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Synopsis

Reactions which are generated from slag—metal—gaé systems,
such as those found in Oxygeh Steelmakin;, have been studied in
the present research. A system has been developed whéreby one
gram iron-carbon alloys have been deczrburized by synthetic
slags; Fayalite slégs were initially uvsed for decarburization

after which lime bearing slags from tne Ca0-Fe0-5i0 ternary

2
followed. The slags, although highly reactive, were found to
be contained adequately in iron crucibles. By pProtecting the
iron crucibles with a zirconia film tkze iron crucibles can bé
vsafely used up to 1400°c. The experimental technique has been
well established. The data obtained from the decarburization
experiments indicated an increase in rate of decarburization
with increasing lime content up to a certain composition.  For
slags containing about 26% CaO the rates for decarburization
commence to decrease. The range of tempsratures under which
reactions were studied'(124ooc to»T%OOOC} indicated that the
decarburization takes place more fapidly T¥ The presence of a

more fluid and consequently more turbuvleant system.
Gas lancing was used to change the hydrodymamic state of
the system. The increase in turbulence czused a more rapid

decarburization of the iron-carbon alloy

n

2s compared to those
vhen no gas lancing was used. Little effsct vas found on the
rate of decarburization when the oxygen potentials of the gas
were changed. There is clear evidence tiat the overall rates
of the decarburization process are nct controlled by the rate

of chemical reaction itself. Experimentzl observation from



X-ray analysis and scanning electron microséopy, have
established that internal heterogeneous nucleation takes place
in the metal phase. The nucleation sites are extremely small
particles of entrapped slag.

Mass Transfer coefficients have been caléulated for the
various iron-carbon/slag reactions. For fayalite slag, values
of the mass transfer coefficient were found to be from'3.20 X

4 4 cm/sec for 1240 and 1400°C

107" cm/sec to 11.40 x 10
respectively.  Maximum values for the mass transfer coefficient
in lime bearing slags were found to be in the range of 12.75

x 107 em/sec at 1300°C to 19.95 x 1077

cm/sec at 1400°C.

It has not been pdssible to establish a preciée correlation
for the mass transfer coefficients with the simple models for
mass transfer proposed by other authors. The generation of
carbon monoxide gives rise to a sitvation which is very complex
to describe in terms of mathematical models.. Nevertheless the
,experimental . kinetics have been discussed in relationshiﬁ to
the classical film theory for maSsH%rans e acroés an interface
between two phases. This has allowed conclusionsito be drawn
about the rate controlling step of the overall mechanism of
_transfer. gome agreement~between experimental data and the
model has allowed estimates to be mede cf relative wvelocity
between slag and metal, Sh, Gr-and Re numbers. In addition,
the penetration theory has also been examined. and analyéis
indicated that it has some potential applicability to this type
of system. Finally, thé discussion suggests that Danckwerst |

surface renewal adaptation of the penetration theory is worthy

of future examination.
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CHAPTER ONE

- INTRODUCTION

Since the initial trials in Austria during the late
1940's, oxygen steelmaking has been extensively adopted
thfoughout the world. In most industrialised countries the
adoption has been mainly at the expénse of the open hearth
process. Paramount development has taken place during the
last decade mainly on the L.D. process as opposed to the
Kaldo, Rotor, O.L.P., etc. Renewed interest in using tonnage
oxygen in bottom blown converters has arisen fairly‘recently.
The ability tovoperate at extremely high refining rates has

¥ -
L

been the primary reason for the enthusiastic adeption of L.D
converters.

During ihe refining of steel in a Basic Oxygén Furnace,
the various dissolved elements transfer from the metal phasel
into the slag or the gas phasel There is evidence that much
of this transfer takes place when drops of sfeel are thrown
uplfrom the bath and have motion through the slag phase; which
'is in high degree of turbulence and foaming. The mechanism
of oxidation of the dispersed metal phase, and partiéularly
carbon moncxide evolution, are not fully understood. It is
only recently thaplinterest has arisen to explore the decarb-
urization mechaniéﬁs which take place in the foaming slag.
Iﬁdﬁstrial expérience of the role playeakby the présehcego% 
the foam in the L.D. process indicates that a large interfacial
area is generated across which mass is transferred. The

turbulence and the foam are promoted by the injection of a gas

L



stream of high momentum and by evolution of large quantities
of CO gas.,» The transfer of the elements, Mn, Si, P and S
is dependent upon foam formation, foam stability, fluid
dynamics and metal/slag interfacial area. Consequently the
total time of refining 1is dependent upon these phenomena.
Control of the refining cycle and end point specification
relies heavily on these characteristics of the gas-slag-
metal emulsions. The precise mechanisms hthhich the jet
transfers momentum and oxygen to the slag, and then to the
metal, are not fully understood. The factors which control
the nucleation of the carbon monoxide hubhles are not weil
established. The action of the evolving CO gas from the

bath, and ow this action gives rise tc metal drop motion and

"turbulence in general, has not been fully investigated.

Studies within the LD process itself when operating
commercially, are inhibited by the inherent practical diffi-
culties associated with making.measurements of the highly
turbulent process which is ocourring at high temperatures and
in the highly reactive conditions of the converter. There

are two approaches to facilitate research The first is

pursue Tooum temperature models of the whole pro;ess and con-

verter. The second is to experiment at high temperatures .
with real LD slags but with restrictions of scale wherehy

only a drop of metal is reflned The second approach has heen

adopted here.

A great number of experimentsvhave heen made on decarh-

urization mechanisms but the majority has been confined to gas-

: 'metal systems. The results indicate that the kinetics of the



process are extremely rapld and occur more quicklf~than

in the'L.D. vessel. The main advantage of these studles is
the high temperatures which can be achieved without contam-
ination problems, and more 1mportant1y the well defined
geometry and fluid mechanlsms which permits thorough analytical
descrlptlon of the process.._ The main disadvantage is that of
the absence of the slag. Thé oxidizing species may not be in A
the gaseous phase when a slag is present. The presence of a

slag/metal interface must certainly give rise to different

‘decarburization mechanisms, particularly with respect to CO

bubble nucleation. Studles on actual slag-metal systems have

been inhibited due mainly to react1v1ty of slags w1th cruc1b1es

used for containment. Very few studies have been undertaken,

- and of those carried out, only qualltatlve descrlptlons ha"ﬂ

-

-

- beeu obtained or only a ‘Tmarrow range of variables has been

studied. There-are three p0551ble paths which the experl—

mental study may take. A full range of typlcal slag

. compositions and temperatures can be coveréd only if vast sums

of money are available: the reactive slags can he contained

'in expensive metals (e.g. platinum) or expensive refractories

(e.g. zircenia). In the ahsence of unlimited funds, recryst-

—

‘allised alumina crucibles may offer some poSsihility of success.

However, the slags must be heav11y doped with alumina in order

to prevent cruc1b1e fallure. The oxidising slags then become

"far removed from the CaO-~FcO—SiOz system which is of interest.

The third, and realistic approach, is to reduce the upper

temperature limit and use iron crucihles which are known to

sustain attack from these corrosive slags (gpow alumina free).
i e .



Although 1little is known‘bf the possibility of holding a
liquid iron-carbon drop within a slag matrix within a solid
iron container, the technique offers scope for investigation.

| This thesis will report on an investigation which followus
the third approach. After re?iewing the literature and
scientific findings which are pertinent to the topic, a tent-
ative experimental technique could bhe designed. This is
described in Chapter 3 which also gives a description of the
technique and of the large number of preliminary results
required to prove the viability of the project.  The limit-
ations of the project hecome clear in this section. Chapter 4
will give the full results obtained which then permit an

analysis in Chapter 5. This discussion, along with the

_conclusions and suggestion for future studies, emphasises the

complexity of the mechanisms even in this simplified laboratory

system.



CHARTER TWO

" LITERATURE SURVEY

2.1 Pneumatic Steelmaking

It has been over a century that pneumétic steelmaking
processes have been in use. The advantage of using oxygen
instead of air had long heen appreciated but severe attack
on tuyere refractories was eXberience&‘when oxygen was used.
Before these refractory problems were overcome the top blown
oxygen processes were introduced. The availability of pure,
cheap tonnage oxygen enabled a variety of processes - such
as Kaldo, Rotor, L.D. or Basic Oxygen Steelmaking (BOS),
L.D.-A.C. to be developed. Only.retently the tuyere

refractory problems have heen overcome and processes such as

""" OBM and Q-BOP have bheen introduced at an industrial scale.

The top blown process continues to account for the great
majority of oxygen refined stéel.

The main features of the above mentioned steelmaking
processes are subsequently described.

2.1.1 The XKaldo Process.

The Kaldo process was developed specifically for the
refining of pig iron (hot metal) with high phosphorus contents.
The Kaldo converter is a cylindrical, pear-shaped vessel whose
_axis is inclined 170 tq_ZOOVfrom the horizontal and may he

rotated up to 35 rpm. A single oxygen jet iéiblown ont6 fhe
.surfac; of the metal. The rotation of the vessel prévides

good mixing of slag and metal, this in turn provides for



good heat transfer from the hot lining to the charge. This

practice avoids overheating of the lining when carbon monoxide
(from the oxidation of carbon) is burnt to carbon dioxide by

a secondary oxygen lance above the bath. The heat evolved

| ~from the combuétion of carbon monoxide alldws for up to 35%
of the charge to be in the form of cold scrap (1). Operation

on an industrial scale began with a 30 ton vessel in May 1956(2).

2.1.2 = Rotor Process.

The Rotor process is based on a rotating cylinder conver-
ter with ¢n opening at each end. Through one opening the
vessel is charged and oxygen is blown through two lances.

A primary oxygenvlance is introduced beneath‘the metal surface
for oxidation and gentle stirring ,f the bath. The secondary
oxygen lance (or enriched air) is positioned above the metal

" surface where carbon monoxide is burnt to carbon dioxide. The
opposite end of the vessel has a water-cooled offtake through
which the hot gases are extraéted. Originally the vessel was
used for pretreating hot metal for final refining in the open
hearth process. High and low phosphorus hot metal was sub-
| sequently‘found'to be adequately refined in the vessel

similar to the Kaldo process. Due to the low rotational
5peed achieved (1-5 rpm) there is no great influence in the

refining process kinetics and the first 60 ton converter had

a tap to tap time of 2 hours (3). o
In the United Kingdom the Kaldo and Rotor processes
never gained the popularity expressed by~foréign authors;

for both proved an expensive engineering innovation.



v2.1.3- ~ Bottom Oxygen Blowing.

The air blown Bessemer converter has continuously been
handicapped by a low scrap charge, high phosphorus and
nitrogen in the steel. The replacement of air by oxygen
posed severe problems due to high temperatures and attack on
tuyere refractories. 'Oxygen mixed with steam on a 1:1 ratio
has been tried with some success (4) but scrap consumption
was: limited to 15% of fhe charge. The refractories pfoblems
were overcome when an injector was conceived by Eisenwerk
Gesselshaft Maximillianshute mbh (5). The refractories could
be protected by enveloping the oxygen in a gaseous or liquid
shield. The injector consists of two concentric tubes;
through the annulus a small amount of protective hydrocartcs
fluid is introduced. The temperatufe‘arouﬁd and néar the
injector is reduced by endothermié cracking of the hydrocarbon
(light fuel o0il, propane or natural gas) thereby reducing
possible damage of adjacent refractory.

When using air or enriched air the campaign life for

. the bottom of the converter ranges from 50 to 75 heats,

Fe
(s
[{]

on

P

whereas with the inject chnique (OBM), the refractory
bottoms have typical lives of 300 heats (i.e. one bottom
replacement for each lining replacementj (5,6). Very reg¥
ular wear has also been fbund (6). The first commercial

T UBM CONVETTET Wds$ COmmLSSIionea 1N 13908 (9). ° -AuOTher redture
of the process is that powder lime may be blown‘tpgether with
oxygen, so phosphorus can be reﬁoved readily during aecarbur-
ization of the bath.  From the thermodynamic point of view in

b S s TNI11N
~the bottom blown process even with a short time of refining



(30 min tap to tap time) the slag and bhath were found to be
close to equilibrium. If equilibrium with the slag is reached,
the lowest possible phosphorus contents are obtained (6). The

results obtained by Nilles et al. (6) indicate that a rapid

determination of the oxygen activity of the bath metal, and of

its temperature, offer excellent control possibilities for the
process. Injection of the gaseous oxidant at the vessel

bottom must lead to some refining across a gas-metal interface.

_The nature of the slag is quiescent.

2.1.4 L.D. Basic Oxygen Steelmaking.

Greatest contribution to the world steel productlon by
usage of oxygen has been made by the BOS process. Initial
plants using charges from 3 to £ inns were operated in Linz

and Donzwitz, Austria, around 1949 and for a period of over

- four years (8). - However, n6t until the 1960°s has its

industrial application become widely adopted. In these past
seventeen years spectacularegfowth of the BOS process has
taken place achieved only by steady development of plant and

operating techniques. Larger vessels have been adopted with

"a general trend towards a decrease in height to diameter ratio.

The quantity of oxygen required by the process in short cycle
times has been made availahle by using convergent-divergent
nozzles to produce supersonic jets which can provide flow

rates of around 2000 Nm3 per minute (9). In ordef to achleve

“better m1x1ng in the vessel and to reduce the p0551b111ty of

refractory damage due to the severe action of the jet;

multihole nozzles have been universally adopted. Increasing



use of computers has also taken place for charge calculations
and storage of operating data. Although these and many
other changes have taken place and have made possible an
increase in production rates of BOF's furnaces, it has not
yet been fully explained how these high rates are obtained or
by what mechanism they‘come about.
The usual operation of the proéess in the UK begins by
‘charging the converter with scrap follbwed by 1liquid pig
iron known as hot metal. Lime and flux additions may be
made from overhead hoppers at this point of time to promote
early slég formation, but usually additions are also made
during fhe biowing period. The oxygen blow is commenced and a
watgr—cooled copper-tipped lance is lowered to a predeternined
distance from the metai bath. Variations of the lance
" height afe'dictatcd by the type of scrap uscd, available oxygen
pressure, analysis of hot metal and also on plant practice.
A calculated amount of oxygen is blown after which, a spot
check of bath carbon is made to guide the later blowing stages
to ensure coincidence of end point carbon and temperature
 level. Timing of this»spot check for composition and'tempef—
afure (unless a continuous temperature sensor has been used}
is a compromise between being early enough to allow time for
corrective action to take place and late enough for satisfac-’
tory accuracy (165. 'When bath carﬁon and temperature are
' found to be correct the furnace is tilted for tapping, alloy
additions are made in the ladle. Slagging-off the vessel
is performed by rotating the vessel through 180° to an

inverted position. .In the case of temperature heing above



Ve

that desired,. coblant such as scrap, BOS slag, lime stone, or
iron ore méy*be added. When temperature overshoot is not
very large, the vessel is left to cool naturally to a satis-
factory 1level. However, when bath temperature is too low
at turndown, reblowing for'a short period will be required.
Higher carbon levels than that aimed for also require re-
blowing. Low bath cafbon is adjusted by ladle recarburization.
At the end 6f the cycle it is common practice to carry
out a rapid check on refractory wear, possible damage and
deterioration of lance and to clean debris froh the nose of
the vessel. The next charge can then be made immediately.

2.1.5 . LDAC Process.

During the introduction of the LD process‘possibilities
‘,ﬁere obtained for refining high phosphorus hot metal by
introduction of iime powder in suspensionfin-the oxygen stream.
The LDAC {(or oxygen-limepowder) process was developed mainly
by IRSID (7) over several yeafs of research in the field of
blowing finely divided materials into liquid baths. In
studies of the LDAC process on high phosphorus iron, it was
récognised that foaming-slags were associated with a high
degree cf dephosphorization (7a). The general steps during
LDAC operation consists of 1) blowing of powder lime with
oxygen from the Q?ginning to the end of the refining period,
2) adjustment of.lime concentration -to hot-metal composition,
—uﬁﬂése:6fﬁféfining.éh&‘sfeéi"gfade to he ﬁ;éduééd; 3)AféﬁdV51
“of one or two intermediate slags, rich in limé and poor in
iron, which take away an‘impbrtant»pért of the phosphorus

and sulphur from the hot metal (7). .

- 10 -



2.2 Physical Chemistry.

Physico-chemical Theory aims to reduce complex pheno-
mena to the fewest possible understandable single phenomena,
which can be proved and examined according to idealized
experimental models. v' ©

In essence, oxygen steelmaking involves the refining of
a charge of hot metal and scrap with the aid of producing a
steel of a special composition and température. Impurities
mﬁst be removed to meet Specification and sufficient heat
must be generated by exothermic reactions to make the process
autogenous. Considering tapping temperatures of 1600 tb
1650° C, heat will be'required to raise the temperature of
both hot metal and scrap and tc compensate for thermal losses.
Impuritics leave the metal to either join the slag or to be
swept away iin the gas phase.  Thus, silicon, manganese and
phosphorus oxides enter the slag along with iron oxides
formed. Carbon removal ié méinly'as carbon monoxide which
is carried away by the outgoing gases. | |

-It is generally recognised that the oxidation mechanisms
" are complex and that more than one mechanism exists. |
Representing the slag/mefal/gas reactions in a meaningful way
is difficuit. Consistent with the visualization of the siag

phase as a molten ionic mixture oxidation reactions may be

represented in different ways:

S—_— o Cee e
i, - Mn + O =+ Mn + 0
(creation of one cation and one anion)

ii. - Mn + Fe'» Mt + Fe
(exchange of cation) (2.2.1)
iii. - Mn + 2Fe >t aMn®t + 2Fe’’

(Redox reaction)

- 11 -



Chemical reactions will subsequently be represented by
equations chosen more on the basis of clarity rather
than from a knowledge -of thé exact mechanism in&olved.

