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SUMMARY

A comprehensive review of the literature on deoxidation and inclusion forma-
tion has been carried out, including the results of both laboratory experiments and
full scale plant trials. The main areas for discussion have been:-

(i) Nucleation of inclusions

(ii) Growth and elimination of inclusions
(iii) Effect of steelmaking variables on inclusion formation
(iv) Reoxidation of steel

(v) Steel-refractory interactions

The experimental work has comprised a number of planned investigations
into the types of oxide inclusions present at various stages during the steelmaking,
tapping and teeming of several qualities of steel made by basic electric arc and open-
hearth processes. A series of trials aimed at improving steel cleanness have been
carried out and it has been possible to study the effects of numerous process variables
during steelmaking on the nature of the non-metallic inclusions in the liquid metal.

It has been shown that despite a bath of steel being relatively free from inclu-
sions prior to tapping, the entrainment of exogenous material (e.g. slag, reoxidation
and refractory erosion products) during tapping and teeming can result in quality
problems and/or reduced yield. Ladle refractory erosion is a major source of
inclusions, particularly in higher manganese steels, and the practice of slag-metal
mixing during tapping to effect desulphurisation has been shown to lead to slag-based
inclusions in the ingot.

The formation of alumina agglomerates in 25 t slab ingots of carbon-manganese-
niobium steel has been studied. A steelmaking practice aimed at reducing the incidence
of these agglomerates and improving ductility has been developed involving among
other things, a full aluminium deoxidation practice, 70% Al9Og ladle refractories and
argon shrouding of the teeming stream. ’

An attempt has been made to account for the changes in the types of oxide
inclusions throughout the steelmaking of each trial cast. Finally, brief consideration
has been given to possible methods of further improving steel cleanness.
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SECTION 1 - INTRODUCTION

Steelmaking processes involve removing large amounts of dissolved
impurity elements from molten iron. Most of the impurities are removed by
oxidation reactions, which are promoted by introducing oxygen into the melt from
"highly oxidising slags or gases.

As the concentration of oxidisable elements is lowered, the activity of
oxygen increases until at the end of the oxidation period, a low carbon melt can
contain up to 0.15% dissolved oxygen. In the case of killed steels this must be
lowered so that the subsequent solidification in the mould proceeds without evolu-

" tion of carbon monoxide resuiting from the carbon-oxygen reac’tibn. Otherwise the
carbon monoxide bubbles would cause the remaining liquid to effervesce in the

mould and produce a steel with a high degree} of porosity. This deoxidation process
can be conducfed in normal stéelmaking practice by diffusion deoxidation under
reducing slags, and/or by precipiw.tion deoxidation by the addition of elements which
have a greater affinity for oxygen than carbon at the temperature of molten steel.
Precipitation deoxidation leads to the formation of solid or liquid reaction products
which are spéringly soluble in the liquid steel and which tend to separate because of
their physical properties.

At any given time during the steelmaking process the total oxygen content of
the molten metal is comprised of the oxygen dissolved in the liquid steel, which is
largely determined by the carbon, manganese, silicon and other elements in the
steel, and the oxide inclusions which are in suspension in the bath'. In high cérbon
steels, particularly in the presence of manganese and silicon, the dissolved oxygen
-is usually quite low, but there can nevertheless be an appfegiable amount of non-
metéllic material in the melt, either from deoxidation, or from reoxidation, slag

entrainment and refractdry erosion which take place during the steelmaking, tapping
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and teeming processes. Whilst there is a continual tendency for these non-metallic
inclusions to float out of the meit, the rate of removal depends upon the type of
inclusion which is present. Moreover, there is frequently a continual renewal of
the inclusions by the entrapment of slag, erosion products and reoxidation prbducts.
Whiist every precaution is taken during steelmaking to eliminate oxide inc}u-
sions, some of them invariably find their waykinto the ingot, in whiéh a proportion of
them are entrapped during solidification. Theée entrapped oxide inclusions can be
the cause of dangerous defects and frequently result in the rejection of the material
because of poor quality. The type, shape, size, amount and distribution of the inclu-
sions can markedly affect the useful properties of the steel. In practice, for‘ example,
there are many cases in which, in spite of the same composition, heat treatment,
and structural condition of the'steel, large _differences can occur in certain proper-
ties such as ductility, toughness, workability and also corrosion resistance.
Numerous studies in the litei'atllre deal with the detrimental effects of inclusions on
the physical and mechanical properties of steel, and for these reasons the steelmaker.
tries to keep the content of oxide impurities in steel to a minimum.
In order to improve the quality of the steel by eliminating inclusions as far
as possible, it is first necessary to know at which stage in the steelmaking, tapping
and teeming procésses the inclusions are formed, and if possible their origin., It
was with this objective that the work which is described in this thesis was carried

out.
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SECTION 2 - LITERATURE REVIEW

2.1 CLASSIFICATION OF INCLUSIONS

Deoxidation may occur when the deoxidant is added to the melt and this
results in the formation of primary deoxidation products. Deoxidation may also
occur during cooling of both the liquid and solid steel at decreasing temperature,
due to the action of the alloying elements in the liquid and sélid steel and to the
decreasing solubility of oxygeri. This results in the formation of secondary deoxi-
datibn products. 'The primary deokidation products have a greater opportunity for
escape from the steel than those which form by the secondary process on a falling
temperature scale. In the solidified steel, those inclusions which were formed by
the deoxidation reactions are usually a result of both primary and secondary
processes(l).

Non-metallic inclusions can also be divided into two other groups, those of
indigenous origin and those of exogenous origin(2). The former group contains
inclusions occurring as a result of chemical reactions taking place in inolten or
solidifying steel, whereas the latter group contains those resulting from mechanical
entrainment of slags, refractories or other materials with which the molten steel
comes in contact. Adopting Sims' definition(3), indigenous inclusions are those
that precipitate as a résult of chemical reactions in the steel. 'I_‘hey consis't princi-
pally of oxides and sulphides and the reactions which form them may be induced
either by additions to the steel or simply by changes in solubility during the cooling
and freezing of fhe steel. Exogenous inclusions occur in great variefy, but for the
most part are readily distinguishable from indigenous inclusions. Characteristic
featﬁres of exogenous inclusions include a generally larger size, sporadic occurrence,
preferred location in ingot or casting, irregular shape and complex structure. They

usually occur as oxides, a result of the compositions of potential exogenous' materials



such as slags and refractories.

Although the above division of inclusions provides a natural starting point
for a discussion of their origin and formation, this division is an oversimplification.
It is a common phenomenon for instance, that indigenous precipitation can occur on
exogenous nuclei during the whole of the steelmaking process. Many inclusions,
therefore, cont.inuously change their composition in the steel melt and even in the
solid steel(%), |

2.2 THERMODYNAMICS OF DEOXIDATION

2.2.1 Deoxidation Equilibria

Numerous studies in the literature deal with the therquynamics of deoxida-
tion reactions and comprehensive reviews of past work on steelmaking equilibria
have been published(®=9), |

Deoxidation equilibria relating to the most common deoxidants used in steel-
making are summarised in Fig. 2.1 as a log-log plot of the concentration of oxygen
in solution in liquid iron against that of the added eiements(lo:ll). In all "casés, the
oxygen and the alldying elements in solution are in equilibrium with the appropriate
gas, liquid or solid oxide phase at 1600°C, e.g., 1 atm. CO, pure B,Og, pure A1203,
etc. The curves for Mn, Si and C are from compiled data. The curves for Cr, V,
B, Ti and Al are based on recent work by Fruehan using an oxygen galvanic cell(12),

In a general form, the solubility of a deoxidation product, MxOy, resulting

from the reaction of a deoxidant, M, with oxygen in liquid iron is represented by:-

MXOy = xM + yO .o .o .o .o .o eqn. (2.1)
for which, at a given temperature, the equilibrium constant is:-
by - B
K=T—-— .o .o .o .o - eqn. (2.2)
M. O

Xy
in which 'h' represents the Henrian activity (dilute wt. % solution) and 'a' the

Raoultian activity (pure oxide) at equilibrium. The composition of the oxide phase in
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equilibrium with the melt depends on the temperature and alloy composition. For
example, attheunivariant point at 1600°C, iron containing about 3% Cr* coexists in
equilibrium with chromite, FeO.CrgOg and chromic oxide, CrgOg3. Below 3% Cr,
chromite is the equilibrium oxide phase and above 3% Cr, chromic oxide is formed
as the equilibriqm phase. The points marked on the curves give compositions corres-
ponding to the three-phase univariants at which two oxide phases are ih equilibrium |
with the melt. The curves intersecting at these points should have different slopes.
However, the data are not accurate enough to reveal éhanges in the sloﬁes of the
curves at the univariant points.

With the exception of (FeMn)O, all other solid deoxidation products have
essentially stoichiometric compositions. In such cases, the activity of the oxide is
unity by definition.

Since, in general, the deoxidants added to steel are present in dilute solution,

the solute activities are given by:-

hy = fr [% M] .. .. .. .l .. eqn. (2.3)
hO = fo .[%0] .. .. .. .. .. eqn. (2.4)
where fM and f o are the Henrian activity coefficients of the deoxidant and oxygen

respectively. At infinitely dilute solution, hM = [% M] and hO = [% O] in the metal.

Substituting equations (2.3) and (2.4) into equation (2.2) and taking v o = 1 gives:-
Xy
K = [$M]" . [%0) . f.1] ceee .. eqn. (2.5)

N
e _ p»ml-oo 7
where fM and f0 approach 1 as [% M]’<——-> 0 : fo & “/5[/‘;/’7 ?0 °)

It can be seen from Fig. 2.1 that in several systems, the solubility of oxygen
initially decreases with increasing content of the deoxidant. Further increase in the
concentration of the deoxidant then leads to an increase in the oxygen solubility. The

resulting minimum points are caused by changes in the activity coefficients,

* Unless stated otherwise, all compositions, deoxidant additions, etc. are given as
wt. % ’
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fM and fO’ with [% M]. In the systems under consideration, as the concentration
of the deoxidising element increases, so does its activity. However, the deoxidising
element also decreases the activity coefficient of oxygen. The net result is that a
minimum may occur in the oxygen solubility. The general‘trend is that the minimum
oxygen content decreases as the stability of the deoxidation product increases.' In
addition, the concentration of the deoxidising element at whieh the minimum occurs,
decreases with increasing stability of the oxide.

Using the above data ’ the temperafure dependence of the equilibrium constant
K in equation (2.5) is given in Table 2.1 for several de’oxida.nts(1 0). Reliable equi-
libfium constants for deoxidation by boron, vanadium and titanium are enly available
at 1600°C. In deoxidation with titanium, 'TiO' is formed at titaniurﬁ contents above
about 5%. At lower titanium contents, eeveral oxides have been observed(13), e.g.
FeO.TiOz (liquid), TiOg, TigOg and TigOy. However, below 0.3% 'I;i, the solubility
product at 1600°C can be presented satisfactoi'ily by [hTi] . [ho:]z, although TiO,
| may not necessarily be the equilibrium oxide phase.

2.2.2 Effect of Alloying Elements on the Activity Coefficient of Oxygen

The additions of rﬁost deoxidants to steel decrease the activity coefficient of
oxygen. The effect of various elements on the activity coefficient of oxygen is pre-
sented in Fig. 2.2 as a plot of log f(j) versus wt. % j. The results for aluminium,
titanium, boron, vanadium and chromium were recently obtained by Fruehan (12)
using a galvenic cell to measure the activity of exygen. The results for the other
elements were obtained using conventional gas eqliilibrium techniques and have been
compiled by Elliott et al(7), |

For most low alloy steels, a convenient method of describing the effect of an

alloying element, j, on the activity coefficient of oxygen is by the interaction



coefficient, e g , defined as:-

i _ d(log fo)
e0 dwt. % J) [%i] —> 0 . | .o .e eqn. (2.6)

This is equivalent to the slopes of the lines in Fig. 2.2 at extreme dilution. It is
emphasised that the interaction coefficient can only be used in the limiting case of low
concentration of the alloying element. A list pf the interaction coefficients is given in
Table 2.2 together with the composition limits for which equatioﬁ (2.6) is a reasonable
approximation(l.l). As a general Vrule, the more stable the oxide of the alloying

element, the greater is the negative value of the interaction coefficient.

2.2.3 Silicon-Manganese Deoxidation

Silicon and manganese are the most widely used deoxidants added to steel in
the furnace and/or in the ladle. Although deoxidation by silicon is more effective
than that by manganese, simultaneous deoxidation by these two elements gives a
much lower yresbidual oxygen in solution. This fact was first demonstrated by Korber
and Oelsen14) in their study of the silicon and manganese reactions in liquid iron-
slag sysfems. Hilty and Crafts(15) examined deoxidation by Si-Mn in alumina cruci-
bles under an argon atmosphere; They found that the oxygen equilibrium for a certain
silicon content decreased strongly with increasing manganese content, but no explana-
tion was given. Bell(16) reviewed much of the early work on Si-Mn deoxidation and
concluded that manganese increases the deoxidising power of silicon, but not to the
exteﬁt reported by Hilty and Crafts. It appears likely that the FeO-MnO-SiOg slags
used by Hilty and Crafts picked up Al9Og from the crucible, and their melts then
equilibrated with FeO-MnO-SiO9-Al505 slags (6), samples of the slags were not ob-
tained, however, and no investigation of the inclusions was made. It is not possible,
therefore, to directly confirm this effect. In a later investigation, Bell17) studied
the effect of mahganese on the silicon-oxygen equilibrium in liquid iron at 1550°C,

"and his results are shown graphically in Fig. 2.3.



Walsh and Ramachandran(18) used the results of Hilty and Crafts and
explained the lower oxygen equilibrium by the fact that the deoxidation product was
a manganese silicate having a silica agtivity, agio 9 less than 1. They calculated
an expression for agjo, as a function of temperature, hyry and hg; :-

h
logasw2 = 6.85+1—2—%99- - 0.5 log ITsNi—n— ' .o .. .o eqn. (2.7)

On the basis of this data, however, the activity of silica becomes unity at .
Mn:Si activity ratios less than 1.7, whilst on the basis of Bell's data, the Mn:Si
ratio must be less than 4 to give silica of unit activity. This discrepancy is probably
due to the effect of alumina in the experiments of Hilty and Crafts, mentioned pre-
viously.

Kojima and Sano(19) also studied the effect of manganese on the equilibrium
between silicon and o#ygen in the presence of a silica-saturated slag. They found a
decreasing oxygen content with increasing manganese content which they attributed
to the fact that manganese increases. thé activity coefficient of silicon. They estab-
lished the interaction coefficient, elsvgn, as 0.281 in the interval 1550-1650°C for
manganese contents up to 1.2%.

Turkdogan (10,20) calculated the equilibrium reaction data er Si-Mn deoxida-~
tion in the following manner. When steel is deoxidised by manganese, the reaction
product. is a liquid or solid solution of 'FeO' and MnO which form essentially ideal
solutions. Representing the reaction by:-

‘Mn + FeO (s, 1) = Fe(l) + MnO (s, 1) .o .o .o .o eqn. (2.8);
then for the ideal solid and liquid solutions of 'FeO' and MnO,
N

K = MnO .o .o . .o .o eqn. (2.9)

Mn NFeO' [% Mn]

where N is the mole fraction. The temperature dependence of Ky, for the liquid and
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solid oxides is given by

log Ky, (liquid oxide) = g_%_r4_0 -2.95 .. . . eqn. (2.10)
log Ky (solid oxide) = §9T45- -2.95 .. .o .. eqn. (2.11)

The composition of the deoxidation product in equilibrium with a particular manganese
concenfration in liquid iron calculated from these equations is plotted in Fig. 2.4 for |
three different temperatures. The corresponding deoxidation equilibrium is shown in
Fig. 2.5. |

For silicon déOxidation, it is generally agreed that in silioa-saturated melts
containing less than about 3% Si, the deoxidation product [% Si]. [% O]zbis essentially.
independent of the silicon Acontent. With increasing silicon content, fgi inorease.s and
fo decreases such that [% Si]. [% O]z remains essentially constant for silicon con-
tents less than about 8%. The silicon-oxygen equilibrium for various temperatures
is shown in Fig. 2.6.

For Si-Mn deoxidation, Turkdogan(20) assumed that the products formed are
essentially manganese silicates containing little iron oxide. The equilibrium condi-

tions for this dual deoxidation reaction were then obtained from the sum of the indi-

vidual deoxidation reactions for manganese and silicon to give:-

Si + 2MnO = 2Mn + SiOg | ci e e .. eqn. (2.12)
for which
[% Mn]? 35§02
3 = . LN e e . o L . 2.13
Ksi-vn = T%si] @mo)2 eqn. (2.13)
log Kgj_Mn = 1%3 +1.27 ' . ce .. eqn. (2.14)

where 3510, and apymQ are Raoultian activities of oxides in the molten manganese
silicate deoxidation product relative to pure solid oxides. The oxygen content of iron

in equilibrium with the deoxidation product (essentially pure manganese silicate) at



known concentrations of silicon and manganese is given in Fig. 2.7 for 1600°C.
. The effectiveness of manganese in boosting the deoxidising power of silicon decreases
with increasing silicon content.

The amount of Si-Mn deo-xidanf to be added to achieve a specified level of
deoxidation can be readily calculated from the above equilibrium data. Such calcu-
lations, of courée, only apply to the idealised case of 100% efficiency of the deoxidant
and the establishment of equilibrium. An example is given in Fig. 2.8 for deoxidation
at 1650°C of steel containing initially 0.1% oxygen. The top scale on the abscissa
is the total amount of sili_con added to achieve the particular residuals in equilibrium
with the deoxidation product formed. The total manganese added is about 0.08% higher
than the residual concentration shown in Fig. 2.8. |

It follows from equation (2.13) that above a critical ratio, [% Si1/[% Mnjz,
for a given temperature, solid silica forms as the deoxidatic;n product. The critical
silicon and manganese contents of iron m equilibrium with silica-saturated manganese
silicate melts are given in Fig. 2.9 for several temperatures. If, for any particular
temperature, the comﬁosition of the metal lies above the curve, manganese does ndt
participate in the deoxidation reaction and solid silica is formed instead. , In the
region below the curve, the deoxidation product is a molten manganese silicate, the
composition of which is determined by the ratio [% Si]/[% Mn]2 in the metal.

2.2.4 Aluminium Deoxidation

The deoxidation of steel melts by aluminium has been studied in detail by many
workers(15, 21-28) and it is well knowx; that values of the equilibrium constant
[% Al]2 . [% O] obtained by different investigators for aluminium and oxygen in
liquid iron vary from about 10~9 td about 10~14 at 1600°C. This discrepancy has
been much discussed and Repetylo et al(29) have confirmed that the variation results
chiefly from the presence of alumina suspensions. It was shown that if liqliid metal

with aluminium and oxygen contents corresponding to point S in Fig. 2.10 was held in



-1l -
a crucible and all oxygen ingress was prevented, the metal composition gradually
abproached the equilib'rium curve of Gokcen and Chipman(30), After 10 min, more
than 80% of the initial oxygen content had been converted to alumina and, if the test
was continued, résidual oxygen contents ranging from 0.006 - 0. 002% were obtainéd.
The lowest value obtained for the equilibrium constant [% A1]2 . [% O]3 was 5. 10'1:é
(compared to 3.10~2 initially). |

o kWith longer hqlding times of 20 min or more, it was impossible to reach the
- oxygen equilibrium value of 0.001% corresponding to an equilibrium constant of 1014,
This was prébably caused by a suspension of very fine alumina particles rebmaining
in thé‘liquid metal even after 20 min.

Experiments made with the éame apparatus in an ongen—bearing atmosphere
with successive aluminium additions to the liquid metal gave total aluminium and
oxygen values in the scatter fange of Hilty and Crafts' curve(ls), Fig. 2.10. In view
of the extreme rapidity of reaction between aluminium and oxygen, these high values
indicate continuous formation of alumina inclusioﬁs in the liquid métal. According
to Pomey and Trentini(31), this type of experiment élearly shows the difficulties

involved in obtaining low oxide inclusion contents during melting and casting in air.

2.3 KINETICS OF DEOXIDATION
Some of the first studies on the development of deoxidation reactions with

time and the mechanics involved in the formation and separation of inclusions were
carried out by Pl8ckinger and Wahlster (32,33), As Fig. 2.11 shows, these authors
diétihguished between dissolved oxygen and oxygen combined with inclusions. The
developmc_ant of these two constituents during the course of the operation shows the
essential characteristics of the mechanism of precipitation deoxidation, i.e. rapid
decrease of dissolved oxygen associated with the formation of numerous deoxidation
products, togethér with delayed and slower decrease of total oxygen corresponding

to the elimination of the deoxidation products.



The validity of this mechanism has been confirmed by more recent studies
in which the dissolved oxygen was measured and recorded against time, either
directly by the use of an electrochemical cell(34), or indirectly by the radioactivev
tracing of secondary inclusions(39),

A more explicit understanding of the deoxidation process has led to a sub-
division of the overall operation into a certain number of component stages (36),-

i) solution of the deoxidant in the metal

(ii) nucleation of the deoxidation products

(iii) growth of the nuclei
(iv) elimination of the inclusions

In practice, these stages overlap to a large extent and there are other
phenomena such as reoxidation which complicate the process. Bearing in mind the
complexity of the pfoblems involved, these four stages will be examined separately
so as to indicate the effect of each one on the rate qf deoxidation.

