeds the equilibrium
value because a state of supersaturation is required to keep the
oxidation process active, and proceeding at an economic rate.

If a melt containing a high concentration of oxygen were cast
without deoxidation treatment, the carbon - oxygen reaction would
take place during cooling and solidification. The resulting carbo:
monoxide bubbles would cause the remaining liquid to effervesce
in the mould and produce a steel with a high degree of porosity.
This problem occurred in the early development of the Bessemer
process and was solved by the addition of manganese which combined
with part of the oxygen and reduced the intensity of carbon -

oxygen reaction to acceptable levels.
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Fig. 1.1. Carbon - cxygen relationships in molten steel.
(After Marshall and Fetter & Chipman).
A. Bquilibriunm at 1600°C

B. Electric furnece.

C. _ Open hearth furnace




Control of the carbon - oxygen reaction in the manufacture
of rimming steels enables low carbon ingots to be producea, in
which the carbon monoxide evolution is delayed until a solid skin
is formed adjacent to the mould wall, and in which shrinkage
cavities and pipe are eliminated by entrapping sufficient carbon
monoxide to compensate for volume contraction on solidification.

The oxygen required for a controlled rimming intensity is
quite high, and that residual oxygen which is not combined with
carbon reacts with residual mangenese and silicon to form non -
metallic inclusions. Most of these inclusions become entrapped
in the ingot. Iron oxide is usually present in the manganese
silicate particles to an extent which raises the oxygen potential
of the particle to approach equilibrium with the oxygen in the
liquid steel.

Balanced, capped and semi killed steels are all grades of
steel which are produced by controlling the rimming intensity and
duration, mechanically or by deoxidiser additions. These steels
contain less porosity than rimming steels, but do contain
sufficient to compensate for scme of the volume contraction on
solidification.

The extensive segregation of impurities in rimming steels,
together with the high concentration of inclusions and limited
range of compositions, prevents their use in many engineering

applications. High quality steelrs which require maximum
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uniformity of composition and properties, a minimum concentration
of non - metallic inclusions and the prcsence of oxidisable alloy
elements, must be fully deoxidised. This reduces the oxygen
activity to a level less than that required for carbon monoxide
evolution and also minimizes the amount of oxide inclusions
formed and entrapped during solidification.

1.2. Deoxidation processes. The reduction in oxygen

activity is commonly achieved by the controlled addition of
elements having a high affinity for oxygen and which are solugble
in steel. |

Deoxidation practice in the steel making industry is very
varied but is usually divided into stages. Weak deoxidisers such
as ferromanganese are added to the bath before tapping and the
stronger ones, such as ferrosilicon, are added to the ladle.
Aluminiur:, when used, is most often added to the ingot mould, or
trumpet in the case of bottom poured ingots. Variations on this
sequence include the use of alloy deoxidisers such as calcium
silicide and silico manganese, and the division of some deoxidiser
additions between stages. FPart of the zluminium addition, for
example, can be made to the ladle or to the metal stream during
teeming.,

The products of deoxidation are composed of one or more oxides
which are very often associated with sulphides in cormercial steel

making. Their density is usually between 2 - 4 gltn—.cmh5 which gives
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them buoyancy, enabling most of them to separate frow the melt.

Some however, may remain entrapped in the steel and, together with
the inclusions formed during solidification, act as harmful
discontinuities in the structure.

1.%. Non - metallic inclusions in steel. Sources of

exogenous inclusions in steel, and their contribution to the total
inclusion content, have been the subjects of many investigations.
The most significant sources considered have been slags,
refractories and atmospheric environment during teeming.

Slags have been shown to contribute only indirectly. Slag/
refractory reaction in the ladle produces an initially adherent
glaze which contaminates subsequent heats using the ladle.(3)

Chemical and mechanical erosion of the ladle, nozzle and hollow-

s LT T

ware refractories have received attention, (4-7) but Sims &
Forgeng (8) report the work of Malinovskii & Morozov (9) which
concludes that reoxidation during teeming is the chief source of
exogenous oxides. Teeming in non - oxidising atmospheres has been
shown by Hultgren(10) and Narita (11) to give a significant
reduction in exogenous inclusions, thus supporting the view of
Malinovskii & Morozov.

Investigations by Richardson (12) show that approximately 90%

of the inclusibns in steel do not arise from slags or refractories.
The work of Sicha (13), referred to by Plockinger (14), attributes
80 - 90% of the oxides in steel to the deoxidation process. There
seems considerable scope therefore in attempts to produce cleaner

steel py dimproved deoxidation processes.

-5 -
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The presence of inclusions in steel can cause deterioration
of fatigue, impact and ductility properties; imcreased anisotropy
and ductile/brittle transition temperatures; increased incidence
of hot short or seams in working and a deterioration of the surface
appearance.

Rees and Hopkins (15) showed a drastic reduction in strength
of pure iron -~ oxygen alloys when the oxygen was increased in
stages from 0.003% to 0.2%. Zevere intergranul@r embrittlement
and increasing ductile/brittle transition temperatures were noted.
Iron oxide rich inclusions are not normally encountered in steels
however, and Cummins(15z) and Frith (16) have shown that brittle
and non - deformable inclusion such as alumina and alumino
silicates are the most detrimental to fatigue properties. lMurray
& Johnson (17) also agree that these properties zre greatly
reduced by alumina and rank éilica as a less harmful inclusion.
Relationships between frtigue properties and inclusion content or
inclusion size have been demonstrated by Atkinson (18) and
Duckworth & Ineson (19) respectively.

Seams and cracks on steel rope wire were shown by Rabinowitz
(20) to be due to alumina and aluminc silicates resulting from
aluminium deoxidation.

1.4. The present work. It is clear from the foregoing

considerations that beneficial effects may be obtained by reducing
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the concentration of oxide inclusions in steel, or by controlling
their composition and size.

The following account reviews the literature relevant to
deoxidation and describes experimental work with three complex

deoxidiser systems. An attempt is made to understand complex

deoxidation and the behaviour of deoxidation products.
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SECTION 2, REVIEY OF RELEVANT LITERATURE.

2.1. Thermodynanmic aspects of deoxidation.

2elel. The iron-oxygen system: The solubility of oxygen in

liquid iron, and its variation with temperature was firsit studied
quantitatively by Herty and CGaines (21).  Schenck (22) combined
their results with the dcterminations at the rmonotectic point made

by Rosenhain et.al. (23) and proposed the temperature function in

eq_.ail.
1 ro/ = - - -~
log [#0] ¢y pax. bT,8oo + 3,12  ees  €Qs 2ele
[ %07 Te max. is the oxygen solubility 1imit in iron and T is the

temperature in K.

The resultg of subssquent work by K8rber & Oelsen (24) using
a direct method similar to that of Herty & Gaines, however was
accepted as authoritative until the determinations of Chipman &
Fetters (25) and Taylor & Chipman (26).

The determinations by Chipman and his co=-workers were also

. vade by direct equilibrium between iron melts and iron oxide

slagse. Taylor &% Chipman used a rotating crucible to reduce the
influence of refractory, and also showed that furnace atmosrhere
and sampling methods had little effect on the results. Chipman
(27) summarises the results of both investigations by eqju. 2.2. in
which [ %0, o

log [#ip, = = __5_2_0_ + 2,734 ees €q.2.2.

-8 -
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is the solubility limit of oxygen in liquid iron. These
solubilities are considerably lower than the earlier
determinations and Bell (28) reasonably attributes the difference
to low temperature readings in the early work in which optical
pyrometers were used.

The oxygen solubility at the monotectic temperature (see fig.
5.1.) is calculated from eq. 2.2 as 0.167:%, which compares
favourably with the values of 0.15% determined by Sloman (29) and
0.16% deternined by Fischer & vom Ende (30).

The rost recent investigation is #f Gokcen's (%1) who
equilibrated small melts in alumina crucibles with iron oxide slags.
An oxidising atmosphere was maintained with HZ/HZO gas mixtures.
His results are described by equ. 2.3 for which he estimates an
accuracy of 15% and claims less scatter than obtained

log (%00 y_ = = 5,232 + 2.439  «.. 2. 243
T

by Chipman and his co workers. The differences between - eqUe2 e B
& 213.1Km@ver, are very small in the range 155000.- 1550°C.
The work of Floridis & Chipman (32) on the reactionj
(H2) + [%0] Fo = (Hzo)
showed that oxygen dissolved in liquid iron did not obey Henry's
Law, and variation of the activity coefficient fo was described by
equ. 2.k,

log fO = - 0.20 Es‘-/)O:j cs e €. 2-}'*'-
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in which the constant - 0.20 is the interaction coefficient ez .
The solubility of oxygen in solid iron is very much less than
in the liquid and attempts to measure solid solubility have produced
many diverse results. Sloman (29) determined the solubility in
slowly cooied samples by bracketing the compositions between which
iron oxide could be detected and not detected. IFrom this
investigation the solubility limit was given as 0.003% - 0.0067% O
and a similar method used by Yever, Fischer & Englebrecht (34) gave
the limit as 0.003% - 0.007%. These results may easily relate to
the solubility in o Fe because precipitation of iron oxide during
cooling ~y have occurred.
Seybolt (35) measured the solubility of oxygen in zone refined
o« Fe at 7OOOC - 9OOOC and obtained a value of 0.002% after
equilibrating thin strips of iron with a surface layer of wistite.
The results from this were much lower than his previous work (367
which he rejected on the basis that impurities had caused internal
oxidation.
The solubility of oxygen in % Fe was reported by Kitchener
| et-al (37) to be 0.003% ¥ 0.003%% Tankins & Gokcen (38) give eq.2.5
| for the oxygen solubility.
log [%0] YFe =" T!2-6§O + 5.51 ... eq. 2.5

o
At 1450 C & 1528°C this indicates oxygen contents of 0.0L45% &

0.031% respectively. Hepworth, Smith & Turkdogan (39) report

solubilities of 0.0056% and 0.0088% for these temperatures

- 11 -
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respectively. The techniques were very similar using zone
refined iron and equilibrating in an oxidising atmosphere, but
Tankins % Gokcen used thin foil which was electrolytically polished
after the equilibration experiment.  Surface contamination with
such high area to volume ratio samples, could easily produce hish

results. {ig. 2.la summarises the availoble data.

2.1.2. Oxygen - deoxidiser equilibria in iron

2.1.2.1 Oxyzen - carbon equilibria. The literature
concerning carbon - oxygen reactions in steel has been thoroughly
reviewed in recent years by Illiott (40,, Chipman (41) and
Bodsworth (42).

The early work of Field znd Vacher & Harilton on reaction (1)
assured that solutions of carbon

ECJ‘Fe + EO]’F@ = (C¢) ... reaction (1).

and oxygen in steel obeyed Henry's Law and these workers
accordinzly, simplifiec the equilibrium constant by writing 'm' as
the product of the Wt o) concentrations of carbon and oxygen at one
atmosphere pressure of carbon monoxide. At 1500°C, values of 'm'
are quoted between 0.002 and 0.0025. A value of 0.0020 is given by
Fuwa & Chipman (43) as being applicable at 1600°C with an
equilibrium gas of latm. pressure and a carbon content in the steel
of 0.02-0,2%

E1liott (40) showed that the activity of carbon in pure iron -
carbon ~lloys could 2 rcpresented by the curve shown in fig. 2.2.,

- 12 -




which was calculated from a temperature depéndcut function
proposed by Rist & Chipman (44), The activity is relative to an
infinitely dilute solution in iron as standard state. The
interaction coefficient ez recommended by Sodsworth is + 0.253
and is taken from the data of Rist & Chipman (44) and Turkdogan
et,al. (45)

The effect of carbon on the activity coefficient of oxygen
and corresponding effect of oxygen on that of carbon,are given by
Puwa & Chipman as eg = - 0.1% and ez = - 0.1,

The equilibrium constant Kc-o for reaction (1) is given by

equations 2.7 & 2.8

i
|

lOg‘ Kec -0 ‘?:541 + 6.79 X €0, 207
T

7,280 + 6.65 ... eq. 2.8
T

log K c ~o0

i}
!

These agree very well at ISEOOC and were determined by Richardson
% Dennis (46) and Rist & Chipman (44) respectively. They seem to
be the most reliable data available and will be used, where
appropriate, in calculations involving carbon and oxygen.

At carbon contents less than 0.1%, the equilibrium partial

pressure of carbon monoxide is reduced by reaction (2). Fig. 2.3

shows

(602) + [Clg, =2 (CO) ... reaction (2)
the variation of «-nilibrium zas composition with change in carbon
content.
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2:1.2.2. Oxygen - manganese ecuilibria.  The influence of

nanganese oh oxygen content of steel is best obtained from a
consideration of reaction (3), where

((Fe0) )+ iMane = ((tn0)) + ((Fe)) ... reaction (3)
double round brackets indicate a liquid stat-. The solution of
manganese in iron is approximately ideal. Bell (28) conclu’=s
from a review of the available literature, that MnO and FeO are
completely miscible in the liquid state and that complete
miscibility in the solid state is probable. Fig. 2.4 is the
diagram according to Hay, Howat & White which is reprinted by
Levin & Mcilurdie.(47) The significant point made by Bell, was
that only a limited range of FeO - MnO compositions are liquid
at steel making temperatures. This was held to be a distinct
disadvantage to manganese as a deoxidiser.

Mixtures of FeO and MnO hehave approximately as ideal
solutions in the liquid and solid states and because of this, the
equilibriur constant X <0 for reaction (3), can be expressed
in terms of mole fractions of oxides and wt % concentrations of
rnanganese. The values of K I published in recent years, and
reviewed by Bodsworth, are all very similar. Zquation 2.9. is that
determined by Chipman, Gero & Winkler. (48)

log K. -~ 0 = 6,440 - 2,95 ... eq. 2.S
T

More recent investigations by Bell (4S) & Fischer & Fleischer
(50) give values of 3.5 and 3.4

- 15 -

e




m/o MnO

1800° : 20 : 40 | 60 | s]o -102200
y » Lig &
g. 1600 B+ 2800 g
5 Fa L 1 =
g 1430 ) ;,9
% 1400 ; \ g_
2 -« 'I at g \ 72400 @
1200 1 [N \ L
0 20 40 60 80 100

w/0 MnO

fig.2.4. FeO - Mn0 phase disgram.




respectively at 1550°C, Bell compares his results with those of
previous determinations and obtains agreement with Chipman et. -al.
Slag compositions were similar in these investigations, but
Fischer & Flelscher used MnO crucibles and their slags were not
directly comparable. From this it appears that Chipman's value
of Kiln - oat 155000 can be used over a wide range of compositions.