Basic thermodynamic data for the oxidation reactions

have been well documented (11,12,13) and the order of removal
of the elements on theoretical basis has been calculéted.
The oxygen actiﬁity for which equilibrium is achievcd with the
elements decreased in the order F<Fe<Mn<C<Si. The reverse -
direction indicating the order of removal. The actual
sequence is found however to be Si, Mn, C, P, Fe as shown in
figure 1.

2.2.1 Cérbon oxidation.

The removal of carbon is of great importance during oxygen
steelmaking since it gives rise to a gaseous reaction which 1is

dynamic metal-slag-gas £foam to he mzintained.

o
Ho
(@]
*
13
Cu

\'KJ
1]
¢

In order to consider the onset of carbon oxidation, from

dissolved carbon in the metal ‘bath, according to the reaction

cC + 0= COgas ' | (2.2.1.1)
the activities of the three species must be known. The
source for this oxygen is the gaseous phase delivered through
the lance and iron oxidevfrom the slag. For convenience the
oxygen is represented as dissolved in the metal phase,
although in reality the overall reaction sequence is more
complex when considering the oxygen source. -
i From chémical aﬁélysighof the-oﬁfgoiﬁéiééseé at a???oii;
mately one atmosphere pressure, 90% correspond to CO. The

activity of CO can therefore be taken to be unity from the

L3

-
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above consideration. During the initial stages of the blow
the activity of carbon is calculated by considering the inter-
action which other elements have with carbon atoms in the
medlt. To this end a series of interaction parameters have
been calculated (12) which are then-related to the interaction

activity coefficient by
- X ‘ v
log £, = X e, . %X : (2.2.1.2)

The interaction activity coefficient is further related to

the !lenrian activity as

fo = a.* $¢C | (2.2.1.3)

With the above relations it is thus possible to calculate
the activity of carbon from a givea melt. In the case of
‘iron carbon alloys the interaction parameter eg is given (11)
as 0.22 and fC is then calculated as 7.59. When the carbon
content is taken as 4% the activity of carbon is equal to 1.9.

At the start of the ‘blow at a temperature of 1300° c,

for reaction (2.2.1.1) the equilibrium constant K is 624 (12)

and since . aCo .
K = ——=2 = 624 o ( 2.2.1.4)
gg . ag ,
and -
a, = 8.4 x 10 4

Therefore, from thermodynamic considerations,oxidation

of carbon would not be expected to occur until the. oxygen

" activity in the metal reaches the value of 8.4x10 ™.~
As the end of the blow is approached the carbon content
falls tc 0.1 wt% and the activity coefficient 1is close to

unity due to lower solute concentration. At 1600° C the



-

equilibrium constant is.about 500 (11) and the oxXygen
activity from (2.2.1.4)1is calculdted as 0.02. The hyper-
bolic relationship between - %$C and % oxygen, which is

used for calculating oxygen contents, was studied by Marshal
and Chipman (14) at different pressures as shown in figure 2.

2,2.2 - Tron Oxidation.

Although silicon is the most readily oxidized of the
species present in metallic bath, the removal of manganese and
iron would nbt be expected until carbon removal was weli
advanced. Iron oxidation 1s almost ceftainly promoted by its
high concentration and the difficulty of transferring other
sélute elements to the reaction zone in sufficient quantities
to fully utilize the oxygen supply.

Several mechanisms have been nroposed by which oxygen uis
transferred to the reaction site (11,13). Under the lance,
in the impingement zone, oxygen goes into solution with some

oxidation of the bath surface:

"Fe + 0 = (Fe0) (2.2.3)
(2Fe0) + } 0, = (Fe,0;)
From chemical analysis of BOS slags the presence of FeC

and Fe,0, in a ratio of 3:1 is typically found (see table I).

273
2.2.3 Silicon Oxidation.
Silicon is the first impurity to be oxidized. In the

M:BbS.ﬁrocess'pracfiCally all the silicon is oxidized durihé”
'the first third of the blow (16). The reactions considered

are:

- 14 -




Si +. 20 .= (8i0,)

| (2.2.4)
Si o+ 2(F§0)f= (SiOZJ + 2Fe(1iq)

The product of silicon oxidation is not however pure
silica but- 8§i0, dissolved in a basic slag. The heat effects
associated with solution of silica in the slag would be
expected to be large and in the absence of reliable data the
. heat is assumed to be equal to the heat of formation of
dicalcium silicate. IhisAheat releasé contributes to the
formation of an early fluid slag.

2.2.4 Manganese Oxidation.

Oxidation of manganese from metal to slag is represented

by:
Mhn + 0 = MnO) (2.2.5)
‘and is governed by the cquilibrium constant given by (12):
“Mno 11900
KMII' = m = T - 5.07 (2.2.6)

The reaction product can either be a liquid or a solid
solution of MnO in FeO which changes with temperature and
.- manganese content of the metal. Manganese and iron form
approximately ideal solutions and so do their oxides in both
liquid and solid state [17).,

In steelmaking the manganese slag distribution is most
easily describedi%y:' o N -

Mn + (FeO)

.(Mn0) + Fe o (2.2.7)



for whichw

_Gypollage] - -Ooyno-Xmnol WYpe - Xpel
- - (2.2.8)
Wt$ Mn ]

CaFeO)[th] 'GYFGO’XFGOJ[an

Yreo' fvn _ Kol Xpel (2.2.9)
YWno* YFe (Xpeol [WES Mn]

K' = K

although K may be calculated from chemical analysis of slag
and metal, K' is no longer a constant but dependent_ohkslag
composition, except in the case of ideal slag composition (11).
The c¢ffec. can be seen in figure 1 where a period of manganese
reversion is observed during the reduction of the slag by
decarburization. Towards the end of the end-blow, manganese
is again transferred to the slag. The final distribution
being dependent upon témperatLre énd iron oxide content of the
slag (18j;. An iﬁversé'reiéfibﬁship betwéen-ﬁbmbined oxygen
with manganese and oxygen combined with iren as Fe'  and Fe3+
has also been pointed out (19).

. 2.2.4 Phosphorus Oxidation.

The feasibility of oxidizing phosphorus in dilute solution
in iron to form pure PZOS may be assessed by considering the

reaction:

AY + 30 = PZOS (2.2.10)

— —

the oxygen acfivféy for phosphorus oxidation is higher than
" Fe, Mn, C and Si such that no dephosphorization could be

envisaged by such reaction in the presence of other solutes;
It is therefore necessary that the slag which is present’is

one which lowers the activity of P,0-. It is generally



fecognised that phosphorus dissolves in the slag as an

oxianion, for example Poi_, as follows:,

2P + 50 + 30 = 2 p0C

0 | 1 (2.2.11)

From this reaction it is deduced that a high basic slag
(high 07) under oxidizing conditions (high 0} will favour

dephosphorization. The strength of the attraction between
the POY” ion and the cation in the basic slag is reflected in

4
the high negative value for the heats of formation such that

the activity coefficient of P,0. can be as low as 10-18(11).

2.2.5 _ SulEhur.

For the reactions corresponding to sulphur removal from

the initial charge as SOZ:

+ 200y - = S0 (2.2.12)

S,o
~—(% in Fe ~(% in Fe) 2
( & ) e)

log kK = - 384 4 2.8 eeeeene. (2.2.13)

the oXygen activity obtained is much higher than that at
which other solutes start to oxidise. In préctice no more
than 10% cf the sulphur removed from the metal is carried
away as SOZ in the waste gases.

The removal of;sulphur from the metal.takes place mainly
by transfer to the slag where it exists as s™. The reaction’

is represented by:

©

S + 07 = 8§ +.0 (2.2.14)

It may be appreciated that a highly basic slag and low

bath oxygen content encourages desulphurization. An equation

- 17 -



“has been quoted (159) in terms of_a series of parameters by
which the sulphur level in the refined steel may be predicted
as follows:

0.11 + 23.65, - 0.003V -~ 0.003Fe - 0.00005T :

o
lon
i}

1
S = turndown sulphur,
S1 = shlphur in metalliﬁ‘chaféé,
(tons/ton of metallic charge)
V. = basic (molar) ratio,
Fe. = 4iron in slag,
T = turndown temperature.'-

Again, a highly basic slag is required. High slag irbn
and temperature also favour desulphurization. The last two
requirements (high slag FeO and temperature) are achieved
towards the end of the hlow. Even with a highly basic fluid
'slag, sulphur elimination in the BOF VesselAis relatively
inefficient (20).

2.3 Slag Constitution and Phase Diagrams.

In the following section an outline is made of the most
important features of phase equilibria between the different
oxides present in the slags used in the present work.

Practical experience during steelmaking has shown that
sleg formation varies for each particular practiée as well
as for melts made uhder similar circumsfances (as shown in
figure 3) since it depends on factors such as oxygen flow rate,
lance helght; starting temperature, lime aissolution-rate-and
flux additions.

| In selecting a slag which maf be said to be representative

of steelmaking slags the most important components have to be

i
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considered. It is well known that lime is the only oxide
which is added to impart basic properties to the slag. The
most impbrtant acid oxide is Silica; and, due to the amount
of iron present and oxygen blown into the system, iron oxide
is a major component of the slag formed.

Although other oxides may be found in the slag as shown
in table I, difficulty arises in representing in an adequate
and simple way the phase diagfamé with more than three
components. It has become a common practice to group the
oxide comzonents mainly on the basis of their chemical
behaviour (i.e. basic or acid components (21,22,23), although
it may not be true in a strict sense; The périod of the blow
of a particular interest is the fi~st seven minutes during
which time an acid slag, Fayalite, is formed which contributes
" to their rapid fluxing of lime. Due to the acidic character
of this initial slag it is thought that severe lining wear
occurs during this period either by chemical reaction and/or
due to the fluidity of the slag causing severe abrasion.

As discussed later in section (2.6) the initial stages for
" oxygen steelmaking require close control quthe developing
slag?ﬁu“ o . :

Having therefore Lime, Silica and Iron Oxide as major
constituents of ggsicloxygen Steelmaking, the system
FeO-SiO2 or, moré‘specifically Fayalite (ZFeO.SiO7j was
selééfédbés‘ﬁsgf‘convenient fo inifiéfe the pfegentﬂwéfk. 
Additions of lime would then follow in such a way as to move

the chemical composition of the system close to the line

Jjoining (ZFeO.SiO2 - 2CaO.SiOZ);



Initial description of single oxide systems of FeO,
§i0, and Ca0 are briefly reviewed following with combined
systems of Fe0-5i0,; FeZOS—CaO and finally the ternary phase

diagram of CaO—PeO—SiOZ.

2.3.1 - The Fe-0 System.

Oxidee of iron have been widely studied due to their
importance in ironmaking, steelmaking and refining of steel.
Studies on the stability ranges of the condensed phase (liquid
and soiid) existing among metallic and liquid iron, and the
corresponding oxides formed have been thoroughly made. The
most valuable contribution in the study of this important
system was made by Darken and Gurry (24,25).

These authors summarized results.of earlier work in
addition to providing a large amount of new data. Figure 4

tion phasc diagram together with

Fir

gives the tempcrature-compos
- equilibrium partial pressure -of oxygen. The solubility of
oxygen in liquid iron under slags containing essentially iron-
oxide was determined by Chipman et al. (26,27) and the variation
of soluhility with temperature was found to be represented by:
‘1log(30) = (-6320/T) + 2.734,at 1600° C, $0 =.23% and %0 =
0.052% at 1300° C. R ’

There are three well known compounds in the systemjsce
Figurek4), Hemati@ef(Fezosl,Magnetite (Ee304) and Wustite, whose
composition isAreé}esented as FeO. From figure 4a<it is seen.
_’tﬁéf“euﬁéiimﬁﬁ“561UBi1ity of 0.16% Oifgen~ie‘feaEhed‘ef.fHe
eutectic 1524° C and ahove this concentration a liquid oxide

is formed with 22.6% Oxygen. The stoichiometric ferrous oxide



does not exist and wustite, which has a variable composition,
is not stable below 560° C but decomposes to form magnetite
and metallic iron. WUStité in equilib%ium with iron
corresponds to a composition of FeO.QSO (28). The situation
in the wustite field is one which involves changes in the
oxidation state. The equilibrium is represented by:

X - Y
Oy(in soln.) ¥ 72 02 (gas)

MO M

x(in soln.) -
The metal M occurs in two different states of oxidation MZX
and sz. Any change occurring in the oxygen pressurc will
cause a change in the ratio sz/sz in the condensed phase and
vice versa. The oxygen pressure up to liquidus temperature
within the wustite region (fig.4) are very low and are a
function of the Fe3+/Fe2+ ratio, increasing rapidly as this
jatio increaseé. _In the equilibrium_of wustite and magnetite
the latter has a constant composition Fe304 but, in the
presence of hematite'(Fezos) the magnetite becomes depleted in
oxygen with increasing teﬁperature. The oxygen isobars are

straight lines parallel to the composition axis where two

.condensed phases coexist in equilibrium. Where one condensed

phase -is present in addition to the gas phase, the oxygen
isobars run’ diagonally, indicating that temperature and oxygen
pfessure can vary simultaneously. This is readily
determined by appiQing the Phase rule (29) (F=C+2-P=2+2-2=2).

- ~~The phase diagram in figure 4 can thiis be used to deter-
mine the equilibrium phases in thé Fe-0 fystem that would .

appear when for example a constant pressure is maintained in



the system or, when the chemical composition is constant

and oxygen partial pressure is variable.

Oxygen pressures of the gas phase decreases continuously

with decrease in temperature from 10—2 atm at 1700° C to

-26 atm at 560° C (30): At 1300 the oxygen potential,

-11 -10

'vabout 10
partial pressure,is seen to be of the order of 10 to 10
near the gamma-iron + wustite-wustite interphase. An increase
~ in temperature to 1600° C inéreases the oxygen pressure to

1078 to 1077

at approximately the same composition.

The importance for iron oxidation during oxygen steel-
making lies mainly in the fact that it results in a serious
loss of iron units into the slag and fume.  On the other hand,
FeO in the slég is essential due to its influence on fluxing
properties, liquidus temperature, viscosities of slags and

4~
L

sulphur removal capacity.

2.3.2 The Fe-0-Si System.

Initial studies carried out on the equilibrium between
silicon and oxygen in liquid iron were concerned more with
the role played by silicon as deoxidizer of steél. Gockcen
"and Chipman (32,31) studied the equilibrium'reaction:
$i0, = Si + 20 in H,0/H, atmospheres at 1600° C in 1liquid iron.
Comparing their results with previous work they established
that the constant for the reaction depended on the activity
of oxygen Wthh was strongly diminished with small :amounts of
‘silicon additions. The so-called silicon deoxidation constant,
the product [%Si] x [%O]z indicated a constant product of 2.8

X 1072 for a very wide range of compositions. The greatest



deviations were found at very low silicon contents, where the
silicon analysis is inaccurate or at very high silicon, where
the oxygen-concentration is low and rather uncertain (32).
Figure 5 represents the isothermal section of the iron rich
cofner of the ternary system at 1600° c.

For the conditions found under steelmaking, the condensed
phases which form diminish the range of interest of the ternary
diagram to that béunded by the FeO-—FeZOstiO2 phase field
which is a section of the Fe-0-Si system as indicated in figure 6.

Dif{zrent aspects of the system have been investigated and
greaf amounts of data are now available. The data are amplified
by the binary section representiﬁg the FeO-—SiO2 shown in
figure 7, obtained by Bowen aud scrairer (33). It is shown
that there are two crystalline forms of silica; cristobalite
above 1470° C and tridymite below this same temperature. The
liquidus curve rises steeply from the eutectic at 1178° ¢
with about 40% FeO up to l698°.C, indicating immiscibility
between FeO and silica. An intermediate compound, Fayalite,
is formed at 1205° C which in turn forms a eutectic with |

‘wustite at 1177° C and with tridymite at 1178° c. Bowen and
Schéi&ér pqinted out initially (33) that ferric okide was

present in all the equilibrium melts studied by them. Thus,
their data are fo;ilimiting mixtures with minimum contents of

- o

ferric iron.

Darken (34) investigated the fusion temperature of iron
oxide in contact with silica under CO0,/CO ratio of 20.8 to

pure oxygen, the temperature changed from 1131° ¢ to 1447° C



fof the equilibrium of silica, magnetite, melt, gas. The
un1va11ant equilibrium point silica, fayalite,.melt, gas was
found to have melting points of 11?0 C and 1130° C for CO /CO
ratios of 14.1 and 4.02 respectively.

The inconvenience of the system represented on a
pressure~temperature coordinate, is that no detail is given
for the chemicai composition of the éondensed phases.

Liquidus sufface§ in the FeO-Fe,0,-5i0, system from
1250° C to 1400° C and 1 atm pressﬁre have been determined by
equilibrating, quenching and micros:opic examination of the
phases present (35). The results obtained showed thaf ferric
oxide in amounts of 10 to 12% has little effect on the
freezing point of fayalite;' but pfogressively increascs as the
FeZO3 content increases. For slag saturated with silica,
the SiOZ/FeO ratio is nearly independent of the Fe,0; content
of the slag. A. Muan (35) obtained liQuidus data at oxygen

-10.9°

pressures ranging from 10 to 1 atm. Within the ranges

studied by Muan two invariant points were defined at 1140° ¢

and at 1150° ¢ with oxygen partial pressures of 1072

-9.9

an@
10 atm.

Théfmodynamic‘sfudiég oh the activity.of-tﬁe different
components of the iron oxide-silica system have been carried
out in contact.wigﬁ solid iron (36,37) and silica (38)

under o, CO and H H O atmospheres By determlnlng the ratlos
bf CO /CO and HZ/H 0 in equilibrium with the iron ox1de silica |
system a measurement of the oxidation state of the slag is

obtained (38).