2.3.1 Solution of Deoxidant

Although this first stage can be easily followed during' controlled laboratory
experiments in ternis of diffusion theory, the same stage becomes much more com-
plex to follow during deoxidation on an industrial scale. For instance, when deoxi-
dation and alloying are carried out during tapping into the ladle, account must be
taken of the following factors:- |

(i) tapping may take a long time (~10 min) and is accompanied

by fairly intensive stirring owing to the impact of the metal stream
(ii) additions of deoxidants are usually large
(iii) deoxidation is usually carried out by several elements being
added separately.
All these conditions involve a transitional periéd during which the primary deoxidation

products appear in a random manner and have variable compositions.
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The kinetic character of deoxidant solution has been described by
A. M. Levin(37) who showed that the addition of a deo‘xidising element, even below
its equilibrium content, causes precipitation of oxides through progressive solution.
The significance of the solution stage on the subseéuént deoxidation stages
has been indicated by the following observations:-
(i) on a macroscopic scale, a certain heterogeneity of alloying
elements is always observed; on a microscopic scale it can be
much greater. This is confirmed, for example, by accidental
brittle fractures owing to abnormally high local concentrations of
an alloying element such as manganese. As there are delays in
homogenisation of alloying elements, then it will probably be the
same for deoxidising elements.
@) in the case of deoxidation by aluminium, Olette et al(34) sﬁowed
that the method of introducing the addition influences the kinetics
of deoxidation, Fig. 2.12. They explained tﬁe slower decréase in
dissolved oxygen with a solid addition by thé delay caused in the
solution and homogenisation of the aluminium as a result of a
layer of fine alumina particles on the surface of the deoxidant
inhibiting diffusion of the aluminium into the melt. This observa-
tion is in agreement with the hypothesis formulated by Chipman(38)
in 1962 regarding the formation of stabilising films at the' interface
between regions with a high concentratidn of oxygen. A stabilising
film of galaxite, MnO.Al,0g, has been observed in a.sample taken
from an induction furnace shortly after the addition of an Fe-Al-Mn
alloy(36), It was found by microanalysis that the ratio of internal

manganese : external manganese was as high as 1.8.: 1,
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These few observations indicate that the solution and homogenous distribution
of the deoxidant is a stage which is not instantaneous and is, therefore, liable to
cause a delay in the overall deoxidation process. The steelmaker has certain means
of influencing this stage such as by Varia_tion of tépping temperature, composition
and size of solid deoxidants, and stirring in the ladle.I However, whilst there is
scope for seeking the most favourable conditions, it is nevertheless believed that
this stage is not the most decisive one for the success of the overall deoxidation

process.

2.3.2 Nucleation of Deoxidation Products

At first sight, the question of nucleation processes in the formation of
deoxidation products seems to be only of academic interest. Although the formation
of d:ddes in liquid iron involves the formation of new phases, and the _nucleation
process is therefore decisive, it has never been observed, for example, that the
formation of alumina on adding aluminium to an iron-oxygeﬁ melt fails to occur as
a result of nucleation inhibition. It might be conciuded from this that the efficiency
of deoxidation is related much more to the removal of i.nclusions once they have
formed. This is not the case, however, and it is now known that nucleation processes
can exert an important influence on the practicél course of deoxidation.

Two nucleation mechanisms are possible, namely homogeneous nucleation

which takes place in the mass without the assistance of impurities, and heterogeneous

nucleation which takes place with the aid of a substrate. In order to understand the
deoxidation process better, it is necessary to know which of these two mechanisms
is responsible for the formation of inclusions, what the connection is between the
nucleation stage and the later stages of growth and flotation, and finally, whé,t |
prabtical means, if any, there are for the steelmaker to influence this stage.

The theoretical approach to the problem has been made principally for

homogeneous nucleation. According to the classical nucleation theories of Becker,



- 10 -
Volmer and Weber, the energy required to form a spherical embryo of radius r is:-

E = 47rr20+%1rr3%—q .. .. A .. eqn. (2.15)

where d is the interfacial energy between the precipitate and the mblten metal, AG
is the chemical free-energy change accompanying the formation of the precipitate
and v is the molar volume of the precipitate. The free-energy change resulting when
a mole of the second phase is formed is AG, and for the formation of a deoxidation

product MXOy from the reaction of a deoxidant M with oxygen in liquid iron

x x\
AG -RT.lnmo%aCt. .o .. .. .o eqn. (2.16)
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where K is the equilibrium solubility product, K' is the corresponding product for
the actual components in supersaturated solution and K'/K is termed the super-
saturation ratio. The work necessary to form the second phase is largest at a

critical radius, rs, where
r, = - =% .. .. e .. .. eqn. (2.18)

The work necessary to form this nucleus is

_ 161703v2
¢ 3(AG)2

.. .. .o .o .o eqn. (2.19)
and represents the free energy barrier to the formation of the second phase (AG;).
The rate of formation of nuclei (nuclei/cm3 s) is given by

I = A.exp(-AGg/KT) .. . .. e s _eqn. (2.20)
where A is the nucleation factor. |

It can be seen from these equations that the interfacial energy at the melt/
nucleus boundary is a major component of the total energy required to form a stable
nucleus. For the homogeneous nucleation of oxides in molten steel, the interfacial

energy at the oxide/molten steel boundary is about 1.0 J/m2 (1000 erg/cm?) but in

some cases is greater. This means that exceptionally high supersaturation ratios



are necessary for nucleation by this mechanism.

The first experimental evidence came from von Bogdandy, Meyer and .

Stranksi (39) who studied the formation of oxides in iron-oxygen melts by equili-
brating a column of the melt with a quantity of deoxidiser added to the top surface.
Convection currents were virtually eliminated and penetration of the deoxidiser into
the melt occurred only by diffusion. The column was quenched affer pre-determined
diffusion periods and the diffusion zone was examined metallographically and
analytically. Their results on aluminium deoxidation showed that the oxygen com-
bined to form alumina in the aluminium-rich v.zone and iron oxide in the aluminium-
deficient zone. Only a few traces of hercynite, FeO.AlpO3, were observed throughout -
the experiments. The oxygen content was found to remain constant along the column
and so it was concluded that the inclusions remained in their position of formation.
Using the aluminium and oxygen concentrations measured at the boundary between

the unaffected melt and the zone rich in alumina particles, the critical supersaturation
ratio was determined as 3.6 x 1014 at 1550°C.

Woehlbier and Rengstorff (40) ysed a similar technique to that of von Bogdandy
et al with a very pure ifon—oxygen rﬁelt and an Fe-10% Al alloy as deoxidiser. . They
reported exceptional nucleation difficulties at 1600°C and exide nuclei were not
formed in the diffusion zone, although the aluminium concentration was 2.9% and
inclusions formed on quenching showed a high concentration of oxygen. The same
experiment was repeated using a less pure iron containing 0.07% oxygen instead of
0.16% and this Was found to be partially deoxidised by the Fe-Al alloy. It was con-
c_luded that a very high degree of supersaturation is required for homogeneous
nucleation of alumina but a much lower degree of supersaturation is sufficient to
cause the precipitation of alumina on small heterogeneous nuclei without the appearance

of hercynite.
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Further work by Woehlbier and Rengstorff in which pure aluminium was
stirredv into the upper zone of the pure iron-oxygen melt resulted in the formation
of alumina inclusions by homogeneou_s_ ‘nucleatjon at the point of addition. These
inclusions were then carried down into the undeoxidised portion of vthe melt where
they reacted with residual oxygen to forfn hercynite.

For aluminijum, the experimentally determined critical supersaturation
ratios agree very well with the values calculated using Volmer's theory assuming
the maximum possible frequency factor. The temperature dependence of the super-
saturation ratio ié also in agreement with Volmer's theory.

The final proof of the applicability of Volmer's hypotheses came from the
fact that oxide nucleation in iron is facilitated by surface-active elements such as
manganese, which lqwers the surface tension of molten iron. Frohberg and
Potschke (415 42) were able to show that these hypotheses could be applied to other
metals, e.g. oxide formation in molten copper. They found that surface-active
elements such as sulphur facilitated the formation of oxides.

Few réliable measurements have been made of interfacial energies between
deoxidation products and liquid iron, but Turpin and Elliott(43) calculated the
following interfacial energies between oxide and melt at 1536°C:-

Interfacial Energy, J/m?2 (erg/cm?)

Fe - FeO 0.25 (250)

@) 1)
Fe,, - SiOg, 1.25 (1250)
Fe, - AlpO3, 2.4 (2400)
Fe , - Fe0.Al,03, 1.7 (1700)

The experiments were carried out by equilibrating iron-oxygen melts with various
residual silicon or aluminium contents and then quenching. The critical supersa- |

turation for homogeneous inclusion nucleation was assumed to result from the high



degree of oxygen segregation to the liquid during solidification. Their results are
summarised in Figs. 2.13 and 2.14, which show the calculated lines at 1536°C for |
nucleation of silicon and aluminium deoxidation products for various values of the
appropriate interfacial energy. The iines marked (eq) are for the formation of the
deoxidation product when the size of the precipitate particle’is such that the inter-
facial energy makes an insignificant contribution to the total energy (i.e. the bulk
equilibrium conditions).

At low concentrations of the deoxidising element, the nucleation of FeO may
occﬁr more readily than the formation of the equilibrium reaction product. The
éhaded bands on the diagrams show the experimental composition ranges in which
-it was found that FeO was nucleated first aind subsequently changed to the stable
product. At higher coneentrations of deoxidiser, the stable product was nucleated
directly from the melt. This transition occursi at lower concentrations for aluminium
than for silicon and shows that the higher value of ¢ for the Fe-AlgOg interface is
more than compensated by the larger value of AG for the precipitation of alumina.

An alternative view of this effect was obtained by calculation of the degree of
-undercooling required to achieve the necessary degree of supersaturation for
homogeneous nucléation. Figure 2.15 shows that if ¢ (SiOg-Fe) = 1.3 J/m?2 (1300 erg/
cm?2), the melt would have to beréquilibrated with SiOg at approximately 1950°C if
homogeneous nucleation is to occur at 1536°C. For g (FeO-Fe) = 0.25 J/m? (250 erg/
cm2), the same degresof undercooling would be required for nucleation of FeO in a
melt containing approximately 0.5% Si. At lower silicon contents, FeO would require
less supersaturation and, consequently, would nucleate in prefgrence to SiOg.

Sigworth and Elliott(44) recently reviewed the nucleation of oxides in Fe-O-Si
alloys. According to these workers, investigations of the nucleation process during

deoxidation have been limited by the lack of accurate interfacial energy data and also
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by the experimental techniques available. In the latter case, it is difficult to provide
the nécessary supersaturation quickly and in a controlled manner, and it is even

more difficult to detect exactly when nucléation occurs. They concluded that in the
earlier experiments of Turpin and Elliott, hdmogeneohs nucleation of oxides in the
Fe-0-Si system did not occur. These experiments were later duplicated by Torssell,
Gatellier and Olette(45) and the absence of any significant degree of supersaturation
was confirmed by electrochemical measurements, which showed that the oxygen
activity in the melt followed very closely the value calculated for equilibrium with

the melt silicon content, Fig. 2.16. It appears, therefore, that heterogeneous
nucleation occurred and the deoxidation reaction had ready access to particles of the
stable phase throughout the cooling process. However, the test was not a pérticularly
severe one because the cooling rate was relatively slow. In addition, homogeneous
nucleation would not have been expected in the experiment because the temperature
interval for cooling was only 75°C and the maximum supersaturation ratio possible

(in the absence of heterogeneous nucleation) was only about 4, compared to the esti-
mated value requiréd of 100 or more.

Sigworth and Elliott reported that the experimental technique used first by '
von Bogdandy et al and later by many other workers was also inadéquate for obtaining
an accurate value of the critical supersaturation ratio, its main limitation being the
complexity of the theoretical analysis. All that could be concluded from these studies
was that subétantial supersaturation is neceséary for the homogeneous nucleation of
oxides during deoxidation and that homogeneous nucleatibn can occur when the
deoxidising element is first introduced into the melt.

In their own experimental work, Sigworth and Elliott measured the critical
supersaturation necessary for homogeneous nucleation of oxides in Fe-O-Si alloys by-

means of an electrochemical cell. Their results are summarised on the composition



triangle in Fig. 2.17 and the same information is presented in the more familiar form
of the deoxidation diagram in Fig. 2.18. Included are the lines for the formation of
silica and liquid FeO at equilibrium, i.e. when the interfacial energy is zero. A‘ value
of 0.25 J/m2 (250 erg/cm2) was used for the nucleation of liquid FeO. The mterfécial
energy fbf the boundary between liquid iron and iron silicate was assumed to be near
to that of the FeO/liquid iron interface. |

They found that the homogeneous nucleation of silica occurred at supersaturation
ratios of about 80 and showed that, when ferro-silicon is added to a ladle of low-carbon
steel during the tapping of a basic oxygen or open-hearth furnace, homogeneous nuclea-
i:ion can occur quite easily. The conditions necessary can be achieved even in the
pi'esence of particles suitable for heterogeneous nucleation if the supersaturation is
provided rapidly. This was illustrated in the work of Jaeger et al(46) who found that
homogeneous nucleation of water droplets in air could occur even in the presence of
numerous dirt pé’rticles .

The problem of competition between different phases which may be precipitated
has also been studied by Vorobnev and Levin(47) and by Plockinger et al(48) for the
Fe-0O-Al system. In the latter case, these workers studied the deoxidation of nominally
pure iron melts containing different manganese contents by aluminium at 1630°C. It
was observed that the primary deoxidation products underwent a marked change in
composition during the course of their formation. Immediately after the aluminium
addition, the inclusions were very low in alumina and consisted essentially of iron and
manganese oxides. The proportion of the latter ‘depended upon the manganese content
of the melt. The alumina content of the inclusions then increased very rapidly during
the nexf fe;;v seconds until the composition reached that of the spinel (Fe,Mn)O.A1203I.
During this period the inclusions were in a fluid or partly fluid state and pbssessed '

good coagulation properties. In addition, microanalysis showed that each inclusion
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had a uniform composition. This situation peérsisted for only a short interval and
with further increase in time, the large inclusions developed two regions having
different compositions. The core of the inclusions contained aboui: 60% AloOg3, 40%
(FeMn)O, and had, therefore, a spinel-like composition in which the FeO:MnO
ratio depended on the manéanese content of the melt. In contrast, the outer layers'
consisted of pure alumina.

According to Plockinger et al, the solution and distribution of the aluminium
in the melt takes a definite although short time. Within a small volume element of
the melt, the aluminium content rises rapidly, but not instantaneously, from Zero up
fo a point at which fhe solubility product for the formation of mixed oxides is exceeded.
This occurs with very small aluminium contents and the deoxidation products consist
essentially of iron and manganese oxides with very small proportions of alumina,
e.g. 85% FeO, 10% MnO and 5% AlgO3. With this composition they are liquid at the
melt temperature of 1630°C. | |

As the aluminium content of the melt increases, there is a corresponding
increase in the alumina content of the mixed oxides. So long asv the inclusions are
liquid, conditions are favourable for the homogenisation of their compositions. Only
when the alumina content increases further up to a value corresponding to that of the
spinel does complete solidification of the inclusions occur. After this stage, the
inner core regions of the large deoxidation products are no longer involved in a reac-
tion with the now aluminium-rich melt, and pure alumina deposits on their surfaces
leaving the cores with a constant composition.

The mechanism put forward by Plockinger et al postulates that the liquid
mixed oxides are precipitated homogeneously. Frohberg and Potschke(49), and
FOrster(50) consider that this suggestion is contradicted by nucleation theory and

that the phase for which the system is able to supply the nucleation energy will be
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precipitated first. This implies that solid nuclei of alumina would have to form on

to which iron and manganese oxides would then be precipitated heterogeneously.
Consequently, Frohberg et al have postulated that solid alumina particles are formed
at the surface of the aluminium immédiately after its addition to the melt. (It is
significant that_ aluminium deoxidants alréady have a coating of oxide as a result of -
air oxidation.) Convection and stirring effects result in a rapid distribution of these
: alurhina particles throughout the melt. In regions where sufficient sup.ersaturation
exists, iron and manganese oxides are precipitated heterogeneously on the alumina,
Which then dissolves in the mangano—wﬁstite to form a fully molten oxide. This then
reacts with further aluminium according to Pldckinger's mechanism.

Forster(50) has carried out similar experiments using zirconium instead of
aluminium., The inclusions observed shortly after the addition of the deoxidant
consisted of a core of zirconia surrounded by mangano-wiistite. This result points
to the primary formation of zirconia which had not dissolved in the liquid (FeMn)O. -

Vorobnev and Levin(47) have suggested that during aluminium deoxidation,
the formation of complex nuclei of the FeO-Al,03 type in the liquid state is possible
owing to a decrease of the melt/nucleus interfacial energy caused by chemical reaction
between the two phases, and that the compositionof such nuclei are determined by the
soluble oxygen content of the melt prior to deoxidation. Their results are summarised
in Fig. 2.19 where lines 1-5 are based on vafi'ous equations derived by the authors.
The areas A-E between the lines represent the areas of formation of nucl_ei of various
compositibns. A represents the region of unsaturated metal where the formation of
nuclei cannot occur; B is the area of supersaturated metal where the supersaturation
is insufficient for the formation of stable nuclei; C is the area of supersaturated metal
where only liquid mixed oxides can form; D is the area where liquid mixed oxides and

pure alumina can form; E is the area where only alumina nuclei can precipitate.



According to these workers, whep aluminium is introduced into a melt, the processes
of solution of the deoxidant and deoxidation occur simultaneously throughout the volume
of the melt. The concentration of aluminium at any point increases with time from
zero. Consequently, the initial statelof the system is in area A, With increasing
time, the concentration of aluminium at a given point reaches a value which is in
equilibrium with the dissolved oxygen (line 1), after which the metal becomes super-
saturated (area B). With further increase in the aluminium concentration, >the degree
of supersaturation of the metal becomes sufficient for the oxide phase to separateb.
With a sufficiently high concénu'aﬁon of oxygen in the melt, for example 0.05%, the
nuclei which form will be liquid mixed oxides (area C). If the oxygen concentration
is less than 0.01% before deoxidation, the oxide phase will separate in the fo.rm of
alumina (area E).

If deoxidation is carried out by the simultaneous use of silicon and aluminium,
then according to the nucleation theory, that phase which provides for the greatest
rate of nucleation, namely' alumina, must occur first. The silica can then be preci-
pitated heterogeneously on the alumina particles. This mechanism has been con-
firmed in laboratory experiments by Frghberg and Potschke (42), |

Applying the nucleation theory to normal deoxidation practice, it can be
predicted, on the basis of the discussion so >far, that when a dedxidiser is added to
the bath, the supersaturation of the melt, and consequently the nucleation frequency,
will be a maximum in the immediate vicinity of the deoxidiser as it dissolves in the
melt. If the degree of supersaturation achieved is high, many small nuclei are
formed which cannot grow to a large size before equilibrium is attained and may
remain suspended in the bath. At lower degrees of sﬁpersaturation only a few
nuclei are formed before the level falls below that at which further stable nuclei
can be formed. The degree of local supersaturation achieved can be controlled to
some extent by the mode of deoxidation, e.g. by the use of finely divided deoxidisers

or, more particularly, by lowering the deoxidiser concentration in the ferro-alloy.



Siinilarly, additions of a relatively weak deoxidiser such as manganese will decrease
the supersaturation and encouragé the formation of larger inclusions when a strong
deoxidiser is subsequently added.

Once the supersaturation has been relieved, homogeneous nucleation will
| cease, although it may continue adjacent to the slag/metal interface owing to oxygen
transfer from slag to metal(29), Heterogeneous nucleation will continue at lower
degrees of supersaturation, but the growing precipitatés steadily reduce the metal
oxjgen content towards the equilibrium level. If the growing particles are carried
rapidly away from the regions where the deoxidiser is dissolving into more remote
p#rts of the bath where the concentration of deoxidiser is low, subsequent growth may
involve the formation of a layer with a lower deoxidiser:oxygen ratio (e.g. Fe0.Al50g)
relative to the initially formed nucleus (e.g. AlyOg). Alternatively, they may act as

heterogeneous nuclei for the precipitation of MnO and SiOg.

Degrees of supersaturationvrequiied for hetérogeneous nucleation are always
less than those for homogeneous nucleation a.tid in industrial practice, the former is
very irni)ortant. In addition to any nuclei for;:ned by homogeneous nucleation in the
immediate vicinity of the deoxidiser, all industrial deoxidants, weak or strong,
introduce into the steel a certain quantity of oxide particles, either through their
surface oxidation film or through inclusions contained in their mass. These oxide
particles can also act as nuclei for heterogeneous precipitation. Most weak deoxi-
dants contain variable quantities of metallic elements with a very strong affinity for
oxygen, e.g. calcium, aluminium and titanium(51), The oxides of such elements,
formed by homogeneous nucleation, can constitute nuclei during deoxidation by
weaker deoxidants(52), which may also account for the complex nature of some
primary inclusions during deoxidation.

The practical significance of heterogeneous nucleation ﬁas been stressed by

Forster and Richter(53,94) who attribute the major role for the success of



deoxidation to the 'nucleation' stage. In the case of deoxidation by aluminium, they
explained that the nuclei and primary inclusions separate from sfeel in a state of
supersaturation which is too weak to produce further effective.nucleation, i.e. in the
area below the nucleation curve and above the equilibrium curve in Fig. 2.20. Part
of their work involved the electrochemical determination of oxygen activity during the
teeming of an aluminium-killed melt at a point about'60 cm above the bottom of a

120 tonne ladle, Fig. 2.21. The dissolved oxygen varied considerably between 0.003%
and 0.011%. They attributed this to areas differently supersaturated with alumina
and to varying aluminium contents. It can be seen that in the aluminium-killed melt,
the degree of freedom from oxide inclusions varied considerably from ingot to ingot.
In contrast, the oxygen content of a silicon-killed steel was uniform during casting.
These authors proposed two practical measures to increase the efficiency of the

deoxidation process:-

(i) the introduction of foreign nuclei, either simultaﬁeously with

or subsequently to the addition of the deoxidant,

(ii) the reduction of the melt/oxide interfacial tension by the use

of a deoxidant with a relatively high mangénese content.

As discussed previously, there is. a second moment when conditions are
favourable for homogeneous nucleation of inclusions, this being during solidification
as a result of a high local concentration of oxygen and deoxidant produced in the
residual liquid phase. It is generally assumed that the oxides which form during
éolidification are not harmful to the properties of the steel because of their fine
distribution. However, finely distributed oxi desv can affect the transformation
behaviour of a steel(5%),

Another important aspect of the solidification stage is that several different

non-metallic phases are formed, in particular oxides and sulphides. The latter can
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cause anisotropy of the mechanical propert ies. of the steel(55). The important
question then arises as to which phase has the greater nucleation rate and thefefore
is the first to form, thus determining the distribution of the other phases which are
precipitated heterogeneously on the primary particles. |

A decisive factor in the formation of oxides and sulphides durfng solidification
is that oxygen and sulphur are almost insoluble in solid iron and éo accumulafe ahead
of the solidification front, Fig. 2.22. The concentration of oxygen in advance of the
front must increase until an oxide nucleus can form. This may happen in the extreme
case as early as the achievement of the equilibrium concentration but more probably
it occurs much later because nucleation is inhibited. If this is the case, then as a
result of the enrichment of oxygen, the supersaturation ratio increases to the critical
value at which nucleation occurs. The reaction then proceeds rapidly and the concen-
tration of oxygen ahead of the solidification front falls to a lower value(56)  Fig. 2.23.
When the oxidé particle is overtaken by the solidification front, the build-up of oxygén
and deoxidant begins again, This concept is greatly simplified, however, in that it
assumes a planar solidification front. ..