Caryll & Ward (51) introduced a new technique for the study
of slag/metal equilibria with their use of levitation melting for
determination of manganese - oxygen relations in steel. Higher
temperatures and a greater variety of slag compositions were
possible than could be employed by conventional techniques using
refractory crucibles. The authors show that very rapid
equilibration is achieved and that the high temperature compositions
can be retained by quenching between a copper anvil and a copper
faced piston. Analyses were made by using an electron-probe
microanalyser.

The results from this complement those of Chipman et.al.(48)
and the combined data are represented by equation 2.10

: T

The oxygen content of the melt is obtained by combining
K3y n - o date with the oxygen solubility datd from equ.2.2.

Figs. 2.5 & 2.6 illustrate the manganese - oxygen relations of

Chipman, Gero & Winkler.
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2.1.2.% Oxygen - silicon equilibria. Early work on the

equilibrium for reaction (4) has been included in

il Fo t 2 [Qer = <B8i0p> ves reaction 4
$e literature review by Bell.(28) The < > brackets denote
solid state. Work by Hilty & Crafts (52) is critically examined
and compared with that of Gokcen & Chipman (53) who used a gas/
rmetal technique with H2/H20 mixtures. The data generally agree
qute well but Gokcen &. Chipman were able to make qualitative
conclusions regarding the activities of oxygen and silicon.
They proposed that the activity coefficient of oxygen was reduced
by silicon; the activity coefficient of silicon increases with
increasing concentration; and that these effects are compensating
in pure iron - silicon - oxygen alloys containing 0.02-0,15%
silicon. The result of this is that over a range of compositions,
the solubility product ]_—% SijiC % 01° remains constant.

Walsh, Ramachandran & Fulton (5k4) give a detailed appraisal
of all determinations of reaction (4) equilibria from the time of
Hilty & Crafts. Many determinations of the equilibrium constant
KSi - o, also included a quantitative assessment of the interaction
coefficients e gi and e ii « The value of e gi is usually
calculated from the reciprocal relationship e gi = M, oe ii/MSi,
where M., and M o are the atomic weights of silicon and oxygen

Si

respectively.
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The most recent and reliable work is due to Matoba Gunji &
Kuwana (55) and Chipman & Pillay (56). Matoba et.zl. conclude
that the equilibrium is best represented by equ. 2.11 which
Chipmen & Pillay have confirmed,

.....

log K Qi -0 = QQ%ZQQ - 11.2% see equ. 2.11

The interaction coeificients are linear functions of
concentration us to 24 and are compatible vith a constant
s . P 5i . 3
solubility product. The coefficient e 7.7 is given as a
[e RN
temperature dependent function in equ. 2.12, and in accordance

with the

e ar = 2:910 + 1.77 ... equ. 2.12
- T

observation of a constant solubility product e ii follows as -
0.5 e gi . These are the presently accepted values and were
used with scme success by Walsh et.al. in developing their
thermodynamic model of deoxidation.

At low concentrations of silicon the equilibrium product is not
solid silica, as indicated by reaction (4) but consists of liquia
Fe0-31i05 mixtures. The solubility of silica in FeO-810p mixtures, is
approximately 507 at 1500°C and the oxygen content of iron in
equilibrium with slag of this composition was found by Golicen *.
Chipman to be 0.088%.

gL;LQL&;jggE@g_:>g;ggigipq_gguilibria. Aluminiwn has the
most stable oxide compared with oxides of other deoxidisers in

common use, but measurenent of the equilibrium constant K Al -0
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for reaction (5) has been difficult due to problems in experimental

technique and analyses

2 LA + 2 < >~
Fe t 5 Lo Fe “1203‘) «e. reaction (5)

A theoretical constan: was calculated by Chipman (57) using

available thermodyr-inic da*ta and showed that at 1600°C K.

Al - O
- 14 N e

8 was 2 x 10 - # similar calculation by Mclean & Ward (58),
55 using more recent data and a valve of }§zl = 0,063 for the

Raoultian activity coefficient of aluminium in dil:te solution

with iron gives the equilibrium constant described by equation

2.13, from which K Al - 0

= + 064,090 - 20.41 ... eq. 2.13
T

n
% 4t 1600°C.

is compuicd s 1.5 x 10 ©
Early attempts to measure the equilibrium directly produced
much higher values than the ‘“corctical constant. Bell (49) and
McLean " Bell (89) explain the high values of Wentrupp & Hieber (50)
as being duve to incomplete separation of alumina and those of Gelle
& DickZe (61) by the interaction effects due to the presence of
carbon in the melts. Hilty & Crafts’(62) constant is very high
and they observed that at aluminium concentrations below 0.1% the
inclusions consisted of FeO + Alai?EeO and at higher
concentrations of aluminium they were Alp0z. FeO  + A1503, mpe
presence of hereynits(/1503. FeO) was due to their method of
equilibration and Chipman (63) shows that when the free energy
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of hercynite formation is taken into account, the results of
Hilty & Crafts approximate to those of other workers.

Determinations hy Gokcen & Chipman (64) and the recent
results of d' Entrenont et.al., (65) and McLean & Bell (59) a11
give values of I(Al _ Owhich are similar to the theoretical
constant and also give values to the interaction coefficients.
The value of e ﬁ% at 1600°C is widely accepted as approximately
+ 0.05 and the most recent value is that of McLean & Bell at

+ 0.048, There is a much greater discrepancy however, in the

0
Al

on the equilibrium constant KAl - 0.

values quoted for e gl and e but their effects are much

o A
greater than e o Or e 1

Al
The effect of these interactions is agreed (59, 65 & 64) to
produce a large negative deviation from Henry's Law, e él having
a greater effect than e j& .

Gokcen & Chipman quote the highest value for e gl but the
other values between these workers agree within a factor of three.
This is not considereq unreasonable in view of the experimental
and analytical difficulties involved.

Sims (66) suggested, on the hasis of Hilty & Crafts findings,
that all steels deoxidised with aluminium would have hercynite in
the equilbrium products instead of pure alumina. Subsequent work
by Pillay et.al. (67) indicated, from observation of crucible

attack, that a critical oxygen content in the iron was necessary

for hercynite to be formed on contact with alumina. At 1600°C
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the oxygen content of iron in equilibrium with solid magnesia and

magnesium vapour at latm. pressure would be 1.5 % 10 = 7 wt.% at
o) ..

1600° C. A similar calculation can be made for calcium by

combining the data for reactions 8 & 9 to give

(Ca)+ 4 ( 0, ) = < cad> «ee reaction (8)
4G %8 = -187,900 + 45.9T cals/mole.
x 0 —
e (02 . o] Fo «e. reaction (9)
AG7 9= = 28,000 - 0.69 T cals/mole.
the equilibrium constant of reaction (10d, X (Ca) - g
(lca’Kl-"\[Eﬂ Fe = 4Ca0?2 ceeves reaction (10a)
R (Ca)-g = - 56%8+4G6°%9 - + 34,951 - 9,84
h.575 T T

From this it follows that the oxygen content of iron in
equilibrium with solid lime and calcium vapour at latm. pressure
at 1600°C would be only 1.48 x 10 ~ 2 wt %.

The volatility of these metals is very high, and at 1600°C
Chipman (68) gives the vapour pressure of calcium as 1.8 atm. and
that of magnesium at 17.6 atm. This volatility and the apparent
insolubility of calcium and magnesium caused little interest to be
taken in their equilibrium with iron. Much of the work on
solubility measurements however, failed because of experimental
difficulties.

The most recent equilibrium study was that of Philbrook,
Goldman & Helzel (70) who equilibrated liquid lime - alumina -
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silica slags containing radioactive calcium with carbon saturated iro
at 1600°C, They concluded that the calcium content of the iron
was less than 6 x 10 ~ 2 wt %.(The lower limit of detection).
This however, can be shown by the following treatment to be &
reasonable result. Neglecting that the activity of lime in the
slag is less than unity, and also neglecting the free energy of
solution of calcium in iron, it follows that the calcium required
for equilibrium with oxygen in a carbon saturated iron melt would
be 3 x 10 6 wt % at 1600°C. In Philbrook's experiments
therefore, it seems that residual oxygen in the iron prevented
lime in the slag éontributing a detectable amount of calciun to
the melt,

It is only recently, with the work of Trojan & Flinn (71)
and Sponseller & Flinn(72) , that solubilities of calciun and
magnesium in iron base melts have been measured. The method
used by these workers was to equilibrate calcium or magnesium with
iron base melts in a pressurised furnace, such that a liquid layer
of the volatile metal was maintained on the melt surface throughout
the experiment.

Trojan & Flinn, working with iron - carbon - silicon -
magnesium melts at 1260 - 142000, found magnesiun solubilities up
to 3% in carbon saturated iron containing silicon. They showed
that the solubility increased with increasing temperature and

increasing carbon and silicon contents. It would be difficult
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to extrapolate their data to steel meking conditions at 1600°C
and wuch lower carbon and silicon contents, but it does seem
likely that a significant solmbility exists.

Sponseller & Flinn determined the solubility of calcium in
iron at 1605°C as 0.032% and its activity coefficient ¥, as
2.23 x 10 3 . By using the regular solution concept and
assuming that ¥ ° Ca is approximately equal to the reported value
of“KCa, & further step may be made to calculate the calcium -

oxXygen equilibrium in iron, K Combining the free energy

Ca - O

data for reactions (9), (10) and (11) provides an estimate for

that of reaction (12).

(Cca)) + % (0p) - <Ca0> oo reaction (10)
LG io = - 152,850 + 25.78 T cals/mole.
(Cca)) = L Cal] % 4in Fe eea reaction (11)

o -,
-Q. G oll = R T 1 n [- ‘X'ca 0.5585 ].. Col. - 17
At. wt. Ca

Substituting vulues in equ. 2. 17 gives:

AG °11 = 12,798 cals/gm. atom at 1600°C
fcal Fo * CoJ Fo = <{Ca0> «.. reaction (12)
AG 012 = 4G ° 10 - 4G © 11 - el 09 = ;88,070 cals/mole
at 1600°C.
. . 1.9 x 10 ¥ 19 4t 1600°C.
- 26 -




It is evident, therefore, that if calcium went temporarily
into solution during the deoxidifftion process and equilibrated.
with the oxygen before boiling out, a very low residual oxygen
content would be obtained. Similar considerations would apply
also for magnesiur, but as its oxide stability is not as great
as lime it would not be quite as effective a deoxidiser unless

its solubility were greater,

2.1.4, Complex decidisers and oxide activities. The

preceding section has considered the equilibria between individual
deoxidiser elements and oxygen in liquid iron, but more than one
deoxidiser is commonly added to steel. YWhen two or more
deoxidisers are present together in the steel, the product is
likely to be a mixture of oxides and the equilibria established

often differs fror those of the individual deoxidisers,

A change in the de~ree of deoxidation acconpanies the change
in solute equilibria and, in general, enables a lower residual
oxygen content to be achieved by lowering the activities of the
compciient oxides in the product or by increasing the activity
coefficients of the reacting solutes. The beneficial effects of
solute interactions are small however, when compared with the
possible reductions in oxide activities. Unfortunately there is
very little quantitative data available for complex deoxidisers,
as noted by Bell (28) & Chipman (41), except that relating to
manganese - silicon  deoxidation.
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Bell (28) has reviewed much of the early work on manganese -
silicon deoxidation and concluded that manganese increases the
deoxidising power of silicon but not to the extent reported by
Hilty & Crafts. It appears likely that th; FeO - MnO - SiO,
slags used by Hilty & Crafts picked up alumina from the crucible
~and their melts then equilibrated with FeO - MnO - 5105 - Alp03
slags. Samples of the slag were not obtained however, and no
investigation of the inclusions was made. It is not possible
therefore, to directly confirm this effect.

Healy (73) and Scimar (74) independently published calculated
diagrams of the equilibrium between FeO - MnO - 8102 slags and
molten iron, These diagrams showed agreement with the available
data but, at the same time, Bell (49) reported an experimental
study of the syste. at 155000 and it is this latter work which is
considered most applicable. Bell used crucibles of either silica
or magnesia to obtain silica saturated or unsaturated slags
respectively. The influence of manganese on silicon deoxidation
is shown from his work in fig. 2.8. It was also concluced that
ideal mixing of silicates occurred in the systems FeO - MnO - SiO2
and FeO - MnO - 810, - Mso and on this basis the iscactivity curves
shown in fig. 2. 9 were calculated. It is considered that these
data are the most reliable for this system, even though the
gas/metal ecuilidrium studies result in a higher equilibrium

constant for silicon deoxidation than is indicated by B21ll's work.
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Walsh & Ramachandran (75) relate the variation of silica '
activity in FeO - MnO - 8i0p slags to the manganese : silicon
activity ratio in the melt, In doing this, they combine the
silicon - oxygen equilibrium constant of Chipman & Pillay with
the manganese - silicon - oxygen data f Hilty & Crafts at various
temperatures. On the badis of this data however, the activity of
- silica becomes unity at manganese : silicon activity ratios less
than 1.7 whilst on the basis of Bell's data, the manganese:silicon
ratio must be less than 4 to give silica of unit activity. The
discrepancy is due to the effect of alumina in Hilty & Crafts
experiments mentioned previously.

The effect of adding aluminium to the nanganese - silicon
deoxidiser has not been exanined, but it is expected that alumina
formed in the products would cause a decrease in the activity of
silica and manganese oxide. If the criticism of Hilty & Crafts
results is valid, then a slag containing alumina, silica,
manganese oxide and iron oxide should equilibrate with a lower
oxygen content nelt for a given mangine-e ¢ silicon retio. The
only activity data available on the manganese oxide - silica -
alumina system is that of Sharma & Richardson (76). Manganese
oxide activity is shown in fig. 2.10. This shows that at MnO
concentrations of less than 0.4 mole fraction, the activity
coefficientq 110 approaches a similar value to that of 0,2
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obtained by Bell in the Mn0O - S10, - FeO system. The activities
of components in the MnO - Si02 and MnO - Al03 binary systems are
shown in fig, 2,11 which is taken from Abraham, Davies & -
Richardson (77).