- 24 - -



For the chemical analysis in the present work with
Fayalite the oxygen pressures vary from 1070 to0 10712 as
seen in figure 8. The free energy of formation for ZFeO.SIO2

(F,S) is given by Bodsworth (12] as:
2Fe + OZ + SiOz o= ZFeO.SiOz

AG® = - 85 Kcal = RT1nP
: 2

and the partial pressure is calculated as 1.54 x 10712 atm.

| By comparing the latter oxygen pressure with those in
the FeO system at 1300° C it is seen that their orders of |
magnitude are about the same.

With respect to activities of FeO, in the Fe - Obsystem
apeo MaYy be regarded as 1 but it is markedly decreased by
additions of silicé (36,37) in the temperature range 1250-
1566° C; The relation of 2rep VErsus wt% 810, is shown in
figure 9. For the compositions of fayalite used in this werk
the activities of iron oxide ranges from about 0.42 to 0.52.
Schuhmann has related the activity of iron oxide to oxygen
pressure for the closed melt area at 1300° C in figure 8.
"For the melt-wustite equilibrium and partial pressure of 107 H

atm 2Ee0 varies from .39 to .69 (39).

2.3.3 The Lime-Silica System.

The phase diggram shown in figure 10 has been widely
investigated. | Tﬁé mdst important obser?ation ié tﬁe~steep
‘rise of the liquidus curve from the eutectic (1436° C) with
- about 36% CaO to a plateau in which two 1liquids are found in

equilibrium with cristobalite (1707° Q). In this region a



e

big increase in temperature (1436_to 1706° C) will cause an
increase of only 3% liquid (69). Four polymorphic forms of
CaéSiO4 are well known to form, knowﬁ as a,- o', y and B.
Except for B-CZS all other three forms are considered to
exist as stable forms. Dicalcium silicate (CZS) is formed
as the initial product in solid state reactions between lime
and silica over a wide range of compbsitions and reacts
relatively slowly with excess of either of one components to
form CS,C382 or CSS (42). In fhe phase diagram of figure 10
the straight lines between two adjacent areas are a result
from different Ca SiO4 modifications being present in the two

2
areas. Horizontal lines denote modifications changes in SiO2
and in CaSiO3 (43).

. The free energy of formation of C,S is obtained from
Ellingham diagrams (1Z) for the reaction ZCa + O2 + SiO2 =
ZCaO.SiO2 2.3.3.1) AG® = -260 Kcal. The oxygen partial
pressure is calculated at 1300° C to be 5.24 x 10737 atm.
This indicates the great stability of dicalciumsilicate.

At 1400° C and 1600° C the oxygen partial pressures correspond

34

‘to 1.07 x 1075% and 4.54 x 107°1 atm respectively.

2.3.4 " The Lime-TIron Oxide System.

The equilibrium relations have been studied at different
oxygen pressures ip great detail (43,44,45). Two diagrams '
are shown in figufé li. in contact with metallic iron ‘and air.
%Thé'CéO—FeO‘is hdt é tfué.biﬁary’ébové id% FeO due to the
presenée of FeZOS.‘ In both systems the liquidus and solidus

lines in the central part of the systems are well below the
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1300° ¢ isotherm, which give an indication of the fluxing
powef of irbnvoxides for lime. It can also be seen that by
increasing oxygen pressure a number of intermediate phases
are formed known as calcium ferrites (CZF,CF,CFZ).

At temperatures above 1200° C under slightly oxidizing
éonditions, a liquid oxide is formed but if the solubility
of iron oxide is exceeded under reducing coﬁditions, metallic
iron is formed. At all oxygen pressures, lime increases the
stability of the ferrié state. It has been found that FeO
has a stabilizing effect on lime with respect to hydration by
moisture in air (46).

v The agglomeratioh of L.D. dust with limestone into

briquettes and pellets prior to calcination has been tried in
Germany (47). Compared with heats using only lime, the
vcﬁnrging of the special lime pellets resulted in a considerable
acceleration of dephosphorisation. Millscale is another
oxide flux used in steelmaking-(48). Swedishore  (86.3%
Fe203-9.8%Fe0) has been proved to be a good lime flux (49).
Ilmenite (SZ%FeOX,SS%TiOZ) has shown good fluxing properties
. (48a) although it is suggested not to be as good as fluorspar
even with a 2:1 repiacment ratio (50).

Z2.3.5 The Lime-Iron Oxide-Silica System.

From the previéus description of binary diagrams it was
mentioned that'neféher the FeO—SiO2 nor the Ca0-FeO systems
“form true binaries. Consequently the ternary phase diagram
Ca0-Fe0-3i0,, which is shown in figure 12, cannot be considered
a true ternary diagram hut should he regarded as a curved plane

in the quaternary Ca0-Fe0-Fe,0,-510, system. Most investigators

i



carried out their experiments in iron crucibles (33,44,36,37)

.and therefore the quaternary plane and associated ferric

iron concentrations correspond to equilibrium with pure iron.
The system CaO-—FeO—FeZOS—SiO2 is not well enough known to
permit portrayal cf a tetrahedral form of phase relations (43)
and is further complicated by-the fact that the method by which

273
been different between different workers. The difference in

FeO and Fe,O0, have been made to represent total FeO(FeTO) have

plotting compositions are negligible (44,36) when the Fe203
contents are of the order of 3% but. greatly differ fer contents
near ZO%FeZOS. The variations of FeZO3 content within the.
CaO—'FeO'—SiO2 systems are shown in figure 13. The ferric
oxide contents range from 0.5% at about 10% FeO to 17.5%

adjacent to the Fe0-CaO binary. V¥hen studying ciystallization

“paths it has been pointed out {(44) that anomalies found near

the FeO corner are probably due to the presence of high Fe,0;
as opposed to the SiO2 corner. | |

. The ternary diagram portrays a large number of crystalline
phases as compared to other systems (e.g. MgO and A1203 with
FeO—SiOZ) due to the relatively limited extent of solid'solution
among these phases, however, relatively low temperatures
prevail overba large area of the diagram..

It can he seen from figure 12 that as the FeO content

decreases and Ca0 content increases the liquidus temperature

| elightly increases up to 1400o C;. Once iﬁé 1400° c ieothefm

has been reached the temperature increases rapidly and enters

into the dicalcium silicate-(Ca,Si0,) region.  Along the

2Fe0.510,-2Ca0.510, join the temperature decreases from fayalite
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(1205° ¢ melting temperature] to 1150° C at about é% CaO.'

As the lime content increases to 18%Ca0 a plateau is crossed

in which the liquidus femperature remains at 1150° C. On

. further increasing the lime content the liquidus temperature
increases slowly crossing tﬁe CaO-—FeO—SiO2 at 1211° C (44)

and ultimately joining the 1300° C isotherm at about 35% CaO.
Beyond this latter lime content a steep increase in temperature
takes pléce with small CéO‘increases‘entering into the dical-
cium silicate region.

The effect of the oxygen potentials has been showun by
Philiips and Muan (45) to have a marked effect upon the ternary
diagram from studies carried out in equilibrium with air
(0.21 atm.]. Due to the increase in oxygen potential two new
phases appear in the diagram (hematite and magnetite). This
is expected when the iron oxide phases in air (Fig.11l)and the
oxygen isobars in the FeO--FeZOST-SiO2 system are considered (Fig.6).
The CaO—FeZOS—SiO2 ternary is shown in figure 14.

Studies on the activity of iron oxide were first carried
out by Taylor and Chipman (22) using a rotating magnesia
érucible at 1600° C. The actiVities were determined from
measurements of the oxygen content of liquid iron in equilibvium
with basic or acid slags, relative to the iron in equilibrium
with pure iron oxide at the same temperature. Small amounts

of impurities MnO, MgO, A1203 were present in the slag

creating difficulties in distinguishing between the effect of

 these impurities and that due to lime. A later study by

Chipman et al. (51) established that in basic slags CaO and

. o
) -
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MgO are not equivalent and that sqbstitution of MgO for CaO
on a molar basis increases the iron-oxide activity.
Iso-activities have heen replottéd or recalculated for
FeO, CaO and SiO2 by various authors (52, 53, 38). The results
- of Elliot (52) showed a very marked positive deviation from
idcality along the Fe0-2Ca0.510, join for a slag system of
FeO-(Ca0 + MgO)«SiOZ. Turkdogan and Pearson (53) determined
the activity surface for ferrous oxide in the system FeO-
(C30+MgO+MnO)~(SiOz+P205] in the 1550 to 1650° C temperature
range and no temperature dependence could be detected as had
been concluded by Taylor and Chipman (22). |
Equilibrium measurements between hydrogen -steam mixtures
and molten slags in solid iron crucihles have been used to
determine the activity of ferrous oxide in CaO—FeU—SiO2 type
slags with tcmperature ranging from 1265° C to 1365° C (36).
No temperature dependence was found in the pfesence of silica
alonc But the iron oxide activity was very temperature dependent
in the presence of lime and silica. At constant lime content
the activity coefficient is raised with ihcreasing temperature
in melts wich high silica content, but is lowered atllow:silica
concentrations. With low silica content C20 tends to incrcese
the content and stability of the ferric state and may there-
fore combine tq fOfF ngFeZOSCCZF), CaFeZQ4(CF] CaFe4O7(CF21

as previously discussed (see 2.3.4). Johnson and Muan (54)

studicd tﬁeAééfivity—éoﬁpbéition relations of CéO—FéO«éiOZ
system in contact with metallic iron at 1080° cC. The same

authors found that the orthosilicate solid solution
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2Ca0.510,-2Fe0.510, showed a strong positive deviation from
ideality at hoth ends of the system, reflecting the diffi-
culfy of permutating large Ca2+ ions [0.993) with small
Fe2+(0.7GX ) ionms.

: In the central part of 'the system a pronounced negative
deviation from ideality was found for the activity—compcsition
curve, reflecting a strohg tendency towards formation of a
compound in the vicinity of the CaFeSiO4(CaO.Fe0,Si02)
composition. A mixture of this composition was considered

as buf one member of a solid-colution series rather than a
distinct compound (54). From silicate phase diagrams and
thermal daté, Richardson (55) concluded that mixtures of two
molten metasilicates behave 'near to ideal' mixing (relatiﬁe to
ceparate silicates) even when large differences exist betwecn
the catioms. In orthosilicates mixing is nearly ideal when
the cations sizes are much the same CFeSiO4—MgZSiO4J but far
from ideal when they are significantly different, such as
FeZSiO4—CaZSiO4,MnZSiO4-CaZSiO4.

A concept which has been introduced through studies of
polymerization of liquid silicates is that of a dimerization
coefficient kln introduced by Toop and Samis'(56,57). Three
forms of oxygen are considered to exist in silicate melts:
singly bounded [0_1? ddubly bonded (OO) and free ion COZ“].

Equilibrium between the three bonds is represented as

200 = 0° ozf
- A0S, 2-
at equilibrium k- (9! %3 )

(07)
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k is not really an equilibrium constant and depends on
composition (58). | Masson has derived an expression for the
activity of MO as é function of composition in binary in
MO-5i0, melts when linear silicate chains exist and when other
"silicate configurations exist. The value for k;; has been
calculated for various MO oxides (60) (e.g. Ca0: kj; = 0.0016,
2.6 at 1600° C and 1450° C.; FeO: %k;; = 1.0, 0.7 at 1600° C
and 1300° ¢ respéctively).

The polyﬁerization constant may Be ﬁsed to assess mixing
behaviours of different meta- and orthosilicates. In the case
of CaO-SiO2 with either MnO—SiO2 or FeOrSiOz, ideal mixing
cannot be expected because large differences in ionic constit-
ution and in kll ralues exist. Partial replacement of M'O in
a binary melt M'0-S10, by an oxide M"O of lower k;; value
;auses a decrease in the degree of ﬁblymerizafion, and hence
in the value kll for the ternary; replacement of M"O in the
binary M"0-5i0, to the same extent by M'O does not yield a
correspondingly large increase in kll for‘the ternary. When
two melts of equal silica content are mixed the activity co-
efficient 1s raised for the oéide of higher kll’ and vice versa
(59). For example YFeO actiﬁity is raised by the addition
of Ca0 to FeO-SiO2 melts and is a maximum along the iron oxide-
dicalcium silicate join in the ternary. YMnO in Ca0-Mn0-5i0,
is consistently lowér than the corresponding Ypeo 2t similar
—compositions~(kll<for FeO is greater than for MnO). - - - --

Among the many applications for calculating activities

(61,62), ome of the most important is to enable iron oxide
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'activity to be-calculated with a high degree of accuracy.

By convention the oxidizing power of a slag is reported in
terms of its iron oxide‘activity, 25602 and not by its
.equilibrium oxygen partial p?essure, poz, which might be
expected as more suitable (11). However, the two parameters
are directly proportional to one another, as iron oxide has a
far higher oxygen pressure than any other constituent in the
slag. 'Therefore,the other constituents in the slag make a
negligible contribution to the slag's oxygen partial pressure

(11,12,63), i.e.
Pg = 8pgg - pg where pg is the oxygen pressure of
2 2 2
saturated iron, or of iron oxide in equilibrium with iron at

the temperature considered (11).

2.4 The Oxygen Jet.

Extensive use of cold models has been made to study the
jet-liquid interaction due tc inherent practical difficulties
of making precise measurements on systems at high temperétures.
Although conditions differ between industrial converters and
those used in the laboratory, and results obtained from models
cannot necessarily be directly appliéd, it 1is probaﬁle that
Broad analogies can be drawn. |

Several modes of jet/liquid interaction have heen distin—
guished (64,65); iﬁith'a~IOW’jet momentum and/or a large
‘nozzle height a slight depression is” formed having a cylindrical
symmetfy'about the jet axis. By increasing jet moméntum and
decreasiﬁg lance height the depression deepens and its surface

becomes increasingly unstable and oscillates both laterally and

L 3
-
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vertically. The depression is frequently surrounded hy a
raised lip or rim. A further increase in momentum causes

liquid metal droplets to he torn off from the rim of the

tn
pr

depression and becomé dispersed into the gas phase; this is
.referred to as "splashing".  With further increase of momentum
and/or reduced nozzle height, there is a deeper penetration of
the jet into the bath and the total amount of splashing rises
to a maximum and more vertical trajectories are therved. - The
impact crater becomes unstable at this time, oscillating
asymetfically about the vertical axis of the nozzle and
possibly dispersing gas bubbles into the liquid phase. This
is known as the penetration mode. Great numbers of investi-
gations have been carried out in jet-liquid interaction on
which jet momentum, lance height, nozzle diameter and proper-
--tics of liquid and gas phase have been correlated to the
depression produced. A review of this topic has been made by
A. Chatterjee and Bradshaw (66).

The shape and dimensions of this depression have also an
important effect on slag formation (67). A concept which
- has developed from plant practice associated with.jet—liquid
interaction is that of jet hardness.

Althcugh it is a mathematical inexact parameter, hardness
describes the apparent momentum with which the oxygen stream
strikes the suffacg of the bath. The "“hard" jet produces a
‘relatively deep penetration into the metal bath, whereas the
"soft" jet is more widespread over the surface of the hath (67).

In relation to refining reaction, Lardness can be regarded




as the ratioj (The tendency of oxygen to comhine with carbon
to form CO)/(the tendency of oxygen to combine with other
element tc form slag). |
There is not a generally accepted method for the calcu-
lation of depth of jet penetration Into the hath. .
Experimental ohservations of chemical and thermal
gradients in an éxperimental LD bave been made (68]. These
authors found that variations, boti thermal and chemical were
less the deeper the lance was introduced. A metal circulation
pattern wa- determined as Being upwards from the jet cavity
and iadially’outward to the surface. By introducing a spray
collector above the bath, 1t was.found that hard hlowing
causes the ejections of droplcts which, after five minutes of

blowing, weighed abhout the same as the weight remaining in the

bath.

2.5 Foams and Emulsions in steelmaking.

Systems consisting of small liquid droplets (liquid II)

or gas bhubhles embedded in a liquid medium (liquid I], may he

called emulsions when the distances separating neighbouring

droplets or bubbles are large enough to allow the iIndependent
movement cf. the said drops or hubbles. When the volume of
the 1liquid medium in a gas-liquid emulsion is small compared

with the total volume of the gas bubbles, the medium will he

. _present only as thin films separating the adjaccnt huhbles.

These cannot move freely and the system is then called a foam

(70]).
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For many‘yeafs foaming of slag was known to take place
in Open Heérth.Steelmaking (71,72), but the causes of siag
foaming in general were not known. Foamy slags were consid-
ered a serious problem since a harrier is created and the
distance which oxygen has to travel to reach the slag metal
interface is increased. The foam also acts as a heat refléct—
ing surface causing ovérheating of the furnace roof énd
outgoing end zones. A reduction in heat input is therefore
necessary causing a change of burner operation. |

Existence of foams iIn the Open Hearth according to
Davis (73), is marked Ey'tﬁree déveiopments._ 1) evolution
of bubhles; 2) stabilization of the bubhle structure, and
3) instability and collapse of the focam. Considering only
‘ﬁrocesses l.and 2, a 'static' foam is obtained which will
iast without any further gas supply. The third process is
characteristic of a 'dynamic' foam, i.e., a foam which soon
collapses if the gas supply is stopped.

The foam will collapse more readily if the bubbles can
rise and escape quickly out of the upper surface of the slag.
"Such breaking through the 1liquid surface will be more
réadily facilitated by low surface tension. In addition,
the rate of collapse of the foam will depend upon liquid
viscosity. If the honeycombe structure of bubhles is well
establishéd, the iiquid phase will drain downwards out of the
‘foam. A viscous 1iqﬁid-wiilqdraihktbvthe‘mdfhef_pool more
slowly than a fluid medium.