These hypotheses were examined experiinentally by measuring the content of
oxygen in solution electrochemically(56). The particle distribution depended to a
large extent on the solidification rate and also on the dissolved oxygen content. The
experiments also showed that the oxygen content is more important than the sulphur
content in determining sulphide distribution. Similar observations have often been
reported, for example the effect of aluminium deoxidation on sulphide distribution (57),

Forster and Richter(53) have consideredvthe question as to whether large
clusters of aiumi.na inclusions which result in defects in the rolled product might not
also originate from dissolved oxygen during solidification in the mould. The quantity

of dissolved oxygen (0.002 - 0.007%) in normal aluminium-killed steels could easily
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be enough to form large inclusions. On this basis, they referred to work by

Knuppel , Brofzmann and Forster(58) who est:éblished from investigation of an
aluminium-killed steel that the clusters of alﬁmina inclusions present in the product
were, in most cases, not present in the ladle and must, therefore, have formed
between ladle and ingot, or in the ingot. Knuppel et al suggested that the mqst

likely cause appeared to be agglomeration of very small inclusioné in the flow con-
ditions of the uphill-teeming system. However, Forster et al consider that it is also
possible, in principle, that these alumina clusters formed from dissolved oxygen
during solidification of the ingot, presumably by the agglomeration of small alumina
particles formed in the oxygen-rich liquid ahead of the solidification front. This
mechanism would appear to require that the alumina particles are not overtaken by
the solidification front but are entrained in the cqnvection currents within the bulk
melt where they form clusters with other entrained particles. Although this mecha-
nism is theoretically possible, it seems unlikely that it can account for the formation
of the large alumina clustérs which lead to defects in the rolled product. The main
reason for this is that, as previously mentioned, the solidification front is not planar
but dendritic and many of the small alumina particles which form during solidification
aré likely to be precipitated between dendrites, which then thicken and envelop the
inclusions, so that there is very little opportunity for the inclusions to be swept into
the bulk liquid by the convection currents.

F3rster et al have also discussed a further problem of practical interest, that
of the formation of blowholes in fully aluininium—killed steels. The formation of
alumina nuclei at the solidification front requires a high degree of supersaturation
whereas the nucleation of carbon monoxide bubbles is evidently catalysed at the SOIi-F
dification front compared with nucleation in the melt. It is clear from Fig. 2.24 that
owing to oxygen enrichment ahead of the solidification froht and the inhibition of
nucleation of alumina, the formation of carbon monoxide at preferred locations can

be more probable than the nucleation of oxides.
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2.3.3 Growth of Nuclei

In practice, the growth of nuclei overlaps to a very large extent with the
flotation stage and it is difficult to discuss either of them individually. Thére are
four_major growth processes:-

(i) Brownian motion

(ii)‘ Ostwald ripening (diffusion coalescence)

(iii) Diffusion
(iv) Collision

On the basis of both experimental and theoretical results, Lindborg and
Torssell(59) proposed the mechanism summarised in Fig. 2.25 for the growth and
elimination of silica particles during deoﬁdation. The transition frdm a nucleus (of
diameter several Z&) to an inclusion (of diameter several ym) is explained by the
diffusion of solutes in liquid steel. This mechanism reaches completion very rapidly,
however, through the reduction of dissolved oxygen in the melt. From this moment,
growth can cpntinue by means of collisions owing to movements in the bath. These
workers consider that in the initial stage, Brownian motion can also have some effect
but it is only secondary and is reduced very quickly by the increase in the size of the
particles. The growth of large particles at the expense of small ones by the Ostwald
ripening effect is also too slow to be of any importance.

Turkdogan(60) has carried out a theoretical analysis of the kinetics of nuclea-
~ tion, growth, and flotation of oxide inclusions in liquid steel and shown that the number
of nuclei has a. pronounced effect on the growth of 'oxide inclusions, on the extent of
the deoxidation reaction and on the rate of flotation of oxide inclusions out of the
melt. His analysis was based on a model which assumed that, starting with an homo-
geneous solution of oxygen and the deoxidant in liquid steel, oxide inclusions were
precipitated on nuclei present in the melt. The nuclei were considered to be formed
initially by homogeneous nucleation of the deoxidation product in solute-rich regions

of the melt. Assuming that a phase boundary equilibrium was readily established at '



the metal/oxide interface, a rate equation was derived for the growth of inclusions

by a diffusion-controlled process. With the additionai assumptions that the diffusion
sphere around the inclusion was not affected by the upward movement of the inclusion,
and that Stokes' law was applicable, the instantaneous inclusion size for any time, ¢,
during its ascent in the liquid, and the distance, 1, travelled by a growing inclusion
were calculated. The results obtained are summarised in Figs. 2.26 and 2.27, which
show that in the presence of a large number of nuclei, the diffusion-controlled reaction,
in accordance with the proposed model, is complete_d in a relatively short time. For
example, when Z > 105/cm3, growth of inclusions is essentially completed in less
than about 30 s. In these cases, the particles attain a constant velocity of rise within
a short time, and this velocity may be calculated from i:he final particle size.
However, this simplification does not apply for Z < 109/cm3 where particles grow
throughout the whole of their ascent in the melt, causing an acceleration of their
-upward movement.

According to Turkdogan, as the inclusions g‘rovil and rise in the melt with
increasing reaction time, the liquid steel is progressively depleted of inclusions from
bottom to top. Owing to an insufficient degree of supersaturation, new nuclei cannot
foi'm and therefore the deoxidation reaction ceases in the inclusion-depleted part of
the steel before reaching the final equilibrium state. The dependence of the average
total oxygen content of the steel on the number of nuclei and the holding.time is shown
in Fig. 2.28. The plateaux in the diagram indicate that when all £he inclusions have
floated out of the melt, no further deoxidation takes place.

The expected net result of these effects is shown in Fig. 2.29 where the
average total pxygen content of the steel is plotted against the number of nuclei assumed
to be present at the time of addition of deoxidisers. -The critical value of Z, Z.,,,
corresponding to the minimum point on the curve for a given reaction time has a

particular significance. If the number of nuclei, Z, is less than the critical value,

Zm, the relatively large inclusions float out of the melt quickly, leaving behind



unreacted high residual oxygen in solution. Therefore, the portion of the curve to the
left of the minimum point gives the average oxygen in liquid steel which is essentiélly
free of ‘inclusions . Within this regiop, an increase in reaction time beyond about

5 min has little effect on the final oxygen content of the steel, because the deoxidation
reaction cannot prbceed in the absence of nuclei. .If the number of nuclei, Z, is
greater than va, the inclusions attain their full growth in a relatively short time,
i.e. the residual oxygen in solution approaches the equilibrium value in a short time.
Under’these conditions the inclusions are small in size and hence their separation
from the melt takes a long time, as indiéated by the curve for infinite time in

Fig. 2.29. Therefore, the curve to the right of tﬁe minimum point gives the average
oxygen present as oxide inclusions in the steel which is deoxidised almost to the
equilibrium value. As seeﬁ from Fig. 2.29, with increasing number Z, the holding
time should be increased in order to obtéin the 16west oxygen in the steel.

The practical significance of Turkdogan's theoretical observations as summa-
rised in Fig. 2.29 is as follows. For the case of Z > Z,,, the steel is effectively
deoxidised (i.e. the oxygen in solution is low), but, even after prolonged holding time,
the inclusion content of the steel is high and may lead to poor quality in the finished
product. On the .other hand, for Z < Z,,, the steel may be essentially free of inclu-
sions at the time of casting, but contains a high percentage of oxgen in solution leading
to the formation of blowholes, or to the precipitation of further inclusions during
cooling and solidification.

A diffusion-controlled growth model such as the one suggested by Turkdogan
assumes an homogeneous precipitation of inclusions all having approximately the same
diameter, and growing by the combination of elements which have diffused to the inclu-
sion surface. However, the very large deoxidation inclusions sometimes found in
practice which float out almost instantaneously on addition of the deoxidant, cannot
achieve such a size by a diffusion process alone and therefore must be a result of

inclusion collision and coalescence.



Growth by diffusion always occurs to some extent but recént experiments and
calculations indicate that collisions are more important than previously realised. In
laboratory experiments using about 5 cm deep melts, Grevillius(61) found that the
rate of deoxidation by silicon or silicon-manganese was much faster in stirred melts
relative to those in unstirred melts, Fig. 2.30. Similar obseljvations have also bgen
made by numerous other investigators.

Several workers(58,59,62-64) have measured the size distribution of inclusions
in steel samples taken at intervals during deoxidation and found that in the initial
stages of deoxidation, Z == 107/cm3 for inclusions of 1-;2 pm diameter and Z =~ 105/cm3
for inclusions of 6-8 ym diameter, Figs. 2.31 and 2.32. It should be remembered
in such instances that the inclusion distribution found in samples taken after prolonged
deoxidation times is that arising from the formation of oxides during solidification.
For example, the lower curve in Fig. 2.31 gives the inclusion distribution arising
from the residual‘equilibrium oxygen tha.t was in solution in liquid steel (free of inclu-
sions) after a reaction time of 200 s. Turkdogan considers that it is reasonable to
take Z =~ 107/cm3 or higher for the number of nuclei forming at the time of addition
of deoxidisers. For a homogeneous distribution of such a large number of nuclei, the
diffusion-controlled deoxidation reaction approaches equilibrium rapidly. From
Turkdogan's theoretical model, it is predicted that with Z = 106/cm3, 0.05% oxygen
reacts almost completely in about 5 s, and oxidé removal by flotation becomes the
primary rate-controlling process. ‘The time for flotation of oxide inclusions
(equivalent to 0.05% oxygen in the metal) is shown in Fig. 2.33 as a function of Z and
particle size for 5, 50 and 200 cm deep melts. If this mechanism applied, it would
take about 40 min for 4 ym diameter inclusions (corresponding to Z = 107 /cm3 and
- 0.05% oxygen) to float out of a 5 cm deep melt. This flotation timeb is much longer ‘
than that observed experimentally. Furthermore, the size measurements indicate
that the majority of the oxide inclusions are in the 30-40 ym range, and which escape

from the melt in a much shorter time. It has, therefore, been inferred by several



investigators that the oxide inclusions grow by collision with each other resulting in
a faster rate of flotation.
Lindborg and Torssell(59) have calculated the size distribution function brought
about by collisions of different sized particles, and although they shé;wed good agree-
ment between the measured and calculated inplusion size distribution, F1g 2.31,
-there aire inconsistencieé in the proposed growth mechanism by collision when coni-
pared with experimental observations. In their experiments with moiten steel

(~4.5 cm deep) stirred by induction heating, the macroscopic flow velocity was
estimated to be about 1 cm/s. They showed that growth caused by collision in these
stirred melts (gradient collisions) was leés than that caused by the collision of
different sized particles whilst rising in the melt with varying velocities (Stokes
collisions), Fig. 2.25. If this is the case, then the observed effect of vstirring on

the rate of deoxidation in Fig. 2.30 cannot be explained in terms of growth by
collision. Accordiﬁg to Turkdogan (10), the major weakness of this growth mechanism
is that the trajectory of the moving particle is assumed to be unaffected by an approa-
ching particle and that every collision results in coalescence. On the basis of
theoretical calculations, Turkdogan has concluded that the chances of collision bet-
ween inclusions as they rise in the melt (Reynolds number Re <1) are negligibly small.

Turkdogan has suggested that the complexity of the rate pheomena in deoxida-
tion is the result of side effects caused by the interplay of several variables which
cannot readily be accounted for in mathematical models of the deoxidation process.
However, he has summarised the following observations based on theoretical and
experimental analyses:-

(i) The number of nuclei formed at the time of addition of deoxidisers

is of the order of Z = 108/cm3 or higher.
(ii) The diffusion-controlled deoxidation reaction is essentially

complete within a few seconds when Z > 106/cm3.



(iii) - The deoxidation reaction may cease prematurely in parts of
the melt depleted of nuclei or oxide inclusions. |

(iv) The inclusion size during deoxidation is in the range 1 to 40 ym.

(v) In laboratory experiments with inductively stirred melts (~ 5 cm

deep), most of the oxide inclusions float out of the melt in 5 to
10 min; shorter flotation times are even reported for unétirred
melts.

(vi) Because of the distortion of the trajec.tories of approaching |
particles, the growth by collision and coalescence of ascending
inclusions in unstifred orbmoderately stirred melts is not
significant.

These observations are mutually inconsistent. For example, in the absence
of growth by collision in essentially stagnant melts, there cannot be large inclusions
of 10-40 ym diameter when the total number of nuclei is of the order of 108/cm3,
One possible explanation which Tﬁrkdogan has put forward is that the nuclei formed
at the time of dissolution of deoxidisers afe unevenly distributed in the molten steel.
That is, there is a spacial frequency distribution of nuclei in the melt immediately
after the addition of deoxidisers. The initial frequency distribution of dispersed
nuclei is likely to change from one experimental situation to another. In parts of
the melt where the number of nuclei is small, e.g. 104/cm3 to 105/cm3, the inclu-
sions 20-40 ym in diameter rapidly float out of the melt prior to the completion of
the deoxidation reaction. In regions of the melt containing about 108’ nuclei/ cm3, the
inclusions grow oniy to a micron size and ascend in the melt very slowly. Convection
currents or other means of stirring eventually bring about a more uniform distribution
of these small inclusions. The particles brought to the parts of the melt where the
déoxidation reaction was incomplete bring about further deoxidation, growth and

flotation. The curve in Fig. 2.28 for non-uniform distribution of Z, though drawn



arbitrarily, illustrates the net effect of an uneven distribution of nuclei.

Another interesting aspect of inclusion growth is the formation of alumina
clusters. Castings of aluminium-killed steels and samples taken from laboratory
melts deoxidised by aluminium sometimes contain relatively large clusters of
alumina crystals. Such clusters have been observed by many investigators and a
detailed discussion of their formation and flotation is included in the following section
on inclusion elimination-.

2.3.4 Elimination of Inclusions

Tl‘le escape of the deoxidation products from the liquid metal is the factor
which determines how successful is the removal of oxygen from the metal by the
deoxidation procedure. Thus, whilst it is possible to kill the steel and decfease thé
dissolved oxygen to a very 1§W level, unless the oxides which are formed afe able to
escape, the steel will have a high total oxygen content and be inherently dirty.

| Before 1957, it was generally accepted that the rate of flotation of inclusions

was governed by Stokes' law:-

9 _ v
R = 2 (‘;1 da) .. .. .. .. .. eqn. (2.21)
\4
where R = rising velocity
g = gravitational acceleration
r = radius of inclusion
dq = density of liquid metal

'dz = density of inclusion
v = viscosity of liquid metal
It can be seen that the most important variable is r, the radius of the inclusion,
since the rate of rise increases as r2 when the other factors remain constant.
Effective deoxidation has therefore been based on the formation of li'quid inclusions
which can grow by coalescence and thus escape from the steel more rapidly.

‘The importance of particle radius was shown by Herty and Fitterer(69), when



they found that silicon-manganese deoxidation gavé the cleanest steel if the Mn:Si
ratio was between 4 and 7, corresponding to the ratio i‘ange which resulted in ’the
largest size of inclusions. The composition of the inclusions resulting from this
deoxidation practice was found to be in the very low liquidus temperature range of
compositions at approximately 35-45% SiOg, 45-55% MnO, 10% FeO, leading to thg
‘conclusion that low melting point products wefe advantageous because their ﬂuidif.y
enabled them to coalesce, thus increasing their size and improving their rate of
flotation.

In 1957, however, Plb'ckinger, Rosegger and Wahlster 86,67) ghowed that,
contrary to the ideas of the time, primary inélusions rich in alumina could be elimi-
nated several times more quickly than silicates, and that the size of inclusions was
of limited importance. These first results mark the beginning of what Grethen and
Phillippe(36) have called the 'Controversy on Stokes' law!'.

Figure 2.34 is taken from a later investigation by Plockinger and Wahlster(32),
- ‘Starting with a uniform initial oxygen content and using a constant addition of various
deoxidants, the variation in the to‘tal oxygen content at various stages between tapping
and solidification of the ingot is clearly shown. The differences in behaviour of these
deoxidants cannot be explained solely in terms of the different equilibria with oxygen
in the liquid metal, inferring that the physical properties of the inclusions must
influence their escape.

Thus, the two main questions to be answered are:-

(i) is the elimination of inclusions governed by a hydrodynamic

law such as Stokes' law ?
(ii) how otherwise can the differences in the rate of elimination
of inclusions having different ‘chemical compositions be
explained ?
Numerous investigations, both theorefical and experimental, have been

carried out in an attempt to answer these questions. The effects of turbulence,



deoxidant composition and furnace lining on inclusion removal have been studied. In

view of the ‘importance of this stage relative to the success of the overall deoxidation
process, and because of the current dcifferehées of opinion regarding the applicability
of Stokes' law and the influence of melt/oxide interfacial energy, a detailed review of
past work is presented in an attempt to clarify the situation.

A great number of‘ authors have stated that in deoxidation by silicon;manganese,
fluid deoxidation products are formed, which by their ability to coalesce, are rapidly
r'emoved acdording to S»tokes' law. In general, the experimental work has been con-
centrated on trying to establish a suitable Mn:Si ratio in the melt. According to
Korber and Oelsen(14), the conditions necessary for the formation of fluid inclusions
at 1520°C are shown in Fig. 2.35. Kulikov and Samarin®8) have statéd that the
Mn:Si ratio of the silicon-manganese alloy should be 3-8 for liquid manganese silicates
to form at 1600°C. As mentioned previously, Herty and Fitterer(69) found in labora-
tory experiments that the Mn:Si ratio of the deoxidant ought to be 4-7 in order to obtain
large fluid silicates.

Determinations on a laboratory scale of the rate of removal of inclusions
resulting from silicon-manganese deoxidation are rather scarce, although in recent
years some relevant articles have been published in J. a;ﬁan and Sweden. Kawawa et a1(69)
studied the separation process after additions of 0.3% Si, 0.3% Si + 0.5% Mn, 'and.
0.3% Si +1.0% Mn at 1600°C. In each case, separation occurred faster during the
first 30 s than later and the separation rate in the steel confaining the highest manga-
nese addition was considerably greater than for the other two. This was attributed to
the fact that the inclusions resulting from the highest addition had a thicker 'rim' of
more fluid inanganese sﬂicate than those from the 0.5% Mn addition, thus facilitating
coalescence and thereby increasing the rate of rise according to Stokes' law.

Tajiri et al(70) have also studied the inclusions formed during silicon-manganese



deoxidation on a laboratory scale and found that for melt Mn:Si ratios less than 1,
the inclusions consisted of pure silica, whereas for Mn:Si ratios greater than 2,
manganese silicates containing about 40% MnO were formed. For Mn:Si ratios of
1-2, there was a continuous transition of inclusion composition and the inclusion
volume, determined 5 min after the addition, increased with increasing silicon content
for a Eonétant manganese content. This was attributed to 'the l;wer_abﬂity of silicaQ
rich inclusions t<'> coalesce and thereby be rap‘idly remofred. For Mn:Si ratios of less
than 2, instances of two or more inclusions in the process of coalescence were
observed. The contact zones were found to be very rich in silica, whilst the centres
of the inclusions were richer in manganese oxide. Scanning electron micrographs(71)
of such partially coalescing silicate inclusions are shown in Fig. 2.36. Manganese
silicates surrounded by a silica-rich 'rim' have also been observed by Kiessling et él(72)
and by Hultgren(73)., These inclusions showed a finely dispersed precipitation of silica
in ‘fv:’he‘ inatrix.

Recently, Grevillius (61) has examined the rate of removal of deoxidation
~ products resulting from manganese-silicon deoxidation of laboratory melts. The '
‘added silicon content was 0.45% accompanied by manganese additions between 0 and 14%,
and the addition was made by blowing the deoxidant directly into the bath. Both
simultaneous and separate additions in both successions were performed.

With simultaneous additions it was found that the separation rate increased
-with increasing _Mn:Si ratio of the deoxidant. This effecf was weak in the interval
0 < Mn : Si ratio <1.4 but became very strong in the interval 1.4 < Mn : Si < 19
Microanalysis showed that the strong increase in separation rate coincided with the
'break—‘up of the silica shells surrounding the inclusions at Mn:Si ratios of leés than
1.4, and the high viscosity of the silica shell was assumed to be the factor delaying
coalescence. At Mn:Si ratios greater than 1.9, the separation rate continued to

increase rapidly with increasing manganese content of the deoxidant. This was



attributed to a decrease in the melt viscosity caused by manganese. It was concluded
 that the rate of removal of the inclusions was dependent both on Stokes' law and on the
stirring effect within the bath. When the inclusions were large the first effect was
dominant, while the stirring effect alone determined the separation rate when the
inclusions were small. The surface conditions were almost the same for all Mn:Si
ratios and were assumed not to have contributed to fhe different separation rates.

When silicon and manganese were added separately with a time interval
between them, the same separation rate was reached, independently of the sequence
of addition, as with silicon-manganese allo& additions having the same Mn:Si ratio.

Lindon and Billington (74) have examined the formation and separation of oxide
inclusions in a quiescent bath using manganese-—silicoh—aluminium alloys of different
compositions. They melted a prepared iron-oxygen alloy containing 0.045 to 0.055%
oxygen in an alumina crucible and deoxidised at 1550°C by plunging a thin steel car-
tridge containing the alloy below the melt surface. An inert atmosphere was main-
tained by passing a continuous stream of argon over the melt. The silicon addition
was kept constant at about 0.29% and accompanied by manganese between 0.25 and
0.95% and aluminium between 0.002 and 0.036%. They found that the separation rate
increased with increasing Mn:Si and Al:Si ratio of the deoxidiser. In the experiments
with a loiv vrate of removal, inclusions rich in silica were found and it was evident
that the coalescence of such inclusions was delayed because of a higher viscosity.
It was also concluded that in a well deoxidised, quiescent bath, the flotation rate of
Valumina is approximately described by Stokes' law. However, fluid manganese
alumino-silicate deoxidation products separate more slowly than predicted by Stokes'
law and this retardation appears to be associated with a low interfacial energy between
the product and the melt.