Deoxidation with calcium - silicon - aluminium or magnesium -
- silicon - aluminium alloys may result in products containing lime
or magnesia in addition to silica and alumina. The consequent
reduction in si}ica activity which would occur can be seen from
figs. 2. 12 and 2. i}. These isoactivity curves are due to
Cameron, Gibbon & Taylor (78) and Henderson & Taylor (79)

respectively.

2+2. Kinetics of deoxidation Processes.

2e2.1. Nucleation and growth of products. The bulk of

research concerning deoxidation has been directed to the study of
chemical equilibrium relationships and, because of this, very little
information has been available on the kinetic aspects of formation
and growth of inclusions. Within the past few years however,
some theoretical and quantitative experimental work has been
published‘dﬁﬁh clarifies the situation, with particular reference
to homogeneous nucleation.

von Bogdandy Meyer & Stranski(S0 & 81) studied the formation
of oxides in iron - oxygen melts by equilibrating a colurn of the
melt with a quantity of deoxis’iser added to the top surface.
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fig.2.1%3. Activity of silica in MgO-A1p03-SiO, system at 1550°C.

(fy11 lines are those of Henderson & Taylor ).
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Convection currents were virtually eliminated ang penetratlon
of the deoxidiser into the melt occurred only by diffusion.
The column was quenched after predetermined diffusion periods
and the diffusion zone was examined metallographically and
analytically. Their results on aluminium deoxidation showed
that the oxygen combined to form alumina in the aluminium rich
zone and iron oxide in the aluminium deficient zone. Only a few
traces of hercynite were observed throughout the experiments.
The oxygen content was found to remain constant along the column
and so it was concluded that the inclusions remained in their
position of formation.

The supersaturation ratio ( Cr / C¢ ), at which alumina is
precipitated at 1550°C, was obtained frow eq. 2.18 using the
aluminium and oxygen concentrations rneasured at the boundary

between unaffected melt and the zone rich in alumina particles.

(_Cz) = Caml® Cahold ... equ. 2.18
O £ -0

k g1 - o is the deoxidation constant of aluminium g ven as the

reciprocal of the equilibrium constant K Al - O° The saturation

14

ratio was determined as 3.6 x 10 and related to the average

nucleus diameter,r k,by the Gibbs ~ Thompson equation ( 2.19 )

in ) = 2 o.M veo equ. 2.19

PonT. r k

£l

{
\
o is the interfacial energy between alumina and iron, M is the

- T

B




molar weight of alumina, /A is its density and R is the gas

constant in ergs / ° C mole.

From this Bogdandy et.al calculated the nucleus diameter was

of the ord:r of one molecul;. The interpretation was that the

rate controlling stage was the formation of a discrete alumina
particle rather than tie establishizent of a large particle,

The work of Turpin and Elliot (82) starts with an
application of the classical theory of Gibbs, Volmer & Becker, to
hoiogeneous nucleation of oxide inclusions in steel. The critical

hor: v

supersaturation, exprossed as a free energy tern Na T 1S
cri

calculated frow: eq. 2,20 v is the molar

VI

hor 3
AaP" = L 29 v (67 /KT 10g4 )% ... cqu. 2.0

volume of the nucleus species, & is the interfacial tension
between nucleus and matrix, k ic Boltzmans constant and 4 is a

frequency factor characteristic of cach oxide considered. Values

ot A ¢ hom
crit.

tension, and the solute concentrations necessary for homogeneous

were calculated using estimates of the interfacial

nucleation were then calculated by the general expre:sion shown
in equ. 2.214 ka is the activity product

G hor: = - RTLn ( e o equ. 2.21

crit )
34 2 2 3 11 > 3 3 s L4
Sie A, Or a . a o and k is the appropriate deoxidation
2 - 8

constant. The results of these calculationsz are summarised in

figs. 2.14 and 2.15 for the iron - oxygen - silicon and iron -

. » e emmec e e
oXyLe s - alliiniun oysveryt,
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Useful experiments were made by equilibrating iron - oxygen
melts with various residual silicon or aluminium contents and
then quenching. The supersaturation for inclusion nucleation
wag obtained by the high degree of oxygen segre::tion to the "1liquid
during solidific ti n. On the basis of the results they conclude
that the interfacial tensions between oxide and melt, in ergs.
cm 2 » are approximately 250 for iron oxide, 1,250 for silica,
2,400 for alumina and 1,700 for hercynite.

The critical supersaturation calculated for alumina
nucleation using equ. 2.20 and the above data at 1550°C, is - 66.6
kecals/mole.  Whilst that observed by von Bogdandy et.al is
calculated from equ. 2.21 and their Cr/Cp ratio, as - 121.5 k.cals/
nole. lhe difference is due to uncertainty in the composition of
von Bogdandy's rnelts at the point where superaaturation is reached.

The observations noted on figs. 2.14 & 2.15 concerning the
conditions under which iron oxide is the zucleating phase, are
supported by the results of other workers who produced sinmilar
inclusions to those of Turpin & Elliot at low silicon conmentrations
during deoxidation studies. Turpin & Elliot rlso concluded frono
the high supersaturation needed for homogeneous nucleation, that
the liquid metal composition which determines the nucleus

composition, restricts its growth to the addition of material

having a similar composition.
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Applying the homogeneous nucleation theory to normal
deoxidation practice led Turpin & Elliot to predict that a large
nw ber of small inclusions will be formed when a deoxidiser is
added to the melt, becgmse a very high degree of superaaturation
will exist until the deoxidiser is completely dissolved and
distributed throughout the relt. From this they suggest that
less powerful deoxidisers will give the most rapid separation of
products.

The very recent work of Woehlbier & Rengsdorff (83) used a
technique mimilar to that of von Bogdandy et.al. with a very pure
iron - oxygen melt and a 10% aluminium in iron alloy as decoxidiser.
They reported exceptional nucleation difficulties at 1600°C and
illustrated this by saying that no oxide nuclei were formed in the
diffusion zone, although the aluminium concentration was 2.9% and,
inclusions formed on quenching showed a high oxygen concentration
to be present. The sane experiment was repeate¢ sing a less pure
iron, containing 0.07% oxygen instead of 0.16% and this was found
to be partially deoxidised. It was concluded that a very high
supersaturation is required for homogeneous nucleation of alumina
but a much lower supersaturation is sufficient to enable growth
of alumina on small heterogeneous nuclei without the appearance
of hercynite.

It may be noted however, that at 1,6OOOC and aluminium
concentrations in excess of 0.03%, the equilibrium % oxygen
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increases with further increaces in aluminium concentration

because of the effect aluminium has on the oxygen activity
coefficient.  Assuming that the value of e gl = - 0.94 applies

up to an aluminium concentration of 2,9%, then the oxygen activity
would be reduced by 1.5 x 10 ~ ° and the system would be hardly
supersaturated.

Further experiments by Woehlbier & Rengsdorff in which pure
aluminium was stirred into the upper zone of the pure oxygen - iron
melt, resulted in the formation of alumina inclusions from
homogeneous nucleation at the point of addition. These inclusions
were then carried down into the undeoxidised portion of the melt
and reacted with residual oxygen to form hercynite. This
technique provides the same result as would be expected from
stirring alumina particles into a high oxygen content melt and
allowing the equilibrium studied by McLean & Ward (58) to be
approached. In the absence of any melt analyses or time
dependent results, it serves only as a possible mechanism for the
formation of hercynite.

The treatment of homogeneous nucleation madle by Turkdogan (84)
follows the same classical theory used by Turpin & Elliot and leads,
by means of an example of silicon - manganese deoxidation, to the
same conclusion regarding the formation of many small nuclei during
the time taken for the deoxidiser to dissolve. He extends the

theoretical approach by considering the growth of nuclei, using =
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diffusion model developed for this purpose. The model results

in the expression shown in equ. 2,22 for the

radius of a growing inclusion r ; at any time, t > 0, r o is the
radius of the spherical diffusion zone and is given as 0.62 7 ~ 3
where Z is the number of growing inclusions per cm 3 and is assumed
constant. [j% @] © is the initial oxygen content at time t = o
and [:% é{} m is the oxygen content at any time t > 0.

Fig. 2.16 shows the predictions made from this model which
support the gqualitative view that high supersaturations are likely
to result in small inclusions which separate only slowly from the
melt. Fig. 2. 17 shows how the maxinum size of inclusions and
their rate of growth are dependent upon the concentration of
nuclei., These figures summarise the important effects of
nucleation and growth as applied‘ to practical deoxidation
procedures.

2.2.2. Separation of products. Two of the major objects in

practical application of deoxidation during steel making, are to
reduce the dissolved oxygen content to a low concentration, so
that secondary products formed during cooling and solidification
are minimized, and to eliminate as completely as possible, the
primary products. The first of these objectives is largely
determinzd by the thermodynamics of the process but the
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separation of primary deoxidation products is essentially
controlled by physical factors.

Schenck (85) shows that flotation of oxide particles, which
are less dense than liquid iron, has been the separation
mechanism assumed since the earliest investigations and according
to this model the rate of rise (v) of a spherical particle is
given by Stoke's Law, equ. 2.23

G . ( P pe = P OX.) +es equ. 2.23

where r is the radius of the particle, g is the gravitational
constant,&§ is the viscositj of the steel andwo Fe & o ox. 2re
densities of the liquid steel and oxide respectively. The
viscosity of liquid steel is approximately 0.065 dynes cm. 2 )

g is 981 cm. sec ~ 2 and the density difference between the liquid
steel and oxide can lie between 1 rjd L.7 emecnn © 3 when‘the'oxide
is liquid ferrous oxide or solid silica respectively. This
illustrates that the particle radius is the factor which can have
the greatest influence on the separation rate and this is also

the factor which is liable to the greatest variation.

The importance of particle radius was shown by C.H.Herty and
his coworkers, €86) when they found that manganese - silicon
deoxidation gave the cleanest steel if the manganese : silicon
ratio was between 4 - 7 : 1. This range of manganese - silicon

ratio corresponded to the ratio range which resulted in the
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largest size of inclusions. Also, the product composition
resulting from this addition practice was found to be in the very
low liquidus temperature range of compositions at approximately

35 - 45% 5105, 45 - 55% MnO, 10% FeO. (see shaded area in fig.2.18).
This led to the conclusion that low melting point products were
advantageous because their fluidity enabled them to coalesce, thus
increasing their size and improving their rate of flotation.

The application of Stoke's Law however, was largely qualitative
and when steel viscosities ¢ oxide densities were measured more
accurately the quantitative use of the law was restricted to
determination of the largest size of residual particle in melts

of given depths after various times. It was not possible to
calculate the total concentration of oxides unless the number and
average size of particle wore known.

More recently Fisher (87) described a kinetic study of
deoxidation with silicon in high frequency induction furnaces,
which showed that separation of primary deoxidation products was
very much more rapid in turbulent conditions than in quiescent
conditions. This effect of turbulence has also been observed by
other workers including PlBckinger et.al. (88 & 14) and Duderstadt

& Weller,(89) whc used aluminium and other deoxidisers to confirm
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the effect found with silicon. Fischer reported from the same
work that primary silice products were separated very rapidly in
basic lined furnaces ( Ca0 or Ca0 - Can) but only slowly with
acid lining, Further observations were that the time for total
elimination of products decreased with increasing melt
temperature, decreasing silicon addition and decreasing furnace
size which increased the surface area to volume ratio.
PlSckinger & Wahlster (90) made a series of experiments in
high frequency induction furnaces and found that deox&dﬁl‘ion
with silicon gave fluid, well coagulated products containing 98%
silica, which confirmed the results of Fischer & Wahlster (91).
Aluminiun deoxidation resulted in solid alumina rich (97% A1203)
particles which, although being smaller and less agglomerated,
separated more rapidly than silica particles. Holding the melt
&uléscéﬁt i a iadIé after deoxidation resulted in further
separation of silica particles but very little further reduction
in residual alumina was observed, all the separable particles
having been removed in the initial period. They concluded fron
the difference in inclusion behaviour, that Stoke's Law was not
entirely valid when comparing inclusion species and that the
major reason for this was the difference in surface properties.
They suzgest that wetting of the silica, and silica rich
particles, by the steel hinders their separ~tion whereas alumina

particles have a high surface tension and are not wetted and are,
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therefore, unaffecteq by the melt/oxide interface properiies.
Repetylo et.al. (93) support this view by concluding from their
work on aluminium deoxidation, that high interfacial tensions
favour the rapid removal of particles. Crussard (94) has
suggested that alvming particles in the form of clusters tend to
separate as a single unit with a nuch larger radius than any of
the individual particles. It should be noted, however, that the
average density of such a unit would be approaching that of the
melt and so some of the effect of increased size would be
counteracted. The observation that residual alunina particles
do not separate from a franquil bath nay be due to their small
size or the mechanism of separation, or a combination of both.

Recent work by Ohkubo et.al. (95 & 95) has provided a model
to explain the effects of turbulence and furnace lining material
reported b& Fischer & Wahlster, on the separation rate. The
deoxidation experiments (95) were made in a high frequency
induction furnace, using various temperatures, deoxidisers and
furnace linings. They found that the oxide content of the steel
could be expressed as a fraction of time by equ. 2.24

- kt
C = Ce ver  ses  equ. 2.2k

where C is the oxide concentration at a time t following

deoxidation at t = 0, Co is a constant and corresponds to the

maxinmy; uadde oor-ziatravion di.e. concentraticn after addition of

Lendnd
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deoxidiser but before any products have seprmated, k is the rate

constant which dewvends upon, teniperature, deoxidiser and crucible
material.  Ohkubo and Masui (96) include the surface area to
volume ratio of the melt as a factor influencing k.

The work of Ohkubo et,al. (95) is at present, untranslated
from the original Japansse but the model appears to assume that
segregation of products by flotation, according to Stoke's Law,
is completely eliminated and proposes that the mechanism of
inclusion removal in an agitated bath is essentially one of
reaction between the particle and crucible material. This model
Seens very reasonable pro-ided that the turbulence is sufficient
to present a melt surface in contact with the crucible which is
continually changing and reprezonting the oxide concentration in
the bulk relt. Under these cenditions, it is likely that an

equation of the form shown in 2.25 would apply,

- -n

dc = -~ kC (A) cer  ese  eQU. 2.25
at \ 'V

where dc/dt is the rate of change of oxide concentration, C is the
average oxide coucentration of the bulk melt, k is the rate constant
and A/V is the surface area to volume ratio of the melt. Upon
integration between limits of t = 0 at C = Cc and t = t when C = <,
this would give equation 2.24,

The increase in separation rate of SiO2 in a basic lined

furnacz wae confirmzd =nd attributed to chemical reaction between




particle and furnace lining,  Rewmoval of silica by an acid lining

would not involve chemical reaction and would depend ¢y on
surface action between particle and lining. The reduction of
separation rate by increasecd silicon addition was also confirmed
and can be explained because the residual dissolved oxygen aft: r
low silicon additiong was epproximately 0.09%. The deoxidation
product therefore, would have been a liquid iron silicate (sce
section 2.1.2.%) which could react with, and adhere to, a
siliceous lining to a greater extent than could solid silica
products resulting from higher silicon additions. Rate constants
determined after manganese - silicon deoxidation were greater than
those determined for silicon acting alone and, similarly the rate
constant “or alumina separation was irproved by the addition of
nanganese.