The occurrence and classification 6f foaming slags was

presented by Kitchner and Cooper in 1958 (74). A scheme was




developed on the hasis of the order of 'stahility“. Unstable
foams are constantly hreaking down as the liquid drains from
between the bubbles. In metastabhle foams the process of
drainage of liquid from hetween the hubhles eventually stops
and the foam would persist indefinitely if ahsolute pfotection
from disturbing influences Cviﬁrations, draught, evaporation,
radiant heat, temperature differences, dust, impurities) is
given. |
It is generally known that pure liquids do not foam but;
can be caused to form a metastahle foam with solutes which
lower the surface tension (y] strongly in dilute solutions,
i.e. the highly surface active substances (75). Surfacténts
lower the surface tension of a 1iquid solvent hy bheing adsorbed
at the suriace and favour the formation and durability of
emulsions and foams even in & very fluid medium.
Measurements of surface tension for various binary and
ternary oxide systems have heen carried out (75,76,77). A
review on interfacial phenomena in metal and metal oxide sys-
tems has also been published. (78). A noticeable feature is
‘that the surface tension of slag foams are 1arge compared to
water and other common room temperzture liquids. These high
surface eneigies indicate that slag foams are energetically
very unstahle. Therefore,by'considering surface tension alone,
slags are difficuié to-foam compared to other liquids.
''''' 'EHoﬁeVéf; Eﬁé'aégrée of foaming is ihfiﬁenéed‘b& other factors
and properties.
In oxygen steelmaking, foaming of slag is initiated by a

‘rapid supply of reactive gas from direct blowing and from



decarhurization hetween the oxidizing slag and metal. The
multiphaselbubble dispersions encountered in oxygen steel-
making consists of gas bubhles, droplets of metal, minute
solid oxide particles (dicalcium silicate] and large lumps
(1ime) suspended in the liquid Slag. The foam is termed to
be dynamic, in that its stahility depends upon the continued
evolution of CO from dispersed droplets (i.e. generation of
gas) and to a lesser exteﬂf'from the bulk bath. If gas
evolution ceases or is reduced significantly, then the foam
collapses (70).

There is not much work published on phyéical properties
of.slags typical of oxygen steelmaking. Evidence that most
of ths rocfining was taking place in a slag-metal emulsion,

" and not in the jet Impinging zone was cbtained from actual
LD-AC and LD plant operation by various authors as is discussed

in section 2.0.

2.6 Course of Refining.

The progress of a BOS blow is conventionally divided into .
three periods hased on carbon removal rate. This somewhat
'idealized representation ofrtﬁe three periods is shown in
figure 3a. Similar courses are shown ffom yarious plant
operations. The three stages correspond to increasing, con-
stant, and then dgcreasing‘carbon removal rates and represent
_approximately 40%, 40% and 20% of the total hlowing period (jgl,
The threé periods have been found suitahle for actual operation
éontrol even though the patﬁs followed differ from bhlow to hlow.

Li et al. have shown that different decarburization paths can

L 3
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exist even when blowing Fe~C melts (80).  Formation of the
emulsion hegins almost as soon as refiﬂing itself..  The
oxygen jet on striking the metal hath surface causes a dep-
ression and eventually the momentum is sufficiently increased
for splashing to occur with metal droplets heing thrown up
in the gas or slag. | In these eérly*stages the hath temper-
ature is low and reaches 1400° C after 40% (82) or 60% (85)
of the blowing timé.

 The early refining path has heen shown to he influenced
by the oxygen flux across the gas metal interface. Although
silicon is the most readily oxidized of the species present
the removal of iron is almost certainly promoted hy its
high concentration. The difficulty of transferring other
solute elements to the reaction zone does not allow full
utilization of the oxygen supply. Therefore,small amounts of
CO are formed, and after comhustion in the vessel mouth,
analyéis of the waste gas has shown the presence of small
quantities of CO2 (81). |

Bardenheur et al. (82) have shown that the temperature of

" the slag rcaches a level of up to'S_OOQ C ahove the metal hath
temperature after the initial quarter of the hlowing time.
Much of the heat released hy silicon oxidation is produced in
the slag itself by oxidation of suspended droplets in the
slag; From ﬁlané.préctice operation Meyer (86,87).has deter-
“mined the amount of metal droplets by weight in the slag to
he.from 45-80% after 6~7 min of blowing. As is generally
known the iron oxide increases With the lance distance from

the bath during the first minutes of the hlow. The first
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slags formed are rich in FeQ, MnQ and Si0, and low in Ca0.
They correspond to the Olivine and Wustite range where the
liquidus temperatures are of the order of 1250° C as shown
in the FeO«CaO-—SiO2 phase diagram (see figure 12]).

As the hlow progresses through the first stage the rate
of decarburization steadily inﬁreases. VIf the decarburization
reaction is slow (i.e. Soft blow] large amounts of iron will
be oxidized. In later stages the oxygen from the SIag reacts
with carhon supplementing the oxygen-carhon reaction with the
lance and sudden evolution of large quantites of gas causes
the slag foam to overflow (i.e. slopping takes place).
Trentini (83) has pointed out that metallic droplets from
overflown slags are found to be more decarburized than the
‘métallic bath. In additicn, the smaller the droplet, the
lower the carbon contents (84).

When a hard blow is initially uséd a faster rate of
decarburization will be ohtained and since less oxygen is used
for iron oxidation this will cause the slag to rapidly approach
the orthosilicate region before the slag is ahove 1400° C and
‘a suspension in the slag of solid orthosilicate particles can
‘occur (83). The presence of these dispersed particles gives
rise to an effective increase in the yiscosity of the emulsion
and will make overflowing more likely. The slags are defic-
ient in iron oxidé‘confent, are viscous, and are generally

“referred to as fdry‘kéiags;"N‘r - o | o

As the temperature (82] volume and fluidity of liquid

slags increases the decarburization curve builds up as

" decarburization within the slag hecomes more important. It
B . . e .

i . .



is only at the end of this first stage whea silicon oxid-
ation is almost complete that the rate of decarburization
reaches its greatest value and the emulsion is fully developed.
This event outlines the ihportance of the operation and clearly
shows that unless correct distribution of oxygen is achieved
to ensure sufficient but not excessive formation of slag
oxides, either satisfaetory slag formation may’Be retarded or
unstable refining may result. Figures 15a and 15b show the
"paths followed by the slags during actual oxygen steelmaking.
The most important reaction during the second stage is
decarburization the rate of which is so hlgh that Vlrtually
allof the oxygen supplled is consumed by such.reactlon.
Ichione et al. (88) have found the decarbur1zat10n efficiency
of oxygen in this period to he from 80 to 1009.‘ How such
high refining rates could he achieved has been the suﬁject of
some speculation. At one point it was believed that excess-
1ve1y high temperatures in the jet 1mn1ngement‘vone accounted
for the rapid mass transfer (89)::- More recen_ly’ettentlon
has been focused on the role of the _mu151on“and desplte
obvious pract1ca1 dlfflcultles, knowledge of the nature of
temu151ons has heen extended Meyer et al. (861 found'hy |
'chemlcal analy51s of eJected metal d*cplets from 230 t
vessel that the metal droplets are always lower in carbon than
the bulk‘metal bath, sometimes by as much,as I.SoC. The oxygen
contents were always higher than that required for equiliﬁrium
with CO. At the height of refining up to 30% of the metallic
charge was dispersed in the emulsion as droplets of sizes

between 14 and 100 mesh. This led to the theory that the
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majority of refining was carried out in-a slag-metal
emulsion wﬁere the surface area of metal droplets in the
slag could he as high ‘as 600 mz/ton of charged metal.
Meyer's concept of decarburization was that oxygen was
bpumped into the metal dropiets from fhe oxidizing slag so
that carbon monoxide equiliﬁfium pressure of up to 100 atmos-
pheres or more can huild up. The droplet comes into contact
‘with a CQ bubble into which its own carbon monoxide is un-
loaded by explosive nucleation of CO within the droplet or
possibly by nucleation at a metal/solid (iime particles)
interface.
In view of the enormous slag-metal interfacial area and
a plausible mechanism for carbon removal in the emulsion, it
" does not seem unreasonable that decarburization should
proceed at the high rates observed and account for an cstimated
two thirds of the carbon removal (87). 4
Kootz and Altgeld (Q0) haue proposed an alternative and
conflicting mechanism. Under the oxygen jet the CO generated
at the surface or adjacent to the hot spot circulates radially
outwards, taking with it the bhath particles of the surface.
This effect will cause bath‘circulation and the creation of
new reaction surfaces. Bubbles of CO are heterogeneously.
nucleated at the metal—slag interface, the reaction continuing

as the metal bath.c1rcu1ates outwards towards the vessel walj

The same authors (90] found that in BOF and ba¢1c Bessemer
' ysteelmaking, decarburization occurred even when the slag hecame

so viscous that reactions in the slag-metal emulsions could no
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longer proceea. Price L?Ql bas cqncludedAth@t Fhe calcu-
1atibns of.Meyer‘as to the amouné of refining in the slag
were an overestimation. Price's estimate places more emph-
asis on bath decarburization with abhout 35% of refining
taking place via the emulsion.

'As decarhurization is proceeding at its‘fastestlrates,
other changes in metal Composition are occurring in a less
dramatic way as indicated in figure 1. - -Early in the second
period silicon and.manganese contents have essentially
obtained their lowest leyel. Further into stage II, however,
manganese reversion from slag to metal occurs prohahly due to
the effect of changes in temperature and composition of the
slag upon the activify of manganese oxide. Turkdogan has
suggested that reversion is directly associated with the
cessation of silicon oxidation which in stage I prevents
manganese from coming into equilibrium with the hulk slag due
to the formation of Fe0.Mn0.S1i0, particles via a vapour‘phase
reaction. (20] |

The third stage of the ﬁloW‘commences when the carhon
-content is about 0.3%, altﬁougEAthis value can vary accbrding
to temperature and blowing practice. The rafe determining
ster for decarhurization is then beginning to change from
oxygen supply to the metal to carhon diffusion in the metal (86).
Carbon supply for' reactlon becomes predominant at about 0.1%C,
“‘and the rate of decarburization is no longer dependent on the
- rate of oxygen supply through the lance, excent insofar as

the action of the iet sunnlies momentum to maintain turbulence



and foam in the hath. As the evolution of carhon monoxide
decreases.rthe emulsion collanses and the interaction between
droplets and slag is reduced.

The failure of the decarburization reaction to fully
utilize the oxygen supply at the end of the blow results in
oxidation of iron and the FeO content of the slag rises. Also,
under these conditions éf increasing slag bulk and FeO content
manganesé may again he 6xidiied'into the slag. o

Although sulphur removal is relafively steady throughout
the blow as shown in figure 1, it is ébserved that basicity
greatly increases towards the end part of the hlow, slag

bulk increases and therefore sulphur removal rate is increased
(85).

-2.7 Decarbhurization.

The importance of the decarburization reaction taking
place in steelmaking lies in the fact that control of the
process is mainly through this reaction. Of the various re-
actions which take place during refining it is the oxidation
of carbon which, through generation of carbon monoxide gas
'influences to a greater extent the foaming of the slag
cfeating & slag-metal-gas emulsion. If the mechanism of de~
carburization were made clear, the refining process could he
effectively controlled. In view of its practical importance,
?“;bg_kipetics_gfvdecgr@prization has Bheen widely studiéd,'“

From previous investigation .of the kinetics of decarbur-
ization of iron-carbhon melts the main experimental methods

which outstand may be hroadly divided into three sections.

&
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The first experimehts were carried out by reacting melts
contained in static crucibles and a stream of gas or gases of
known chemical composition which were blown on to the melt at
a known rate and temperature. The drawback of this type of
arrangement has been the degree contamination attainable by
the melt from the recipient crucible used. A second and
fairly recent technique has been the use of electro-=magnetic
levitation.  This consists in the melting of a metallic
alloy which is free from support under inert atmosphere and
once a predetermined temperature is attained, a reactive gaé
is allowed to flow past the sample atia known rate; After
the sample has been allowed to react the experiment is term-
inated by cutting off the power and the sample is cooled ip
less than one sec. _

A third method consists of melting a metallic sample
either from a wire of known composition or by electromagnetic
means under inert étmosphere,'and allowing the melted sample
to fall freely into and through a reaction chamber.

Some of the most important results ohtained hy the ahove
" mentioned systems are outlined in subsequent sections.'

2.7.1 Decarburization of Contained Melts.

Swishier and Turkdogan (91) carried out decarhurization
studies of Fe-C mgits in C0,~CO atmospheres. An FPe-1%C master
alloy was contained in a 32 mm diameter recrystallized alumina
hchuéible at one atm préséure'and a témpefafurévof 1580° C.

'Mikturbs of €0,-CO with a 0.0Z ratio were used as reacting

atmosphere and flowing at 1000 cc per minute. From their
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observatiops these authors concluded that the rate of
decarburization of the metal was controlled primarily by

the transfer of oxygen or oxygen bearing species from the

gas phase to the metal surface. Fruehan and Martonik (92)
concludedthat the rate controlling mechanism for high carbon
contents was mass transfer in the gas film boundary layer
near the liquid surface. These authors (92] carried out
their experiments at 1527°C in recrystallized alumina hoaus,
40mmx10mm (in a horizontal furnace) and alumina or zirconia
crucibles 20 mm diameter (in a horizontal furnace) with CO2
and H, atmospheres. The rates of decarhurization were
measured hy continuously measuring the weight change exper-
ienced by the metallic sample (Fe~4%C). The rates of
decarburization at carbon levels lower than 0.5%C were found
to be affected by carben diffusion in the metal and at levels
below 0.1%C diffusion control was the predominant mechanism.
The rates of decarburization on molten Fe-C and Fe-C-X alloys
with H,0-Ar and CO,-Ar gas mixtures have been studied by

‘Ito and Sano (93). These authors concluded that the rates
-of decarburization were proportional to the partial pressure
bf the oxidant gas component prior to the formation of an
oxide film on the melts surface. When the oxide film was
present, the rate of decarhurization varied with different
oxides formed o, Cr,05, A1,0, or Si0,) and the amount of
‘element (Mn, Cr, Al or Si) added to the melt. Recrystallized
magnesia crucibles, 40mm internal diameter and 50mm high,

or electro-fused zirconia crucibles were used by the ahove




“authors. The effect of sulphur on the rate of decarbur-
ization of molten iron with 1-3%C and up to 3%S has been
‘studied by Hayer and Whiteway (94) using Ar-0, at 1450o C.
Their experimental results indicated a retarding effect on
‘decarburization rate at sulphur levels of 0.3% but hecame
less affected at higher sulphur levels. These authors con-
cluded that the main réte-determining step was mass transport
of oxidant (mainly C0, near the gas-metal interface] in the
gas phase.

Blowing of CO, through a silica inlet with a 4.9 mm
bore .onto a carbon saturated or 3%C-iron between 1160° C
and 1600° C was the system used by Sain and Belton (95);
The gas inlet was maintained between Z and 3 mm above the
: melt_which was contained in an alumina crucible (16.3 mm
infernal diameter). A cemented graphite disc at the DOttom
of the crucible was used to maintain carbon saturation of
the melt; The authors (95) found the slow step at high
carbon contents to be independent of carbhon concentration
and first order with respect to carbon monoxide preésure.
Their data were consistent with chemisorption process as the
rate.limiting step. Nomura and Mori (26) determined that
in the concentration range above G.05%C the rate of decarbur-
~ization was influenced by mass transport in the gas phase and

controlled by gaséous di:ffusion for carhon contents higher

than 0.1 to 0.15% C. |
- For carbon contents helow 0.05%C, the same authors (26)
concluded that for COZ/CO ratios below 0.25 the decarburization

rate was controlled by chemical reaction (CO, + C = 2 CO and

S .
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C + 0 = CO) and by mass transfer of carbon. The rates of

absorption of CO onto and desorption from, liquid iron have been
studied using a modified s;everts apparatus (97)(98). Parlee
et al. (97) used liquid iron alloys containing from 0.15 to 4.4%C
ﬁhile King et al. (98) used carbon contents below 0.15%C.

Parlee et al. postulated that the rate'of the C-0O reaction is
controlled by oxygen diffusion across the relatively stagnant
boundary layers at the gas-metal and crucible-metal interfaces.
King.et al. have shown that the rate of absorption for all
carbon contents, and the rate of desorption from all alloys of
medium carbon content, are compatible with rate control by
transport of oxygen in the liquid. The rate of desorption from
low carbon contents was found to be controlled by a slow surface
reaction.

As can be seen from the above, most work on decarburization
of contained melts are concerned with a reactive gas. Hazeldean
et al. (99) on the‘othér hand followed decarhurization by
passing an X-ray beam through the area containing the reacting
system ontc a screen and recording by video tape. A closed-

. ended alumina tube was used into which a slag of known composition
was melted. Into this contained slag,droplets of Fe-C alloy
were dispensed in the range from 1 to 3 g weight. A base slag

of 47 wt% CaO,.38 wt$ Si0, and 15 wt% Al,0, was used and additions
of 10,'2010r SO'WtQFFeo; Feso4 or FeZO3 were made prior. to an
‘experimental run. = The use of“AIZOS'ih“thé"élag was necessary’

to prevent corrosion of the tall crucibles. The same authors

noted that an iron-carbon drop on entering the slag phase hegan
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to react with it giving off carhon monoxide huhbles. Droplets
of 3 g wt almost invariably remained at the hottom of the
crucible although they appeared to rest on a cushion of gas.
Smaller dropiets however were floated up into the slag and

foam phases where they~tended to stay for considerahle time
bouncing up and down and’from side to side. A gas halo was
detected by the same authors who suggest that gas phase mass
transfer is an essential step in the decarburization process
although its contribution to the overall process is not known.s
Hazeldean et él. assumed that at high carbon concentrations,
with the gas halo present, chemical reaction at the slag-gas
interface with CO wouldrlead to desorption of co, into the gas
phase. CO and CO2 interdiffusion across the halo to the gas-~
metal interface would lead to desorption of CO, with |
accompanied dissolution of oxygen in the metal. At lower
carbon contents internal nucleation took place giving rise to.
hollow droplets and they confirﬁed that nucleation of CO occurs
not only on cooliﬁg but is an essential step which occurs during
the decarburization reaction. For drops containing sulphur or
phosphorus a retarding effect on gas,évolution was found and )
thought to beAcaused by their surface active nature. Phosphordé
additions to the slag aided the stahilization of the foanm,
possibly due to reduction of surface tension (see 2.5]. When
silicon and manganese were present an induction peridd’ﬁas

observed during which gas evolution was slow or did not occur at

'all.