Anderson(75,76) has studied the rate of separation of inclusions produced by
manganese-silicon-aluminium complex deoxidation on a laboratory scale. The

apparatus employed was the same as that used by Grevillius(61). The silicon addition



was maintained constant at 0.45% whilst the silicon and aluminium contents were
varied between the limits 0-15% and 0.02-0.18% respectively. The separation rate
was influenced by both the Mn:Si and Al:Si ratio of the deoxidant. For Al:Si ratios of
0.05 and 0.10, there was a rapid increase in the rate of removal as the Mn:Si ratio
was increased from 1.0 to 1.8. This was attributed to a decrease in the viscosity of
the inclusions which facilitated 'coalescence. The separétion rates for Mn:Si ratios
greater than 1.8 were approximately the same as those for normal silicon-manganese
deoxidation. The surface energy conditions were almost constant at these Al;Si
ratios and it was therefore assumed that they did not affect the separation.rate.

For an Al:Si ratio of 0.20, a further increase in the rate of removal was
observed for Mn:Si ratios in the range 0-1.8. This increase was caused by the
f§rmation of clusters of alumina-rich inclusions in addition to the spherical complex
oxides. These clusters escaped very rapidly. For Mn:Si ratios greater than 1.8, the
separation rates were the same as those at Al:Si ratios of 0.05 and 0.10.

At an Mn:Si ratio of 1.75 and when varying the Al:Si ratios between 0.05 and
0.41, an increase in separation rate was evident up to an Al:Si ratio of 0.20. At
higher ratios, however, it was unaﬁected.

The separation process was studied for'different inclusion volumes to be
remow}ed. The separation rate in the initial period increased with increasing initial
inélusion volume, presumably caused by more favourable collision conditions. When
an oxygen level of 100-200 ppm was reached, howeverk, the rate of removal was deter-
mined by the amount‘of stirring.

Kawai and Kobayashi(77) applied Stokes' law to silica particles of a given size
distribution in static and agitated baths. They found that the rising velocity of fnclu—
sions in agitated baths was faster than predicted by Stokes' law and attributed this to
the coalescence of particles which increased their size, whilst the particles in the

static bath obeyed Stokes' law.



Fischer(78) described a kinetic study of deoxidation with silicon in high
frequency induction furnaces, which also showed that separation of primary deoxi-
dation products was very much more rapid in turbulent conditions than in quiescent
ones. This effect of turbulence has also been observed by many other workers inclu-
ding Plockinger and Rosegger(66), and Duderstadt and Weller(79), who used aluminium
and other deoxidants to confirm the effects found with silicon. Fischer réported from
the same work that primary silica producfs were separated very rapidly in basic lined
furnaces (CaO or CaO-CaFy) but only slowly with acid linings. Further observations
were that the time for total elimination of products decreased with increasing melt
temperature, decreasing silicon addition, and decreasing furnace éize which increased
the surface area to volume ratio.

Imai(80) reported that stirring a melt of low carbon killed steel together with a
synthetic slag in a ladle by means of a rotating propeller resulted in a cleaner steel.
The total oxygen content decreased from 75 ppm to 30 ppm in 5 min. Increasing the
stirring -rate apparently caused a more rapid decrease in total oxygen although no
figures wei'e quoted in this case. For melts which were not stirred, the inclusions
present in the finished product were calcium aluminates of 50-100 ym diameter
resulting from furnace slag entrained in the metal during tapping. For casts which
were treated with a synthetic slag and stirred in the ladle, the inclusions in the product
were about 10 ym in diameter and consisted of alumina particles with only very small
amounts of lime. It was concluded that the turbulence accelerated the removal of the
large CaO-Al9Og inclusions by the synthetic slag and by the ladle lining.

The importance of stirring for accelerating metallurgical reactions in steel
melts was also éiscussed by Linder(®1). A short account was given of the theoretical
b#ckground of turbulent flow occurring during stirring and of the effects on homogeni-
- sation a.ﬁd inclusion removal.

Ohkubo et al1(82,83) proposed a model to explain the effects of turbulence and

of furnace lining material on the rate of removal of inclusions. The deoxidation



experiments were carried out in a high frequency induction furnace using various
temperatures, deoxidisers and furnace linings (82), They found that the oxide content

of the steel could be expressed as a function of time by the equation:-

c = ce¥t .. .. .. .. .. .. eqn. (2.22)
where C is the oxide concentration at a time t following deoxidation at t = 0, Co is ‘a
constant and correspdnds to the maximum oxide concentration, i.e. vthe concentration
after thé addition of deoéidiser but before any products have separated and k is the
rate constant which depends upon temper‘ature, déoxidiser ,‘ and crucible material.
The surface area:volume ratio of the melt was included as a factor influencing k(88).

The model of Ohkubo et al appears to assume that removal of deoxidation
products by flotation, according to Stokes' law, is completely absent and proposes
that the mechanism of inclusion removal in an agitated bath is essentially one of
reaction between the particle and crucible material. According to Lindon(G), this
" model is very reasonable provided that the turbulence is sufficient to present a melt
surface in contact with the crucible which is continually changing and representative
of the oxide concentration in the bulk melt. Under these conditions, it is likely that
an equation of the form shown below would apply:-

de

A
it —k.C.-v— .o .o . .o . .. eqn. (2.23)

where g—:— is the rate of change.of oxide concentration, C is the average oxide concen-
‘tration of the bulk melt, k is the rate constant and A/V is the surface area:volume
ratio of the melt. Upon integration between limits of ¢ = Coatt=0andc=Cat
- t=1t, this would give equation (2.22). |

B - The increase in separation rate of SiOg in a basic-lined furnace was confirmed
and attribu.ted to chemical reaction between particle and furnace lining. Removal of
silica by an acid lining would not involve chemical reaction and would depend only on

surface action between particle and lining. The lowering of the separation rate by

increased silicon addition was also confirmed, and can be explained by the fact that
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the residual dissolved oxygen after low silicon additions was approximately 0.09%.
The deoxidation product, therefore, would have been a liquid iron silicate which
could react with, and adhere to, a siliceous lining to a greater extent than could solid
silica products resulting from higher silicon additions. Rate constants determined
after manganese-silicon deoxidation were greater than those determined for silicon
alone; and simﬂérly the rate constant for alumii;a separation ﬁas improved by the
addition of manganese.

Lindskog(84) has carried out laboratory and full scale industrial experiments
to étudy the removal of inclusions in a stirred melt. The deoxidisers, aluminium and
silicon, were marked with the radioactive isotopes zirconium-97 and silicon-31
respectively. By measuring the radioactivity in the_ slag and on the lining after com-
plete separation of the deoxidation products, it was shown that the inclusions were
removed mainly by adsorption on the lining and not by elimination into the slag.
Figures 2.37 and 2.38 show the amount of SiOg on different parts of the crucible
wall aftei' deoxidation of 500 g pure iron with 0.5% radioactive silicon in a high
frequency furnace. It can be seen from Fig. 2.37 that 85% of the Sioz inclusions
was found on the wall of the silica crucible and 15% in the slag. For an alumina
crucible, 90% of the SiOg inclusions was found on the wall and 10% in the slag,

Fig. 2.38.

Industrial experiments using aluminium mixed with radioactive zirconium
were also carried out in a 140 tASEA—SKF ladle unit fitted with two straight stirrers.
Slag and metal samples were taken at short i’ntervals during the 30 min treatmént. .
The radioactivity in these samples was measﬁred and this showed that the slag samples
were almost inactive, indicating that very few deoxidation products were present in
the slag. After the steel had been teemed from the ladle furnace, the activity on
different parts of the lining was measured. This was a maximum at about the 1 m

level and rather low at the slag-line (2.5 m level), which was in agreement with the



low activities found in the slag samples. The results showed, therefore, that the
majority of deoxidation products were removed by the lin‘i.ng and not by the slag. The
flow pattern was also found to influence greatly the removal process. |

Kjellberg(85) has studied the removal of inclusions after deoxidation with
aluminium and rare earth metals (Ce, La, Nd and Pr) in a small high frequency
furnace. It was found that with the intensive induction stirring, LagOg and NdpO3
inclusions were removed more rapidly than AlyOg particles. Microscopic examination
indicated that the crucible wall was involved in the deoxidation process, although the
mechanism and extent of this were not determined. |

It should be noted at this point that inclusion removal by adsorption on the
furnace lining is particularly suited to the experimental conditions of the high frequency
induction furnace and the ASEA-—SKF ladle unit, i.e. high rate of metal circulation as
well as high ratio of wall area:bath volume.

Torssell, Gatellier and Olette (45) showed that stirring within a certain intensity
rangé promoted the removal of inclusions, aé shown 'in Fig. 2.39 which refers to
deoxidation by silicon, aluminium and titanium in laboratory crucibles. The fact that
stifring is a valuable means of eliminating inclusions has now been confirmed in many
industrial trials and is also in line with the known improvement in steel cleanness
associated with the turbulence created during decarburisation, electro-magnetic

| stirring, stirring with argon or another inert gas and, of course, vacuum degassing.

As previously mentioned, Plgcki.nger and Wahlster(_67) made a series of
experiments in high frequency induction furnaces and found that solid alumina particles
separated from the melt more rapidly than fluid silicate inclusions. Holding the melt
quiescent in a ladle after deoxidation resulted in further separation of silica particles,
but very little further decrease in residual alumina was observed, all the separable
particles having been removed in the initial period. They concluded from the difference

in inclusion behaviour that Stokes' law is not entirely valid when comparing inclusion

types and that the major reason for this is the difference in surface properties.



They suggested that wetting of the silica, and silica-rich particles, by the steel
hinders their separation, whereas alumina particles having a higﬁ surface energy
are hot wetted and are therefore unaffected by the melt/oxide interface properties.

Koenitzer and Hammer (86) ha\;e also pointed out that liquid products, in spite
of their ability to increase their size by coalescence, do not escape as quickly and
completely as some solid products, e.g. alumina, the reason given again being the
high interfacial energy of solid alumina particles with steel as against silicates with
steel.

Lindon and Billington ®87) have studied the deoxidation of steel at 1550°C by
complex deoxidants (Ca-Si-Al and Mg-Si-Al) and made compafison with deoxidation
by silicon, aluminium and silicon-aluminium alloys. It was concluded that in a
quiescent bath, product separation rates increase as the interfacial energy between
inclusions and the melt increases, thus confirming Plgckinger's results and supportiﬁg
his theory of the influence of surface properties on inclusion removal.

Knlippel, Brotzmann and Forster(58) have suggested that With the rising of
oxide particles in liquid steel, there exist a lifting force and a flow resistance which
are opposing each other. The lift depends on the difference in density between the
steel and the oxide particles, and the flow resistance on the shape and size of the
particles and the viscosity of the steel. The type of boundary surface energy between
steel and particles, whether wettable or not, affects thé rising rate only indirectly
via the formation of agglomerates or clusters of oxide particles. For the individual
pérticles, the movement process through the liquid steel is approximately the same
on wetting é.nd on non-wetting.

The small wettability of alumina particles by liquid steel is considered by
many workers to be a predominant factor in the rapid removal of these particles.
However; according to Plockinger and Wahlster(88), the favourable boundary surface

properties of alumina no longer apply to the elimination process if the particles are

below certain ‘'critical' sizes. This size factor possibly accounts for the observation



that residual alumina particles are reluctant to separate from é quiescent bath., In
this case, the only alternative mode of separation is by coagulation, and this can
occur if the melting point of the alumina inclusions is apprec-iably lowered.

Previous studies have shown that even with normal aluminium deoxidation, a con-
sideréble degfee'of coalescence or agglomeration of the alumiria inclusions is
éxperiénced, but that this is confined to a very short time interval immediately after
the addition of the aluminium to the steel melt. In order to obtain a liquid phase for a
‘longer period of time after the aluminium addition, an appreciable lowering of the
melting point of the deoxidation products can be achieved by the addition of fluxes,

. enabling the inclusions to‘coalesce or agglomerate over a longer period of time. In
80 déing, however, the favoui'able surface properties of the alumina particles, i.e.
small wettability by liquid steel, must not be influenced adversely to any appreciable
extent.

Very little is published regarding the use of fluxes for lowering the melting
point' to accelerate the separation of alumina inclusions by means of coagulation.
Speith, Ende and Seelisch (89) found during study of inclusion separation in casting
ruﬁners , that by adding ground fluorspar to the casting trough during the casting of
‘aluminium-killed heats, the chemical composition of the separated products in the
casting runners changed, and their melting points wére considerably lowered. ‘In
addition, Bailey, Onuscheck and Turfa(90) reported that the number of alumina
agglomerates directly uﬁder the ingot skin was lowered by the addition of fluoride-
containing fluxes during the casting.

Choudhury and Wahlster(91) studied the effect of fluorspar (CaFs9) and cryolite
(3NaF.AlFg) on the separation in the ladle of the inclusiohs formed during aluminium
deoxidation. Frorﬁ the Al9Og-CaF9 equilibrium diagram, Fig. 2.40, it is apparent
that the melting point of Al5O5 can be lowered to a eutectic temperature of 1270°C by

the addition of CaFg., From the 3NaF.AlFg-AlpOg3 equilibrium diagram, Fig. 2.41,
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it is apparent that at the eutecfic composition of 18% AlyOg and 82% 3NaF.AlFg, the
melting point of the mixture is lowered to 935°C. In the Al9O3-CaF9-3NaF.AlFg
ternary system, Fig. 2.42, the eutectic temperature is lowered even further to 867°C.

Choudhury‘et al found that the average oxide content of the sheet product was
lowered by deoxidation with aluminium/fluorspar and aluminium/cryolite mixtures,
compared with straight aluminium deoﬁdation. The ductility properties were also
improved. It was assumed that this was a result of the fluorspar and cryolite
inﬂuenéing the coalescing of the alumina inclusions. A direct proof of this was not
obtained, however, because the basic elements of the fluxes could not be detected by
the microanalyser.

The comparatively recent development of solid electrolyte cells for determi-
ning dissolved oxygen has shown that these are extremely valuaﬁle aids for under-
standing the deoxidation process. Moreover, by taking samples and analysing the
steel for oxygen using vacuum fusion and neutron activation techniques, it is possible
- to monitor the total oxygen content of the bath. Consequently, the difference in these
two values enables the amount of oxygen in the form of inclusions in suspension in the
bath to be determined and the variation of this parameter with time to be followed.

Gatellier, Torssell and Olette (45, 92) ﬁave applied this technique to the
deoxidation of steel with various elements, e.g. silicon, aluminium and tifanium.
Figure 2.43 shows the results of an experiment on deoxidation with siliéon at 1600°C.
It can be seen that the dissolved oxygen content falls very rapidly, and nucleation and
growth of inclusions in these operating conditions appears to occur within 5 s (and
probably much sooner). The inclusions themselves disappear completely in the test
conditions within about 10 min and after this time, all the residual oxygen, i.e. 0.010%
which corresponds to equilibrium, is present in the foi'm of dissolved oxygen. A
proportion of this oxygen will precipitate during cooling and the remainder during
solidification. The resulting inclusions will have difficulty in floating out as pre-

viously mentioned.



Figure 2.44 shows a similar test using aluminium. In this case too, most of
the oxygen is reacted with the aluminium within a few seconds. The apparently slower
reaction process compared to siliconv deoxidation arises from the difficulty in dissol_ving
an added fragment of aiuminium owing to the increase in bath viscosity with alumina
precipitation. It is again evident that most of the é,lumina inclusions floated out within
the first 10 mm However, very small particles remained in suspension in the bath
for a long period.

On the basis of the preceding discussion, the indications are that the answer
to the first question, as to whether the elimination of inclusions is governed by a
hydrodynamic low such as Stokes' law, is negative as far as practical steelmaking is
concerned. It is not frue fo say, as some investigators have, that Stokes' law never
has any‘ relevance to steelmaking, because it is applicable under the conditions for
which it was derived. However, it is certainly not correct to expect it to predict
inclusion elimination when convection currents exist, particularly for smaller inclu-
sions (less than about 20 um); the movement of whi‘ch is probably governed more by
the fluid velocity ﬂlan by buoyéncy effects. With increasing inclusion sizé, the effects
of buoyancy will probably become more dominant, however.

In the case of the second question, the hypothesis most generally adv.anced to
explain the differences observed in the rate of removal of inclusions having different
- chemical compositions is the effect of interfacial phenomena. Howevér, opinions
differ widely as to the mechanism by which such phenomena are effective. The
possibilities are:-

(a) by their direct effect on flotation

(b) by their effect on growth

(c) Dby their effect on emergence and adsorption

Although the relative importance of the first effect has not been exténsively

investigated, the small amount of experimental evidence which is available indicates



that it is uhimportant, i.e. variation in the steel/inclusion interfacial energy has
litﬂe effect on movement of the inclusion within the liquid steel. However, the
assimilation of inclusions when they impinge upon a collecting surface, ev.g. slag,
refractory lining, depends very much on surface energy effects, as apparently does
the growth and formation. of inclusion clusters.

The role of surface phenomeha in the mechanism}of removal of solid inclu-
sions and the formation of inclusion clusters in liquid steel has been studied in detail
by Kozakevitch, Lucas, Torssell and Olette34:45:92,93)  According to these
investigators, the rate at which solid inclusions are removed from a liquid metal bath
is the overall result of several processes, and some of these depend on surface
phenomena at the various inclusion/metal/slag interfaces.

Considering bthe escape of solid inclusions at a metal/gas ihterface, an inclu-
sion of microscopic dimensions app‘roaching the surface of the liquid metal may either
remain just below the surface of the metal without escaping (the inclusion is thoroughly
wetted by the metal) or e.scape and float on the surface (no wetting). In the former
case, the inclusion may easily be re-entrained into the metal by a descending current.
In the case of complete escape, this entrainment seems much less probable.

/ Emergence of the inclusion can take place spontaneously only if it ieads toa
reduction in the surface free energy, G, of the system, i.e. AG < 0. The free energy
change, AG, is given by:-

AG = »ys - -ym - ysm .o .o .o .o eqn. (2.24)
where ys is the surface energy of the solid oxide, Y is that of the liquid metal, and
Yem the interfacial energy at the inclusion/metal interface. In other words, a new
solid/gas surface is formed and a metal/gas and metal/solid surface disappear. It
follows that AG < 0 when Yo > Y = Yy The escape of a solid inclusion is thus
promoted by:-

(@) a high interfacial energy, Ysm



(b) a low surface energy of the solid Qxide, Y
(c) a high surface energy of the liquid metal, Ym
The surface energies of solid oxides of practical interest appear to be always
| lovs}er than those of iron or steels with low oxygen and sulphur contents. Thus, AG
wi11 normally be negative. However, the numerical value of AG and, therefore, the
practical tendency towards emergence can vary greatly from one caée to another.

It should be noted that AG is identical with the spreading coefficient, s99)
‘It might also be said that emergence can occur when the adhesion energy of the liquid
metgl relative to the material of the inclusion, W, = % t % T Yem? is lower than
the cohesion energy of the liquid metal, WC = 2%,. The difference, Wy - W, is
identical with the expression given for AG in equation (2.24). |

Among the values which enter the base equation (2.24), only 4, can be measured
directly. For 1y, the surface energy of different substances forming solid inclusions,
it is possible only to make some estimations based on the surface energy of the same
materials in the liquid state. According to measurements on solid metals using the
zero creep method of Hondros and McLean(95), the surfacé energy of metals in the
solid state is 0.1 - 0.3 J/m2 (100 - 300 erg/cm2) higher than that of the corresponding
liquid. By adopting this rule, somewhat arbitrarily, the values of ¥ applicable to
oxides can be obtained providing their surface energy in the liquid state is known.
Unfortunately, the only data avaﬂable refer to Al,O3 (0.69 J/m2), 'FeO' (0.585 J/m?2)
in equilibrium with solid iron at 1450°C, SiOg (0.307 J/m2) and some silicates,
e.g. Ca0.MgO. 25i05 (0.5 J/m2),

Knowing ¥ and v, if is possible to calculate yg,, quite easily by measuring
the contact angle, 8, relating to a droplet of liquid metal on a solid oxide support,

Fig. 2.45. The equilibrium of the surface forces involved can be written as:~

-ys-'ymcose--ysm =0 .o .o .e . eqn. (2.25)
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Combining equations (2.24) and (2.25) gives:-

AG = Y (cos.e -1) ‘e - .. .. .. eqn. (2.26)
This latter equation, although of limited validity, makes it possible to predict the
tendency of inclusions to emerge when Ym and @ are known. The condition § = 0°,
which prohibits any formation of a new inclusion/gas interface, corresponds to the
condition Yom =Y ™ %m* It gives the maximum valu'é of Ysm where there is completé
wetting. The condition 8 = 90° corresponds to Y, = ysm and O = 180° corresponds to
Yom =%t % and AG = -Zym.

The above calculation makes use of a vectoriél model, Fig. 2.45, and is
therefore valid only for the range 0°< 9 < 180°, i.e. in the range Y " Vi = Yem
=% Yy Cases where Yem <% ~ Ym’ which cannot be covered by the contacf angle
method, are frequent in solid + liquid + gés systems where there is good Wetﬁng,v
but not in metal + inclusion systems. On the other hand, cases where Yem > Y, + ym,
which also cannot be covered by the contact angle method, do not occur in solid +
liquid + gas systems, and the limiting condition Yorn = Ys + Y i.e. 6 =180° is never
attained in practide as the angle‘s measured are always less than 180°. However,
this limit is frequently exceeded in systems composed of a solid and two imiscible
liquids as, for instance, inclusion + metal + slag systems.

The contact angle, 6, for several systems of practical interest is shown in
Table 2.3. The values of AG can be estimated* from this data using equation (2. 26).

Using the a-bove equations, Kozakevitch et a1(93) examined the emergence of
aiumina inclusions and concluded that:-

(i) the tendency of pure alumina inclusions to emerge at the surface of

pure iron and carbon steels is very pronounced, even in the presence

of normal amounts of sulphur, Table 2.4.

* When an inclusion emerges at the surface of the bath, the metal leaves the surface
of the inclusion. It is, therefore, the contact angle known as the 'receding angle'
which must be used. Unfortunately, the available experimental results usually
refer to advancing angles so that the calculation is less precise.



(ii) Reoxidation of the metal by the surrounding atmosphere may well
hinder the emergence of inclusions, Table 2.4.