It is thought that this model can explain the rapid removal
of oxides in the turbulent conditions auring <tapping where the
reaction is likely to be between deoxidation products and ladle
refractory &/or slag, and during teeming where reaction is likely
to be with self-generated ingot scum.

Application of Stoke's Law to guiescent bath conditions to

show a concentration - time relationship has also been attempted

b Kewawi, Oikubo & Sasajima (97). They show from experimental

work that the size Aistribution of inclusions can be represented

by equ. 2.26,
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[e) . ’ L Y LY equ. 2.26

where n is the number of inclusions per unit area having a radius
sreater than T oand A - N ) , .
g g =, and A are constants which may be determined
/

¢xperimentally, B vas expressed in terms of Stoke's Law as

A

T . '
(h / %t )% where ¢ 1s the product of collected constants and fixed

valves from equ. 2.23, h is the depth of the melt and t is the time

n O s B ~
From this higls equ., 2,27 was

C = /7 - _@—‘Af{ } (Au

L | ¢ )5
\

2 "« 1
+3(a8)° + 6(A%) + 6 tee €QU.2.27

derived, the symbolis baing as mentioned previously. Concentration -
time curves calculated fronm this equation did not agree very well
with their experinentally determined curves, and generally indicate
2 mmch slower separation rate than was observed. This equation
however, will be discussed furtier in secticn 5, in the light of
results from the present work.

¥rom a consideration of the literature pertinent to product

epar’ 'ion therefore, there secums to be fair agreement between

experimental observations but it is only in recent years that the

influences of some factors have been recognised and explained.

2.3._Technical .applications of complex decxidisers.

Cebel. Deoxidisers containing volatile metals. Calcium has

been used, in the form of calcium - silicon or calcium - aluminium
alloys, for deoxidiation over a period of years and various
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opinicons have been expressed Concerning its effaect

Lilligvist (98) reports that none of the complex alloys

available comnercially were ag effective as aluminium in
preventing pinhole pPorosity in steel castings., tccordingly he
reccommends the use of aluminium, in quantities sufficient to
produce type 111 sulphides, (65, 99 & 100) in preference to
calcium containing deoxidisers, Ludwig (101) however, suggests
that under certain optimuiz conditions of preliminary deoxidation
the complex alloys can lmprove deoxidation efficiency ang produce
more favourable inclusios types.

Dunn (102) used various complex deoxidisers with type 302
stainless steel (18% Cr - 10% Ni) and claims that nickel] -
magnesium, calciunm - magnesium - silicon, and calcium - manganese -
silicon are more effective than calciun - silicon in producing
cleaner steei of lower oxygen content. It may be noted from the
work of Sponseller & Flinn (72) that 1 % nickel increases the
solubility of calciwa in iron to 0.08% at 1600°C. Mandl & Sk3dla
€103) concluded, from the results of iron - calcium - magnesiwm -
silicon alloy deoxidation, that the optinun alloy couposition for
minimum inclusion content was approximately 28% calcium, 13%

i megnesiumn, 52¥% silicon with iron as balance. This is similar
to the alloy used by Dunn (102), but has approximately 10% more
magnesium. Ototani et.al. (104) used an alloy containing 23%

calcium, 50% silicon, and 27% iron for deoxidation and found that
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the cleanliness of the steel was icproved. The optinum alloy

corposition found by Mandl & .

(ﬁ

SkZla, in t e calcium - silicon -

a miniw” - 1 Sratar o a i/ . / : -
aluminiwz - iron syster, was 30% calciua, 40% silicon, 20%
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aluminium ond 10% iron which resulted in tobtal oxide inclusion

contents of as

igures agrec well with
a minimurr oxide content

CO1
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£ 0.016%, when using an 21Joy with 21% aluinium, 50 sil 1
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;e calciun, Se iren for ladle deoxidation. Fuch of the work on

these systems e

systems supports the view referred to by Koch (106), that

impr

or due to, the turbulence

caused by volatile mcted vapour
Koch (106) nmade a detailed study of deoxidation with nlloys

centaining calcium under an argon cover. He showed that ingot

©, cemposed of inclusions which had se v._gated to cavities near

the surface, alwiys contained more lime than the and niore
evenly distributed residual inclusions. From this it was deduced
that calciu combined with nore of the total oxygen than had
previously been thought. It was also noted that a preater

proportion of th: added calcium was lost by vaporization when the

concentration of calcium in the deoxidation alloy was increased.

silicon - aluminiuvr alloys intended to produce low melting
tenperature oxides in the linme - silica - aAdumina system. (see

vhase diapran, fig. 2.19) The 2lloy compositions however, are based

|
|
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effect of the neczas ary residual silicon and lostes of aluminium

and calcium, ;i
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Calcium - silicon - aluminium deoxidisers have also been

studied by Yahlster & Feldhaus (108) who confirnm ruch of Pchkinger

cifference in separability

between inclusion types ond effects of turhul snce. “18ckinger

o TN
x Rosegser's view, that

physical properties, ic endorsed and it is acace that these

dependent upon th= particle composition,
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combines with part of the cxygen, but to a very variable cxtent. |
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SECTION 3 EXPERIMENTAL PROCEDURE.

« . , . L
S.1. Selection of experimental conditions. The experimental

programme was designed to investigat

[©]

the deoxidation reaction and
- ~ s = . . N .
the behaviour of the resulting oxide products. The experimental
itions +} £ o RPN - o .
conditions therefore, were carefully chosen to provide the clearcst

investigation of these objectives possible, with maximum freedom

from external influences.

5.1.1. Felt material, The two criteria used for choosing =a

suitable melt material were that it should be free of sulphur and
that it should contain a high concentration of OXYZen.

The first of these conditions was imposed because the presence
of sulphur is known to cause the formation of oxide/sulphide
mixtures in the deoxidation product and the sulphide component of
such inclusions greatly influences their character, bchaviour and
effects on the steel properties. (66,99 & 100)

The second condition is to enable a high concentration of
inclusions to be formed on the addition of a deoxidiser, such that
the composition and behaviour of the inclusions may be easily
studied. In order to obtain a high oxygen concentration in the
nmelt, it was necessary to choose a materiel which is free of
elements having a high affinity for oxygen. The most readily
available material which met these requirements of purity was
carbonyl iron, the composition of which is shown in table L.1.

in upper limit to the oxygen content was set by making it

i
i
i
i
!

3
3




comparable with that of steel at the end of refining. Typical

values in basic open hearth steel @aking are 0.04 - 0.05% oxygen

at this point if the carbon is less than 0.1% (109)

3

3.1.2. Crucible material.

The most important consideration

in the choice of c¢rucible material, was that it should not take

any part in the reactions occurring during the experiment.

Silica was not used because of its probable reduction by
manganese or aluminium dissolved in the melt, at the 0.006 - 0.007%
residual oxygen contents intended.

Recrystallised alumina was chosen because at 0.007% oxygen
the residual aluminium is calculated as only 0.0001% (5%}, This
equilibrium concentration of aluminium is sufficiently low to
induce negligible melt/crucible reaction, even when aluminium is
not present in the deoxidiser.

Magnesia crucibles were considered for use but, as the
stability of magnesia at 155000 is shown by fig. 2.7 to be -lrost
the same as that of alumina, there appeared to be little advantage.

The oxygen content of the melt prior to deoxidation was
linited by the use of alumina crucibles to 0.045%, Greater
concentrations than 0,045% could involve the melt and crucible in

‘
i

. WM v R i g
reaction to produce hercynite, as shown by McLean & “ard (58)

and described in section 2.1.2.4.
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2:2. Fxperimental equipment.

‘ 3.2.1, Furnace,

The furnace used was an H.F. mMelting unit,

Niok] 3 o .- K 3
which use an s.%5.1. - Birlec motor alternator set to supply

high frequency current at 8.5 k Hz. The maximum rating was

20 kw. and adjustment of the power factor was made by switching

in capacitance as reguired.

The

turnace assembly is shown in fig. 3.1. by a vertical section

diagram through the centre of the furnace. The

graphite ;

susceptor was made from clectrode graphite and machined to fit
closely into the furnzce crucible.  This prevented excessive wear §

T

by oxidation from circulating air.

Temperature measurement was by means of two platinum/platinum

.

- 137 rhodium thermocouples connected to = multipoint recorder,
One thermocounle was placed in the susceptor and this enabled the
gh

susceptor teuperature to be monitored throughout the melting cvcle.
(- iy -l

The second thermocouple was used for temporary immersion in the

melt, “hen both thermocouples were in use, it was possible to
determine directly the temperature difference between the melt and
the susceptor by recording szlternately from each of the
thermocouples., The immersion thermocouple was protected by a
silica sheath and access to the melt was obtained through the

sampling hole provided in the 1lid.
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3.2.2. Furnace atmosphere. It was considered necessary to

prevent, as far as possible, any reoxidation of the melt during
the holding period which followed the addition of the deoxidiser.
Any such reoxidation would cause further oxides to be formed, and
these would be expected to have a different composition and
behaviour to the primary deoxidation products. The presence of E
any oxides other than the primary products of deoxidation would
obscure the investigation of the deoxidation reaction and the
products resulting from it.

The exposed surface of the melt was, therefore, protected i
by @ non - oxidising stmosphere and argon was chosen for this
purpose. 4 sealed furnace chamber was not used and so the argon é
flowed continuously at a controlled rate.

%.2.3. Turbulence in the melt. It was intended that the

flotation rate of deoxidation products should be examined and
compared with the rates indicated by Stoke's Law. This required
the steel bath toc be as free as possible from turbulence, in order
that the mechanism of particle flotation should not be disrupted

gitation.

C

by a

The heating system shown in fig. 3.l. supplied heat to the

melt from a relatively large heated mass and sO convection currents

induced by thermal gradients should have been quite small.

T

e

Stirring of the melt by the induced current, was considered

T

usilikely because the 'skin effect! concentrates the current at
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the surface of a conductor. (110) In the experimental system,
this current concentration would be at the periphery of the
susceptor, the current density falling off exponentially from the
surface., The penetration of the current also decreases as the
frequency increases and so for the high frequency source used,
it was considered that the current density in the melt was
negligible.

Visual observation of toe melt surfoce, and slag particles
floating on it was used to verify that the rmelt was essentially
guiescent.

3,7, Selection of deoxidiser compositions. The lime -

alumina - silica phase diagram was examined for compositions
having low liquidus temperatures and the ternary ecutectic mixture

=0

of

ct

at 14.7% L1203, 62% Si02 and 2%,3%% Ca0, having 2 melting poin
ll?OOC, was chosen as the compbsition to be aimed for as a
suitable deoxidation product.

The deoxidation additions necessary to give this product
composition were then calculated, assuning 100% utilization of the
deoxidiser elements, the appropriate solute egquilibria data
described in section 2,1.2. and specific initial and final oxygen
contents for the melt.

Specinmen calculations are shown in appendix A. These
illustrate the way in which the oxygen to be removed was
apportioned between silicon, aluminium and calcium and the
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stoichiometric deoxidiser additions derived. The additions
required to satisfy the stoichiometric and equilibrium conditions
were summated for each element and the deoxidiser composition
and total addition computed from these data. In the cases where
lime was to be included in the addition, the oxygen to be removed
was apportioned only between silicon and aluminium in the
appropriate ratio., The amount of lime to be added was determined
frog: the amount of silica and alumine . 2xpected as a result of
$i/41 deoxidation.

The initial assumptions were rodified in the light of
experience gained in the early experiments. Subsequent deoxidiser

compositions were decided upon by varying the calcium =nd a2luminium

[©]

additions over a range ss described in section 3.7.2. The
nagnesium containing and manganese containing alloys were chosen

in 2 similar manner, using constant —ominal silicon additions.

3,4, Preparation of materials

3,4,.1. Deoxidation alloys. Deoxidation alloys were prepared

in the sane furnace that was used for experimental melts, The
pure components, in the form of small granules or lumps, were well
mixed after weighing and transferred to an alumina crucible.

The mixture was then heated under an argon cover until completely
molten. The melt was held at about 100°C superheat for 5 - 10
mins. and was briefly stirred at intervals.
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Alloys containing calcium or magnesium lost a little of
these elements whilst the melt was held above the liquidus
temperature. The extent of the loss however, determined by
comparisfon of nominal and actual compositions, was found to be
very small. (sece appendix B.) The 2lloys were allowed to cool .
and solidify in the furnace chamber after switching off the H.I.
power. The argon atmosphere was maintained so that oxidation of
the alloy surface during cooling was minimized.

Alloys containing manganese were found to attack alumina
crucibles and so magnesia crucibles were used for series 5 alloys.

The buttons of alloys, weighing either 25 gm. or 50 gm. were
freed from the crucibles and lightly ground to remove any adhering
alumina or light oxides from the surface. They were then crushed
to - 60 mesh and thoroughly mixed to ensure homogeneity and freedom
frorm segregation consequent upon solidification.

The deoxidation alloy powdcrs were pressuré conpacted,
without binder, into square section bars for convenience in the
subsequent experiments.,

Some of the dilute calcium alloys were prepared by mixing
commercial grade 30% Ca - calcium silicide with pure silicon and
previously prepared Si/Al alloy powders. Similarly, the lime,
silicon, aluginium deoxidisers were made up by mixing dried lime
with 8i/A1 alloy powder. The wixed powders were compacted in
the same way as the complex alloy deoxidisers. The lime

Con
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containing deoxidisers, however, were heated to 650°C in vacuo
prior to use in order to remove all moisture.

i

3.4.2. Iron - oxygen alloys. The carbonyl iron chosen as

the raw material contained 2 much higher concentration of oxygen

than was required in the experimental melts. The composition of

the iron was therefore, adjusted by a preliminery treatment

separate from the experimental relts. The preliminary trestment
was made in two stages, one of vhich involved the addition of

sufficient deoxidiser to reduse the oxygen content to approx.
0.05%.