The work by Hazeldean and coworkers is, to the hest of the

the author's knowledge, the only'published study of decarburization
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éf iron alloys by cxidizing slags. Other equilibrium kinectic
studies in this afea have involved 1) decarburization of alloys
without a slag pfeéent; 2) transfer of an element (e.g.
sulphur, phosphorus) to an oxidizing complex slag where the
element is not carbon, or 3) reduction of iron oxides by
graphite.

2.7.2 Reduction of Iron Oxide by Graphite Crucibles

Few experimental results are found in the literature for
moltén iron 6xide reduction. Some regults have-Been obtained
for the reduction of pure molten iron oiide by graphite (101)
while others have been obtained from Slags containing various
aﬁounts of iron oxide (100).

Dancy (101) measured rates of reaction of the pure liquid
oxides Fe0 and Fe 0, with 4.3% C alloy in a rotating MO
crucible. Dancy's results indicated that the reduction of FeO
was of first order up to 80% reduction. Over the 30% initial
feduction, the magnetite (Fe3Q4) reaction was also interpreted
as a first order process in the temperature range 1600 to
1840°C. The rates of reaction were extremely rapid indicated
by 30% reduction for 1iquid‘Fe304 withih 1 to 2 minutes. Due
to the experimental procedure Dancy describes the reaction as
of an ill-defined heterogeneous nature. An appafent
activation energy was calculated from.the maximum rates of
reduction obtained and Dancy gives the values of ~43.1 Kcai/mole
. for ferrous oxide and -37.3 Kcal/mol for magnetite.

Pgilbrook and Kirkhride (100) and Tarby and Philbrook (102)

carried out experiments in slag-graphite and slag-metal-graphite
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systems. The aim of thc above authors was to detcrminc the
oxide reduction processes and -to usc the results of the slag-
graphite reactions to adjust the results of the combined'slag—.
metal graphite system.‘

Philbrdok and Kirkbride (lOO) studied the’reduction froﬁ
blast furnace-type slags cgntaining less than 5% ferrous ocxide
Their slags ﬁere melted in a high frequency induction furnace
over carbon-saturated iron‘in»stationary.éfaphite cruclbles
(14 cm deep,”4.8 cm ID and 0.75 cm wall). ‘The graphite
cruciﬁles-were charged with 300 g of carbon saturated iron and
either 65 or 100 g of slag (38% §i0,, 15.4% Alzos~ and 47.1%

- Ca0). ‘Ferrous oxide was added as a prefused slag consisting o<
73.6% FeO, 7.7% A1203 and 19% SiOZ, af*er reaching the requirec
4 temperature of reaction.  These 1atter.slég additioﬁs vere
;reported to have melted in less than one minQ.But a.vigoroﬁs
reaction préceeded for 1 to 2 .min. after their introduction.
Théurange of temperatures at wpich.Phiibrook and Kirkhride
carried out their experiments was from 1430°C (8 éxperiments)
to 1570°C (2 experimentgj; in two other experiments the |
temperéfure was uncertain. The time span for their experimen:s
was up to 100 min. (1430°¢) and up to 30 min (1570°C), depending
on the initial ferrous oxide contént of the slag used. Three
;¥ their experiments which were carried out at 14309C did not
contain any carbon-saturated iron. ‘These experimeﬁts were
__therefore only for,slag-éraphife rcaction._u_Ihese authors
(1001 found that in slag-graphito reactions, the rate of FeO
reduction was less than for slag-metal-graphite recactions.

For a tempcrature increase of 140°CQ from 1430 to 1570° C the

rate of FeO reduction was found to increase®only slightly.
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From the above two cffects these authors concluded that gas

bubble nucleation was not a rate controlling step. If gas

" bubble nucleation was to be rate controlling, then the rate

of reduction in slag-graphite reaction should have been faster
than in slag-metal-graphite reactions. At the end of each
run, metallic iron globules were ohserved by Philbrook and
Kirkbride to be adhered to the crucible wall. In slag-metal
experiments, the globules collected primarily at the gas-slag-
graphite joiht and in sufficient émounf to form an almost
continuous ring around the crucible wall. In runs with slag
only, the beads were smaller and more evenly distributed
throughout the slag-graphite interface. ~Metal drops were
observed to be mainly next to the graphite wall and not in
the body of the slag.

Although Philbrook and Kirk ride (100}Vcarricd"out ohlyv
a very small numher of experiments they have, nevertheless,
produced a lengthy discussion from their results. By using
conventional methods of‘chemical kinetics, analyses were made

to determine the apparent order of reaction. The reaction

considered was:

. - Taf1s

Feo(slag] + C Fe(liq) + Co(gaSI'
The order of reaction was found to vary from 1.6 to 2.3

with an average value of 2. The order of reaction was there-

fore inconsistent with the above equation.v These “authors

h(iOOfwﬁéézﬁléﬁéa’the possibiiity fdfnfhe_ffﬁé—fééctibﬂ gb-BeMV““

that of a dissociation product as; FeO I Fe* +  O*%,

The asterisks indicating atoms or ions in the slag available
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for rcactibn:. Although this dissoéiation hypothcsis is
compdtible with the-ioni” thecory, thevdafa of Philbrook and
Kirkbride were insufficient to.prove an ionic}mechanism,f'
Tafﬁy and Philbrook (102) carried out experiments similar
to thosefbf Philbrook and Kirkbride (100) at'temperatures
mainly frem 1500 to 1575° .c, but also making additions of MnO-
bearing slags. From their experiments.with MnO slag-graphite
reactions virtually no MnO was reduced after 160 min of
reaction at 1500 or 1575°C.  In MnO sfag—ﬁetal reactions the
MnO was reduced from about 4% down to 1.5% in 40 min. Data
for wt % FeQ against time were omitted in their published
work (102). | |
Tarby and Philbrook (102) pointed out that from the
; dependence of both the reaction rate and the.dppar¢ﬁ£ order
of réactfo@ on huhble stifring, as»noted in‘théir experiments,
thetratéicontrolling step was not primarily determinéd by
an- interfacial reaction. Therefore, mass transport models
were considered. These authors suggested that the penetratioca
theofy'may~apply for their experiments. The_penetratibn theory, .
.propoged by Higbie (162) is treated  in mofe detail in section
5.7. The‘reaction of iron oxide reduction was postulated

to occur by the following sequence with oppositely charged

- ions;

Fezf(slag]/‘i OZ'(slag) tfifigﬂit (Fe0) ¥ Fe(liq) + C

¢+ 0 (tramsport g5y 2T (o(gas)

—
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Where (FeO) and (CO) imply that transport of species must
arrive in stoichiometric proportion te the reaction inter-
face. The above model accounts fof all possible reactants
participating at a reaction site and conserves the electrical
balance charges. From the mass transfer coefﬁicients
derived from the penetration theory these authors concluded the
rate controlling step to be tranepoft of reactants in the slag
?hase. o |

"From the rate of decrease in MnO or FeO cencentration in
the slag the overall order of reac*ion was found to be zero
for MnO but Variable with,temperature and slag composition
for FeO. The nature of the values obtained for the order of
reaction, i.e. variable and other than unity, was not consi<-
tent with a pseudo-first-order rate expression. This latter
inconsistency led Tarby and Philbrook (102Z) to analyse their
results by a differential method. From graphical investi-
gation of the results of the differential method, these
authors (102) ihdicated that the reduction processes could he
described by two separate stages. The first stage of reaction
~ had an apparent order of reaction with respect to concentrations
of Fe0O and MnO which was greater than unity, while the secound
stage of reduction behaved as a pseudo first-order reaction
w1therespect to concentratlons.

Due to the dependence on fIOW‘condltlons of the system
durlng the flrst stace of reductlon the authors were onlv able
to provose a qualitative mass-transport-control mechanism

consistent with kinetic behaviour. For the second stage of




reduction,calculations were made for activation energies
which were found to be from 12 to 46 kcal per mole for slag-
metal reactions. With respect to mass transport..natural
convection was adopted as the mechanism of mixing in the slag
phase during the second stage of'regction.'

Davies et al. (103) studied the reduction of ferfous

oxide from Fe0-Si0, and FeO-—CaO-SiO2 slags contained in

crucibles made from either graphite or devolatilized coal

ofer the temperature range 1400 to 1500° C. .Iron oxide was
added as Fe, 02, the analytical determinations were for total
slag iron and the results expressed as $%FeO. - The kinetics
measured were merely the rate of production of metallic iron
from the slag. The results obtained were interpreted as

zero- and first-order kinetics with respect to iron oxide

concentration, but it was not possible for Davies et al. to.

k‘distinguish.between these two orders at high FeO concen-

trations. However; definite trends were detected towards
first- and higher orders at low FeO concentrations,f Appearance
of slag surfaces from graphité crucibles reactions indicated
that large CO bubhles were formed which caused visibhle dis-
turbances on bhreaking through the surface. In coal crucibles
little visible surface movement'was detected. Lime addicions

were found to markedly reduce the reaction rate for the

reduction of iron oxide.

Grievson and Turkdogan (104) studied the rate of oxid-

ation of ferrous iron to ferric iron in pure molten iron oxide
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by CO and €O, mixtures at 15507 C. The rate-controlling
process was found to be the iInterdiffusjion of iron and oxygen
atoms within the melt. Fay Fun (105) studied the rate of
ferrous oxide reduction with a graphite rod partially immersed
in lime-silica slags contained in étationary magnesia crucibles.
Although contamination from the MgQO crucibles was present, Fay
Fun compared his own results with preﬁious workers and con-
cluded that neither chemical rate of carbon(gasificatioh nor
gas phase mass transfer could account for the rates obsérved,
and, therefore pointed tc an alternative method of convective
transport of reactants and products and energy to expiain the
rate of reaction. |

2.7.3 Decarburization of Levitated Drops

The development of the spray rcrining process by BISRA
(106,18, 108) created means by which hot metal from the blast
furnace couid be rapidly refined. The proceés consists in thg
breaking up of the metal stream by high—velocity oxygen jets
into a dispersion of metal droplets. The mechanism increases
in this way the surface area thfough,which,reactions may take

place. The spray of small droplets produced is refined‘in
the turbulent spray, during free fall, on passing through tke
slag and finally in a.receiving ladle (108].

The process prompted a series of investigations of metal
droplét—gas reactiéﬁs which have heen carried out by'levit;
';tiéﬁ;‘by levitation and ffeewfall.andiby méitiﬁg a wire of
known composition allowing the droplets formed to freely fall

through a reacting gas. Levitation has heen used by'a number
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of workers to study iron~carhon droplets reacting with a
- stream of oxidizing gas (109,110].

Baker et al. (109) studied decarburization of liquid iron
carbon droplets ievitated in o, and 0, (110) atmospheres using
helium as diluent. Reaction times varied from 2 sec for
runs using high flow rates of pure carbon dioxide to 20 min
for those involying low flow rates or dilute carbon dioxide
systems (109). In reactions with pure oxygen flow,a‘flame
front shrouded the specimen and, when the carbon concentration
in the metai was low, ejections, swelling and temperature
increése took place. The presence of oxide formation was
observed just prior to a decreasing rate period. Their results
have shown that the rate of decarburization at high carbon levels
is independent of carbon concentration in the droplet. The
results were shown to be consistent with control hy gaseous
diffusion except at low carbon concentrations (1%) where
carbon diffusion within the-droﬁlet becomes the predominant
rate controlling factor. From these findings (109,110) the
carbon-oxygen reaction was shown to take plac¢ via two possihle
mechanisms. One mechanism was operative at high carbon con-
centrations involving surface reaction which caused no dis<
ruption of the droplet and the second mechanism involving a
subsurface reactiog, where carbon monoxide hubhles nucleated
Vuwithinuthe_dropleﬁ leading to ejections of smaller d;qpieps.
Subsurface reaction was proposed to take place because the
rate of carbon diffusion to the Surféceicannot keep péce with

the rate of oxygen supply and some of the excess oxygen diffuses
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into the specimen allowing the surface to become rich in oxygen.
Thus carbon diffusion becomes significant and the rate of
decarburization decreases from there on. This point
corresponded to mixed control. The oxygen which does not
dissolve in the melt or react with éarbon at the surface forms
iron oxide on the surface. These fiﬁdings are in égreement
with those of Distin et al. (111) who'found that the transition
frbm‘surface ﬁo subsurface reaction ;ould occur at varioﬁs
compositions, down to 0.3%C, depending on the characteristic
rate of decarburization while the first mechaniém was operative.
The-iron carbon droplets began to boil as soon as a separate
phase of iron oxide appeared on the surface hut never at én
earlier stage. On these bhases carbon monoxide nucleation was
proposed to be far less probable before the formation of a free
oxide phase, than afterwards. The amounts of carhon and oxygen
present in drops when they began to hoil were such as would he

- in equilibrium with 10 - 40 atm pressure of carbon monoxide.
Specimens containing 3.1%C and zero oxygen were spherical and
showed no porosity SpecimensAtaken just'before the hoil

began contained 0.3%C, 0.07% Oz_and‘gave hollowed sphereé.
Distin (111) observed that once the hoil commenced the rate of
decarburizaiion continued to he independent of carbon concen-
tration until sﬁme.}ower carbon content was ohtained. The
cause was believed‘fo be the increased surface area for reaction
.éhdﬁfhé incfeaéed fﬁrbuience,'assoéiatéd'wifﬁ internal nucleation
of carbon monoxide. Richardson (112) suggested a higher rate of

carbon transport than Distin initiaily thought when the drop



starts to boil. It was suggested that slow chemical reaction
at the interface (when carbon falls to low concentrations)
prevented the oxygen being converted to carbon monoxide immed-
iately on arrival. At this point the oxygen concentration

is alloﬁed to build up in the drop and free oxide appears on
thekdrop‘surfaée. Richardson pointed out that when the
oxygen in the drop reaches 0.5% the surface will he 37% covered
with oxygen and thus carbon will virtually be squeezed out of
the interface. As a result from the supersaturation of
carbon monoxide in the metal, gas nucleates and new surface is
created whereby the reaction can proceed. Thus dxygen will
be converted to carbon monoxide almost as soon as it arrives
but only after passing inside thec dvop.

Robertson;ti13;ilﬁ) carried out studies on levitation of
pure iron, iron-carbon and irbn-carbonjsilicon in pure oxygen.
" When pure iron was reacted &ith pure oxygen at 1600° C an
oxide phase spread rapidly. as é thin yeil across the surface.
This occurred in the first two or three milliseconds of
reaction. After quenching ofvthe specimens, the slag was
determined as ferrous oxide. The oxide formation did not
occur when using iron-carbon allbys. During total time of
reaction of 4.5 sec. the following was observed: At about
2 sec.'aAflame‘frqnt sprrounded the specimen, the first
signs of carbon boil appeared. The even?ans_manifgéfed
Ey bursting of sméli Bubbles close to the surface. At
about 3.5 sec, the flame front was fully developed around the

specimen. At about 4 sec. and about 1%C the main specimen
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bulk was clearly distorted due to the onset of suhsurface
formation of carbon monoxide, although particle ejections,
fldme front and hence surface deéarburizétioﬁ were still
occurring. At 4.3 sec, the flame front persisted but the

" metal was distorted by a deep seated boil which swelled the
specimen; at 4.5 sec the reaction ceased as the 1iqﬁid bulk
hit the tﬁbe walls. At no point was there indication of
liquid iron oxide formation. Below 1%C there were less
ejectibns and large bubbles grew within the liquid and deformed
the drop as they broke through the surface.

Kaplan and Philbrook (118) studied the kinetics of gaseous
oxidation of hinary and ternary alloyé of 1iquid iron at
several temperatures in the range 18500 to 2050° C. These
authors concluded that mass transpoirt in the gas phase was the
rate controlling step. Carbon contents of the alloys used
ranged from 4.12% to 5.00%. Fume formation was ohbseryed
during all their eipériments. " A model for mass transport was
proposed but, as the same authors point out, involvement of
mass heat and momentum transfer were too complicated to solve

their model.

2.7.4 " Decarburization of Free falling drops.