The reasoning outlined for the emergence of inclusions at a metal/gas inter-
face is equally valid for the metal surface covered by slag, the solid/slag interfacial
energy, %1 then replacing %, and the metal/slag interfacial energy, Y1’ taking the
vplace of Y The bésic equgtion then becomes:~ | |

AG =y, - vy

sl ml ~ % .. .o .. .. eqn. (2.27)

sm
The interfacial energy between the solid inclusion and the liquid slag, Yy is
not measured directly and must be calculated using the slag/inclusion contact angle
by means of estimations based on e The contact angle formed by a slag in contact
with the surface of a solid oxide is always acute, even when there is no reaction
between the oxide and the slag. For example, 6 is about 20° for the interface between
alumina and a silicate slag droplet saturated with AlpOg. Assuming an average value
for the surface energy of the liquid slag, % of 0.5 J/m2 (500 erg/cm2) this gives
Y1 = Yg ™Y COS 6 = 0.43 J/m2 (430 erg/cm?2). When the surface of the alumina is
attacked by the slag, the interfacial energy**, Y tends towards zero. Values of Yl
will therefore almost always be less than those of A quoted previously. The effect of
a covering slag is, in this sense, always beneficial and is all the more so when solution
takes place.
The metal/slag interfacial energy, Yinl? can be measured directly. In general,
for two liquids which cannot be mixed at all or which mix only slightly and which are in

equilibrium with each other, it is frequently found that Yy > Yol > Yy =Y the case of

Yl =% "N being the limiting condition of spread of the light liquid (slag) on the

heavy liquid (metal). However,yml can be less than Y =7 for instance, when a
double ionic layer is formed at the interface of the two liquids. The repulsion of the

like charges constituting the double layer in each of the two elementary layers greatly

** Dynamic interfacial energy, i.e. in a state of non-equilibrium



reduces the interfacial tension as appears to be the case in practice, particularly at
a metal/slag interface.

(93). It can be seen that the

Values of Yo' N and ¥y 2F€ given in Table 2.5
spreading coefficient, S, of the slag on the liquid metal is positive in some cases.

The values of % being lower than those of Y it may be concluded that a covering

1

slag adversely affects this term, particularly when a double ionic layer is formed at
* the interface as is most frequently the case. In practice, however, the beneficial
influence of Yl is greater than the adverse effect of Yl Consider, for example, the
escape of a pure alumina inclusion at the interface between pure iron and a covering
slag consisting of CaO + AlyOg + SiOg + 20% CaFg, Table 2.5. This slag is a good
solvent for alumina at 1600°C and the interfacial energy, Y therefore tends towards
zero. The values of Yl and YV 2TC 1.205 J/m2 (1205 erg/cm?2) and 2.279 J/m2
(2279 erg/cm?2) respectively. Substituting these values in equation (2.27) gives

AG = -3.484'J/m2 (-3484 erg/cm?2). For the escape of an alumina inclusion at a
pure iron/gas interface, AG = -3.179 J/m2 (-3179 erg/cm?2), Table 2.4. With the
covering slag, therefore, the reduction in surface free energy for the escape of an
alumina inclusion is 0.305 J/m2 (305 erg/cm?) greater than without the slag. It can

be seen that in this case, y

‘m > Yl + %1 and, as previously discussed, direct

calculation of AG using the contact angle method is thereforé not possible.

Thé concepts outlined above refer to an ideal situation, revealing only the
tendency of inclusions to vemerge as a result of surface phenomena. Kozakevitch et ai
have suggested, however, that in the case of small inclusions up to several inicrons
in diameter, the conclusions based on this simple model might well be sufficiently
close to reality.

Cosma(%) has calculated the effects of surface phenomena on the ‘removal of
alumina and silica inclusions in austenitic stainless steel alloyed with nitrogen. The
steel composition was 0.05% C, 0.61% Si, 9.25% Mn, 4.75% Ni, 18.21% Cr and the

nitrogen content was varied between 0.03% and 0.27% giving the steel types A-D in



Table 2.6. Contact angles and surface energies wére measured using the sessile
drop method. It was concluded, on the basis of the results shown in Table 2.6, that
inclusion removal in terms of surfaqe energy phenomena is fendered more difficult
by the presence of nitrogen, which varying within relatively small limits, lowers both
the steel/inclusion interfacial energy and the surface energy of the steel.

Cosma also considered the emergence of the inclusions when there was a’ slag‘ |
layer present at the melt surface. The results obtained are shown in Table 2.7 from
which it can be seen that there is a more pronounced tendency for the inclusions to
escape, as well as a difference in the capacity of tﬁe various slags bo adsorb inclusions.
It can also be seen that because of a high value of Yo’ alumina inclusions will tend to
escape from the steel into all the slags except slag no. 9, whereas SiO9 inclusions,
having a low value of Ysm® will only do so for about half of the experimental slags.

Iyengar and Philbrook(97) developed a mathematical model to predict the growth
and elimination of inclusions in liquid steel stirred by natural convection. The model
was based on the hypothesis that the motion of inclu'sions is influenced by the fluid flow
resulting from natural cpnvection. Only when the fluid flow is negligible can a modified
Stokes' law be applied to predict the rate of removal of inclusions. It was shown that
the rate is dependent upon the growth rate of inclusions, the intensity of stirring in the
liquid steel and the éfficiency with which an inclusion can be assimilated by a bounding
surface; Of particular interest was the fact that the model explained that some large’
inclusions can remain in the liquid .steel becausé of a low efficiency of assimilation
caused either by a small residence time at the collecting surface or by insufficient
surface energy being released during the assimilation brocess. This indicates,
therefore, that surface phenomena may also be important for the removal of large
inclusions as well as for small ones.

Kozakevitch et al also examined the formation of inclusion agglomerates in

terms of the variation in surface free energy, AG. As discussed previously, they
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studied the deoxidation of iron by aluminium at 16 00°C, Fig. 2.44. Observation of

the size distribution of the particles formed during this experiment and its variation
with time proved to be extremely interesting. As Fig. 2.46 shows, the size of these
particles (3—4. um) changed very little with time. The application of Stokes' law to
these inclusions showed a rate of rise of only 20 mm/h, which would certainly not
produce almost complete removal of these inclusions in 10 min as was obse.rved.
However, optical examination showed that instead of being relatively well distributed
throughout the sample, the inclusions tended ‘,to' gather together in clusters. The size
of these Qlusters was usually between 50 and 200 g m, although much larger ones up

to 3 mm have also been observed. By successive polishing, it was shown that the
alumina particles in the clusters were all in contact, pair by pair, and formed a three-
dimensional unit. This contact was not apparent when the clustefs were observed on a
two-dimensional micrograph. This clustering effect has since been observed by many
workers using fhe scanning electron micréscope, as in Fig. 2.47 which shows a cluster
of alumina particles(98).

Kn{ippel, Brotzmann and Forster(°8) were the first to publish a clearly formu-
lated theory regarding the maintenance of inclusion agglomerates. According to these
workers, two alumina particles which collide by chance in the molten steel can stick to
each other without having to coalesce in any way at the point of contact. This proces‘s
takes place on the impact of two particles, assumed for calculation purposes to be of
the same Spherical size, in which the steel can draw back from the gap which occurs
between the spheres at the point of contact, Fig. 2.48. As a result of this, the total
steel/oxide boundary surface is reduced over the two spheres. If this reduction in
surface area is AA, then the energy released,i AE,), , is given by:-

AE),:'ysmAA .. . .o .. - eqn. (2.28)
where Yem is the surface energy of the steel/inclusion interface.

The movement of the surface of the steel must occur against the external

pressure, which consists of the ferrostatic pressure, ps, and the pressure at the melt
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surface, p,, with a residual pressure, py, inside the gap promoting the movement.
The energy necessary to form the gap is then given by:-

AEp=AV (pf+pa—pr) ‘ .o .o .. .. eqn. (2.29)
where AV is the volume of the gap. If AE,y>AEp, then the steel may spontaneously
draw back from the gap in the manner described and form a tube-like skin between
the two alumina spheres, which presses the spheres tightly together. bther values
being equal, the melt/oxide interfaciai energy is the predominant factor in deciding
whether the two inclusions adhere or not. Thus, the high interfacial energy between
liquidb steel and alumina favours agglomerate formation. |

Kozakevitch et al(93) extended the mechanism proposed by Knlippel et al by
stating the conditions necessary for such contacts to occur sponta.neously.‘ It is not
easy to define on a molecular scale what constitutes contact between two solid sur-
faces of microscopic dimensions which are not strictly flat. Assuming that it is a
question of one or more very small projections or points situated on a surface element
which is approximately flat, contact between these points and a surface element of an
adjacent inclusion is improbable if the material forming these inclusions is wetted by
the metal (contact angle § = 0°) with a very fine film of liquid still 'sticking' to each
of the two surfaces which s:hould come into contact. This extreme case never happens,
however, in metal + inclusion systems. If the adhesion forces between the metal and
the inclusions are only slight, a small input éf external energy would be sufficient to
allow some points to 'touch' a surface element of the adjacent inclusion. At this
moment, the two small surface elements of two adjacent inclusions would be a very
short distance apart. The very thin layer of metal separating the elements will only
be able to withdraw spontaneously if the variation in the surface free energy of this
process is negative. The process consists of the disappearance of two metal/inclusion
interface elements and the formation of two inclusion/void interface elements. The
change in surface free energy AG is given by:-

AG=2('yS—‘ysm) .o .. .. oo . e eqn. (2.30)



and AG is negative when Yern > Y i.e. 'contact' between two approximately flat
elements may be.spontaneously established only when Yem > Yy Il is conceivable that
even the establishment of contact between one point and the surface element of another
inclusion is subject to the same mechanism of metal withdrawal. Certainly, an increa-
sed input of kinetic energy (vigorous stirring) should allow contact to be established
between points on adjacent eiements even when Yom < )/S, but in this case the metal
could not withdraw spontaneously from the points which have come into contact. The
condition of AG < 0 is thus of critical importance for the initial stage of agglomerate
formation , and thus makes it possible to classify all (inclusion + metal bath) systems
into two groups: one group in which agglomerate formation is, in principle, possible,
and another group in which this process is thermodynamically improbable. By com-
bining equations (2.25) and (2.30), eqﬁation (2.31) is obtained:-

AG = 2y cos 6 .o .o . eqn. (2.31)
It follows that agglomerate formation is probable when 6 > 90°C but not probable.
when ® < 90°C, thus highlighting the importancé of experimental determination of the
contact angle.

Consider, for example, A1203 and TiO2 inclusions. In the caéé of a bath of
 pure iron, Yy = 1.8 J/m?2 (1800 ei'g/cmz), 6 = 140° for Al503 aﬁd 72° or 84° for TiOg
(Table 2.3). Consequently, AG = -2.758 J/m?2 (-2758 erg/cm?) for AloOg inclusioné
and AG = +1,112 3/m2 (+1112 erg/cm?) or +0.378 J/m?2 (+378 erg/cm?) for TiO,
inclusions. It follows from this that agglomerate formation is very probable in the
case of Al90Og but not very prébable for TiO9, and this is in general agreement with
the experimental‘ data.

The coagulation of solid particles has also been studied by Baptizmanskii,
Bakhman and Dmishreiv(99). In particular, these authors calculated the effect of the
angle of contact between steel and inclusion, the radius of the particles and the ferro-

static pressure on the strength of agglomeration. As predicted by Kozakevitch et al,

the strength of agglomeration increased with increasing contact angle, increasing .
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particle radius and decreasing ferrostatic pressure, Fig. 2.49. 7

Another interesting aspect of alumina clusters is the formation of dendritic

alumina particles. For example, Fig. 2.50, is an electron micrograph of a carbon

| replica of alumina dendrites found by Torssell and Olette(loo). f‘igure 2.561is a
scanning electron micrograph of dendritic alumina clusters in as-cast steel taken
from the work of Rege, Szekeres and Forgéng(ml). The dehdrites appear to have
grown from a single nucleus. Similarly, F1g 2.52 also shows dendritic alumina
crystals(%).

Turkdogan has stated that although the gross dimensions of the clusters ére
relatively large, they do not seem to float out of the melt very readily. Because of
their intricate shape, metal entrapped between the dendrite arms increases the
overall denéity of the cluster such that its rate of rise is markedly decreased. This
effect is possibly even more marked when alumina clusters are present in the ingot
during teeming. With relatively low teemi.ng'temperatures, solid iron may nucleate
on the clusters and prevent them from escaping. They become entrained in the con-
vection currents during cooling and solidification and eventually segregate to the
bottom of the ingot.

Kozakevitch et al(?3) have considered the application of Stokes' law to the
displacement of agglomerates. The latter were considered as relatively large spheres
(100-3000 ym) composed of iron and alumina and in Stokes' law, the rate of rise varies
with the square of the particle radius. The difference in density is naturally small,
but this is apparently compensated for by the size. Figure 2.53 shows how the rate of
rise of a cluster varies in accordance with Stokes' law as a function of its diameter for
clusters containing 102-10° inclusions. For example, a cluster of 200 ym diameter
containing 104 inclusions, or 5% inclusions by volume exhibits a displacement velocity
of 50 mm/min. In this particular case, however, the displacement is a result of
differences in deﬁsity and is retarded by frictional forces under these conditions of

lamellar flow, i.e. for a Reynolds number lower than 10. Figure 2.53 also shows the



area (shaded) correspondi.ngr to the characteristiés of the clusters observed in the
experiments of Kozakevitch et al. On the left, the diagram is lirhite(l by the applica-
tion of Stokes' law to a single inclusion (f = 1).

According to Kozakevitch, with stirring of the bath, a clﬁster has evidently
more chance of being eliminated because of its larger size compared with a single
inclusion, as, in principle, it is sufficient for any single inclusion in the cluster to
adhere to the refractory lining or to emerge at the surface of the bath for the entir‘e
cluster to remain there.

In concluding this secﬁon; the question still to be answered is which of the
four eleinentary stages which have been discussed in the present section (solution,
nucleation, growth and flotation) is the most important for the production of clean
steel. Certain authors attribute a predominant role to nucleation and growth and
have proposed measures to break up persistently high degrees of supersaturatioh,
For many others, chemical equilibrium is quickly attained and it is the elimination
stage which remains the most important. From the point of view of the overall
deoxidation reaction and freedom from non-metallic inclusions, however, the latter
stage must be regarded as the most important.

The considerations discussed so far show that recent advances have been
made in our knowledge of the parameters controlling the formation and elimination
of noq—metallic inclusions during deoxidation. Some of these advances have enabled
cleaner steels to be produced on a more consistent basis.

2.4 FORMATION OF INCLUSIONS DURING STEELMAKING

2.4.1 Effect of Process Variables

The type, size and composition of the inclusions in the molten steel changes
at various stages during the steelmaking process. Small changes in several different
operations during steelmaking may have a marked effect oh the inclusions present in

the steel. Typical of the important steelmaking variables are the duration of the boil,



the deoxidation practice, the tapping and teeming operations and the composition of
refractories. Unfortunately there are only a few investigations reported in the litera-
ture dealing with these important factors which govern the occurrence of non-metallic
inclusions in the solid steel.

.Pickering, Blank, Morgan and Sa;lt;er(1 02-104) have made a detailed study of
the inclusions present at different stages during the manufacture of éteel by basic
electric arc and open-hearth processes. Because their work gives important infor-
mation on the rélation between different inclusion types and various steelmaking para-
meters, and because it forms the background to the investigations reported in this
thesis, a detailed review is presented here.

The majority of the investigations were concerned with double slag basic
electric arc steelmaking and involved the production of 0.65-0.70% 0(103), 1% c-cr(104)
and low carbon 2% Ni-Mo steels. Liquid metal bomb or tube samples were taken at
various stages during the steelmaking, tapping and teeming processes in order to
determine the nature of the non-metallic inclusions.

(i) Oxidation Period

The inclusions present at melt out, a cold charge being used in all cases, were
mainly manganese-aluminium silicates resulting from oxidation of the charge. As the
boil progressed during the oxidation period, the AloOg and MnO contents of the silicates
decreased, Figs. 2.54 and 2.55 as the aluminium and manganese were oxidised out 6f
the charge. The most interesting feature of the composition of the silicates was the
progressive increase in their CaO content during the boil, »Fig. 2.56. Silicon was
also oxidised out of the bath, but the SiOg content of the silicates did not change
appreciably throughout the oxidation period. 'I'hé reason for this was that the inclusions
formed by oxidation probably nucleated on existing inclusions in the bath a.nd were
eliminated to the slag by the turbulence during the boil, but this same turbulence also

caused slag particles to be mixed into the bath. Thus, the turbulence created by the
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boil can account for the increased CaO content of the silicates. being produced by the
entrainment of slag in the bath. Further confirmation _of the role of the slag in forming
the inclusions present during the oxidation period was given by the observation that
when considerable turbulence was created by charging material, a sample taken
immediately afterwards showed large numbersr of the highly calcareous slag inclusions.
 Also, as occasionally happened, when slag had to be removed during the boil, the bath
was. partially deprived of its slag cover and the metal surface oxidised to produce
iron-manganese silicates and these were entrapped in the bath by the turbulence.
Consequently, a sample taken immediately after such an intermediate slagging off
contained simple iron-manganese silicates, which were free from CaO. A typical
average analysis of such inclusions from three separate trials was 38% MnO, 25% FeO,
37% SiOg .

Although slag entrapment accounted for an ever-increasing proportion of the
inclusions present throughout the boil, there was not a 1:1 correspondence between
the composition of the slag and that of the calcareous silicates at the end of the boil.
In fact the inclusions were richer in MnO and SiOg and less rich in CaO than the slag,
and this was explained on the basis that oxidation products tended to nucleate on
entrapped slag particles. |

The size of the silicate inclusions varied systematically throughout the boil,
being largest at the start of the boil when the' reaction was most vigorous, and
decreasing in size towards the end of the boil when the turbulence was subsiding(1 03),
Sﬁperimposed on this general trend, there was also a marked effect produced by the
vigour of the boil, as indicated by the average rate of carbon removal, Fig. 2.57.
It can be seen that as the rate of carbon removal increased, so the size of the slag-
based silicates increased. This effect cannot increase indefinitely because eventually,
with very great turbulence, the particles of slag will be so large that they will separate
almost immediately without being detected. Also, with a very turbulent boil, the

energy will be sufficient to create the surface area associated with small particles,



and hence the slag will be more effectively emulsified. Consequently, at very rapid
rates of carbon removal, smaller ﬁarticle sizes may again be detected. There was
evidence for this in some work carried out on the oxygén injected baéic open-hearth
(AJAX) process, as shown in Fig. 2.57. At the most rapid rate of carbon removal,
smaller silicates were in fact observed, but as the fate of carbon removal decreased
towards the end of the boil, the particle size increased and was in agreement Qith fhe
trend observed for the boil during electric arc steelmaking.

" When the initial charge to the furnace contained some chromium, e.g. in a
low alloy steel, it was observed that small, individual particles of spinels were formed
during the oxidation period. At melt out, the spinels were mainly galaxite, MnO.Al5Og,
formed by oxidation of any aluminjum in the charge, but also contéining some Cry0g
replacing AloOg. As the oxidation period proceeded, the aluminium and also the
manganese in the charge were removed and the composition of the spinels moved
rapidly towards that of chromite, FeO.Cr9O3. At the same time, chromite inclusions
were also seen to be associated with silicate inclusions. Two forms were observed,
one being a fairly large angular chromite within a silicate containing only a trace of
chromium. It was suggested that the siiicates coalesced or nucleated around these
fairly large spinel particles. The other vform consisted of chromite dendrites which
had been precipitated within a complex silicate containing about 12-1 5% Cr903. In
this case, considerable Cr90g3 had been dissolved in the silica, yet the solubility of
CrgOg in SiOg is very limited(109), This solubility can, however, be increased by
the presence of other oxides in the silicate, the average composifion of which was
34% Si0O9, 16% MnO, 11% FeO, 20% CaO,. 3% Alp03, 1% MgO, 15% Cry05, but only
at a temperature of about 1800°c106) 1t was suggested by Pickering et al, therefore,
that oxygen lancing had caused a locally very high temperature, and in these conditions

the silicates had been able to dissolve sufficient CryO3 to result in the precipitation of

chromite dendrites on subsequent cooling.



The evidence that slag-based inclusioné were picked up during the oxidation
period, whilst being obtained mainly during experiments on electric arc furnaces,
was also confirmed during more limited investigations on the oxygen-lanced basic
openéhearth process. As shown in Fig. 2.58, there was a progressive increase in
the CaO content during the oxidation period. Therefore, whilst it was not suggested
that the inclusions present in the bath during the boil would persist and appear in the
final product, this obviously not being the case, there was ample evidence to show that
the type of inclusions could be closely related to the actual processes occurring during
this period of steelmaking.

(ii) Refining Period

At the start of refining, after slag removal and prior to deoxidation, the inclu-

~ sions present were calcium-manganese silicates persisting from the oxidation period.
Silicon deoxidation was effected either by the use of calcium silicide or ferro-silicon
Tﬁe addition of calcium silicide led to a pronounced change in the silicate inclusions,
those being produced by deoxidation containing up.to 40% Al5Og due to the presence of
about 1.5% Al in the calcium silicide, Fig. 2.59. The ferro-manganese added also
increased the MnO content of the silicates and dilution effects greatly lowered the CaO
and SiO9 contents of the silicates, even thouéh calciuin silicide had been used. The
inclusions still contained about 15% CaO, howevef, due either to the calcium deoxidation
or to the nucleation of deoxidation products on small pre-existing slag particles.
Providing no further deoxidation alloys were added, the silicate composition gradually
reverted to a lower AloOg and MnO content and a higher CaO and SiOg content as the
first formed silicates were removed to the slag and were replaced by further silicates
formed from oxygen picked up from the hearth, banks and possibly the slag. Any pick-
up of slag inclusions would also give rise to calcium-rich silicate inclusions. The
effect of small amounts of aluminium in the silicon deoxidation alloy in causing the

formation of highly aluminous silicates was clearly established by a number of inves-

tigations. That slag also contributed to the silicates was shown by the fact that when



ferbro-silicon alone was used for deoxidation, the silicates still cbntained CaO,

Fig. 2.60. They also contained appreciable AloOg due to the ferro-silicon containing

more than 1% Al. However, the CaO content at the end of refining when ferro-silicon

had been used was 20-25%, compared with almost 50% when calcium silicide was used,
and it seems therefore that some CaO was being introduced into the silicates from the

calcium-bearing deoxidant.

Another feature observed was the gradual increase 1n the AlpOg content of the
silicates if additions of thé aluminium-bearing silicqn deoxidation alloy were made
progressively throughout the refining period, in order to bring the steel to specification,
Fig. 2.61. If such an addition was madg immediately prior to tapping, the alumina
content of the silicates increased sharply even though immediately prior to the addition,
the AlyOg content of the silicates was less than 2%. It was shown that some of the
Ca0 in these silicates, which were primarily deoxidatioh products, oi'iginated from
the slag even though the bath was relatively quiescent. This will be discussed latér,
but Pickering et al did suggest that general turbulence near thé arcs could be respon-

sible for some admixture of slag and metal.