The procedure in the first stage was to melt 325 gn. of
carbonyl iron powder in an alunina crucible by the same technique
as described in section 3.5.1. The melting part of the cycle
however, differed from that of the experimental run because only
200 gm. of the powder could be charged to the crucible prior to
nelting. The balance of the charge (in a thin steel‘container
1" dia. x 1 - 14" high with 0.003" wall thickness) was added after
the first 200 gm. had welted. When the whole of the charge was

.0
to 1550 °C and a sample taken

o
[eN

molten, the temperature was adjuste
for analysis.

The premelt deoxidiser was added by the same method
adopted in the experimental run (see section 3.5.1.) Aluminiun

additions of 0.06% were made to premelts used in series 4 and 5,

and manganese additions of 0.65% were made to premelts for series 3.
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The premelts were held at 155000 for 15 mins. to allow flotation
of the oxide products, and then allowed to cool after taking
another sample for analysis.

Ingbt surfaces were filed clean on the resulting premelts,
so that any adhering alumina was removed. These ingots were then
remelted in fresh crucibles. The remelting procedure was agalin
similar to that of the experimental run but no deoxidation additi
were made during this stage. The melt was held at 1550OC for
15 mins. in order to ensure that residual particles of alumina or
hercynite from the premelt could separate. Samples were taken a
melt out and just prior to cooling. A1l samples were analysed f

]

oxygen content and the ingots set aside for the experimental work

%.5, Experimental melts,

3,5.1. Melting procedurce The remelted ingot was pickled

in hydrochloric acid to remove any traces of oxide formed during
storage rinsedsand thoroughly dried. It was transferred to the
furnace chamber in a new alumina crucible and the susceptor 1id w
set in place. The argon flow was started and melting commenced
with the maximum possible power input of approx. 15 kw. The
susceptor tenperature was measured continually during melting by
means of the thermocouple in the susceptor.

The charge was observed through the sampling hole in the 1i

and, when the metal became molten, the power input was reduced to

t
N
(SN
i

ons

t

or

a5

jon




8 - 8.5 kw. at which, the susceptor temperature stabilized at
o
approx. 15507C, The immersion thermocouple was inserted and the

recorder sct to two point operation, so that both the melt

cemperature and the temperature difference between melt and susceptor

could be measurced. Adjustment of the power input was made to give

a constant temperature of 15500C in the nelt. The immersion
thermocouple was removed and subsequent temperature control was
E’ maintained by observation of the susceptor temperature with single
point recorder operation.

The deoxidiser was taken from the compacted bar and a

predetermined amount weighed out. This addition was enclosed in a

thin steel cartridge and attached to the end of 2 silica plunging

rod as shown in fig. 3.2

cartridge
crimped at

neck =————,

deoxidiser

ylindrical
teel foil
artridge

Nl

i
1
°
Y
nNo
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3+2.2. Sampling and deoxidation procedure, Sampling was

performed by drawing off 8 - 10 gm. of the melt into a 4 mm. bore
silica tube, using a safety pipette filler to provide the partial
vacuum regquired in the tube.

The pipette wes inserted into the melt through the sampling
hole in the 1lid and withdrawn approx. 0.5 - 1 cm. from the bottom
of the crucible before taking the sample. Samples were, by this
method, always taken from a similar plane in the melt. A sample
was always taken immediately before adding the deoxidiser and
further samples were taken at intervals following deoxidation.

The samples solidified very rapidly in the silica tube, and so the
analyses and inclusion measurements made on them were assumed to
be representative of the melt at the plane and time of sampling.

Additions of deoxidiser were made by removing the argon
supply, lifting the susceptor 1lid and plunging the cartridge of
deoxidiser below the melt surface. The melt was briefly stirred
to ensure mixing of the deoxidisers and then the lid and argon
supply were replaced. The furnace chamber was open at the top for
15 - 20 secs. during this operation.

Sampling times were reckoned from the completion of stirring
of the bath. Diéoxidation with alloys containing manganese took
a little longer because the additions were larger and took a
greater time to dissolve.

o .
The deoxidised melts were held at 1550°C for 60 or 90 mins.
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pproximately 10 samples were taken during this period. This
allowed the progress of product separation to be examined and also
allowed compositional changes to be studied. At the end of the

holding period the melts werec assumed to be free of suspended oxide
particles. In some experiments, the melt temperature was checked

during the holding period by means of an immersion thermocouple.

i few experiments were m

-

de in which the melt was held at
cenO - . .

1550°C, after deoxidation for only short periods and then allowed

to cool. Pipette samples were taken from these only prior to

These ingots were examined for inclusions and

deoxidation.

compositions at various levels from the ingot bottom.

3.6, Gnalysis and metallography.

g2l

2.5.1. ¢

C

)

teel analysis. Oxygen contents were determined by

vacuur fusion analysis. The instrument uscd was the Balzer
Exhalograph E4l which is described by Ramsey, Winkler and Kraus.
(111). Oxygen in the form of carbon rmonoxide 1s measured by an

u}

infra red absorption cell. Standardization and calibration of

the instrument werse nade by metering quentities of pure carbon

monoxide into the analytical systen
Silicon was determined by photometric analysis using the
reduction of silico-molybdate by stannous chloride to produce the

"molybdenum blue' complex. (112) The absorption was measured with

3 T o) e
a Hilger and Watts 'Spectrochem' in 2 cm. cells at a wavelength of




575 mu. Regular checks were made by standard ravimetric
analysis (115) of samples taken from the deoxidised ingots.
aluminium analysis was also by direct photometric method

using eriochrome cyanine R

-3

he original method differed little

from that proposed by

]

1111 (114) but was modified in zccordance

with the recommendations of Picasso (115 ), The method finally

used was that of Ficasso but with the following modification.
The insclugble residuc, left after decomposition of the

sample in hydrochloric acid, was filtered onto a Whatman SH1

paper, washed with hot water and ignited in a platinum crucible.
The filtrate was reserved. The ignited residue was treated with

-

1 ml. conc. sulphuric acid and 3 mls. hydrofl@@ric acid to remove
silica. The acids were evaporated and the resulting residue

ignited for 5 mins. at l,OOOOC and then fused with 2 few crystals

of potassium bisulphate. The fused mixture was dissolved in hot
water and added to the filtrate mentioned above. The analysis

was then completed as described by Ficasso.

langanese was deterrined by the standard sodiui bismuthate
oxidation method (116) which employs a V@ luméric finish with
ferrous amrmonium sulphate and potassium permanganate.

Carbon was determined by combustion of the sample in oxygen

and volumetric measurement of carbon ronoxide by means of a

Strohlein apparatus. (117)
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%.6.2. Deoxidiser ana alvsis, Constituents of the Ca/Si/Al

and Dg/Sl/ 11l deoxidisers were all determined gravimeteically.
Samples were taken into solution by fusing with sodium carbonate/
sodium peroxide mixture and leaching the fused residue with water
and hydrochloric acid. The constituenis were then separated and
determined by the procedure adopted for slag analysis. (118)

Silicon was determinod by dehydration of silicic acid followed

by sulphuric acid/hydrofl$@ric acid treatment of il sovorated and

ignited silica, Aluminium was precipitated as the hydroxide,
filterced and ignited to alunmina. Calcium was precipitated as
calcium oxalate and ignited to calciwn oxide, whilst magnesium
was precipitated as phosphate and ignited to pyrophosphate.

Silicon in the Mn/Si/Al alloys was determined similarly to
that indicated for the other deoxidisers, but silicic acid was
precipitated by fuming with perchloric acid {113) instead of baking
the salts from a hydrochloric solution.

Samples for manganese and aluminium analyses were dissolved
in nitric acid with the aid of a little hydrofluoric acid. The

solutions were fumed with sulphuric acid to remove the hydrofluoric

acid, and the salts were dissolved in water. The samples for
nmanganesc determinations were then completed by sodium bismuthate

oxidation and titration with ferrous ammonium sulphate and potassium
permangan .t -, (119) he aluminium analyses were completed by taking

- > " B SN 3 1 152)
appropriate aliguots end developing the aluminium eriochrom




complex by the same procedure used in steel analysis.

.

3.6.%. Inclusion analysis., Inclusion compositions were

determined 'in situ' by the use of an electron probe ¥ ray
microanalyser. The instrument was a Cambridge Microscan ik.2.
It differed from the standard model only in that it had been
equipped with two spectrometers and a light element kit.

One of the spectrometers was used for detection and
measurement of iron and mangansse radiations and lithium fluoride
crystals were used for this purpose. The radiation from the

/
lighter elerents, calcium,magnesiun, silicen and aluminiwn was
detected and weasured in the second spectromecter, which was open
to the specimen chamber and employed gypsum crystals. Barium
stearate crystals from the light element kit were used on occasions
when the gypsum crystals were badly dehydrated. The gypsun
crystals were preferred, when in good condition, because the 1st
order Ko radiation could be used and this was found to be nost
convenient.

Specimen preparation and analytical conditions were the same
as described by Ridal, Jones and Cummins (120 for an accelerating
voltage of 19.6 kv. Abscrption and atomic number corrcctions,
proposed by the same authors, were applied to the apparent
analyses. in example of the correction factor calculations

is shown in appendix C.
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Homogeneity of inclusions was checked by examination of the
X ray images produced when the spectrometer was set, in turn, to
the Bragg angle for detection of each element present, Line
scans were also made under these conditions to reveal any
concentration gradients not easily observed from the X ray image.

The minimum size of inclusion which could be analysed with
confidence was approximately 5}1. diameter and so inclusions in
samples up to 12 - 20 mins only could usually be analysed.

Wherever possible, 5 or more inclusions per samplc were analysed.

3.6.4. detallography. All the samples were examined

metallographically to determine the shape of the particles and
presence of any second phase. Quantitative metallography was

not undertaken in the early part of the work becausec the inclusion
concentration was followed during. the course of separation by

¥
measurement of the oxygen content. The inclusion concentration
was assuned to be proportio=:=l to the function.[:%Ot - %Ogjs
where % Oy is the total oxygen content at any time and %Oe is the
equilibriun oxygen content of the oxide free nelt. Manual
counting techniques were time consuming and of limited accuracy
and so it was thought that the extra information obtainable did
not justify theilr use.

In the latter stages of the project however, a Metals

Research Quantimet, image analysing computer, became available
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and s0 & number of samples could be examined in detail. The
instrument and its applications are described by C. Fisher (121)
and also by H. Mgrtensson. (122) Measurement of inclusion
concentration was wade in terms of % conc,by area and the size
distribution was measured by counting the number of particles
exceeding given diameters., The quantitative measurements were
made at x 100 and between 25 and 75 fields were examined in each

sample.

3.7+ Develcpment of programme.

Selel. Series % experiments. A short experimental series was

made in which the premelt deoxidation was performed with mangancse.
Final deoxidation in these tests was made withjy silicon, aluminium,
silicon/aluminium alloy and silicon/aluminium alloy mixed with lime.
An excess of 0.005% aluminium was added to the amount calculated
from true aluminium - oxygen equilibrium, because the experiments
were not true eguilibrium studies. It was felt that ¥Wentrupp &
Hieber's apparent equilibrium constant might apply better to the
conditions used.

Results from these experiments showed that manganese present
in the premelt became involved with the deoxidation products. It
was also found that the residual aluminium existing in ingots with
0.007% oxygen was on the lower limit of detection.

Subsequent experimental series did not use mangancse
deoxidised premelts and did not include the 0.005% excess

aluminium addition to the experimental melt.
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5:7:2. Series b experiments. This serles contained test

fey
fiec}

using silicon, aluminium and silicon/aluminium alloy as control
deoxidisers and silicon/aluminiumfﬁime, calcium/silicon/aluminium
and magnesiun/silicon/aluminiun as experimental complex
deoxidisers.

The results indicated that lime was not taking part in the
formation of the products to any significant extent and so lime
inoculation was not pursued further., Deoxidation products
resulting from the use of the other complex deoxidisers showed
that the deoxidiser calculated in appendix 4, did not produce the
intended oxide composition. The lime content of inclusions was
inconsistent and lower then that required. Deoxidiser compositions
werc then used which gave various increased calciu. additions to
the melt at constant nominal silicon and aluminium additions.

Sorme of the deoxidisers were rade up however, as mentioned in

scction 3.4.1, with commercial calcium silicide as the source of
calcium, The =lurinium content of this was reported to be 3k

o/

but was later found to be nearer 6% and so the aluminium additions
covered a range and werc greater than intended.

Calcium was found to contribute little to the deoxid:ition
process and experiments with two magnesium/silicon/aluminium

2lloys indicated a similarity with the calcium/silicon/aluminium

system. Work on these two deoxidiser systems was then discontinued.

SR
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2:7:3. Series 5 experiments.

The manganese/silicon/aluminium

system was chosen for complex deoxidation alloys because all of

the components are commonly used for steel deoxidation, all are

soluble in molten steel,none are very volatile and the oxide

system Mn0/8i05 /AlgOB contains many low liquidus temperature

mixtures,

Deoxidiser compositions werc chosen to provide manganese

additions to the steel of 0.25 -~ 1.0% and aluminium additions of

s/ - ' . . . - .
0.003 - 0.0%% with a constant nomina silicon addition, as used

in the previous series.

This series was chosen for the quantitative metallographic

VR

examinztion because it was considered more representative of

deoxidation processes than the previous series which employed

b

deoxidisers containing calciunm or magnesium.
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L, TXPERIMENTAL RESULTS.

4,1, FEvaluation of exverimental technigue.

L.1.1. PMelt/crucible reaction. The alumina crucibles used

both for melt preparation and the experimental melts, suffered
various degrees of attack. The extent of this attack, and the
type of product resulting from it, depended upon the stage of
processing reached and the deoxidiser used for predeoxidation
treatment.

The crucible attack which occurred in those premelts

ed with aluminium was quite severe and is illustrated by

ﬂ

es 5

-

fig. 4.1. Deoxidation of the premelt with mangane in ser
however, resulted in very 1little crucible attack and this is
shown by fig. 4.2. Fig. 4.3 shows the light green product

resulting from remelting a predeoxidized ingot. Aluminium had

sidual aluminivm was

p.

been used as the deoxidiser but no res
detectable.