Studies of the reaction of iron alloy drops during free
fall fhrough oxidi;ing gases have been made hy several authors
(84 and 115 to 117) R Baker (84) used 51ngle droplets

Lmelted from the end of a wire of known chemlcal composltloﬁ:

The drops fell from the melting zone under argon atmosphere

to the reaction zone where oxygen was continuously flowing.
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Yhen using iron-carbon alloys with 3.3 to 4.9%C the samples
quickly hecame enveloped in flameé during fall through the
oxygen column. Nucleation and coalescence of carbon mono-
xide hubbles well within the drops containing initially 0.86%C
" caused explosions.similar to that described for leyitated drops.
Baker (84) determined that carbon rembval.was Very dependent
on drop size, the highest average rate heing for drops of

1.5 to 2 mm diameter. Baker and Ward (115) used a combhin-
ation of levitation and free fali of iron droplets through an
oxygen chamber followed by quenching in a nitrogen gas flow.
Drops of about 4 mm diameter with initial carbon content
between 0.8% and 4.5%C were allowed to fall through 3 ft of
oxygen and photographed at 4,000 frames/sec. During fall

the specimens were associated with & tail of burning carhon
dioxide produced by the primary reaction of oxygen with carbon
in the specimen. Carhon boil and metal particle ejections
occurred at all carhon concentrations. As the carbon con-
centration decreased the intensity of the bhoil increased
causing the droplet to be destroyed hy éxplosion at about
0.53C. Calculated rates were in reasonable agreement with
gaseous diffusion control. Subsurface nucleation was found
to take place at much higher carbon concentration than for
levitated drops. Aithough carbon diffusion hecomes important
in the controlaof'ﬁecarhurization, gaseous diffusion still
“predominates the rate control. Subsurface nucleation was

- proposed to take place homogeneously causing yviolent boil

with mass losses of about 25%.
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See and Warner (116) also used the levitation- free

fall technique. Liquid iron-carbon and iron-~carhon-silicon
drops of 0.2 to 1.5 g weight were levitated in an inert

atmosphere and allowed to fall through a reaction column
counter to oxygen, carhon dioxide or air followed by water
quenching. Reactions on the drop surfaces were observed‘
using high speed photogfaphy. Carbon and/or silicon removals
from the droﬁs were also measured. When using iron-~4%C
carhon alloys the authors detected a tail of burning gas which
indicated formation of carbon monoxide taking place at the g=s
metal interface. The samples were comparatively undisturbed
by the carbon boii. There was also indication of subsurface
HUCIeut-ux at high carbon contents (abhout 1%C) with mass
"losses by bubhle bursting. When using iron-4% carbon - 1%
silicon allouy or hlast furnace metal, there was no effect on
the reactions previously mentioned. During the first four
milliseconds of reaction a higﬁ emissivity oxide layer
nucleated on the lower part of the specimen and spread over
the entire surface. 0.002 see after this event carbon mono-
xfde bubhles burst through the surface; the material ejected
formed fume and, as the reaction proceeded the specimen in-
creased in size with ejections taking place in an irregular
manner.  After 0.26 s the specimen had a very irregular

N

shape and was con51dered to be a foam. Mass 1osses varied

from 17 to 30° for lg spec1mens reacted in oxygen. Alloys
with 1%C 1%Si exploded after very short time. See and
Warner concluded, as Distin (111), that it was essential to

have oxide formation on the specimen surface, hefore carbon



boil began.. Explosions, which were all over the surface
of the latter specimens were caused by subsurface nucleation
of carbon monoxide.

Roddis (117) also used levitation and free fail technique
to study decarburization of iron-carhon alloys of approximately
lg and ig weight with carbon content hetween 5.0% and 0.4%.
Experimental temperatures were in the range of 1300° to
1600°. TheAsame'author concluded that gaseous diffusion
control was found to occur only at carbon contents greater
than 4% and sample temperatures near 1600° C with purc oxygen.
Surface reaction occurred until the carbon level had fallen to
3%, when subsurfaée reaction occurred. When using oxygen-
nitrogen mixtures the change in rcartion mechanism was found
to decrease with oxygen content in the gas phase. For 70%
oxygen-nitrogen mixtures surface to subsurface reaction change
occurred at 2% C and for 50% oxygen-nitrogen the change in

reaction mechanism cccurred at 1%C.

2.8 Summary

It has been found from literature survey‘fhat pneumatic
‘steelmaking processes involve the existence of a metal-slag-
gas system.  From purely physico-chemical considerations a
given order for the elimination of impurities from the
burden may he calculated. From practical operation a differ=~
_ent order_of removal is obtained and the carbon-oxygen reaction
seems to have the greatest influence in determining overall

refining times.
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Phase diagram studies clearly indicate the complexity of
the slags involved in basic oxygen steelmaking. The
presence of gas bubbles, metal dfopléts and solid oxides

within an oxygen converter in the form of a heterogeneous

foam, further increases the complexity of the system.

Studies on decarhurization reactions have heen carried
out mainly in the field of metal-gas systems. With respect

to metal-slag-gas systems the qualitative studies by

‘Hazeldean and coworkers are the only studies to have heen

made.

Very few experiments have been carried out to determine
slag properties, foaming nature of slags, transfer mechanisms
and nucleation mechanisms of CO which are important in oxygen
steelmaking.

Many experimental difficulties ohviously exist concerning
the containment of reactive slags in crucibles which will
adequétely withstand reactions 'in the 1300° C to 1600° C

temperature range.
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- CHAPTER THREE

EXPERIMENTAL TECHNIQUES AND PRELIMINARY STUDIES

Introduction

It was recognized that by Studying or moving into a new
area of research many difficulties would be encountered.
Therefore, continuous development of experimental technique
became necessary as the difficulties encountered were overcome.
This type of approach to experimental investigation is not
uncommon in pyrometallurgical studies, particularly where
slags are involved. |

This typé of approach required early results to be obtained
to act as 8 foundation on which to buiid and develop an improved
.céchnique. |

The experiments ﬁere commenced knowing that certain con-
straints could not bhe crossed within the research prcject (e.g.
availability of expensive materials for containment of slags]).
Constraints in upper and lower temperatures were uncompromi-
singly fixed.

A description is made in this chapter of apparatus,
technique. materials which were ultimately used, and of the
developing steps leading to the final results. The results
which were necessarily obtained along these steps are aiso
described. o . |

5.1 Preliminary Work. -

It has heen generally recognised that ﬂigh.temperature

experiments involve a great deal of probiems particularly




those related to contamination hy extraneous material other
than that wupon which research is to he carried out. When
considering the study of steelmaking reactions, constraints
are set by the size of amount of materials that can Be used

as compared with actual plant practice operations. The
interaction and chemical composition of the different compon-
ents either in the charge (iron ore, scrap, hot metal, lime,
fluxes) or the refractory linings portray a complex system.
On-a laboratory scale a restriction is set initially hy the
reactivity of the slags found in plant practice to the possible
choice of crucible suitable for use. By selecting the most
important oxides which form the bulk of the slags in hasic
oxygen steelmaking (i.e. calcium, iron and silicon oxides)

the selection is further reduced. - The possihle materials can
be a refractory material with high melting point, platinum
crucibles 6r iron crucibles. From the economic point of view
crucibles of magnesia, zirponié‘or platinum are highly
expensive as. compared with iron crucibles. From equilibrium
phase diagrams it has been estahlished that iron crucihles

may adequately contain synthetic slags of thé type descrihed
above and for a wide range of chemical compositions. The
limits whicﬂ are set hy the use of iron crucibles are the low

temperatures at which rcactions may be studied and also the

low oxygen potentlals which may be used.
o Durlng plant practlce operatlon a typlcal melt of 300 tonnes
~of steel contains of the order of 30-36 tonnes of slag at turn-
do&n‘(i.e, 10-12%j. Consideratibn of thé sta£e of the sYstem

during actual blow should also he taken into account. After




one third of the blow the emulsion can contain from 45 to

80% hy weight of metal droplets, the size of which range from
0.15 mm to 2 mm and the surface area for reaction has heen
_calculated (86 ) of the order of 108 cm? per tonne.

The selection of iron-X alloy(s] to he used as metallic
phase may he cﬁosen by the type‘of synthetic slag to he used,
the relative importance during basic.oxygen steelmaking and
the feasibiliﬁy of béing ahle to follow chemical reaction(s)'
at various temperatures and at reasonable rates.

From the preceeding consideraticas the system to he studied
was limited to iron carbon alloys ﬁith.approximétely 4%C. Synth-
etic slags were selected from the lime-iron oxide-silica system,
temperatures heing dictated by the lowest melting point of
slag (1204° C) in the region of interest and, maximum possihle

temperature of 1400° C limited by the use of iron crucibles.

3.2 Furnace for iron-carhon-slag reactions.

All the experiments for the reaction of iron—carbon‘alloys
and synthetic slags used were carried out in a vertical tuhe
furnace which is shown in plate I. The main working tuhe
was of recrystallised alumina of 50 mm intefnal diameter by
1350 mm length. Heating was carried out by means of four
silicon carbide rods :adjacent to the working tube. To deter-
mine the length and position of the hot zone the furnace was
initially heated to 1000° C and allowed to stahilize fér 12

“hours. Readings for temperature were made with a Pt/Pt-13%Rh

3

thermocouple and a Cambridge potentiometer. A femperature

gradient was obtained along the length of the furnace from
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which the hot zone was determined to he of the order of 7.5
cm length with temperature fluctuations of z5° C. By
following the same procedure temperature measurements were

~ made at 1150 and 1300° c. It was found that as the temper-
ature of the furnace was increased the fluctuations within
the hot zone werevdecreased from = 3.5% C at 1150° C to

I 2.5° C at 1300° C. It was also found that the variations
present at 1000° C could have been caused by.the short time
given for the furnace to attain equilibrium.

The hexzd of the furnace, after'altefations made during
the course of this investigation, is shown diagrammatically
in figure 16 and plate II. The iid was of stainless steel
containing five orifices of varying diameter, of which two
allowed for stainless steel wires to he moved in a vertical
manner. One other orifice was used to mount a 90° angle
prism which permitted very clear observatibn of the crucible
contents from above. The. other two orifices served as
guides for introducing a stainless steel lance and a thermo-
couple. Two calibrated aluminium rods were set alongside
the head which served as guides for two.sliding mild steel
platfoims which in turn served for lowering crucibles and/or
lance when required. Calibration of the two aluminium rods
was made in a way such that a given height corresponded |
with a predetermlned temperature w1th1n the worklng tube.
Watefxnooling for the head and gas outlet were also pr0V1ded

" The lower end of the furnace contained a retractahle

plate to allow for any sample to fall directly into a quenching
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medium. A schematic diagram of this portion of the furnace
is shown in figure 17 and also in plate III.

During all the expetriments carried out with this furnace
a controlled atmosphere was maintained by flushing high purity
argon'(99.999%). Flow rate was controlled by one or two
flowmeters and a water bubbler ﬁas set on the outlet to

ensure an air tight chamber (see plate IV]).

Iron-carbon alloys were prepared by melting, In a 15 KW
UHF induction furnace, one kilogram of Armco iron (0.012%C,
0.04%Mn, 0.01%Si, 0.14%Cu, 0.008%P, 0.065%Ni, 0.015%Cr,
0.0014%A1, and 0.013%5) and a calculated amount of graphite
powder to y.eld carbon contents from 4% to 4.3% C in the alloy.
'Graphite crucibles were used as susceptors for heat transfer
and an inert atmosphere of argon was maintained throughout
the entire operation.
| Sampling of the melt was initially attempted using
evacuated, sealed tubes. These laboratory-made tubes were
dipped into the melt which melted the glassand flowed into the
bore of the tube. Great difficulty was experienced in
obtaining adequate vacuum and none of the tuhes ga#e samples
of a satisfactory length (3 to 5 cm). This method was
abandoned. A second approach for sampling was made hy
.connecting a vacuum pump'ﬁq‘g series qf plastig apd giéss
tubing through a metallic safety reservolr. The suction
power aﬁd sPeedkof the vacuum pump were too higﬁ to allow time
for withdrawal of the sampling tube and the high temperature

[ -

- 69 -~




melted the tubing connections.  This method was ahandoned.
A third approach was to use vacuum sealed silica glass
tubing (supplied by~Beecroft,Sheff.)‘with 6 mm interﬁal diameter
and with a small area which was thin walled to give a point

of weakness.  Although only 50 to 60% of the sampling tubes
were effective, this system was finally adopted. The pin
samples dbtained weighed ahout 20 gréms and were ahout 20

cm long. They were cleaned with a shot hlast machine‘(u§ing
fine grit) and visually examined. Those pin samples with
surface defects (pin holes, hlow holes, discontinuities or
with hollowed sections) were discarded. The selected pin
samples were kept in a dessicator prior to cutting of the
final samples to he used. A servomet spark-machine was used
for cutting samples of 1 z 0.2 grams weight. The aim of the
sectioning was to obtain samples with height to diameter ratio
of approximately 1:1. All the samples were cut with the same
contrél settings on ihe spark machine. The ends obtained
from the pin samples were always used as a reference together
with an intermediate sample,. for homnogeneity of chemical
composition. - When the percentage of carbon content maé not
consistent along the length of the pin:sample, the whole of
the pin sample was discarded. Carbon analysis was performed
by the non—aqueoug‘titration method.

The method.of:;naIYSis was briefly as follows. The
“Eampie ﬁeightvwas'adjusted aétording to the carbon content.
The'sample is combusted in a stream of 02 at 1350° C in an
open-ended tube. The resulting gases ére aspirated through

the apparatus by means of a suction pump. The products of



combustion (i.e. CO, + SO, + 0,) are passed through a drying

tube containing anhydrone and MnO, (MnO, “fixes'" S0,] and

are subsequently passed into a glass ahsorption cell. The

.cell contains a quantity of formdimethylamide to which is

added ethanolamine and thymolphtalein -the latter being the
indicator for titrafion. When CO, passes into the above
solution it liberates a proton and turns the indicator blue.
This is then titrated using a solution of tétfé—butYle—émmonium
hydroxide in toluene to disappearance of the blue. An
equivalence is obtained for the titrant and sample weight by
standérdization using either a standard steel or weighted
quantities of benzoic acid. Whenrcarbon contents fell to
within 2 0.05%C variation in each én1lysis from a given
spetimen only two analyses were carried out, but for wider
variations a third analysis was made.

If the results from the three Specimens (two ends and
centre) from the pin sample Weré within ¥ 0.05%C variation the
mean of the three was taken as representafive of the whole of
the pin sample, otherwise the whole pin sample was discarded.
In this way chemical composition variations were kept to a
minimum. |

On occasions where an experiment required visual observ-

ation rather than a.chemical variation or was merely a trial

_experiment, some of the physically "good" samples from the

discards were used.

3.4 Slag Preparation.

Fayalite slags were prepared by mixing and melting

corresponding amounts of calcined G.P.R. ferric oxide, coarse



filings of electrolytic iron and precipitated silica. A
mixture calculated to yield a melt corresponding to fayalite

(ZFeO.SiOZ) was ohtained from a mass balance from:
2/3 Fe,0; + 2/3 Fe + SiO2 + 2 Fe0.510,

Lime containing slags were prepared in the same way and adding

calcium carbonate to yield:

CaCOS -+ Ca0 + CO2

Lime carbonate was selected in order to provide nascent CaQ

and avoid tihe possibility of hydroxide formation if pure CaO

were to be used.

All the components were weighed in a four decimal balance

to obtain the least variation on any aimed composition. Melting

‘was carriec¢ out in a high-frequency induction furnace'(platq V)

and the amount of slag that could be melted at any one time

was of the order of 100 grams. An inert atmosphere was main-

tained throughout the heating-melting-cooling operations to
avoid oxidation of ironm info one of its higher oxides (Fe,04)

as shown in fig.14. As discussed earlier (2.3.5) a higher
state of oxidation would have created the conditions typical of
quaternary phase equilibrium diagram to be preéent.A Graphite

crucibles wére used as susceptors for heat transfer and also

- because the slags do not wet the crucihle. Argon gas was
delivered by an alumina sheath introduced through a.porous
- refractory which served as a 1id. “Total heating and melting- -

- time varied from 40 to 50 minutes after which the furnace

was switched off and the slag allowed to cool in the crucihle

down to room temperature.
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Difficulty was experienced when removing the slag due to
contaminatibnvfrom loose graphite. To avoid this problem
it hecame necessary to clean the graphite crucible in an
upside down position. The slag was then chipped out and
. immediately sieved (-60 mesh) after removal from the crucible.
The follbwing étep was to crush and grind the slag in a
Glen Cresfon ball mill down to -150 mesh. Magnetic separ-
ation was carried out on all slags hefore chemical analysis
-was performed. 'Invthis way the chemical analysis represented
only the iron in the slag as ferrous or ferric oxide.
Chemical determinations were made for ferrous and ferric
oxides and silica. Lime was determined by difference.
Demagnetizing of thelslag caused a lowering of the FeO and
.sioz content which was later found to give a proportionate
increase in lime content. This efféct_could have bheen due
to the removal of Fayalite in the interstices of the magnetic
material. There were no problems in preparing slags which
followed the ZFe0.5i0,-2Ca0.5i0, join line. In slags with
silica and lime contents of 20% respectively there was always
a great amount of magnetic material {mainly free iron) which
was not possibhle to grind or dissolve back into the slag.
Attempts were made to prevent iron precipitation hy fast
cooling and air quenching. This was made by pouring the slag
in thelliquid étatg into .iron moulds, but still slo&'cooling
was obtained.  Open-channel iron moulds were then used, and,
although free iron precipitation &as prevented to a‘great
extent, there waéla high content‘of Fe203 present due to air

oxidation (0.21 atm oxygen'potentiall (see figure 14).

i . .



Microstructure examination and yiscosity measurements
were made in collaboration with Edwards (119) and Pratt (120).
The microstrucfures, which have been reported elsewhere»

(119,120) served to confirm that a full homogeneous liquid
phase was ohtained with the present slags used. Viscosity
measurements were unsuccessful as has been.reported by the
above authors.

Dﬁring‘thé present investigation a slag ohtained after
tapbing from an LD furnace used on a pilot basis was provided.
The lumps of slag were crushed and ground to -150 mesh using
~a percusion mortar. Chemical analysis for the slag gave the

following oxide contents on a wt$ basis; after thorough

demagnetizing:
120.48 SiOz,- 5.06Mn0O, 0.95A1203, 53.20 CaO,
5.82 FeZOS’ 6.25Fe0, - 2.8 PZOS’ 4.8 Mg0, 0.7 SOZ'

From the high lime content it was realised that a high melting
temperature would bevrequired aﬂd this was found to he so from
cone fusion test carried out. The furnace availahle at the
time for the cone fusion tests had a maximum operating temper-
éture of 1500° C. After'the cones were left for 30 min at
1500° C no melting was observed. The slag had therefdre to

be ‘discarded as a possible alternative to the slags previously

mentioned.