According to Pickering et al, the aluminous silicates which also contained CaO,
particularly if forméd in quantity by a late addition of ferro-siliconv or calcium silicide,
can be retained in the bath long enough to be tapped into the ladle. Also, they have
been found in the final product where they ’can give rise to problems with respect to
quality. These inclusions were often quite large, and they appeared to increase in
size with increasing Al9Og content. It was observed that if selected ferro-silicon
containing very little aluminium was used for deoxidation, the A1203 content of the
silicates was greatly decreased, as also was their size, and fewer quality problems
were encountered. Consequently, it was found beneficial to use silicon deoxidants
 containing a minimum of aluminium, and to ensure that no such deoxidant was added

late in the refining period(103),



Several investigations were made in which ferro-silicon and aluminium were
added simultaneously at the start of refining. This gave rise to manganese-aluminium
silicates, the compositioné of which depended upon the local concentrations of alumi-
nium and silicon. The aluminium and silicon each accomplished its own deoxidation
to produce alumina or silicates respectively in i'egions rich in aluminium or siliéon.
These two typ'es of inclusion were observed simﬁltaneously in the bath immediafely
after the joint deoxidation, but such a coexistence was very temporary because circu-
.lalltion within the bath took these primary inclusiéns into regions of differing deoxidation
states. If the alumina particles entered a region rich in silicon, manganese-aluminium
silicates were precipitated around ‘them. Alternatively, if the silicates moved into an
~aluminjum environment, reaction occurred to give a silicate rich in AlgOg so that
mullite or alumina was precipitated from theAalumino—silicate. If such a reaction
went to completion, almost all the silicate was converted to an alumina aggregate.

In rare circumstances, coalescence occurred between a shower of ahimina and silicates,
giving rise to very irregular silicates enveloping one or more alumina particles.

The complexity of these reactions resulted in inclusions having a wide range
of composition and morphology, but the most important observation was that large
amounts of alumina were not formed. Consequently, the rate of deoxidation was
decreased because the aluminous silicates were less rapidly eliminated to the slag
compared’ with alumina. |

As the aluminium was consumed, the AlpOg content of the silicates decreased
throughout refining, Fig. 2.62. The CaQ content increased, indicating the role of
slag in providing nuclei for deoxidation products, because no calcium-bearing deoxidant
was used in this case. The band of results shown in Fig. 2.62 was probably caused by
variability in the initial state of oxidation of the bath, and also to variable rates of
oxygen pick-up and reaction with aluminium. Because of the dynamic effect of con-

tinual removal of inclusions to the slag and the formation of new inclusions from



oxygen pick-up, the AlpOg content of the slag increased throughout refining, ‘Fig. 2.63,
and was at a higher level with increasing aluminium used in the deoxidation process.
Other investigations were ma_'de in which aluminium deoxidation wés carried
out prior to the addition of ferro-silicon or calcium silicide. Alumina showers were
produced and the average AloOg content of the_ inclusions increased sharply to ~80%,
Fig. 2.64. The inclusions formed, apart frc‘>fn alumina produced by direct deoxidation,
comprised spinels and calcium éluminates, the latter originating from the pre-exiSting
inclusions which reacted with the aluminium addition. Providing an adequate aluminium
addition was made, the subsequent addition of silicon-bearing ferro-alloys did not
produce any silicate inclﬁsions. A similar series of changes was also observed when
ferro-aluminium was used instead of aluminium. Because the alumina thus produced
was rapidly eliminated to the slag, and no silicates were formed, a very clean bath
was produced. If, however, the initial deoxidation reactions used up most of the
aluminium, any oxygen pick-up resulted in silicates being formed. At the same time,
calcium-bearing silicates from the slag were also observed. On the other hand, if
the aluminium addition was sufficient to leave an adequate cover in the bath, further
oxygen pick-up resulted in the formation of more alumina particles, and the slag
inclusions reacted to forrﬁ calcium aluminates and spinels (MgO.Al,03). Pickering
et al found that, depending upon the amount of aluminium added, the original bxygen
content prior to deoxidation, the amount of oxygen pick-up during refining, and the
extent of reaction between the aluminium in the bath and the refining slag, then the
aluminium cover can persist for various lengths of time. A high oxygen content at
the end of the boil, e.g. with a very low carbon content, can cause a very much
decreased aluminium cover and necessitate the formation and elimination of a larger
volume fraction of alumina, which takes time, and thus the primary deoxidation may

be neither uniform nor complete when the ferro-silicon is added.



The presence of an adequate aluminium cover, however, preserved a clean
bath, but the effective aluminium content decreased with time during refining, and
eventually silicates were formed unless steps were taken to add further aluminium.
Some observations on a particular practice indicated that an addition of 0.05% Al
preserved an adequate cover for 40-45 min, whilst 0.15% Al increased this time to
85-90 min, the precise effects varying with the particular practice used. As the
aluminium cover decreased in effectiveness, so the AI203 content of the inclusions
decreased, as already shown for the silicates in Fig. 2.62. A similar effect was
observed for the calcium aluminates formed from the entrapped slag particles. The
greater the aluminium cover, the higher was the AlgOsrCaO ratio in the calcium
aluminates, as shown by the following data. Immediately after an addition of 305 kg
ferro-aluminium to a 120 t melt, the AlI203:Cao ratio of the calcium aluminates was
9.6, which decreased over the next 35 min to 1.67 as the aluminium cover diminished.
A further addition of 102 kg ferro-aluminium immediately restored the aluminium
cover, and the AlgC rCaO ratio of the calcium aluminates immediately increased to
11.1. This clearly showed that an addition of aluminium later during refining readily
restored a fading aluminium cover. The presence of an aluminium cover to the end of
refining therefore preserves a clean bath containing a minimum of inclusions, which
also ensures that a minimum of inclusions are tapped into the ladle. Consequently, it
was suggested by Pickering et al that aluminium should be added as early as possible
during refining, and always before the silicon. The amount of aluminium added should
be sufficient to preserve an adequate aluminium cover until tapping, and corrective
silicon additions should not be added just prior to tapping when the aluminium cover is
weakest, unless preceded by enough aluminium to restore an effective cover, or unless
the remnant cover is strong. Also, more aluminium should often be added if the
refining period is inadvertently extended.

The role of slag inclusions, even in the relatively quiescent refining period,

has already been mentioned. The fact that any disturbance or turbulence created in
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the bath can cause admixture of slag into the bath was observed on manyvoccasions in
these investigations. Immediately after such a disturbance of the bath, an increase

in the CaO content of the silicates, in a process not primarily deoxidised by aluminium,
was frequently observed. Two particular causes of such entrapment were identified
with additions of slag-forming materials and ferro-alloys, and with mechanical
stirring of the bath, as shown in Fig. 2.65. The fact fhat these silicates always coﬁ—
téined considerably less CaO than did the slag can be attributed to them acting as
nuclei upon which deoxidation products were precipitated. It was emphasised, how-
ever, that the effects produced by such disturbances were only transient.

_ ‘In general, the inclusion size decreased progressively throughout the reducing
period, Fig. 2.66. The silicates in a silicon deoxidation practice were always much
laréer (45 ym) than the alumina, spinel and calcium aluminates (5-15 ym) in an
aluminium-deoxidation practice. The reason given for the trend shown in Fig. 2.66
was that at the start of refining, the supersaturation was relatively great so that each
inclusion had ample opportunity to grow more than later in refining, when the super-
saturation was small and only caused by oxygen pick-up.

(iii) Tapping

Several éffects were observed during tapping. The first was the pick-up of |
launder erosion products during tapping down a siliceous (gannister) launder. The
result was large, highly siliceous globules, which invariably contained particles of
silica (cristobalite), and these occurred in the metal stream issuing from the end of
the launder in a silicon-killed steel. These inclusions often contained a little CaO
from slag glaze on the launder. Replacing the siliceous launder by a magnesite
launder completely removed this type of inclusion. Also, in an aluminium-treated
steel, such launder erosion products were much less prevalent as a result of their
reaction with the dissolved aluminium.

During tapping, the major effect was produced by tapping through the refining

slag in order to promote more effective desulphurisation. This always resulted in



the occurrence of large inclusions which undoubtedly originated from the admixture
of the slag with the steel during tapping. Two distinct types of inclusions were ob-
served in the ladle immediately after tapping, depending upon whether the steel was
silicon-killed or aluminjum-killed. |

In a silicon-killed steel, not treated with aluminium, the inclusions in the
ladle invariably comprised large calcium-rich silicates origjnating from. the kslag,
as shown by the close correspondenée of the analysis of the inclusions and the slag
in Fig. 2.67. The inclusions in the ladle were always considerably larger than those
in the furnace immediately prior to tapping, Fig. 2.68, and always occurred in much
greater amounts.

In an alumixiium-treated steel, whilst slag inclusions were picked up during
tapping through the slag, these reacted with the #lummium dissolved in the steel to
form quite large calcium aluminates containing MgO. AloOg spinel particles(194).

- Again the size of these calcium aluminates was very much greater than that of the
inclusions océurring at the end of the refining period, Fig. 2.69. The composition

of the calcium aluminates was very dependént on the amounf of alumiﬁium in the steel.
The greater the aluminium addition, the higher was the Alp03:CaO ratio of the calcium
aluminates, and the smaller was the particle size.

It seems, therefore, that despite the improvements which can be made by
varying the deoxidation procedures during the refining period to improve the cleanness
of the steel before it is tapped, much of this improvement can be rendered useless if
the metal is tapped through the slag in an attempt to produce lower sulphur contents.
Using this technique, it seems that the lower sulphur contents can only be obtained at
the risk of an increased oxide content. These oxides, i.e. the calcium-rich silicates
or calcium aluminates originating from the slag, are therefore largely exogenous but
their nature can be altered by reaction with a strong deoxidant added to the ladle.

According to Pickering et al, therefore, the necessity for tapping through the slag



must be seriously considered and even questioned.

On the basis of a very simple calculation of the energy available to disperse
the slag into globules within the stee_l, it was shown that the size of the slag-based
inclusions should decrease as the amount of slag tapped with the steel decreases.
Evidence for this was obtained from a number of investigations into the effect of slag-
metal mixing. The results showed that in seven trials using norlﬁal slag-metal
miﬁng, the mean maximum inclusion size was ~90 ym, whereas in two frials with
very restricted slag-metal mixing, it was ~60 ym. It was also concluded that the
number of larger slag-based inclusions should decrease whilst there should also be a
larger number of very small slag-based particles. This conclusion was also verified

by considering the ratio of slag-based to other inclusions, with sizes greater than

25 ym:-
| Ratio slag: other inclusions
Normal slag-metal mixing o | 2.28
Very restrictéd slag-metal mixing | 0.87

Finally, on the evidence that a restriction of slag-metal mixing produces
fewer of the larger inclusions, it would be expected that for a constant amount of
oxygen pick-up and precipitation of deoxidation products on the slag inclusions, mere
dilution of the CaO content of the inclusions should be ebserved when slag-metal
mixing is restricted. This was also observed, as shown by the followingresults:-

% CaO in Inclusions

Normal slag-metal mixing ' 35
Very restricted slag-metal mixing 21

It can be seen therefore that a cleaner steel, containing fewer of the larger

inclusions, can be produced in the ladle if the slag and metal are not mixed during

tapping.



(iv) Deoxidation in the Ladle

In a silicon deoxidation practiee, experiments were‘mad‘e to investigate the
effect of additions of ferro-silicon or calcium silicide to the ladle. These additions
also contained 1 - 13% Al. It was observed that the aluminium in the silicon alloys
entered the deoxidation products which were formed, and greatly increased the AlyOg
content of the silicates. This is shown in Fig., 2.70 and these more highly aluminous
silicates were quite large and led to quality control problems(1 03), particularly as
they were formed in the ladle and therefore had a greater opportunity to enter the
ingot. It was concluded, therefore, that wherever possible, ferro-silicon additions
to the ladle should be avoided in a silicon-killed steel, and the implementation of this
suggestion led to a marked improvement in cleanness(103), |

In an aluminium-killed steel, in which an addition of aluminium was also made
‘to the ladle, the mixing of slag and metal during tapping resulted in the formation of
calcium aluminates from the reaction between the slag and the aluminium in the steel.
The Alp03:CaO ratio of the calcium aluminates increased with increasing amounts of
aluminium added to the ladle, changing from CaO.Al90g through CaO.2Al1503 to
Ca0.6Al903. With increasing Al9Og:CaO ratio in the calcium aluminates, their size
decreased as shown in Fig. 2.71., The reason given for this was that Ca0.Al503 a.nd
calcium aluminates less rich in A1203 melt at temperatures below the ladle tempera-
ture, and thus are molten and can coalesce and grow to form larger particles. On the
other hand, Ca0.2Al203 and Ca0.6A1903 are solid and thus form much smaller
particles.

Some observations were also made on the effect of calcium silicide additions
to the ladle in a steel which was aluminium-killed and therefore contained calcium
aluminates. The effect of the calcium silicide was to cause considerably smaller
calcium aluminates for a given Al90O3:Ca0 ratio, the size for an Alg03:Ca0 ratio of
2.0 being about 20 ym compared with 40 ym for a steel not treated with calcium

silicide. The reason for this effect was not given.



(v) Effect of Ladle Holding

During a holding period in the ladle, the larger inclusions can float out into the
ladle slag. However, there is always the danger that the longer the steel is in contact
with the ladle lining, the more tendency there will be for ladle erosion. In a silicon-
killed steel, a short holding period of about 5 min caused a decrease in the maximum
size of the silicates from 57 “m to 43 juni, which was explained on the basis of the
larger inclusions floating into the ladle slag. As a result of cooling in the ladle,
further deoxidation products were precipitated, and as the steel cooled, MnO was
precipitated in larger amounts than SiOg. Consequently the MnO.-SiOg ratio of the
deoxidation products in a silicon-killed steel increased with increasing time in the
ladle, Fig. 2.72.

In an aluminium-killed steel, it was observed that the AI203 content of the
calcium aluminates increased as the time in the ladle increased. At first, this was
believed to be an adjustment towards equilibrium, but such a change would involve
AI203 replacing CaO in the calcium aluminate, which is thermodynamically improbable.
Alternatively, some further precipitation of alumina on existing calcium aluminates
might be possible, but in a heavily aluminium-killed steel this tendency will be very
slight. Instead, the authors attributed the effect to the larger size of the less aluminous
calcium aluminates, Fig. 2.71, which allowed them to float out more quickly, leaving
the smaller, more aluminous calcium aluminates in the steel. Such a flotation effect
was confirmed by the marked increase in the AI203 content of the ladle slag with
increasing time. There was also clear confirmation of flotation of the larger calcium
aluminates by the generally decreasing size of the calcium aluminates remaining in the
ladle with increasing time.

(vi) Effect of Vacuum Degassing

Investigations were made into the effect of vacuum degassing on the inclusions

present in the steel during two degassing processes, hi the first, the whole ladle was

put under vacuum (the Stokes process) and this was applied to heavily aluminium-killed



basic electric arc steels. There was no evidencé that there was any dissociation of
the very stable calcium aluminates under vacuum, but the bsize of the inclusions
definitely decreased. This was simply due to the hoiding period of 9-14 min brought
about by vacuum degassing, which allowed flotation of the larger inclusions, aided by
the evolution of gas and the associated turbulence. At the same time, the Al904:Ca0
ratio of the calcium alumi.né.tes increased during degassing, caused by the flotation of
the larger, more calcareous inclusions during the vacuum degassing pefiod, as shown
by the following data:-

Al 03:Ca0 ratio of calcium aluminate

Before degassing After degassing
Trial No. 1 1.18 L 1.94
Trial No. 2 - 1.07 2.00
Trial No. 3 1.36 2.14

In a second investigation, a vacuum lift process was examined (the R-H process)
using a silicon-killed basic open-hearth steel. Prior to degassing, the inclusions com-
prised calcareous silicates originating from furnace slag, and manganese silicate
deoxidation products which éontained some AlyOg from the aluminium present in the
ferro-alloy additions. During degassing, a complex series of changes was observed.
At the start of and during the early stages of degassing,- the calcareous silicates
tended to decrease in CaO and increase in AléO3 content. After about 6 min these
inclusions were no longer observed, the circulatory action having apparently eliminated
them to the slag, and this was confirmed by the slag analysis. The deoxidation pro-
ducts decreased in Al,O5 content during the early stages of degassing as some wére
eliminated to the ladle slag and the remainder were diluted by manganese silicate
| secondary deoxidation products, free from AloOg, which were precipitated on them
during cooling in the ladle. Later, during degassing, the Al9Og content tended to
increase, caused probably by contamination from ladle and degasser refractory

material, the degasser body, legs and snorkel comprising high alumina refractories.



On the other hand, it was suggested that there méy have been some dissociation of the
MnO and Si Og of the silicates during degassing, giving rise to a relative increase in
Al903. E‘vidence for the elimination of some 6f these inclusions to the slag was shown
by the increase in the AlpOg and MnO content of the slag. Still later in the degassing
process, the cooling caused more secondary deoxidation products to precipitate on
existing inblusions, which increased the MnO #nd SiOg contents. After abouﬁ 6 min
degassing, a new type of silicate was observed which persisted to the end of the
degassing period. This was a highly aluminous silicate contair;ing about 35% Al9Og,
25% SiO9, and it was suggested that it resulted from degasser vrefractory erosion.
Further confirmation that some inclusions originated from the highly aluminous
degasser refractories was provided by the fact that they frequently contained spinel
(galaxite) or alumina particles. At the end of the degassing process, a number of
secondary deoxidation manganese silicates, virtually free from AlyOg, were observed.
In general, the inclusions observed in the ladle prior to degassing were completely |
eliminated, but the erosion products persisted through to the end of degassing. There
was apparently little systematic variation in size of each of the various types of inclu.—
sion throughout degassing, but a very significant difference in size between the
different types was observed. The Al9Og-rich erosion products were nearly twice

as large as the deoxidation products, 110 yni against 60 ym respectively. From the
results of extensive oxygen analyses, it also seemed that little oxygen was removed
during the later stages of degassing but extensive mixing of the steel occurred.
According to Pickering et al, this and other evidence indicates that little dissociatibn
of the silicates takes place under vacuum. Consequently, the effectiveness of
increased mixing and homogenisation must be offset against the possibility of greater
refractory erosion, although the circulatory action does aﬁparently help to eliminate
inclusions to the ladle slag. |

(vii) Teeming Period

In silicon-killed basic electric arc furnace steels, the inclusions observed



were both deoxidation products of the manganese aluminium silicate type and calcareous
slag-based inclusions. During teeming, there was a pronounced tendency for these
inclusions to increase in A1203 content, Fig. 2.73(a). This was attributed to pro-
gressive contamination by ladle refractory érosion products. It was shown that a

very low contamination rate was required to account for the observed increase in the
Al203 content(103), 1t was (_:onéluded that the,_ﬁpper and léwér limits of the band shown
in Fig. 2.73(a) probably represented the extrémes of ladle lining condition. Further
evidence for the contamination with ladle eroéion products is shown in Fig. 2.73(b) in
which the TiOg content increased with time, TiOg being a tracer in the refractories.

Ladle linings which were maintained by.a sprayed gannister coating were
observed to give rise to many more erosion products than eithef bricked or rammed
linings. These ladle erosion products also frequently contained a little CaO resulting
from the slag-contaminated ladle glaze.

Using a simple flotation model for inciusions in the lé.dle, the maximum size
of inclusions of the silicate type was predicted for any time during the teeming process,
as shown by the full line in Fig. 2.74. The maximum observed particle size should
increase with time during teeming, and this was in fact observed in practice. The
largest calcium-rich, slag—baéed silicates were in general never bigger than the
predicted maximum, but the largest ladle erosion products were considerably greater
than the predicted maximum size. The reason given for this was that ladle erosion
products were produced continually throughout teeming in a wide spectrum of sizes
and at a time dependent upon the local softening and scouring action of the reaction
layers. Consequently, flotation models cannot readily be used to predict their sizes,
which are much greater than would be predicted. It was observed that whilst ladle
holding allowed ﬁotation to occur, the extra time involved for the steel in contact with
ladlevrefractories could give rise to more erosion products. The conditions for

forming the minimum of erosion products are therefore complex, involving a critical



interaction between holding time, teeming speed, temperature and above all the initial
condition and type of the ladle lining.

In the case of silicon-killed basic open-hearth steels, fhe inclusions present
during teeming were mainly deoxidation products and ladle erosion products. The
calcareous slag-based inclusions had largely.v‘been eliminated to the ladle slag during
vacuum degassing. The MnO:SiOg ratio of the primary deoxidation products was ob-
served to increase during teeming, as more MnO than Siiobz was precipitated upon them
during cooling in the ladle. Typical results have already been shown in Fig. 2.72.

The primary deoxidation products also increased in AlpOg content in a similar manner
to the silicates already described in thé basic electric arc steels, the suggested reason
again being contamination by ladle erosion products, but this contamination did not
usually commence until some minutes after the start of teeming. No clearly defined
trend in the size of these inclusions was, hovyever, observed during teeming.

A predominant type of inclusion throughout much of the teeming process was
the manganese aluminium silicate ladle erosion product. Some of these also originated
from nozzle and stopper erosion. These were usually very large, as shown by the

following maximum sizes observed:

Primary deoxidation products 49 ym
Secondary deoxidation products 32 ym
Ladle erosion products 107 ym

In general, these inclusions tended to increase in size towards the end of
teeming as larger masses of glaze were scou_réd from the ladle lining due to softening
becoming more pronounced as the time of contact between the steel and refractory
increased.