Crucible attack was not observed after an experimental run.
Fig. 4.4 shows that a few particles of the melt adhere to the
crucible walls, together with a little ingot scum.

4.1.2. Solidification of samples. The pipette samples

D

were taken in silica tubes 5.5 mm. 0.0 % 4 mm. bore, and

measured 4 mm. dia. x 8 - 12 cm. long. These sampleg solidified
and cooled very rapidly, reaching a temperature less than 700°C

within 10 seconds.
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The difference in temperature between the melt and the

susceptor was measurad This temperature difforence

varied tetwsen experiments but varied little during t:e course

i

of an experiment.

L,2. Experimental data.

elts. The carbonyl iron used as the

sterting material for 21l the experiments was of the composition

shown in table 4.1,

TRON  COMPCSITICN Wt %

(@]
IS
a
o

g
.

0.110 | 0.004 | 0.028 | 0.02 |0.07 0.001

The premelts contained 0.09-0.1% dissolved oxygen at melt

out. The premelt deoxidztion treaztmen
1 I 4+ Ka Lol L I 4 iy FI] . ) R i 3
the addition of 0.00/: 2luminium and this produced a residuzl

-

oxypen content of $.05-".060 after a 15 min. holding period.

i further reduction of 0.01-0.015% oxygen occurred as a
result of the remelting stage.
Fig. 4.7 shows the changes in oxygen content during the

' in experiment 4 C 1,

[oN)

of the ingot use

The premelt deoxidation treatment given in series 3

addition of 0.55) manganese which resulted in a residual oxygen

~

content of 3.045-0.055% and a residual manganese content of

£~
4

0:35-0,45% Remelting of these ingots resulted in a loss of

0,01-0.02% oxygen and 0,03-0.05% manganese.
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fig. 4.7 Change of oxygen content during melt preparation.

L,2.2. Deoxidation melts. The deoxidiser composition and

addition for each experiment is given in table 4.2. The first

digit identifies the series number 3,4 or 5. The letter C denotes
deoxidation with one of the control deoxidisers il.e. Si,Al or Si

L1 alloy, and £ denttes the use of-a Ga, €20, Mg or lin containing

I\

complex deoxidiser. The experiment number within a series is
identified by the number following the letter C or E.
Experiments 4ES, 487, 4810, 412 and 4F13 involved cooling the

fier deoxidation as described in section 3,5.2.

W

melts immediately
Experiment 4B11l was treated similarly but was cooled 5 mins. after

deoxidation.




COLPOSITION Jt @ ADDITION
iio. lin 51 Al Ca lig Cal A
)
300 100

100 0.062
5C5* SLINS] 5.z 0.291
ol 85,2 b7 9.1 0.320
4C1 97 3 0.277
Loo 100 0.0hk
47 29 5.2 7.8 | 0.300

hrp 90.2 3.8 6 0,282
iz 90,2 2.8 5 0.282

Lok 100 ) 0.146
UTe/S) 100 » 0.110
Lah 85.9 L.1 | 10 ] ’ 0.295
L5 85.9 h.1b 10 0.295
LEE 87.8 2.9 8.3 0.289
L7 54 6 70 0.473
LE8 5l 6 30 0.433
Lhpg 67 % %0 0.452
Lz10 67 3 %0 0.452
L1l 87 10 0.295
4r12 87 3 10 0.295




Table 4.2 continued

IV T O
WXP, COMPOSITICN Wt ¢ ADDITION
Ho. Mn 51 Al Ca g Cal Ut %

713 92 3 5 0.279

o 92 3 5 5,279

\J1
3]
D
F
|
N
i
co
o
L
0

0.777

=T -
5k2 775 26.9 Oukt 1.027

\J1
e
N
~J
=J
o
-
.
oo
<
“
(Y]
}_.J
N
ﬂ
-J

\J
&
+
N
L]
o
\J1
|._.|
\n
O
0
N
ﬂ

* Calculated compositions of blended deoxidizers used in

LU D v { cnm oimptS e 2L A, o
exporiments 3C5-Li8, (see section 3.4.1 page 64 )

.

Nominal compr. itions of deoxidation zlloys uzed in

experiments LEG-UTE1L. (see section 3.4.1 page 64 )

¥ Analysed compositions of deoxidation alloys used in

. . —r
experinents 5I1-5320.
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4.2.3. TLocation of inzot samples, The sectioning of the

s A e . . . . c s
deoxidlzed ingots for examinaztion is shown in fie. 4.8

- 3 4

\ samples for
i /mécrowamm@‘imn

samples for
chemical
analysis

e <
e

samples}
for |
probe
aaaiysis

~ (o3 -
fig. 4.8 Ingot somple locations.

inclusion analysis,

[oN)

o 5 PMelt an

The combined data from vacuwn fusion analysls, chemical

tables 4,3 to L.28

The inclusions resulting from deoxidation were, except in the
case of exveriment S5E6, particles either of pur: oxide phases or of a
homogeneous glassy nature.

<

experiment S5ES resulted in

alumina particles in & gl

illustrate this by means of the X ray image and the & ray line

. , Az i~ . £ e = in =
scan. The ;. ray image shows the distribution of elements in =




typical inclusion and the line scan shows the relative

concentrations of the elements in the two vh

jay]

Sl The reported

inclusicn analyses for experiment S5E6 were calculated from the

estimated proportions of the two phases and their analysed
compositions.

The value n, under the inclusion analysis heading, refers to
the number of inclusions snalysed to give the mean analysis gquoted.

Where more than one analysis is quoted, they are the mesn values

for composition grouns which are distinctly different. The

sampling time refers to the completion of deoxidiser addition as
zero. Ing. denotes a vle taken from the deoxidised ingot and

Bot. identify the position in the ingot
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HEITERCGENEOUS  INCLUSIONS FROM 5E

X RAY IHAGE X 1,000

LINE SCAN

fig 4.9a Mn Kek radiation fig 4.9 b

fig 4.9e¢ 41 Ko radiation

Line scan traversez made at
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Loh, Metallographic examination,

4.4.1 Inclusion types. Typical

xidation treatments zre shown in

L .
te10 and 4.11 show the products of silicon

also of the inclusions
containing premelt
incluzions shown in
R A0S /AT At Ae e s o . o

Mn/l/AaL geoxidation of experiment 5 I F

b.L,2 Tnclusion content and size distribution, The results

of a guantit

2

n 1s the number of fields

Lol '
~ A ds the

1y

of inclusion cxpressed os

of total ares examined, ¢ ie the standard deviation of the mean
% A, and 1.95 o /vn defines the 95% confidence limits by the

relation shown in equ, 4.1 assuming a normal distrihution of

95% C.L. = % & X 1.96 ¢ /¥ .... equ. bl
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fig. 1.19 Silica particles fig. 4.11 Alumina particles
® 600 x 200

o
o / . eq . . .
Tig. .12 Glassy silicate particles fig.tal3

x 800 % 00

fig. 4.14 Alumina plates ptresipitating fig. %.15
x 500 within glassy silicates. x 800




B

TS e ; - HORE S :
Figs. 4.16 to 4,25 are photomicrographs of experiment 5 & 5,

shown a
change

during

a magnification of x 100, They serve to illustrate the
in particle zize distribution and inclusion concentrstion

the holding period after deoxidation.

fig. 4.16 2 min. f

D

(=N

¢

+e 4,17 1 min.
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The distribution of inclusions in ingots cooled immediately
after deoxidation showed only a 1little concentration towards the
top surface. The distribution of inclusions in the vertical

., . 0 . .
plane after a period of holding at 155C°C however, is shown in

fig. 4.26.  This refers to the ingot of experiuent 4Z1l.

SN

—

°
»
1

0.2 +

INCLUSION CONTENT, area %

(o) T T T T
0o i 2 k] 4 i
BOTTOM ToP ;

HEIGHT tN INGOT, cm. —+%

fig.bh.25 Tnclusion distribution in the vertical

plane of deoxidized ingot, 5 vins. corplation
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SECTION 5. DISCUSUION OF RESULTS

5.7. Introduction The experiments can be divided into three
groups according to the composition of deoxidiser used.

(a) Silicon, aluminium or silicon-aluminium alloy
deoxidisers,

(b) Deoxidisers containing calcium, magnesium or lime.

(c) Deoxidisers containing manganese,

Cenparison will be made firstly between deoxidisers
of group (a) and those of group (b). Finally the manganese
containing alloys (grour c¢) will be discussed in relation to
group (a) and (b) individually and collectively.

1t is hoped in the discussion, especially of
manganese-silicon-aluminium alloys to show that product
nucleation occurred in =-olute rich zones surrounding the
deoxidiser during its dissolution and that the product
compositions were related to the deoxidation alloy composition
Oxygen desaturation of the melt by solute diffusion andzgrowth
of product nuclei took place very rapidly beczuse of a high
concentration of nuclei, but the initial products changed in
composition to approach equilibrium with the melt as homogeneity
of solute distribution was achieved.

Reaction between separated products and the crucible
material resulted in alumina saturated slags which determined
the residusl oxysen content by controlling solute equilibria

in the melts.
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T

Under the quiescent conditions of the present

experiments, product separation occurred at z rate which

could

not be quantitatively accounted for by Stoke's Law. Coalescence
of low liguidus temperature products was indicated and these
products separated more rapidly than higher liquidus temperature
products., Interfacial tension between product and melt is also
an important propgrty end it has been shown that a high inter-
facial tencion favours rapid product separation.

Calcium or magnesium in the deoxidiser participate
oﬁly to a limited extent in deoxidation by vapour/melt reaction
and the distribution of initial products having appreciable
lime or magnesia contents, supports the conclusion of low

melting

’
o

point products coalescing and rapidly floating out of
/
the melt.

5.2. Control deoxidisers and effects of calcium and magnesium

5.2.1. Residual oxyzen in the melts and eguilibria with products

2.1.7., Silicon and aluminium controls It was expected

1

that equilibrium between residual solutes and the deoxidation

products would be approached rapidly becouse the small product

particles provided a large surface area: volume ratio, and with
a2 large number of particles the diffusion distznces were

small. Turkdogan (84) showed that for a diffusion controlled
reaction nucleation and grouth were complete within 30 secs,

5 o0 F
i i F particl wWe n o For the
if the concentration of particles was 107 cm

. . e recent equilibrium.
present, this is assumed to riplcueﬂt equil

- 12% -




The measured oxygen and deoxidiser concentrations

at any time following deoxidation represented the total contents
however, i.e, they included the proportions combined in
residual oxide particles. The equilibrium relationships
therefore, were indicated only when all products hatk separated
from the melt.

Completeness of oxide separation and approach to
equilibrium can be examined by the silicon and aluminium
control deoxidations, for which the date ap crtainirg to

equilibrium are shown in table 5.7.

N H R 1
EXP I TIMB! f. | o | T, h h.. ' h, (k'8i-0 |k'Al-0
AP TIEES o b tgs iAo si) AL

sl ot !

! e
10.811 1.5| - |0.005k |0.585] - 171077 -

sc2 | 90 10.871 1.3 ~ 10.005% j0.3221 - 101077 -
{ !

i
i

4

l | : i ) —,]:’"'
Le2 | 60 10.99 1 1.0 0.0111 1 %o.oc&& 2.2%10" 2
i : ; | -1%
sk | 60 {0.83] - | 7.0 0.0004 | - | 0.085 - i, 6x10
| » | . | .
% i i i : s) 6 i _15
he6 | 60 j0.891 - 11.010.0005 | - 1 0.053 - 12.6x10
| 2 5 % . |

(h represents Henrian wctivity, k'Si-0 and k'Al-O are the
apparent deoxidation constants of silicon and aluminium
respectively).

) ‘ : o
The deoxidstion constants mezsured at 00 mins. are

Q.

EREY ter then the values indicated by the equilibrium
considerably greater than the values y

and 2.71.2.4., thus indicating

data reviewed in sections 2.71.2.0.
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that some oxide particles persist in the melt. After 90 mins

1 i A e : - . 19
however k 950 becomes similar to the value determined by Bell
(Lg) and so it was assumed that separation of products was

almost complete after holding the melt for 90 mins.

The zpparent deoxidation constant of aluminium can
be explained by assuming a residual alumina content of
approximately 0.0005% and it was likely that very lengthy

N

holding periods would hmve been reguired for more complete

@

separation than this. Another contributing factor was the
analytical accuracy when the oxygen content was as low as
4 p.pem., and sluminium contents of this magnitude were on the

lower limit of detection for the method employed. In both

cases the errors would be ex ed to increase the value of
k' .
A1-0
The value of k'... o= 1.7 x 10 > will therefore be
foNEs

used in subsequent calculstions of silica activity, assumning
complete product separation after 90 mins, but the errors
involved in k'“l 0 prevent similar activity calculations

My - :

being made for alumina.

5,2.1.2. Silicon - aluminium alloy control and lime additions

e .
The residual silicon and oxygen contents of experiment LcH,

.2 ) -5
indicate an activity product of N hSi = 1.0 x 10 7= k'o. o
& o from which the silica activity is calculated as
8102 K
0.91 if k' is 1.1 x 10 5 The product composition, shown
: 5i-0
Fig. 5.7.

in table 4.7 for this experiment can bhe seen from Iig
w 125 -
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1600} 2
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Tip, 5.7, Phage Diasram for the Alumina - Silice

Systen.
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to lie in the mullite + liquid phase field at 1550°C but no
evidence of phase separation was observed in the product
particles. An approximate silica activity of Q.75 is
obtained by extending the silica isoactivity lines in Fig. 2.12
to the silica-~alumina binary system. The estimated activity
of 0.91, compared with this approximate value of 0.75, suggests
that product separation was not complete and, as the melt was
only held for 60 mins, and the oxygen content decreased by
0.001% in the 30 mins to 60 mins 5 period, it seems likely that

the lower value is the more sccurate.