--3.5 Decarburization Experiments at 12409 € and.1300° C.

3.5.1 TIron Crucibles

Initial experiments consisted in reacting iron~carbhon

alloys with Fayalite slag. Iron crucibles with 0.023,/0.027 %C
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and 40 mm height x 40 mm internal diameter were used. A slag A i
to metal ratio of 20 to 1 was chosen. It was suspected that
the iron-carbon samples would possibly become welded to the

crucible but several runs were carried out. Initially

R

five grams of slag were set inside the crucihle followed by !
the sample and covered with the appropriate amount of slag
required. The then charéed'crucible was suspended from a

protruding pin underneath the furnace's 1id and introduced

e —— o

into the hot zone at 12409 C. The time for reaction was
increased from experiment to experiment.  After up to three
minutes of reaction the samples were found undisturbed ané
visually showed only slight superficial reaction hut no
signs of melting were observed. The aprearance of the slag
‘was as if only melting had taken place on the periphery with : |
sintering towards the centre. In experiments past the seven to ten
minutes the sémples were all found welded on the bottom of the crucibk
even when fifteen gramsrof slag were set under the iron- |

carbon sample. To avoid the welding of the samples, the

B T T

“iroh crucibles required to be coated with a reffactory
material. A slurry of zircon [ZrOZ.SiOZI Ustandard'.
(melting poirt 2420° C) grade was made with water. About
five grams of slurry were poured into cach crucible and . ;
by manually rotating them the walls and hottom were coated
by a thin layer of zi?cbn. . The crucibles were then set to
”df§”fdf six hours at about 1009 C. Ih'éérlyiéftémﬁts, o
oxidation of the iron crucibles tooﬁ.place, in most of the
cases, between the wall and the actualAcdafing, subsequently

)

iso-propyl alcohol or acetone were used for making the slurry.
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In'experiments‘of up to ten minutes the samples were found
welded onto the crucible. Other crucibles were coated using
“zircon X" and dried in the same~manher as the latter cruc-
ibles, but the results were the same. Then following trials
were carried out but the coated trucibles were siﬁtered at
1100° C for four hours and furnace-cooled under argon atmos-
phere. Compact coatings were ohtained but crucibles coated
with zircon standard grade showed signé of containing_great
amounts of impurities. For the trials carried out with
fayaiite at 1240° C both types of zircon were found to with-
stand the temperature and the reaction taking place. The
ihconvenience of using zircon standard besides the impurities
it contains U-ezO3 and AlZOS) is the high percentage of silira
(near 33%), which could react with the slag when making lime
additions.  From these results a coating of stabilized
zirconia was selected to be used for coating of crucihles.
Because zirconia is greatly affected by thermal shock, it was
necessary to slowly’héat and cool each crucible during
sintering. The heat treatment was achieved by drilling two

holes in the 1id of the furnace and gradually-lowering'the
crucible (over a period of about one hour) into the hot zonc
by means of two stainless steel wires. By using this tech-
nique compact';oap;ngs were obtained on the crucibles hut the
drawback was the é&cle time which was of the order of”féur
bhoﬁré; Shbrter fimés %df Siﬁterihg &efe-étteﬁpted'sdntﬁaéu
the crucibhles would be exposed for the least time at high
temperatures bﬁt, in most cases the refractory coatings

shattered into small pieces. Experiments were carried out



using synthetic Fayalite slag after which all the coatings
were inspected after sectioning the crucibles 1qngitudina11y,
and no visual damage could be dete;ted. This practice for
coating of the iron crucibles was adopted for subsequent
experiments with iron crucibles.  Although extremely time
consuming, this method of preparation was the only way by
which irdn crucibles could be used satisfactorily.

3.5.2 . Decarburization with Fayalite at 1240° C.

Trials were performed using Fe-4.17%C and Fe-3.6%C
samples ana fayalite slags. The crucible with a sample was
introduced in the furnace from room temperafure to 1240° C.
The aim of this temperature (35° C above the fafalite melting
point) was to determine if decarburization reaction could be
followed wixth the proposed system while subjecting the system

to the least thermal strain. - The results obtained have been

- plotted in fig.18. From the plotted data it can he seen

that, although a relétively low temperature is used, decarb-
urization was taking place in such a way that the reactica
could be well followed. The inconvenience of the results 1is
the_difficulty that arise§ in establishing the zero time for
reéctiqn, i.e, commencing/of reactioﬁ. Several preheating
sequences were followed and the drop in carbon content

recorded as shown in figure 18. Following this method an

approximation to the zero time of reaction was madesx - From

' the wide variations of carbon content in %ﬁé"éiibys.if_wé§-

difficult to determine the appropriate preheating sequence.
It was vital that the precise time at which the iIron carbon

drop became molten should be estahlished.
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3.5.3 Differential Thermal Analysis.

A diffefential thermal analysis between the iron-carbon
sample in the slag and the crucible used was carried éut.

A first thermocouple (Pt /Pt13%Rh) was adjusted in the wall of

the crucible just above top level of slag. A second thermo-
couple (Pt/Ptl13%Rh) was uéed on tb the end of which an Fe-C

sample was attached. The arrangement is shown in fig.19.

The difference in temperature recorded between the two thermo-
couplés was continuously monitored by a recorder and for con-
venience some points were taken to redraw the results ohtained
which indicate replicability of the system and are shown in figure
19 and figuré 20. it may be seen from the graphs obtained that, by
holding the crucible at SOOOC,the'Pe—C sample required approximatel
10 mins. to equalize‘the temperaturz of the cruciUle.A further
increase in temperature to 1000°cC required 5 mins. by the sample to
reach the same temperature andby increasing,kafter the two
previdus steps, the temperature to 1240°‘C, the sample needed
not more than 30 sec to equalize the crucible temperature.

The reason for the temperature difference going helow 0° C is
due to the distance of the two thermocouples from the hot

zone (i.e., droplet practically at higher temperature).

Once the preheating sequence was established, the reaction ‘
of an Fe-4.13%C drop with fayalite slags at different times
was carried out. i}The'results are shown in fig.21.  _Although
it may not be conclusively stated that the intersection hetween
the %C axis and the curve drawn is the zero time for reaction,
it was thought to be the bhest approximation. By carrying

out a series of preheat-only experiments a mean value for



decarhurization of 0.04% was obtained; this value was deducted
from all the runs carried out in this manner.
| By carrying out reacficns between Fe-C and slags for
different times it was possible for one point to ‘be determined
6n a plot of%C vs time for each successful run. Although
this is a lengthy process it facilitates the checking of the
reproducibility of the syétem. |

The results for decarburization with fayalite slag at
1240° C are shown in fig.21.from where it is seen that de-
carburization is taking place very slowly. The reason could
be due to the low temperature used. From the iron-~carhon
phase diagram it was determined that the liquidus line at
1240° C is reached when the carbon‘content is about 3.5%C,
or after about 7.5 minutes of reaction with fayalite slag.
As decarburization proceeds below the 3.5%C content, the liquid
iron-carbon sample will move towards a mushy region of 1liquid
plus solid and ultimately reach ° complete solidification
at 0.95%C content. Althoﬁgh the latter may he taking place
it is shown from these vresults (figure 21) thaf decarhurizaticn
could be monitored for up to 60 min with a carbon content of
1.66%. Decerburization can be seen to he still taking place
up to 60 minutes. Another reason for the slow reaction could
be that the slag 1is Becoming depleted in oxyg=n (Ozf] ;ontenf
which in turn cduldnglo& down the decarburization rate. By

considering the following reaction: -
2Fe0 + C = =~ 2f¢ + CO,
‘and carrying out a mass balance it has heen calculated that the

LY



amount of FeO_consﬁmed hy a 2.5%C decrease from a one gram
droplet wouid be 0.3g FeO which on 20g of Fayalite slag
represents 1.5%Fe0 (or 0.33% oxygen). Although the amount
of oxygen consumed is small it was decided to increase the
slag to metal ratio so that'oxygen supply should not he res-
tricted. This was done by effectively increasing the slag
weight as opposed to decreasing the sample weigﬁt. The main
parameter, temperature, was increased to 1300° C to allow for
longer periods of existence of a liquid Fe-C phase and in-
directly for a less viscous slag phase.

The droplets obtained after decarhurization at 1240° ¢
showed a definite increase in diameter in most cases and
several ¢f ~uch samples were X~rayed prior to chemical analysis.
The droplets shown in fig. 22 clearly show signs of porosity
which was caused by the presence of gas bubbles which were
trapped on quenching. The amount of gas contained inside the
droplets seems definitely to inérease with time as shown in
fig.22. By analysing the set of X-rays ohtained a time of
forty minutes was chosen for carrying out a similar run.
"However, this time thé sample was mounted, sectioned and
polished for microscopic examination. The photomicrograph
shown in fig.23 indicates the result ohtained and shows that
besides the two great central cavities formed there are signs
of gas pockets entrépped in the walls of the droplet. )
.fﬁggﬂéffééfnteﬁ&s‘to increase the surface area ayailahle for
reaction in the system. The possibilities for hubhle nuclea-

tion and reaction mechanisms are dealt with in a subhsequent

section (5.3). | - .°
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Observafions of the crucible contents at 1240° C had
indicated slight incrcase in slag volumes.

In oxder to incréase the slag. to metal ratio to 30 to 1 it
was found from the first trials at 1300°C that the crucibles
originallyfuscd vere not tall enough. In some instances the
slag showeﬁvsigns of rcaching the top of the crucible at 1300°¢.

It thercfore became nccessary to increase the hCl”ht of the

crucibles. This was done by welding together the rims of two
crucibles, and then cutting ‘'off the circular base at one end.
The new crucible was 80 mm in height.  All the subsequent runs
wverc carried out in this type of crucible with zirconia ccating
as previously described. | )

The usual procedure on preparing each run consisted in

>weigh1ng an iron crucible and adding 15 g of slag. Before the

Fe-C sample was set in the cruciblé 5t was cleaned in a normal
solution of hydrochloric acid, rinsed in water and finally - —
immersed in acetone. The sample was then set in the crucible
resting on - the powder surface. The total slag required was then
‘calculated4by knowing the Fe-C sample weight and an_aim slag

to metal ratio of 30:1. This second amount of slag was added

on top of the sample. ‘ ‘

The iron-carbon samples used in all the experiments vere
maintained at a weight of one gram - 0.2 grams. The nature of
the decarburization reaction was known to be potenulally violent
and drop dlSlntegratlon could be expected. A check was therefore
carried out to ensure that the whole drop retained its integrity
throughdut the reaction. By  weighing before and after reaction
with the slag, any small particle loss of iron from the ‘mother
drop should be observed. Table II shows typical checks chosen
at random. They show that weight decreases and also increases
occurred. . The decrease in weight could have been eaused by
carbon loss, and iron particle ejection; however, there was no’
viéual evidence of ‘the latter. The weight increase could have
been caused by slag entrapment within the drop. and by sla
adhesion on the surface of the drop. The correlations L tween
the weights, although difficult to explain and although following
no pattern, in no way affect the accuracy of the chemical analysis.

Before any run was carried out, temperaturc moasurcerants

-were made at the centre of the working tubhe at three different

heights (c.g. 800, 1000 and 1300°C) in order to he able to
adjust the heights at which the crucibles were to be set. Argon
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before the crucibles were introduced. The crucible was suspended
with two Stainless steel w;res passing through-the lid of‘the
furnace and supported by a platform... The ulatform was sub-
sequently fixed for a period of 10 minAin a way that the bottom

of the crucible was at 800° c. ’.Tﬁe;platform was then lowered

and the crucible reached the 1000° ;ene and was left for five
minutes, after which4the ﬁlatform wes further lowered until

the 1300° C zone was -reached by the crucible where it was left

‘for a predetermined time followed by quenching in water at room

temperature. The time required for opening the bottom of the

furnace and dropping the crucible never exceeded five seconds.

To increase the cooling rate the crucible was agitated inside
the water reservoir. The slag was then crushed or hammered
out of the crucible and the sample ta*en for carbon ana1}51s.
All of the runs mere~observedwdur1ng the whole period of
reaction but no detectable difference was seen to take place7

when different slags were used The time required for the

V surface of the slag to become melted varied from 20 to 30

~ seconds. Durlng the first three minutes a considerahle degree

of turbulence took place which could he due to escaping of en-

trapped gases (air). After these three minutes the amount of

turbulence gradually decreased and spuradically minute hubbles
were seen'to'escape through the surface The 1atter effect -
took place mainly after three to five minutes of reactlon and

became less frequent at longer tlmes Plate VI sho“s four

stages of the slag surface as seen durlng the reactlon and

illustrates the general visual appearance for most of the reaction

observed. The first figure of plateVla shows the slag after
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30 seconds of being at 1300° C. At this point in time most
of the surfaée is liquid and the rcmaining portions quickly
become'liquid.. The second figure ?ﬁows the sample floating
~on the surface of the slag. The.epergence of -the liquid
afop'on the surface oécurredﬁrandomiy and intermittently and
usually lasted forVS fo 7 seconds bef&re sﬁbmefging. The
last two photographs'(plafe VIic,d) give the appearance.of the
‘slag suffacevés the turbulence .commences to subside. They
clearly show the erupfion of bubbles, both large and sméll,
out of the slag. The bubbles can only be CO and they burst
throﬁgh the entire area of tﬂe surface. The slag was always
seen to be highly agi%ated at the surface with a random motion.
Various atfémpts wvere made to 6btain sharp still photographs,
‘thié was néf possibie due to the foéming effect of the slag
(height fluﬁtuatidns),'the narrow a%éa of view Ci;e. prism vs
camera lens) and, focuSing'within tﬁe range required.

The results oétained from”régction of Fayalite slag With
“iron 4.2% carbon at 1300O C'are shoﬁn in.figure 24, The results
Afollow a general path and a smooth curve was drawn through Lhe
points in the same. way as for the 12400 C experiments. By .
'comparlng th: data obtained for decgrburlzatlon with fayalite
slag at_1240 _C and 1300° C (60O C ;ncrease‘in temperature) a
small increase in que,is observed.;

From the latte;:résults it waséconcluded that before
iﬁ;éétigatiﬁg tﬁefeffecf% dﬁé-fd»tempéréfafe-éh‘aecérburizatioﬁ
rate the effects éue to lime additions were necessary.  Other

temperatures would be investigated in a later stage of research.
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‘The preliminary slags used contained 11.06, 12;66% end
14.32% Ca0.  Decarburization curves were blotted for these

three slags as shown in figures 25, 26 and 27. Comparing the

_four curves a cursory observation shows that the rates of

decarburization are similar and this;will be discussed in

more detail later in the next chapfer. Decarburization with
slags containing 14;32%‘Qa0 (figure 27) shows glightly,moro scatter
of results but still algenerai smooth trend is observed. There
is.nof a great variation in the chemical composition-bctween

the 1ime—containing slags, but, the initial carbon content in

- the samples used is 0.3% higher for ‘the latter slag

Visual observations of the cruc1b1e contents, and the height

- reached bf the foamed slag, were akout the same for all four

different slag compositiens. ThefsucceSSUOf these trials

indicated that results at hlgher lime contents and higher temp-

- erature should be p0551ble w1th the present technlque.

From ‘the above trlals, one varlable (°C] was maintained
constant and an iron-3.92%C alloy was reacted with a slag con-
taining 2&.83% lime. The decarburization rate.was found to be
greafly increased but, although only four experiments wvere made
practicaliy no scatter of the resul:s was found as can be seeﬁ
in figure'2é; There was,on the other band,a new change whichd:
was mainly the physiceldaspeot of the reacted droplets.

The reacted droplets indicated that from ten mlnutes of

'reactlon onwards the droplets had th01r surface covered with

craters of varying sizes. The final diameter of the droplets
was greater than that of the original sempie used, as in the

previous experiments. Photographs were taken of the reacted



droplcts which are shown in plates VIII and IX. The sémple
reacted for fifteen minutes clearly shows that gas bubble
growth‘ishtoking place inside theiﬂroplet. A large bubble
was obviously erupting through the drop surface as.qucnohing
occurred. Interna}.gas’bubbles ﬁereialsovdetccted by taking
X—ray photographs, which were reproduced by the tcontact®
method and shown in plate IX. Unfortunateiy the prints from
‘the X-ray negatives do oot give the same sharpness as the
‘negetives themselves. The negefiﬁes themselves quite clearly
indicate the porosity whic@ must have deveioped in the liquid
drop;

3.5.5 Slag Peth Analysis.

Thc‘importance‘of the paths Wﬁich are followed by slag
during.oxygen steelmaking has been oufliﬁed in‘section 2.6.
The slags obtaiﬁed ffom decarburizetion of 3.9%C alloys were .
chemically analysed’in an attempt'to relate, the path followed
by the slags and the surface effects on the reacted drops.
’Three siags were 51m11ar1y analysed after reaction with iron
carbon droplets. -The changes in chemical composition yith
time, are given by the curﬁes plotted in figure 29 to 32.

The decarburization curves obtained from the decarburized
droplets are given in figures 28,{33 and -34.

| Chemical anelysisAof the slag created several problems.
The first is that the slags were water quenched and therefo*e
.the Fe>' content would tend to be higher than that found at
the reaction temperature. A second problem is caused by the

zirconia coating which was entrapped when crushing the slag
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out from the iron crucihie. It was thercfore necessary‘to
subtract the percentage of zirconia and recalculate the

remaining components back to 100%. After the removal of the

slag from the quenched crucible,the presence of magnetic material
"was detected. The slag path presented in figure 30 was calculated
from the chemical analysis without’rembval of magneticmaterial from
the reacted slags. Thé presence of magnetic material tended
to give an erroneoué percentage of the iron present as Fez*
and Fe>' whickh in turn éltered the final slag composition. The
slag paths given in figures 292,31 and Figure 32 were thoroughly
demagnetised and the remainder of the slag was analysed for

eZ+ 3+

F and silica with lime being determined by difference.