In steels which had been heavily killed by aluminium, the occurrence of ladle
erosion products was by no means so readily observed, because reaction oécurred

between the silicates and the aluminium dissolved in the steel, tending to form alumina

and spinels and even calcium aluminates from the CaO often present in the erosion



produc'ts. Nevertheless, clearly defined erosion products were observed in samples
taken from the ladle stream, when they had had less time to react with aluminium, but
not in the ingot itself when the reactions had probably gone more or less to completion.
The silicates contained rather high AloOg contents of 20-50%, and it was suggested
that they were erosion products, the high aﬂd variable AlpOg3 content probably being
the x;esult of partial reaction with aluminium. -' Inclusions of this type ha\}e been ob-
served iﬁ laboratory invesfigations into the reaction between silicates and aluminium
dissolved in the steel(22,98,107). It was suggested that they were probably nozzle

and stopper erosion products which had not had sufficient time for complete reaction
before the sample was taken, and this was to a large extent confirmed because they
contained no Ca0O, which would have been present had they originated from ladle
glazes. It was not implied thaf ladle refractory erosion did not occur, but rather

that such erosion prqdﬁcts had time to react with aluminium during their residence

in the ladle. In some of the erosion products, second phase particle’é of alumina were
.also observed. This alumina was not thought to result from reaction with aluminium
because the mullite typically observed in laboratory experiments(107) was rot seen.
Rather the alumina was thought to arise from the erosion reactions, it having been
shown that large amounts of corundum can be formed in the surface layers of alumino-
silicates which have been immersed in liquid steel.

There W.;I.S no systematic variation in the AlpOg3 content of the erosion producté
during teeming, probably because they varied in AlpOg at the time of their formation,
and the analysis would be randomised further by variable reaction with aluminium
dissolved in the steel. There was, however, a tendency for the largest erosion producfs
to increase in size as teeming progressed, Fig. 2.75 and this was particularly observed
towards the end of teeming, and when teeming was inadvertently prolonged. This
showed the detrimental effect of an increasing time of contact between steel and refrac-

tory on the formation of erosion products.



In addition to erosion products, there were also calcium aluminates and
alumina present during teeming. There was a tendency for fhe Al903:Ca0 ratio of
the calcium aluminates, which often contained second phase MgO.Al50g particles,

A to increase with time during teeming, and for the size of the calcium aluminates to
decrease. These effects are mutually compatible; the larger, low-melting-point
calcium aluminates having a lower Al9O3:CaO ratio, Fig. 2.71, float out of the ladle
more regdily during teeming. The alumina particles, and the calcium aluminates of
the Ca0.6Al1503 type ﬁere very small in size (less than 5 ym) throughout teeming,
and together with MgO.Al,O4 spinels, were formed by reaction between entrapped
slag and the aluminium added in the ladle. It was concluded, however, that the main
sources of alumina were direct deoxidation, (;r from fhe pick-up of oxygen during
teeming.

The averagé sizes of these various inclusions were very different, as shown
by the following data:-

Average diameter, ym

Alumina and CaO.6A1903 _ ~5
Other calcium aluminates 27
Erosion silicates , 64

The reason given for the smaller size of these erosion silicates compafed with
those in the silicon-killed steels was that thej? never had time to grow or coalesce
because they were altered by reaction with the aluminium in the steel. Also, it has
been shown that aluminium in _steel decreases the amount of liquid in the erosidn layer
and that this tends to decrease the size of the erosion products scoured from the ladle
lining.

According to Pickering et al, the most deleterious place in which inclusions

can be formed is probably the ingot because they will then have the least chance of

escaping from the steel, although there is evidence that inclusions can float out to



some extent in the mould itself(103,104),

The oxygen required in the solidification of rimming steel ingots is more than
that available in the liquid steel teemed into the ingot mould(108), and must be supplied
from the atmosphere at the turbulent surface of the ingot. One sourbe of such oxygen
is the scum which forms by atmospheric oxidation on the surface of the liquid metal in
the ingot mould,’anc‘i ciné films of this surface have shown that largé masses of scum
can be entrained in the solidifying ingot. In a study of the inclusions in rimmiﬁg .steels ,
Pickering(108) observed that some large inclusions consisted of (FeMn)O dendrites in
a silicate matrix. An examination (;f the scum from the ingot revealed thkat it had
virtually an identical structure _and theré can be little doubt that in rimming steels,
some large inclusions are a direct consequence of the entrapment of large masses of
the scum. Similar observations of scum entrapment have been reported by Bruch,
Grisar and Miller(110), Houseman(111) and Ichinoe et a1(112),

In the manufacture of balanced or semi-killed steels, a technique which can
be used is to add _suffi»cient deoxidant to the mould to regulate the gas evolution so that
a balanced condition results. Pickering considers that such a practiqe is not perhaps
the best because it forms fairly large amounts of deoxidation products within the mould,
apd ladle balancing is a more effective method to produce clean balanced steel. Two
methods of mould balancing were investigatedf. In the first, an éluminium—silicon alloy
was fed into the mould to regulate the rimming action and it was found that a large
proportion of plates were rejected because of deoxidation inclusions formed directly by
mould balancing. An investigation into this practice revealed that when samples were.
taken from the ingot mould before and after the addition of the aluminium-silicon alloy,
those taken after the addition contained considerably greater AloOg contents in the
gilicates, Fig. 2.76. Prior to the addition of the deoxidants to the mould, the inclusions
were primary deoxidation products of manganese silicate or MnO, but after the
aluminium-silicon deoxidant had been added, they were very fluid manganese aluminium

silicates, and frequently of large size. They formed either by a direct deoxidation



reaction with dissolved oxygen or by a reaction b.etween the added aluminium and
silicon and fhe pre-existing inclusions. When the rimming reaction ceased, these
manganese aluminium silicates then segregated into the bottom third of whatrbehaved
as a killed ingot(109) and gave rise to lamination defects.

In the second method, a rimming steel was uphill ~-teemed and the last metal
was treated with aluminium to produce a killed or stabilised steei core within a rimrﬁed
periphery. In the rimmed peripheral layers of the ingot, the inclusions were mainly
silicates but in the core of the ingot they abruptly changed to aluminous silicates or
alumina clusters depending on the amount of aluminium used. These aluminous inclu-
sions were formed by direct deoxidation, and by reaction with existing inclusions(107),
The compositions of theinclusions formed from the aluminium deoxidation were depen-
dent upon the arhount of aiuminium used, increasing in Al9Og content with increasing
aluminium additions. An interesting feature of this investigation was that the more
aluminous the incluéions, i.e. the more aluminium added to the mould, the cleaner
was the steel.

The use of exothermic feeder head compounds, which contain free aluminium
in a thermite mixture, can lead to unusual inciusions in the ingot. For exafnple, _ ina
silicon-killed 11% Mn steel, Pickering et al observed groups of large altimina inclu-
sions in the upper part of the ingot, although no aluminium had been used at any stage
during their manufacture. The alumina inclusions occurred at positions down to 30%
from the top of the ingot, and were attributed to aluminium deoxidation of the top of
thé ingot by the free aluminium in the exothermic feeder head compound. Apparently
convection currents within the solidifying ingot were capable of drawing the inclusions
down into the body of the ingot.

A second example concerned the formation of duplex MgO.Al903 spinels with
calcium aluminium silicates , which were confined to billets from the top part of ingots
of a basic electric high carbon steel. This steel also had at no stage in its manufacture

been treated with aluminium, and the ferro-silicon used for deoxidation had been



specially selected to contain a low residual aluminium content. The steel had,
however, been tapped through slag in order to achieve a low sulphur content, and a
very effective exothermic feeder head compound had been used on the ingots. The
presence of the calcium aluminium silicate aséociated with the spinel indicated that
entrained slag was partially responsible for' t.he inclusions, and it was also suépected
that the exothermic feeder head compound played a part in their formation. EXperi-—
ments in which non-reactive feeder head compounds such as vermiculite were used,
showed a marked decrease in the frequency of occurrence of the detrimental inclu-
sions, Fig. 2.77 but did nbt »entirely eliminate them. However, the very effective
restriction of slag-metal mixing during tapping, coupled with a non-reactive feeder
head compound, virtually eliminated the inclusioﬁs. It waé suggested that slag
inclusions were entrained in the steel during tapping and some also passed into the
ingot during téeming. As they floated up to the top of the ingot, they reacted with the
exothermic feeder head compound to form spinel particles within the calcium-rich
silicates from the slag, which also became enriched in aluminium as a result of the
free aluminium in the exothermic compound. Particles of ‘t‘he spinel-slag complex
then became detached from the reacted layer and were carried by convection currents
into the body of the ingot, although they were mainly confined to near the top; The
reason given to explain why the use of a vermiculite insulating layer did not entirely
eliminate the inclusions was that vermiculite can, at high temperature, break down
to form MgO. Al9O3 spinel, which was entrapped by slag. The lower frequency of
occurrence of the inclusions uéing a non-reactive compound pointed to fhe additional
»effect caused by the exothermic reaction in promotiﬁg the reactions or in helping the
demchment of inclusiﬁns into the main body of the ingot. In fact, confirmation of these
suggested mechanisms was obtained from experimental work in which slag and .exo—
thermic compounds were stirred into a laboratory melt. Samples taken from the melt

showed the presence of the spinel-calcium silicate inclusions.

The use of oxidic materials to help in promoting good surfaces and adequate



feeding in ingots may be expected to lead to some complex inclusions from time to
time. For example, it is known that a mould flux can react with an exothermic feeder
head compound and impair its performance and the reaction products could then be
entrained in the ingot. Further reactions could also be envisaged wjth the feeder head
tiles, giving very complex oxide inclusions. Pickering has concluded, therefore, that
in future, it will be necessary for such materials as mould fluxes, feeder head com-
pounds and tiles to be mutually compatible so as not to impair each others performance
and mofepver so as not to form exogenous inclﬁsions which might be detrimental to the
quality of the steel.

On the basis of the ste'elmaking trials carriedlout, Pickering et al attempted to
assess the detrimental nature of different types of inclusions. In general, it is the
very large inclusions which provide the greatest quality control problems, parficularly
if they occur in segregates. The relative average volumes of the various types of
inclusions can be taken as an index of their likely deleterious nature, and the data
obtained by Pickering et al is shown in Table 2.8. These figures show that it is the
primary silicate deoxidation products and the erosion prodlicts which are likely to
cause the most problems. Steps can be taken to eliminate deoxidation silicates by
varying the deoxidation practice, but, as Pickering pointed out, more effort is required
to eliminate refractory erosion products.

Severﬁl other investigators have studied the origin of inclusions during steel-
making, although not quite in such a comprehensive manner as Pickering et al. Thus,
before ‘going on to consider in greater detail the formation of inclusions as a result of
atmospheric reoxidation and refractory erosion, the main conclusions of these other
studies are discussed, with particular reference to the use of radioactive isotopes to
label inclusion sources.

Leach(113) discussed the general approach to the production of high quality

alloy and stainless steels made in large electric arc furnaces. The importance of



correct deoxidation practice was emphasised, and methods of employing aluminium

treatment and vacuum degassing to best effect were discusséd. The various difficul-
ties which inclusions can give rise to in stainless steel plate and sheet were described,
together with remedial actions taken as a result of investigations of inclusions present
at various stages of steelmaking by a bomb sampling technique similar to that uséd by

Pickering et al.
KSnig and Ernst(4) carried out a detailed investigation of the composition and
~origin of oxide incldsiqns in liquid steel. The formation of inclusions and the subse-
quent changes in their chemical composition were discussed in terms of:-

(i) The physical state of the inclusions‘(solid/liquid)

(ii) contact and coalescence with other inclusions

(iii) reaction with the liquid steel (to approach chemical equilibrium)

(iv) holding time at reaction temperamres; the melt temperatﬁre;
the inclusionbs size

(v) reactions with refractory material and with slag

(vi) atmospheric oxidation.

In general, their main conclusions were very similar to those bf Pickering et al
and other workers.

Franklin, Rule and Widdowson(®1) studied the effect of various deoxidation
techniques on the oxygen contents and types of oxide inclusions in single slag melts of
0.2% C steel made in a basié electric arc furnace. Furnace and ladle deoxidation ﬁvas
investigated using ferro-silicon, ferro—mangé;nese, ferro~aluminium, silicon-manganese
and aluminium deoxidants. One tonne heats were made’ and experimental work was
based on vacuum fusion oxygen analyses and electron probe microanalyses of inclusions.
Their results showed that shortly after melt-out, residual deoxidation products intro-
duced by the charge materials were present. The persistence of such oxide inclusions

coincided with abnormally high bath oxygen contents. The carbon-oxygen product

decreased during refining as the residual deoxidation products were removed until a



value of approximately 250 ppm oxygen was reached at 0.2% C, cdrresponding to a
product of 0.005. Before deoxidation, the steel was virtually free from inclusions.

Silicon-manganese deoxidation in the ladle was the least efficient method of
oxygen removal, there being a drop of 40 ppm in oxygen in the ladle and a further drop
of 50 ppm in the ingot, 80 that final ingot average oxygen levels wefe about 150 ppm.
The same deoxidation in the furnace produced a much cleaner steel, mainly becéuse
during the 10-15 min taken for deoxidation, sampling, aﬁd tapping, there was a gradual
fall of 150 ppm in oxygen to a ladle level of 100 ppm. A subsequent further drop on
teeming and ingot solidification meant that mean ingot oxygen levels of 80 ppm were
obtained.

Aluminium deoxidation was the most efficient for oxygen removal, a rapid drop
of 100 ppm in oxygen éontent being obtained within 1 or 2 min of the aluminium addition,
whether in furnace or ladle. Further gradual decrease in oxygen content occurred
when silicon and manganese were added. Addition of aluminium in the furnace or ladle
produced average ingot oxygen contents of about 30 ppm.

The composition of inclusions in the deoxidised steel depended entirely on the
alloys added. Ferro-silicon containing 1 .8% Al resulted in oxide incltisions containing
up to 40% AlyOg. Small amounts of CaO (3%) and TiOg (1%) were traced to calcium in |
the ferro-silicon, and titanium in the ferro-manganese and silico-manganesé. The
authors found-it unnecessary to assume that any of the constituents of the inclusions in
the steel originated in refractories or furnace slags.

Aluminium added either as aluminium stick, ferro-alloy, or as a trace element
in the ferro-silicon, was always a major constituent of the inclusions. The balance of
SiO9 and MnO depended on the original oxygen content of the bath combined with the
recovery of the ferro-alloys. The range of compositions tended to lie on a tie-line
connecting pure alumina with the low melting-point region of the Al90Og-SiO2-MnO

ternary diagram, between spessartite and rhodonite.

Lunner(114,115) examined the occurrence of macro-inclusions (larger than



about 30 ;;m) in non-stabilised austenitic stainless steel made in electric arc furnaces
by sampling the liquid steel at different stages of the steelmaking, tapping and teeming
processes. The compositions of the inclusions observed during these processes are
given in Table 2,9. It was found that the fretjuency of large inclusions was relatively
low in the furnace, increased éomewhat in the ladle, and was highest in the ingot mould.
When the melt was tappled into the ladle, it was found that the number of macfo—
inclusions had markedly increased. This was a result of the entrainment of furnace
slag and oxidation by air during tapping of the melt. The time during which the melt
was held in the ladle was found to have a favourable effect on the separation of the
larger inclusions. Slag particles greater than 50 ym were effectively separated.
Ingots which were teemed late in the casting period contained more macro-
" inclusions than those teemed at an earlier stage. This was attributed to the growth
of slag inclusions present in the ladle as a reéult of coalescence and also, possibly,
reoxidation.
Lunner also observed the following trends when comparing direct and uphill-
teemed ingots:-
(i) wuphill-teemed ingots contained fewér macro-inclusions
(ii) micro-inclusions were mainly present in the top part of
uphill-teemed ingots
(iii) uphill-teemed steel had an insignificantly lower total inclusion
content throughout
(iv) coarse inclusions which were present were more uniformly distri-
buted throughout the uphill-teemed ingots whereas in the direct-
teemed ones, they were mainly located in the bottom cone
region.
The effect of argon bubbling on the separation of slag particles was also studied,
although only on two casts. Argon bubbling in the furnace before tapping resulted in a

marked reduction in the number and size of the spherical silicate inclusions.



However, with argon bubbliﬁg in the ladle, carried out on aluminium-killed steels, no
significant removal of inclusions was observed. Lunner suggesied that in this cuée,
the aluminate particles were already too small to bé effectively separated by the
bubbles, and also that argon but;bles adhere to silicates more effectively than to
aluminates.

Wahlster, Choudhury and Rohde(116,117) jnvestigated the origin of inclusions
in steel containing 1.0-1.2% Mn. Liquid metal samples were taken by a bomb sampling
technique from 5 t and 100 t melts. Figure 2.78 shows the influence of the amount of
the deoxidiser addition on the composition of the primary deoxidation products in the
ladle. In each case, aluminium was added together with calcium alloys. With increa-
sing aluminium additibn, the AloOg content of fhe primary inclusions increased and
after an aluminium addition of 0.7-1.1 kg/t, they comprised calcium aluminates with
little or no SiOg present. Figure 2.79 shows that the composition of primary oxide
inclusions was shifted towards higher SiO9 contents during teeming. The reasons
given by the authors for this gfowing 8i09 content were the temperature-dependence
of the silicon-oxygen reaction in steel, the rapid separation of alumina inclusions
containing Ca0, and reaction between the steel and the firebrick lining of the ladle.

Figure 2.80, also taken from the work of Wahlster et al, illustrates the
influence of different processes on the solubility product of aluminium and oxygen.
The value of 10-9 at 1600°C obtained in normal technical melts (electric arc furnace,
black slag) is taken as standard. This value, which the authors consider is better
defined as a characteristic number for inclusion separation, can be lowered by the
application of certain metallurgical measures‘" such as vacuum treatment, argon
stirring, fluorspar 'bombs' and calcium treatment, with best results obtained by
using unsaturated refining slags. In the electro-slag reme}ting process or by using

Ca0-Al90Og slags in laboratory melts at 1600°C, the thermodynamic equilibrium value

for [% Al]2 ['% O] 3 has been achieved.



According to Wahlster et al, application of calcium during deoxidation with
aluminium and silicon has proved to be a most effective measure in achieving favourable |
inclusion content and composition. From the fact that exogenous inclusions are formed
as a result éf chemical reaction between liquid steel and firebrick, they also concluded
that in this case, improvements in steel cleanness can only be achieved by using better |
quality refractories such as higher alumina firebrick, dolomite or magnesite.

Kohn et al(118,119) gtudied the origin of aluminous inclusions in electric arc
steels using radioactive cerium as a tracer with the alufninium.k The steel was made
in a 40 t furnace by a double ‘slag practice and the average composition was 0.15% C,
0.35%Si, .0.75% Mn, 0.007% S, 0.012% P, 1.30% Ni, 1.04% Cr, 0.10% Mo and
0. 025% Al. Four heats were made and details of the deoxidants used are given in
Table 2.10. In heats A and C, the aluminium addition to the furnace was labelled
with cerium. In heat B, the aluminium added to the ladle was labelled and in heat D,
the ladle slag was labelled by means of a small amount of sintered oxide mixture-
having the composition 31%. Si09, 35% CaO, 16.7%VA1203>, 4.2% CaFg and 12.5% CeOg
(radioﬁ’ztctiﬁik:fq). In each cast, half of the metal in the ladle was teemed into a continuqus
casting machine, whilst the éther half was teemed into ingots (direct and uphill). The
results of activity measurements on slag and scum samples are shown in Table 2. 11,
"I‘he main conclusion of this investigation was that the inclusions present in the
aluminium-deoxidised steels were not pﬁre alumina crystals but were in fact aluminates
containing magnesia or lime.

Kohn et al proi)osed that on adding the aluminium, alumina inclusions weré
formed initially but these were rapidly eliminated. The deoxidation products subse-
quently formed, as a result of reoxidation of the metal, were complex aluminates.
These aluminate inclusions were precipitatéci directly by the simultaneous oxidation
of aluminium, magnesium, calcium and radioactive cerium present in solution in the
liquid metal, It was calculated that 0.05% oxygen re;iuires 0.055% Al, 0.007% Mg

and 0.012% Ca to fix the whole of this oxygen, half as MgO.AlpO3 and half as CaO.Al303



Although the vapour pressures of calcium and mé.gnesium are very high at 1600°C,
these workers consider that it is reasonable to assume that about 0.01% Mg and
0.01% Ca can exist in solution in the liquid steel. |

According to Kohn et al, the calcium 'probably originated from the calcium-
silicon addition, Table 2.10, and the magneéium possibly from the ferro-alloys and
from the calcium-silicon élloys in which it was found as imburity (about 2% Mg). It
might also have formed by the reduction of MgO present in the furnace lining or by
introduction into the slag as a result of refractory erosion. The thermodynamic
data show that the aluminates have a high stability and that they can be formed in
liquid steel containing aluminium, calcium and magnesium when the steel is reoxidised.

A white powder was deposited on the interior of the tundish nozzles during
continuous casting and radiographic analysis:shofaved that it was composed of MgO.A1203,
Ca0. 241903 and Ca0.6Al,03 together with traces of alumina. Chemical analysis
gave 62-67% AlgOg, 9-11% MgO, 12.5% CaO and less than 3% SiOg. As this deposit
was composed of crystals of the same nature as the inclusions present in the metal,
it was concluded that the deposit was produced as a result of the poor wetting of the
aluminous inclusions by liquid steel according to the mechanism of Kozakevitch et al
discussed previously. If such a mechanism is assumed, the inclusions which come
into contact with the nozzle wall remain attached to it and accumulate, one on the
othef to form a powdery deposit. This phenomenon is related to the high surface area:
volume ratio of the liquid stream flowing through the nozzle. It may even be intensified
by the break in the metal stream caused by opening and closing the stopper. The
current theories on nozzle blockage are discussed in more detail in section 2.4.3.

Two types of aluminate cluster were observed in the finished product, those
containing less than ten particles and those with several hundreds. It was considered
that the small clusters formed in the mould as a result of collisions whilst the larger
groups, consisting of too many inclusions to have formed by random encounter of

inclusions during flotation, were already agglomerated when they entered the mould



and originated from the nozzle deposit which perioldically became detached from the
wall by the flow of metal.

The trials also showed that a significant proportion of the aluminate inclusions
escaped from the liquid metal into the ladle slag and ingot scum. | However, a certain
number were not eliminated, either because they were impeded by the various currents,
especially convection currents present in the ladle or ingot, or because they acted as
nuclei for the precipitation of iron crystalé during cooling in the ingot.

Kohn et al concluded that the presence of these aiuminous inclusion clusters
in basic elecfric arc steels killed with aluminium is inherent to the traditional method
of casting, even when the production of the steel in the furnace is conducted with great
care. In order to minimise their occﬁrrence, it would be necessary to prevent reoxi-
dation during casting (by casting under» vacuum or in a protectivé atmosphere) and to
promote the elimination of inclusions in the ladle.