Addition of powder to a deoxidiser which was

essentially the szme =s thet used for experiment 4C1, resulted
products having & similar silics: alumina tio but containing
a small proportion of lime, as shown in table 4.9. The

calculated silicae accivity of 0.73 compares well with the
value of approximately C.75 found from Fig. 2.72 and the
OXygen &ngyses indicote that very little residual oxide is

present in the melt. Gufficient lime was added to this melt

(\

spproximately 23% lime and 1¢%

to give a slag containing
alwsina, if no zluminiwn or lime were lost, and from Fig. 2.12

. e o -
ctivity for this composition is found to be 0.65.

w

the silica

& 4
lag compozition i~ in the 1f-mid renge et 1550 C and the

[
1nis g

9]

liquidus tempersture of the inclusion cowposition 1S close to

15507C. The final oxygen content of the melt would not have
{

. - .o \ s estsblished .
been preatly affected therefore if equilibrium were €5ta blishe
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deovidation

. PN PR A ma Fa R RS - 3 L H
products instead of with the deoxidation products only,

P Fn el e T P S . R e
I the slag became sabturated witlh alumine From the crucilt s

he
L% a3 A O SO ] E 2 A R N
the silice activity would only decrease +to 0,6 and this
wouldl decresse the residual equilibriwe oxygen content
by only 3 2.,P.0.

Comparison of the gilica activities in products

from exnox o O oandl 4 1) shows that the addition

of Line To the silicon - aluminiwn deoxidiser nad very 1it

3 h Pl Fed

Tect on tihe equi
5.2,1.%, Bilicon aluminium deoxidisers containing

calciuvm or magnoesium,

b ova ] - e T
I melt 8, TO wildC.d

v

AT 5 i
Canle Do,

2 Silicon-Omygen dovilibria
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N
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b et
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The flat portion of the curve and the increase in
inclusion concentration near to the ingot surf:ice, are not
consistent with the curves shown in fig. 5.4 The curves
in fige 5.4 were calculated from equation 2.27 assuming
the Stoke's Law model of Ohkubo et. al (95). Turbulence
assoclated with boiling >ff the calcium and mixing in the
aeoxidiser would cause a smalil departure from the
quiescent conditions assumed for equation 2.27 but only
stirring on addition of the deoxidiser apnlies to the
experiments of Peace et.al (123) because they used no
volatile constituents in their deoxidisers. It is
further expected that strong turbylence would exist
for only a short time and that it would not be likely
to promote a high concentration of inclusions near the
melt surface., It scens more likely thereforc, that
the differences are due to coalescence of particles
altering the inclusion size distribution which is
considered constant in eguation 2.27.

Calciun and magnesiuwm boiled off very rapidly when
added to melts and so the presence of particles containing
high lime or magnesia contents near the ingot surface indi-

g 3 N o ot 3
¢y were formed very quickly an. segregaied

[

cated that the

towards the surface, Meny of the lime or magnesla rich

. . . o Myl -
inclusions were larger than tihe silze predicted by Turkdogan
(84) on a basis of growth by diffusion .and 107 growilng

-~ 1%8 -

s

Srain v

e S e R e
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- 3 ) . .
particles per cm”, The lime rich inclusions have low

Y 113 A o YA - - (- . N .
liquidus temperatures, and this feature, in addition to

ot
oy
0}

size, further indicates a coalescence of initial
products,
Inconsistency of lime and magnesia contents
suggests that the particles were not formed by
homogeneous resction between solutes in liguid iron, Tt
may be noted here that mangasnese - silicon ~ aluminium deoi—
idation were of uniform composition within a particular
sample. It is proposed therefore, that reaction of
dissolved oxygen witii calcium occurred essentially with
calecium vapour according to reaction 8.
- . e o (106)
The conclusions of Koch that calcium takes
part in the initial stages of deoxidation, and that
the large lime rich particles separate rapidly, were
confirmed by these results. Coalescence of the liguid
lime - silica - alumins oroducts is thought to be involved
to a large extent in producing thes observed particle
distribution.,
Low concentrstions of lime in residual inclusions,

found after a 10 min, holding period, were probably due

1y
11

to silica and alumina growing on small lime ric

A similar mechanism is likely vhen lime is added to the

<

deoxidiser, as in experiments 3 El, and 4 £l, wniclh pro-

duced only small ameunts of lime in the products. In these

= 139 =




latter experiments a large proportion of the added lime
escaped rapidly as no inclusions of high lime content were
observed, although the siz

ze of lime particles was ajproxi-

mately lO/um.and according to Stoke's Law they should have

V]

of the bvath,

be2e2.5. Product Separatior has already been

ool

mentioned that turbulence by boiling off volatile metals

or by mixing the deoxidiser would have existed for only &
short time and this leaves only the possibility of induction
stirring to disturb product flotation. Forsten and :dek-0ja
(125) have calculated the depth of penetration of IL.T.
current in graphite as 1.6 mm when the frequency was

1,0C Ke/cac, The H.F. supply in the present work was only

8,5 Ke/sec and this gives o depth of venetration of 1.1 cm,

but as T of ths graphite susceptor was 3
cm st the level of the crucible it is believed that
negligible induction stirring occurred in the melt.

The mode of product separation may therefore be
considered as undisturbed flotation of particles from a
quiescent melt, The difference in separation rates showm
by figs. 5.5 = 5.21,can then be attributed to the composit -
ional differences and consequent differences in particle
properties.
£ is assumed that the oxide content of a melt at

ng

any time following deoxidation, is proportional to the




the @ifference between the total observed oxygen

content ( % O+ ) and the residual oxygen content at the end
of the experiment ( % On ). On this basis the curves shown

in i

bl

5 5,5 - 5,21 were constructed to comparc the separa-
tion rates of products from series 3 and 4 experiments.

Use of a log scale on the ordinate gives, in most cases, am
approach to linear relstionships during the early stages of
seoaration. The rates mey then be compared by the tinme
taken for 407, separation of products or the reciprocal of
this time wnich defines tho slope of the initial part

of the curve ( 4 log % 0"/ at). %0" represents the
function of oxide content (.0t - % Or). The derived
parametsrs are shown in Table 5.3.

v

No distinct relationships are apparent from these
results, but a number of effects can be seen by comparison
of rates within and bet.een group: of each product type
Comparison of tie silicon and aluminium control groups shows

that fastest separation rates ore achieved when the products
vere pure alumina. T+ can further be seen for aluminium

3 L} Ll

deoxidation that separation rates increase

N
w
<t
j=)
[
9]

wimun separation I abe was

found when the added aluminium #as in stoilchiometric exXcess

of the oxygen conlent. (cf. melts 102 and LC6)

o
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TABLE 5.3 FPRODUCT SEPARATION RATZES
TXE TYP. OF e TTiiE FOR d log 7: OF
No. PRODUCT NO. 90% Separation at
LG2 | Alumina 5.10 8.0 mins. - 0,125
L2 " ¥ 5.11 8.0 " - 0.125
Lo % 5,15 2,3 v - 0.k
LC6 " 5.16 2,5 " - 0.
4C3 | Silica 5.3 12.5 i - 4,080
5C2 i 5.22 12.8 " - 0,078
302 " 554 10,5 " - 0.095
3C5 | in0~ Si02 5.7 16,5 R - 0,061
4C1 | 5102 - 41203 5.8 15.0 i - 0,067
Ll caoz.zzqo-SiOZ:zélg 5.6 15.0 " - 0,053
KEL CQO.‘:.S;%_:M‘QV.B 16,0 - 0.063
LE2 " 513 3.0 " - 0.056
LE3 " 5.14 8.0 " - 0,056
LEL " 5.17 20.5 " ~ 0,049
LES " 5.18 17.5 7 - 0.057
LB . 5419 1.8 " - 0,085
1359 L 5.20 11,0 - 0,091
LELY  1ig0-Sidp-Al2 | 5.21 17.0 7 - 0,059
03
* These values were obltained from plotting combined

aluminium instead of combined oxygen.
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A decrease in the residual equilibrium oxygen content accome
panied the increase in aluminium ad iition and fig. 5,22

shows that the surface tension of iron containing 0,011%

is found by extranolation.

n values corresvond to

separation rate constants { 4 log

\?

0"/dt) of - 0,125 and
-~ Ool respectively,

Solid silica products separated more rapidly than the
liquid products of complex deoxidation and it is probeble

hat the surface tension of liquid silicates i1s lzss than

4]
o
-
W
Q

thot of solid silicaz, It i noted that the separation

wn
Q
=
@,
[w
=
_-l
?

rate of solil silica is less than that of
even when the residual oxygen content is less than in the
alumigWhernerinent, The interfaocinl tension bet een
oxide and iron &oxide/Fe hovever, is greater for alumina/
iron than for silioa/iron according to estimates based on
Anbonovs rule, shown in equation 5.1, and the ’ ‘ .

o Oxide/Te = g Fe « olxide. ieeeess Bquh.l.

the data recommended by Turpin & Elliot (82)

Approximote values for the interfacial tensions are:
-2 -

0~ §i02/Fe 1,500 ergs cu , ghlo03/B 1,900 crgs. cm™e at

- - T Re 2% ST g cm at
0.015 vesidusl oxygen andd Alp03/Fe 2,300 ergs.

0.0005, residusl oxXygen.
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These results clearly indicate that the inte
tension between oxide and molt is an importamé factor
influencing the rate of product separation. Products

of complex deoxidation indicated that high alumine
products geparated more rapidly than silica rich ones,

but inconsistency in the product compositions containing

lime, and lack of surface tension data for the CaO/iig? -

L/)

5102 - AT 503 . system, prevented direct correlation
betwoeen separation rete and interfacial tension. It

g that increased alumina,

scems reasonablc hovever, to assum
conternt of the products will increase the interfacial tension
and further support the deductions made from the conbrol
experiments, Plgcki'”ers (90) view that vetting of
particles hinders their separation is confirmed.

Caleium or magnesiwe in the deoxidiser have

o
1.

negligible eff'ect on the separation rate of mogt of the

deoxidation products, although a smell proportion

of limsz or magnesia ricix  roducts, formed in the early

tages of deoxidstion do separate rapidly because of their

n

large size,

5,3 Deoxidation with manganese - silicon - aluminium
Alloys B

5.3.1, Product composit ion

=

Effect of deoxidation alloy composition Initisl

503 akel

.

oxygzen conbents and silicon additions vere nominally const-—

-~ 148 =




ant for series 5 experiments, but various

aluminium additions

-

were made and, between exveriments 5 ElL, and 5 Ek, variati-
ons of the manganese additions were also made, (Sece Table
1..2), Tables 1,22 - o255 show that the mangasnese oxide con-
tent of deoxidation products increased as the manganese
content of tue alloy was incressed, Tncreasing the alumini-
um content of alloys with constant mangasnese: silicon ratio
can be seen ables L.22, 4,20 and 4.27 to have caused

an increase in the slwrins content of ©

It

e
w

clear therzfore, thwat initial product composi-
tions depend upon tne deoxidiser elements added and for
series 5 melts, these additions uave been calculated from

deoxidation allioy compositions and total alloy additions

made, These additions

aluminiun are shown on table 5.lL.

1

BExp No, je im 7S 1 o B 1/ Al

5EL 0.501 0.278 0.,0067 7A.8

5E2 0,755 0.276 | 0,004 | 171.6

5E3 0.986 0,317 0,0030 | 328.7 1057

5B 0,244 0,286 0.0078 ] 31.5 3767

515 0.497 | 0.276 | 0.0172| 285 16.1
6

0,503 0.286 0,030 | 1448 8.5




shown in figs.

those existing in the 1/2 min, samples except for

experiment BEG in which the

Aluminium and alunine are used as reference in the nctal@i

- ot ) ~ - v e AT
oxide retios because sluminius was the
used and, at the residual oxygen

ible residusl aluminiuws concentrations were

ws is converted to alumina when the initial oxygen content

of thc in stoighiometric excess of the aluminiunm

added.

coulilibriun

inclusions of =

lircetly data howsver, because
Ty vroduct
activit. data are observed product

solute

angnnese - QX Een

. P - Si0n - Al203
relationshi s betireen 1ron melts and hnO 5i0p Al202

products are
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that very little growth occurs because of the large num-
ber of nuclel present. The predictions of Turpin &
Elliot (82), concerning the formation of small parti-
cles in large numbers by local supcrsaturation are
supported to this point by the present results.

Product Particles exceceding B.B/wm however, are
not accounted for by this nucleation and growth
mechanism and it is necessary to assume coalescence or
agglomeration of particles in order to explain them.
Evidence supporting growth by coalescence can be found
in figs. 530 = 5,35 which show particle size di stribu-
tion in serices 5 experiments, These figures were
derived from tables 4.29 - 4.3l expressing the size
distribution as the number of particles/mmz, larger than
a given diameter. They show curves which are similar
in form to that expected from equation 2,26 and values
of A derived from the curves are given in table 5.9,
together with values of .

If there were no change in particle size by
ooalescence and product separation occurred by flotation
according to Stoke's Law, then, the only change to be
expected in particle size distribution in a plane at a
given distance from the bottom would be termination of

i
the curve at a diameter of 2(h/kt)2. (Using the notation
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defined on p.k9). Farticles of a smaller diameter
floating out of the plane would be replaced by pakticles
floating into it from below and the values of no and A
would remain constant as assumed by Xawawa et.alv;(97)
| TABLE 5,9 Particle size distribution o
§ SAMNPLT no,mm—z i Slope om™ T ~a.om.t -
. 5E1, 1/2 98.8 1.1 x 103 3.0 x 109
i_ USROS YUt A
"ol 75.6 133 " L 39 "
w9 73 .5 1,41 O L3 "»_ ) :h
"5 | 67.9 171 " 5.0 " ‘
"8 i 6049 I 1.90 LA 1
"o20 | 50,0 2,67 18t
1
5E2, 1/2 | 119.8 157 " WS T
nooa 126.2 1.0 " B ,
Lon 2 8L.8 1.65 " | e ¢
. 5 8l.2 1,90 " b6 "
Cow g 1.8 2'00 l‘ ‘ ” 5.9 " -
LY 38k 2.50 5 73 -
| 5E3, 1/2 | 139k 1.60 " bt
no1 G 93k 1k " 2 '},_._'; )
"o 80.8 0y (A N-L
noo3h 46.9 1.7 " - 5.1 F i
"6 35 2,00 " L “
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Table 5.9 Particle size distribution (Continued)

SATELE % g0. mm=2 | Slope. cm~l | -4, cm-l
5k, 1/2 | 210.4 1.63 x 103 zh8x155“
"3/ 217.3 1.63 ® 48

w3 172.1 1.57 L6 M
"5 158.9 1.5 7 L.5 "
'8 138.9 2,00 " 5.9 "
"12 72.7 2,22 *F 6.5 " |
5E5, 1/2 232.8 1.67 ¢ Lo "
mooq 196.7 1.60 " hoa
"2 149 .0 1.0 " I
L 99 .7 1.37 " Lo "
"7 2.4 1.53 L5 *
" 10 87.6 1,50 " Lo "
"o15 62.7 1.90 " 5.6 "
586, 1/2 251 .k 1.57 " Le6 "
L | 217.6 1.51 " hobe M
noop 160.0 1.43 " ko2 '
LIEN 113.8 145 " ko "
noo7 90.7 1.61 " L7 "
no10 7543 1.82 " 5.3 "
noo15 7549 2,22 " 6.5
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Growth by coalescence would be expected to result
in a smaller totsl number of inclusions, which is in
accordance with the observed decrease in no with
increasing time, and would increase the proportion of
larger inclusions. If the large inclusions were
retained then A would decrease with increasing time as
particle growth by coalescence occurred, but as large
ﬁarticles float out more rapidly the observed effect is
a general increase of A with time, Indications of a
decrease in A are reflected in some cases by a departure
of the log function from linearity at large particle dia-
meters, Values of 4 shown in table 5.9 for such curves
represent the lincar portion of the curve at smaller
diameters.