, Fe
In all the slags which were analysed the FeO and Fe,0-
contents do show decreases with time. This is consistent

with the iron oxides being the source of oxygen for the

carbon reaction. However, the magnitudes of decrease are not
self consiscent and it is impossible to relate them to the
analysis of the metal phase, The changes in lime and silica
contents with time are more likely to he due to sampling errors
caused by heterogeneity of the slag after quenching rather than
by decarburization of the drop. Duec to the number of diffi-
culties presented in following the slag paths the study was not
pursued any further in this direction. The only possiﬁle'

conclusions that can be drawn from the slag path analysis is

“that there is'a definite decrease in FeO and‘FeZOS;

3.6 Decarburization at 1400° C.

The slags used for decarburization of Fe-C alloys at

1300° C were further used to study the effect of temperature
i L] . .




6n thé rate of decarburization. The zirconia coated‘ifon
crucibles and the sequence followed for preheating were
maintained throughout as previously described (3.5.1).

From visual ohservations during  the feaction at 1400° C
it was noted that the slag hegan to melt at about 15 sec after
it had been taken from the 1000° C to 1400° C hot zone. The
following 30 sec showed signs of vigorous agitation taking
place mainly in the radial direction. The latter pattern
changed after about one minute to a random pattern, i.e. |
boiling effect at different places on the surface. The
agitation or hoiling effect prevailed for a mean of three and a
halfminutes and subsequently subsided.

Difficulties were encountered in experiments performed
at 1400° C and were due either to crucible failure (dripping
| of slag through therbottom Side] or to the dfoplets welding
on to the crucible. The zirconia coating, which was of
similar thickness to that used.at 1300° C,was most probably
too thin and the increase in turbulence of the slag, the
high temperature'used,andvthe sudden increase of 4060 C
could have accounted for the problems presented. In an
attémpt to overcome the latter problems, zirconia.coatings
of nearly 2 mm thickness were applied to the iron crucibles.
Sintering of these thick zirconia-coated crwcibles was
carried out at 1300° C for 3 hours after which the temperature
--was slowly raised to 1400° € and maintained for 30 min
followed by furnace cooling down to 1200° C or 1i00O C.

The crucibies were then slowly removed from the furnaée to

avoid subsequent thermal shock of the coating.
LY
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Experiments were then carried out at 1400° C with differ-
ent siags but successful runs were’obtained only for periods of
up to 7.5 minutes, after which most samples welded to the
crucibles.

A different form of coating was made using facilities
provided by BISRA at Hoyle St. Sheffield. The technique con-
sisted of using an oxygen acetylene torch and introducing
zirconia powder into the gaseous streams which was then delivered
on to the interior of the crucible. Before the actual sintering
was made the crucibles were cleaned by blasting with fine grit.
Immediately the crucibles were heated with the torch to ‘'red hot!
and then the zirconia powder allowed to flow. In many cases a
great amount of oxidation took place which prevented the zirconia
from adhering to the crucible. Various flow rates were used but
almost all of the powder was swept out. This was due to the
blasting into the internal geometry of the crucible. A thick
coating of about 2 to 3 mm was eventually achieved by progressive
forming of thin coatings allowing for cooling of the crucible
in between each coating.

By this method five crucibles were produced and kept in a
&escicator prior to use. Reactions carried out at'i400°'C
were successful only for a period of 8 minutes (two experiments),
at ten ﬁinutes one crﬁcible failed, and in the remaining two
crucibles the dropigts welded on to the crucible. The con-
 clusion was drawn that flame spraying of zirconia gave no =~
better protective films than the estahlished sintering technique.

Due to the many difficulties fcund and the need for méina

taining a systematic method (i.e. use of zirconia-coated iron




crucibles, preheating sequence previously used) it became
necessary to carry out a great number of experiments. A large

number of runs were unsuccessful due to failure of the

zirconia film to protect the iron crucible. Eventually

sufficient successful runs were performed to enabhle a decarb-

urization curve to be plotted.

3.7 Conclusions.

. The preliminary éxpetiments show that decarburization of
Fe-C alloys by synthetic slags of FeO—SiO2 and CaO-—PeO-—SiO2 can
be studied ty the system adopted.

The zirconia-coated iron~crucibles were found adequate to
withstand temperatures of up to 1300° C hut began to fail inter-
mittently at 1400° C after 8 minutes of reaction. |

The size of Fe-C sampleé and slag to mefal ratios used
allows the establishment of a continuous slag phase with suff-
icient supply of reactant (oxvgen) and a discontinuous phase
(Fe-C) with varying reactant concentration (carbon)..

Differential Thermal Analysis has been used to determine
a ﬁreheating sequence in order to approach the zero-time for
reaction. The data obtained from preliminary experiments
have been presented in the form of $C vs time graphs for the
different slags, temperatures and Fe-%C alloys used.

The results show that redctions carried out with fayalite

- at JZQQ?“Cwyaygure}atively slow decarburizapionArateévﬁhich

implies the need for reaction times of up to 60 minutes,
fig.21. From the point of view of the Fe-~C alloys used, the

1240° C temperature would cause a change from liquid to solid

i



phases. An intermediate condition known as mushy region being
present from about 3.4%C to just under 2%C. Reaction temper-
atures'of 1300° C show a faster rate for deéarburization with
fayalite as compared to 1240° C and tend to increase when lime
‘additions are made. The scatter in results ohtained when
using fayalite slags at both 1240 and 1300° C suggest it is
preferable to use synthetic slags with lime additions. With
high 1ime contents reaction -of droplets from about 4%C to
carbon contents of less than 2.1%C have showﬂ a characteristic
surface effect which may be related to the actual mechanisms
of reaction. The X~-ray photographs from various samples may
also be used to substantiate the kinetics of the process. There
is clear evidence of gas bubbles existing in the drop.

Reactions carried out at 1400° C have shown that there are
limitations on the times allowable for actuai‘experimentation,
i.e., there are indications that 1400° C is on the upper temper-
ature limits for this experimental system with iron crucibles,
and other matecials must therefore he explored if higher temper-

atures are to be achieved.
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CHAPTER FOUR

" EXPERIMENTAL RESULTS AND OBSERVATIONS

4.1 Introduction.

Having established the viability of a system to study de-
tarbﬁrizatiOn of Fe-C alloys by synthetic slags it became -
necessary to substantiate the preliminary results by cbtaining
a greater number of experimental rcsults.

In the following chapter a description is made of the de-
carburization studies at 1300° C and 1400° C. Studies were
then pursued at higher temperatures. Using the experience
gained in overcoming the problems at 1400° C, a method was found
which allowed studies to he made at 1500° C and 1600° C. No
definite conclusions were qbtained which allowed comparison with
studies at lower temperatures but the results do give risebfor
discussion to be made.

The hydrodynamic state of the system was found to he
altered, as could be expected, by both increasing the reaction
temperature and by gas lancing. The injeétion of gas allowed
the effects of increasing slag momentum to be studied. The
injection of reactive gases into the slag allowed various
oxygen potentials to be studied and their effect on the rates
of decarburization obtained. With the aim cf having an inéight
into the kinetics 6f the process, reacted droplets, as. well
a5 "slags and unireacted droplets, were examined by use of 'a”” ="~

~ Scanning Electron Microscope in addition to X-ray photography.
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4.2 Reactions at 1300° C.

- ‘From the results obtained for the preliminary experi-
ments the decarburization curves show a well definedl(i.e.
smooth). trend with increases in reaction time. However,
the amount of preliminary data was small, therefore, it
‘became necessary, for confirmation, to either duplicate
results, (i.e., same slag, Fe-C alloy, time aﬁd temper-
ature) or to follow a deéarburization path.with a greater

- number of experiments. -fAs~explained~earlier-difficglties
werekencduntered in-obtaining a slag with én exact predeter-
mined chemical composition. Thefefore shorter intervals of
time were chosen and a greater number of expgriments’wefe made.

" Reaction-times from 4 to 20 minutes were used with 2 min interval
for each experiment. The slag used was of 38.34%Fe0, 2.43%Fe,0,,
27.01$Ca0 and 32.2235i0,. Fe-C samples chosen contained 4.25%C.
The data obtained are shown in figure 35.° Before the samples |
were analysed photographs and X-ray photographs were taken
in'ordér to obtain exfernal as well és internal variations
dﬁring reaction. Plates X, XI and XII show the surface appear-
ance while Plate XIIT shows the internal appeafance of the |
reacted droplets. The numbérs fouhd in plate XIIL were used
only as ref:rence to the eXperimental sequence followed in the
present study. Plate X clearly shows that up to four minu;es
of reaction, the sgmple (No.Q) remains virtually unchanged,
Surface reacﬁioﬁ h;; taken place ?o a small extent ansthis is
gﬁéﬁdrtéd'by tﬁe'x—rayhﬁhofoﬁfaph ﬁhéré'theiééﬁble‘showsxh6
sign of internal cavities being fo%med. The following three éampl

Naos. O and 1 in plate X and 2 of plate XI.show'a sequen&e of

transition through an oblate shape followed by a spherical



shape. The effect is outlined by the surface appearance
which becomeé gradually covered wiéh a layer like (c.f. kneading
dough in bread making) overlapping in the oblated droplets.
From the X-ray photographs the internal cavities formed appear
.mainly near the surface of the droplet. The fifth droplet
(No.k3 in plate.XI) showed a distinct eruption on the surface,
while an.ihternal cavity was revealed by the X-ray (see plate
XIII). The surface began to show the same layer-like structure
with minute crater-like cavities. The spherical shape of thel
droplet is maintained from this moment onwards. The following
sample (No. 4 of plate XI) clearly shows the entire surface
covered with the crater-like structures of various sizes while
the internal cavities as shown in plate XIII are more randoml?
distributed. The last three samples (No. 5, 6 and 7 of plate
XII) have equally as before the surface éovered with crater-
like cavities with greater depth throughout although the
actual diameters of the crater present are smaller than those
for sample No. 4 of plate XI. The internal cavities shown
in plate XIII seem to concentrate towards the centre ultimately
changingthe droplet shape into spherical shell. |
Experiments were carried out uéing a slag with 39.9%Fe0
3.33%Fe,04, 25.85%510, and 30.92%Ca0 and an Fe4.02%C alloy.
The physical appearance of the Jdrops was similar to that from
the latter decafbufization runs. The results obhtained are
given in figure 36 which equally shbws'tﬁe'Same“smoothftréndw
found in previous runs.

From the previous experiments the results obtained have

been plotted on a %C vs time coordinate system. Differential
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Thermal Analysis was made at the beginning of this research
attempting to establish a zero time for reaction. If tﬁe
curves drawn are continued to the initial carbon content of
the Fe-C alloys a very slow decarburization rate is obtained
auring the first two and a half minutes of reaction. It was
thought that the melting time of the slag and drop.had increased
when changing to a thirty to one slag-metal ratio from a twenty
to one rafio. The incubation period for reacfion was rechecked.
A neﬁ Differential Thermal Analysis was therefore needed for
the system and was carried out as previously discussed (3.5.3).
The results, which were obtained on a continuous graph, have
been replotted in figure 37. As shown in this latter figure
the increase in slag content had in fact increased the time
required fcr the sample tc attain the 1000° ¢ temperature of
the slag. The preheating sequence was changed accordingly
and decarburization of Fe-C alloys due to the now determined
preheating sequence was determihed.. An average carhon drop
of 0.07% was obtained which was later deducted from the total
carbon analysed in pin samples. 7 |
The results obtained from these latter decarburization
studies defines, although each point is a éeparate experiment,
the continuoﬁs path followed during reaction. The photographs
and X-ray analysis have in turn defined a situation where
internal nucleationhtakés place. The internally nucleated gas
the size of the droplets, causing an effective swelling of the

droplets. Surface nucleation coﬁld'be detected at carbon levels
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below 2.255C but this does not imply that this was the only
point at which it wee taking place. This assumption is made
by considering the time taken for. hubble nucleation and growth
to enable the estahlishment of the well defined crater-like

‘structure.

4.3 Decarburization at 14009 C.

From the preliminary experiments which were carried out at
- 1400° C tiie data obhtained were iﬁsufficient to enable a
decarburization trend to be established. A.series of experi-
ments was therefore followed with’the aim of obtaining,‘and

if possible, establishing such a trend Shorter intervals of
time were predetermlned for the required experiments based on

| previous reSults. The aim agaln belng to follow changes in
decarburlzatlon to Wlthld closer var- _ations with time. As
expected from previous experiments a great number of experiments-'
was needed in order to define a.trend duting decarburization but
successful droplets were ohtained up to llland 12 minutes ofk
reaction time. Four slags ueie chosen for thislset of eXperi4
ments, Fayelite and 14%,251%5%"and 31% Ca0 contents. Fayélité
'and 14% Ca0 slags showed greater‘scatter of results as

compared with.ﬁigh (25 and 31%) Ca0 contents. Scattered
results were expected and therefore duplicate or triplicate
'-experlments were ca;rled out so as to deflne the path followed
by decarburlzatlon. The data obtained from decarburization
of ‘an Fe0-4.26%C alloy with.fayalite elag,are'shown‘in fig.38 -
and those for decarburization with 143Ca0 in £ig.39. . From |
visual observations fayalite slag showed greater signs of

turbulence but in no case was slag over-flow detected from the

A
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quenched crucibles. .  The reacted droplets were of spherical
shape but there were no signs that bubble nucleation (i.e.
cratered surface) had takép place on the surface. Overall
diameters were greater for reacted droplets as compared witﬂ_
’initial sample. Signs of internél.nucleation'were found when
crushing th§ droplets for chemical analysis. Due to the
_scattered.results obtained no further experiments were made
at 1400° C with these two slags;

B The results from decarburization of an Fe-4.355C alloy
Withb31;94%CaO slag are shown in fig.40 and those for an
| Fe-4.025C alloy decarburized in>25 855Ca0 slag are shown in
fig. 41. The same smooth trend was found for these two slags'
at 1400° C as in the lSOOOVC decarbnrlzatlon reactions. = By
contlnulng che trend followed by the data obtalned (1 e.‘
assuming the decarburization rate to continue in the same fashion)
it may be seen from the graphs that in order to obtain low cazrbon
levels, reaction timeé of gbout‘is min would be required for high
lime contents. | |

The reacted'dfopleté with final carhon levels undef Z.Z%C

were complétely covered with.cfaters; The internal surfaces
(when exposed by subsequent fractures) clearly- showed craters

where bubble nucleation must have taken place.

4. 4 Experiments at 1500° C.

The experlmental arrangement used at 1240 c, 1300° C
‘;nd 1400O C was found adequate for the study of decarburlzatlon
with various Ca0-Fe0-Si0, slags, although at 1400% C many |
difficulties were found. By scrutiny of the rates of decarh-

urization for the above mentioned experiments it is seen that
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©an increase_in temperature causes an increase in the rate
of decarburization for corresponding slags. Also due to
the'short time required fof the cérbon content to attain
_levels below 1%, a series of experiﬁents was envisaged to
carry out decarburizatidn'reactions at temperatures of
1500° C which could perhaps require only a small number of
experiments to establish the trend followed.

4,4.1 " Crucibles for decarburization at 1500°'C;

Due to the highly reactive slags undér which decarburi-
zation reactions were being studied it became necessary to
“adopt crucibles which could withstand the 1500° C temperature
proposed. |

Two options were open, the use of either zirconia cruc-
ibles or, és in the case of iron crucibles, £he use of a
zirconia coating on a refractory crucible. The two options
could be followed with stabilized zirconia crucibles, and,
depending on the results obtainéd, (i.e. reaction times,
foaming of slag; scattér in results) the same type of experi-
ments with a zirconia-coated refractory crucible could he
continued. Stabilized zirconia crucibles of 40mm ID x 40 mm
high were initially used. Because the crucibles are prone to
thermal shock it became necessary to support them inside
graphite~crucib1es{to preﬁent any run-out or slag from attackiné
Fhe working tube. VGraphite rods were mgchined to giVé a
crucible 100 mm high 42 mm internal diameter and 1.5mm wall
thickness. The graphite crucibles were held wifhﬁPt«Pt/lO% Rh.

wire with a lead of about 1Gcm above the crucihle and subsequently

- suspended with stainless steel wire.
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4.4.2 Decarburization at 1500° C.

Due to the small volume provided by the zirconia crucibles
the slag to metal ratio was set at 20:1. The size of the
metallic sample was maintained at one gram. Slags used in the
"present experiments varied from fayalite to 20.68% and 28.2%CaO.
Preheating of the zirconia crucibles was carried out in incre-
ments of approximately 150° ¢ every 5 min. The systcm
(crucible + sample + slag) was held at a final preheating temp-
erature of 1000° C for 10 min givihg a total preheating time of
50 min. The system was then taken to the reaction temperature
of 1500° C where the melting time for the slags was always of
the order of 30 to 45 sec. A considerable degree of turbulence
took place during the first three minutes but generally sub-
sided after 3.5 min. The foamed slag in most cases reached
thé top of the zirconia crucibie, the latter usually remained
visible for most of the reaction time indicating this, that
the slag dicd not rise above 40mm height.

The data obtaihed are plotted in figures 42 to 44 for the
three.slags used. Decarburization rates obhtained from
fayalite reactions were found to be far slower than expected
for a reaction at a temperature‘of 1500° cC.

In the following frials a 20.68%Ca0 slag was used to
decarburize Fe-4.12%C alloys. The results obtained indicated
a fast decarhurization rate down to carbon levels of ahout 2%
-after which the reaction seems to drastically -slow down.-

After 10 min of reaction the results become Scattéred and tend
to oscillate at about 1.5%C up to 15 min of reaction time.

The effect could be due to a rapid depletion of carhon content

[
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