5.%.3.2. Separation rate, The progress of product

separation for series 5 experiments is represented by the
changes in oxygen content with time, as previously
described in section 5.2.2.3., but allowances have been
made for changes occurring in equilibrium oxygen content
of the melt as products became saturated ywith alumina.
Figs. 5.36 = 5.38 show that in the early part of the
holding period, during which most products eeparate ?

(a log % ot/ dt) can be considered constant and the para-

meters described previously can be used for comparing
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separation rates,

In addition to oxygen analyses however, direct
determination of inclusion content has been made by
measuring area fractions of inclusions in pclished
sections. Smith and Guttman (128) have shown that
area fraction is equal to volume fraction and figs.
39a = f show the approximate linear relationship

between % oxygen and / oxide inclusions b7 arza. The

slopes of these lines indicate product densities of 2 -
2o gm, cm"B, which are of the order expected, but in

the case of 5ELl a product density of & gm. em™? is

indicated. This exceptional result can only be
attributed to incomplete resolution and detection of
inclusions in 5E1 when using an objective of 0.25 N.4.
Product separation has been represented by the
metallographic date in figs. 40 (a) and 40 (b) and
derived separation rates from both metalilographic and
vacugmfusion data are given in table 5610,

Quantitative agreement between the two sets of
data is fair with the maximum deviation shown at the
high separation rates. Fig. 5,26 indicates that products
of 5E3 separated most rapidly because alumina saturation
was most rapidly achieved in this experiment, and alumina

saturation could only occur in experiments 551 - 5EL

when most of the mroducts had segregated
= 180 =
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__MTABLH 5.10 PRODUCT SEPARATION RATES
Cxygen data tietallographic Data

Exp No.|time for | d log ,. 0" | time fo;‘~ Tg;;gg%;
- 90> sen, dat 90% sep at

5El 12.2 mins, -0,082 13,0 mins, | =0,08

5E2 72 " ~0.139 9,0 * -O.llw

5E3 6.2 " -0.162 5.6 " -0.58—

5tk | 9.8 ° -0.102 11.5 ~0.09

5ES 12,5 " -0,080 2.8 " ~0.08

5E6 12,5 " ~0,080 15.5 * -0,07

to the melt surface/crucible interface,

Approximate interfacial tensions between product
particles and the melt have been calculated from equation
5.1 and data contained in figs. 5.22 and 5.41. These
interfacial tensions are in the range 1,030 - 1,180
ergs. cm‘z, which is lower than values founa in
seotion 5.2.2¢3. for pure alumina ¢r pure silica
particles and less than that required to explain the
differences in separation rate by interfacial tension
effects. Some separation rates are quite rapid, espec-
jally the products of 5E3 amd it appears that# rates tend
to increase as prbduct# liquidus tenperaturcs decroase.
Table 5v11 gives estinated values of interfacial

tensions and liquidus temperatures.
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TABLE 5.11 PRODUCT PROP.RTTGS
EXP No. g OX - Fe | Liquidus Temp.,
5E1 1,050 ergs.cm~2 1,600 6C |

._5E2 1,00 " v 0 1,380 "

553 _ 1,030 " " E 1,250 *
STl 1,100 " @ 1,520 *
5E5 1,100 * ® 1,480 "
5E6 | 1, 180 " 1,680 *

1

Decreacing product liquidus temperatures is
likely to reduce product viscosity and it may be noted
that a high fluidity is expected to enable coalescence
to occur. It is suggested therefore, that although inter-
facial tensions are not sufficient to account for
observed differences of separation rates in series 5, the
propensity of particles to coalesce may be responsible
for the observed variation. Solid silica or alumina
particles can tend to agglomerate but cannot coalesce and
so the interfacial tension effect predominates for these
particles.

/n attempt has been made to test the applicability
of equation 2.27 to the present results by substituting
(pF -pox) = Led gm.cm'3, N = 0,05 poise and the values

of i shown in table 5.9. C/Co data computed in this way
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are shown in figsy 5.42 a - f by the curves labelled

I, and these indicate the last 10 - 20% of deoxidatian
products are removed only very slowly which does not
represent the observed behaviour very well, An express—
ion for C/Co was therefore derived independently as showm
in appendix D, using the model proposed by Kawawa et.al

(97) and this resulted §? equation 5,3, below,
) 4 BLY 3 ’ 2
4 =2§>‘{£'\ -l 1=e [(Ai‘) +3(0%) +6(a8) +6

Co nols e . J
where ¥ is the redius as defined on p.,.4J, mo' and A' are
the constants in squation 2,26 which apply immediately
after addition of the deoxidiser. If the .article sizw
distribution is assumed to remain constant then eguation
5.3 simplifies to the form shown in equation 2,27 but
this assumption has been shown above to be invalid.

no' and 4' are not known, but if it is assumed that
they are similar to the values obtaining at 1/2 min.,
approximate C/Co ratios may be computed from equation
5.3, Results of such computation are shown in figs.
5,42 & = f by the curves identified as II and these
have a greater similarity to tie observed results than
those derived from equation 227«

Using the parameters described previously for

comparison of separation rates, it was found that

values of (d log (C/Co) / at) over 90/ separation range
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were 2 - 3 times greater than the observed separation
rates included in fig, 5.42 as curve ITT, and so
quantitative agrecement was still not good., TFactors
cont..ibuting to the discrepancy arc inaccuracy of
measurement and definition of particle size distributions
deviation of experimental conditions from ideality and
the inability to take interfacial tension effects into
gocount. The interfacial tension effect is considered
to be the greatest single factor preventing eguation 5.3
accurately representing progress of product separation,
because table 5.3 shows that (d log % 0"/dt) varies by
a factor of L - 5 between silica, and alumina products
and this differspoe has already been attributed to

interfacial tension effects,
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SECTION 6 CONCLUSIONS

6.1- Jlelt analyses 90 mins. after deoxidation represented

approximate equilibrium solute concentrations and a silicon
deoxidation constant was obtained which agreed well with

thot obtaincd from equilibrium studies of other workers. The
observed aluminium deoxidation constoent however, was lower
than indicated by equilibrium studies because of trace amounts
of residual oxide and analytical errors at low aluminium or
oxygen concentrations.

6.2 - Calcium ond magnesium were not residucl in the

melt in sufficient quentities to influence solute equilibria,
although lime or magnesia present in deoxidation products
reduced the activity of silica and thus contributed to
achieving a low equililibrium oxygen content .

6.3 - Calcium and magnesium boiled off very rapidly when
deoxidisers containing them were added to the melt but their
oxides, probably formed by vapour / melt reaction, led to
some high and inconsistent lime or magnesia content particles
in the initial products. Deductions made by Koch concerniag
coalescence and rapid separation of those initial products

with high lime contents and 1low liquidus temperatures, were

supported by the present resulés.

6ot - Addition of lime powder to the deoxidiser did not

result in products of high lime content and did not appear

to influence the rate or product removal.
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6e9 90% of the deoxidation products separated within

15 minse, and in mest cases formed a liquid slag at the melt

surfa,oe/omcible interface. These self generated slags

dissolved crucible material to become saturated with alumina at
1550%.  Oxide activities in these alumina saturated slags
then determined the solute equilibris amd residual dissolved
oxygen content.

6.10. Manganese oxide activities in the pseude binary
system of manganese oxide with silica and alumina at & molar
ratio (NSiOZ/NAlgOg) of 1.8, indicated an agreement with Sherma
and Richardsors data and extended them to lewer manganese oxide
concentrations, where §ipmo Was a minimim of 0,08 at 0e2Njgge

6.11. In the vange of initisl 10 ~ S10, - AlpO;
products observed, (3 SiOz/éz 1h0) was approximately
censtant at 48.8 because [Si0y increases along the‘155oOC
gilica saturation bourdary to a maximum in the 5102 - IO

- 2 4 .
binary and this compensated for the increase in ¥< in0 which

ocourred as Nymo increaged. In alumina gaturated yproducts

2 ! —
(X 51k /2}2 0 ) decreased as (Wm0 / ¥ 510 ) incresged

because Z; 5102 decreases end XI‘-/InO inoreases over the obgerved

compesition range.
£.12. (xide contents represented by vacuum fusion

analyses were correlated with direct measurement of oxide

content by quantitative netallograghy.
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A 01731 = 0.0069%

1t a e (g SIS
0 as  8i0p = 0.0k x 0.B269

D]
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.. Stoichiometric A1 = 0.006% x 54/48 = 0,0078%

i

" Si = 0.0331 x 28/32 = 0,0290%

eguilibrium values as previously there-
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Deoxidiser | Addition

slumdrdum 0.C078 2¢75

! - 4
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!
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product

and so tho total deoxidiser

Y 0RER 100 ; %% lime =
0.2855% alloy + 0.0233% 1




E
2y

Ny

<3

[————

O P~ 1 2O
5 - s e | °
- i MY ~ } -
@] [EoN o0 u W \O
. . . el o
ey O i O\ v®]
[QN] [N N NN —
[anY
1 i — 1 1
—
od Ly O a™
e L ] o L
o e : T
o Wy - e
(@] (@) — < ™
o L] » a °
O — o0 N —
— — O ! -
N s8] el - w0
° o a L L]
-3 N @) < N
[ N\ O (L —
N
a

oV

X

R

\D
\0

Loy
.ﬂO

i

ty
ng

i

respondi

cOr

i
I

A
|9}




In example of this is showm below,

the relevant functions,

and table 1 pives all

| o DABIE L.
t A N - - 4
c'h = o r(x), | (1-ch) (1)
| FX)p |
1

= - (2)
+X 3 1+n(1+x)
T/ \ g/

X =(n/ o )cosec © eeel3)
- 1:699 5

o = 6,037 V(i) x 10 oo 4)

h = 102 fL / Z’2




h ho .
Lo e C Y £ o b SRR 3
c B regpectively but in a

combined

to ench element, Vikv), is

. Y e . G
svolts, @ 1s the ta

J T B R LT
stion of auparer

t silica

—

s
ol




L »v*-T*—éE'ié"Z*.' e ettt e vt o ot s s b et e e °
Ele-! wt % Ln | N e (Y ‘ ~ g
| 1 }L)L g&&{ EE <}ifj ;
ment X (n o5 (:>
= b i “
8i 1 25.67} 0.171k C.1714} 522 | 0.2528 10,2558
g U257
7 ; H s
&1 | 10.59} 0.1917]0.0273 3090 | 2.426 | 0.3455)
Mn % 19.371 C.1056{C.0275 {0.2338;1951 1.532 1 0.3991i1,2071
| T
O W 371 0.3000:0,.1790 987 0.775 © 0.L625
‘ ;‘ ; z : '
N e : L !

0,2589 are

N

P(a) Si = 0.6571 & P(X) ¥a, 41,0

ohtained by substituting in function 2 of table 1, and by
further substitution in function 1 of toble 1 oa value of C'S;

of 0.1L3 was obtained which is equivalent to 30,6% 5102, The

rocedure is repecated To obtain apparent Mn@ and sl 0, contents.
= 1% 2¥%

&g were used 1n the snalyses and 80

Pure oxide stand

corrections werc male for the apparent metal content of metel

toble 2 for celculation of

oxides. The procedure showi
: o ) = P e Ty 1 : S (3

¢ was repeated for the bansry 8ys coms bo obtain C'81 in 3102,
n
bt i

- U (R i - PP CURE SUR S o : v 0 &
Ci g in 2n0, ¢c1il in 41,03, ¢y in 160, in FQ/BCZ+ and

e
[y aaniy

mple, the apparent

Cic- an CaFZ. Using silicon

oxide content o8 abtained by

. - - 5 .- oA A andard & "O”"din tO 'th.e
radiation, I&l. from sample and standord 6CCOL g

following cxoression. ..




apparent wt.% 510, = T8i (sample) |

i (in $10,)

x mol.wt,S10,

v

APBEDIZ Y

i1¢
(]

( 9 S eenintdon
1O T T SO GO
n( ¥) according %o eq ¢




After a time t+20 from deoxidation, and at a depth h from

Ko ,
the bottom, & will be limited 4o a meximm according to Stoke!
8
law as showr by expression 3.

N4

S -(n/x1)? ()
where k =(60x 2/ 9 ). g.b 0« { and 4 o is the density
difference  betwecen the inclusions and ligquid iron, g is the
gravitatisnal constant, 7/ is the viscosity of the steel and

+ is expressed in minutes. Tnclusion concentration C at t>0

ig then given by setting the limits of O and ¥ to the

subegral shewn in expressiom (2).

| /
1 b
C = 4 non /Cos % ‘é 4
E] jm
I R B
C = 4.7 nge oo =e 6L (457 (a%)" + (8) + 11
g N L6 2 iy

i i i ind i iescent melt
The proportion of inclusicus remaining in a qQui

after a given time can therefore, be represent ted by © / co

in expression Je

with %being o function of time a8 gshown L
[ S Lot - , i
l =i ! Y y \
ole ¢ = n-o {:’ I \l 4 | 1 - ¢ /\"{\ -i (A?()B + 5<.LL ;) + 6(fx ) 6 :‘

and Stoke's Law

Tf no coalescence of particles occurred,

- 206 -




scparation and flotation only terminateg the particle gize

distribution, at a specific maximmp Tadius, then no[pjv
7

K

{

ould be equal to unity and the expression of ¢ / Ce

would reduce to that quoted by X

avawa et, al, (97)
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