Ericsson(120) studied the effect of tapping and teeming practices on the macro-
inclusion contént of electric arc, open-hearth and Kaldo steels using a radioactive
tracer technique. Four main types of steel were studied, these being low carbon
(~0.1%), low carbon (~0.15%) with 1.0-1.5% Mn, low alloy (0.25% C, 1.0% Cr,
0.25% Mo or 0.20% C, 0.7% Cr, 1.5% Ni) and 18-8 stainless. It was concluded that
with open-hearth steel, furnace slag is unlikely to contribute to the inclusions in the
ingot. However, this is apparently not the case with Kaldo and electric arc steels
where slag-based inclusions can be a problem. It seems likely that the difference
lies in the fact that during tapping from the furnace into the ladle, there is a much
more powerful mixing of slag with steel in the case of Kaldo and electric arc furnaces
compared with open hearth furnaces. An instance was quoted in which non-metallic
isolates from 6 t ingots of arc furnace steel were found to contain 4-5% of ladle slag.
This observation is in agreement with that of Pickering et al discussed previously.

It was also observed that after labelling the furnace slag in one cast, significant

activities were obtained in the following, unactivated cast in the same ladle. The



activity was also apparent in'the next cast as well. This effect was attributed to the
ladle slag adhering to the refractory lining as the slag cover mdves slowly down the
wall of the ladle during teeming. In the next heat, this slag/refractory glaze can -
react with oxide and/or alloying elements in the steel. This mechanism has been
described by Konig et al(4) and by Sims(3), Cox and Charles(121,122) detected KoO
in addition to CaO in a number of inclusions and since the KoO niust have come from
alumino-silicate refractories, it was concluded that they resulted from a reaction
between the ladle slag and lining.

By means of studies on step-down tesfpieces and plate testpieces, Ericsson
found that high teeming temperatures resulted in steel which was less contaxﬁinated
by macro-inclusions compared with low teeming temperatures and suggested that the
highest possible teeming temperatures should be aimed for. According to Ericsson,
‘this results in the cleanest steel in terms of macro-inclgsions, even if the attack on
.refractofies is inténsified, because separation of the large inclusions from thé steel
is considerably improved. Bruch et al(110) consider that hot teeming is especially
important for fully aiuminium—killed steels. These conclusions should not be taken
too literally as there is sufficient evidence-a{railable to indicate that in some circum-
stances the opposite effect is true, i.e. that increased teeming temperatures result
in a dirtier steel because of increased refractory erosion. In addition, there are
other problems associated with reoxidation and dissolved gases to be considered.

In tests that were carried out at the Azovstal' Works in the U.S.S.R.,
strontium-89 was introduced into the slag on a 350 t open-hearth furnace cast at the
start of the refining period(111), The steel produced was rolled to rail section which
was sampled both by measurement of the intensity of radioactivity and by autoradio-
graphy. The presence of finely-divided inclusions on the éutoradiographs confirmed
that open-hearth furnace slag was a source of inclusions in this cast. In a similar

study of ball-bearing steel made in 55 t electric furnaces, the results indicated that



about 10% of the total inclusion content had originated from the furnace slag.

A series of investigations described by Richardson(123) included one trial in
which ldthanum-140 in the form of oxide was added to the slag on a 140 t open-hearth
rimming steel heat some 30 min before tapping. Sampling showed that approximately
uniform activity in the slag was obtained in 10 to 15 min. Metal samples were taken
from the bath, ladle and ingots. None of these showed significant'readioactivity, the
amount of labelled material in the metal not exceeding 0.01%.

Houseman(111) considers that the possibility of inclusions originating from
furnace slag is rather greater with electric arc steelmaking than with open-hearfh
steelmaking of similar grades of steel, although not to the extent of the 10%Vreported
previously for ball-bearing steel. Under the action of the forces in the electric arc,
the slag may be broken down to form droplets so small that they do not float out from
the bath very readily, but remain throughout the steelmaking and teeming processes
and even to some extent during solidification of the ingot. Such droplets would have
to be very small, possibly below 1 ym according to Houseman, though once in the
ingot there exists the possibility of their combination with other small droplets to form
larger inclusions.

2.4.2 Atmospheric Reoxidation

Until relatively recent fimes, reoxidation and its relation to product quality
have not received nearly the same amount of attention as other aspects of steelmaking.
This is not meant to imply lack of awareness; Twenty-three years ago, Bower, Bain
and Larsen(124) presented rather convincing circﬁmstantial evidence to indicate that
reoxidation of tapping streams was the main source of alloy losses in open-hearth heats.
The estimated additional amount of oxides formed in this way was in the range of
1-4 kg/t. In the course of their report, they cited the classic work done by Hultgren (125)
in 1945 showing that large sil‘icates , often rich in MnO, were present in ladle samples
of high carbon basic electric arc steel which had been deoxidised in the furnace and

which contained no large inclusions prior to tapping. Furthermore, these inclusions



were more numerous when the metal stream 'was made to spray in a turbulent
manner. |

In 1959, Vingas and Caine(lzﬁ) ascribed the origin of macro~inclusions in steel
castings to reoxidation. More recently, Van Vlack and Flinn(iz7'130), in an extensive
investigation of the origin of ceroxidés in steel castings deoxidised with aluminium,
specifically discussed the role of reoxidation. Whilst their work was in nrogress,
Hoffmann, Bailey and Holmes(131) published the results of experirnents on the use of
argon shrouding during casting for improving steel quality. They used the teeming
stream protector shown in Fig. 2.81 for distributing argon around the metal stream
and providing a mechanical barrier between the argon and air. An inert argon atmos-
phere was also established in the mould cavity prior to teeming. | In their tests,
complete argon shrouding resulted in a 30-65% decrease in oxide inclusions, a 3-24% |
decrease in surface grinding losses and a retention of the effects of vacuum treatment.

In an attempt to decrease the reoxidation during tapping from the furnace,
Ericsson(120) used a "submerged nozzle' technique which reduced thé height of fall
of the tapping stream of 18-8 stainless steel melted in a 6 t basic H.F. furnace from
1-2 m to 0.1~0.2 m. The effect was followed by analysing for nitrogen and total oxygen
and the results are given in Table 2,12, During normal tapping, a more extensive
reaction took place with the air as shown by the nitrogen nontents. Assuming that the
' reaction with oxygen was equally as strong, the results indicate that oxygen in the forni
of inclnsions was eliminated during tapping. This elimination also proceeded during
holding in the ladle. |

Adilstam and D8be.]n(132) studied the reoxidation of carbon, low alloy and
13% Cr steels during teeming and showed that a considerable quantity of macro-
inclusions were formed by air oxidation, Tal:ile 2.13.

In a further series of experiments by Ericsson, protection against atmospheric
reoxidation during teeming was achieved by pouring the steel through a tube of abnut

275 mm diameter which was connected to the ladle by a gas-tight seal and which had



its outlet about 100 mm above the bottom of the ingot mould. Immediately before and
also during teeming, argon was blown into the tube at a rate of about 250 litre/t of
steel. In this way, an inert atmosphere was obtained around the metal stream as
shown by continuous gas analysis. At the same time, the ingot scum which formed

on the surface of the rising metal in the mould was prevented from being entrained into
the liquid steel by the teeming stream. In e#periments on carbon steel (0.2% C,

0.75% Mn énd 0.25% Si), the quantity of coarse inclusions over 25 ym decreased
slightly in the bottom part of the ingot, but not to the same extent as in the related
experiments of Adilstam ét al, Table 2.13. In the case of smaller inclusions, no effect
was observed and the total oxygen content of the steel had not changed significantly as a
result of shielded teeming. A very small decrease in the nitrogen content (0.001%) was
confirmed.

The principal difference in the methods of teeming in an inert atmosphere used
by Adilstam et ai and by Ericsson was that in the former case, even the surface of the
Steel in the mould was completely shielded from oxidation. Since this technique gave a
considerably greater reduction in the content of macro-inclusions in the ingot, it seems
that atmospheric reoxidation of the surface of the metal in the mould could make an °
essential contribution to the macro-inclusion content. One way to avoid this problem
‘without having recourse to complicated teeming in a protective gas atmosphere, ought ,
to be uphill-teeming with a suitable mould additive.

Radioisotopes have been used to study the phenomena of reoxidation of ball-
bearing st;eel(1 11). The steel was made in electric furnaces, but the results are clearly
applicable to open-hearth practice. The isotopes used were zirconium-95 and
tantalum-192, Zirconium is fairly similar in behaviour to aluminium since both have
a high affinity for oxygen and form an oxide that is solid at steelmaking temperatures.
Tantalum somewhat resembles manganese in its oxidation behaviour so that between
them these two isotopes can be used to obtain information applicable to both types of

deoxidation practice. In each case the isotope was introduced into the deoxidised bath



and distributed by careful mixing. Slag and metal samples were taken from the bath
and the ladle and further metal samples from the first three ingots after rolling. The
inclusions were extracted electrolytically and the radioactivity of both the extracted
inclusions and the electrolyte was determined. Both were radioactive showing that,
while some of the zirconium had been oxidised and formed inclusions, some had
remained unoxidised in the steel. The results showed that thefé was a decrease in
the specific activity of the metal as zirconium was removed by oxidation. The most
rapid removal took place during tapping. There was a corresponding rise in the
specific activity of the extracted inclusions. In this case, however, the results were
less consistent, possibly because the inclusions were complex éggregates so that the
balance of non-active material in each sample wés highly variable(lll). Nevertheless,
the general teriddency was towards é rise in specific activity as teeming progressed.

K8nig et al(4) consider that the relative importance of atmospheric reoxidation
during teeming in contributing to the total inclusion content sﬁould not be under-
estimated. Of the inclusions present in an ingot, 30-60%, depending on the t&pe of
steel, come from reoxidation of the metal stream. Changing from cbvered to open
teeming can double the oxygen content. Conversely, the oxygen content can be markedly
decreased (30-60%) by pouring under a protective gas. According to these investigations,
the mean composition of the inclusioné formed by atmospheric reoxidation of the
teeming stream differs from that of the ladle deoxidation products because the composi-
tion of the teeming stream is not usually the same as that of the ladle metal during
deoxidation. If the amount of primary deoxidant at the surface of the fnetal stream is
insufficient to bind completely the ongen, increased amounts of bther oxides such as
FeO and MnO will be present in the oxides(133,134), However, the mixing of the steel
in the ingot or tundish assists the approach to equilibrium and the (FeMn)O is subse-
quently reduced by the stronger deoxidising elements..

A process of special interest from the standpoint of reoxidation is continuous

casting(134’138). Up to the point where molten steel is introduced into the tundish,
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the process is similar to conventional ingot practice with regard to reoxidation.
However, the surface:volume ratio existing in the tundish-to-mould stream(s) results
in an unusually high degree of additional exposure of steel to the atmosphere. Further-
more, the reoxidation products, which can normally float to the surface in ingots, may
be driven back down into the liquid core by the tundish-to-mould stream. |
Little, Van Oosten and McLean(137) studied the factors influencing reoxidation
~ of molten steel during continuous casting and showed that the reoxidation products
could be é major source of inclusions in the finished product. They concluded that when
steel is teemed in the conventional manner, reoxidation can oceur by direct contact of
air with the stream and the molten pool surfaée. In addition, immediately the steel
leaves the nozzle, boundéry layer attachment occurs and a continuous supply of air,
entrained by the stream, is carried down into the metal pool. This entrained.air is
a major cause of metal reoxidation. The exfent of this reoxidatioﬁ depends on a
. number of factors, e.g. temperature and chemistry of the steel, the physical nature
of the stream and the oxygen potential of its .surroundings, the character of the gas
boundary layer, and the duration and total area of exposure of molten steel to the
atmosphere. A good indication of stream quality is the amount of splashing or sparking
which occurs when the stream enters the tundish or mould. The effect observed by
Little et al when rough and smooth ladle streams enter a tundish are shown in Fig. 2.82,
In general, a rough éf*‘irregular stream is acéompanied by more splashing, more fume
and greater disturbance in the liquid pool than would be the case with a smooth stream.
While stream roughness is difficult to define quantitatively, it does have a strong
bearing on the question of reoxidation. Not only does it increase the »surface area of
the stream exposed to the air, it also increases the amount of air entrained by the
stream and carried down into the metal pool. This in turn has a strong influence on
the flow patterns and the behaviour of inclusions in the pool, and consequently on the

cleanness of the final product.

Three sets of consecutive frames taken by Little et al from a high speed film



of a ladle stream are shown in Fig. 2.83. Within each sequence the time interval
between frames is 1/2000 s. The stream appearance approximately 5, 20 and 35 min
after the start of teeming is shown on the left, centre and right frame respectively.
Particularly evident from these photographs is the increase in stream diameter with
time céused by nozzle erosion, accompanied by a prbgreésive decrease in both stream
roughness and stream flaring. All of these factors tend to produce a decrease in the
extent of reoxidation. Reoxidation will increase with duration of stream exposure and
this will vary with strearﬁ 1ength ‘and velocity. Figure 2.84 éhows the change m
character of a ladle stream as the stopper rod is lowered at the end of a teeming
period. The stream first becomes highly irregular, air entrainment is greatly increased,
and this is accompanied by splashing and fume formation. The stream becomes thinner
and‘ finally degenerates into a series of droplets. The surface:volume ratio of the metal
exposed to the atmosphere is now a maximum, conditions for direct oxidation of the
metal are optimised and excessive fuming is observed. | Similar effecfs are appérent
when the stopper rod is raised at the commencement of the teeming period, and here
again conditions are favourable for reoxidation. Thus, during the teeming of a heat,
the amount of reoxidation which occurs would be diminished if a srr;ooth,ladle stream
could bé maintained without interruption until the casting 0peration was complete.

The extent of oxygen pick-up is difficult to estimate as it depends very much
on the flow conditions and the type of teeming practice. Turkdogan(10) demonstrated
the effect of increasing the free-fall height of a water stream on the amount of entrained
air bubbles in a coluinn of water. The latter increased with increasing free-fall height
and''ropiness" of the stream. For zero fall (glass tube immersed in water) no bubbles
were observed. This is one of the situations pertinent to teeming liquid steel as in
many continuous casting operations, the liquid pool is covered with a low melting
silicate and the steel is poured into the mould below the slag cover using a submerged
nozzle. This is one of the methods used in the continuous casting of aluminium-killed

steels to suppress oxidation which may lead to poor surface quality.



Kenney(138) examined the effects of reoxidation'during continuous casting.

The similarities and differences between ingot casting and continuous casting were
discussed. It was concluded that, because of 'the rapid ;ate of solidification associated
with the latter process, enfrapment of reoxidation products can be a major probiem.
When an argon shroud was used to exclude oxygen from the tundish stream, this
resulted in very Subsfantial reductions in both the size and number of inclusions in

the continuously cast billets. The products rolled from the cast billets consistently
showed inclusion ratings which were equivalent to the best ratings observed in high
quality products from convéntional ingot casting.

In 1970, Farrell, Bilek and Hilty(139) carried out a series of laboratory
experiments on fully-killed carbon steels to study the types of inclusions originating
from reoxidation of liquid steel. Their results showed that inclusions resulting from
reoxidation of pouring streams during the casting of steel can be identified and differ-
entiated from normal deoxidation products on the basis of size and composition. In

- general, reoxidation products are usually very much larger than deoxidation products
and tend to be richer in the weaker oxide-forming elements, e.g. silicon and manganese,
than the indigenous inclusions. The growth of these two inclusioh. types is shown
schematically in Fig. 2.85 for a steel deoxidised with silicon and mangaﬁese and con-
taining only a residual amount of aluminium (<0.01%). Their composition is a direct
function of the composition of the mol.ten steel and the émount of exposure to an oxidising
atrhosphere during teeming. In steels containing an excess of strong oxide-forming
elements such as zirconium and aluminium, several types of reoxidatidn products may
occur depending on the amount of exposure to the atmosphere. This is illustrated
schematically in Fig. 2.86 for a fully-killed steel containing silicon and manganese
together with sufficient aluminium (>0.01%) to control deoxidation.

Application of the same experimental technique to commercial steels showed

that a major source of inclusions causing defects in both wrought and cast steels was



reoxidation of the molten metal during teeming. Farrell et al concluded, therefore,
that reoxidation of steel may be more serious than has been considered previously.
Reoxidation can completely mask the_beneficial e‘ffects of otherwise excellent furnace
practice and deoxidation treatments. Steels containing sufficient aluminium for this
element to be in control of deoxidation, e.g. most fine-grained stéels, should contain
no ‘silicate inclusions. The presence of silicates in such steels, excluding siliceous
erosion products, is direct evidence for pouring stream reoxidation. Solution of the
problem is most likely mechanical rather than chemical in nature. That is, reoxidation
products cannot be eliminated by changes in deoxidation practice. Whilst changes in
deoxidation may modify the composition of these inclusionskbecause of a change in the
steel composition, they do not prevent them. The only remedy is isolation of the
metal from contact with air or other oxidising atmosphere during casting.

Farrell et al consider that the elimination of reoxidation as a source of
inclusions would be a major step in improving steel cleanness. Furthérmore, unless
reoxidation of teeming streams is prevented, the full benéfit conferred by advanced

techniques, such as vacuum treatment and sophisticated deoxidants, cannot be realised.

2.4.3 Steel - Refractory Interaction

Ericsson(120) has stated that erosion of refractories is not a major source of
inclusions, providing there is careful selection of refractory materials and tapping
temperatures. On the other hand, bearing in mind the possibility of variations in
melting and casting conditions, it is a factor which should be closely observed at all
times. In support of this, Ericsson quoted the work of Cottingham and Vincent(140)
on the continuous casting of silicon-killed steel billets for tube production. These
authors conclud_ed that it was neéessary to study the use of higher quality refractories
and also the flow of metal during teeming in order to minimise refractory erosion and
eliminate large, exogenous inclusions. ‘They suggested, for example, the replacement .

of fireclay ladle nozzles by nozzles made of zirconium silicate, magnesite or high

alumina material, additionally ensuring that the area around the ladle nozzle was
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- lined with high quality refractory to resist erosion in this particular part of the
ladle.

In his own investigations on refractory erosion, Ericsson found considerable
differences between steel types. For examplé,'higher manganese steels e.g. 0.15% C,
0.3% Si and 1.2% Mn are knqwn for their strong chemical attack on refractory material
and with such steels, 25% of the macro-inclusion content was contaminated with
material from the nozzle (20%) and the stopper (3-6%), both of these being fireclay.
Graphite nozzles were found to give less erosion products than fireclay ones. It was
also found that wear on fireclay nozzles was reduced by impregnation with tar.

The bottom of the ladle is subject to considerable erosion when the steel flows
out through the nozzle. This has been clear}y shown by model expefiments(141 ,142)
The quality of the cement in the ladle bottonr-; can therefore be of considerable impor-
tance from the point of view of bottom wear. According to Ericsson, erosion in this
rggion can be diminished by inserting the nozzle so that it ‘stands up from the bottom
of the ladle. It is even better, apparently, if the nozzle is surrounded by a wall or
dam in the ladle bottom, probably because of the more favourable flow conditions.

Ericsson reported that during uphill-teeming of killed 0.4% C steel involving
two different alumino-silicate runner brick qualities containing 32% AlyO3 and 17%
AlyOg, the latter resulted in fewer inclusions in the steel even though it spalled more
than the higher Al,O4 quality. This indicates that high abrasion of any refractory
material does not necessarily imply an increase in the inclusions present in the ingot,
although possible reasons for the effect were not discussed.

Investigations in the USSR showed that, under particularly unfavourable con-
ditions, up to 8% of the inclusions in thé steel may originate from magnesite used
for the taphole (111). Pieces of magnesite are swept into the ladle by the metal stream
" during tapping. This is certainly a surprising result and indicative of careless

""housekeeping', since for a 350 t cast having a total inclusion content of 0.1%



(average value), 8% of inclusions_ as referred to above is equivalent to the erosion of
about 28 kg magnesite.

In an investigation into the possible contribution of ladle lining material to the
non-metallic content of the ingot, several kilograrﬁs of refra;:tory impregnatéd with
calcium-45 solution were placed on the bottom of a ladle prior to tappmg steel into it.
Autoradiographs of rolled metal samples showed that é.s much as 5% of the total inclu-
sions could arise from this source. This work also emphasised the importance of
carefully cleaning loose refractory materials and dirt from launders, lad'les,' and

ingot moulds.

) Ladle Erosion

It ié relevant at this stage to discuss the types of refractory ﬁaterials used
for ladle linings as it will be shown later than these can have a marked effect on the‘
nature 6f the erosion products present in the liquid steel. The local conditions at a
particular Works govern the size and shape of a ladle, but the ladle lining is normally
a compromise between cost and the chemical ahd mechanical requirements(143).
Only in very few instances does cost not play an important part and this only happens
whén the application is so arduous that there is no alternative choice of material. In
the majority of cases, the cost effectiveness is the criterion by which the final choice
of lining material and technique are chosen. As steel quality requirements become
more exacting, however, the importanée of this parameter may well become less.

In certain cases such as vacuum degassing, continuous casting and after-
furnace steelmaking, ladle linings have more stringent requireme_ﬁts placed on them
because of the higher tapping temperatures, the increaséd slag covering for insulation
purposes and the longer holding (residence) times. Before discussing lining details,
it is necessary to summarise how a lining wears. Wear occurs by three basic
mechanisms:-

(a) Chemical attack by slag and steel.



(b) Physical damage by temperature an‘d ingress of the

slag or steel into the refractory surface.

(c) Mechanical damage by thermal and physical

stresses being set up in the refractory.

The slag layer is generally more destructive towards the ladle lining than is
the steel itself and the attack will be more pronounced thé thicker the slag layer. The
degree of corrosion and rate of chemical reactions depend on the chemical composition
of the slag and the steel, the teeming temperature, and the physico-chemical compo-
sition of the refractories. Operating conditions such as standing tiine and casting
time will also affect the rate of corrosion. In addition, the refractory working surface
does_not operate under the same éonditions throughout. The upper part of the refrac-
tory material will be geﬁerally more severely attacked since it will be in contact with
fresh unsaturated high temperature slag, and will be in contact with slag for a longer
period of time than the other parts of the refractory lining. The corrosion is mainly
caused by manganous oxide, iron oxide and lime, which react strongly with the silica
and other materials in the refractory lining material. The volume of slag is one of
the most important factors in determining the life of a ladle lining. Baéicity of the
slag is also an important factor in controlling the rate of solution.

Fireclay brick is the most commonly used ladle lining material. ‘TIncreasing
tﬁe alumina content at low levels has been shown to increase slag-lining reactivity.
However, it has also been shown that increasing alumina content over 30% causes a
reduction in reactivity and at levels over 60% the reactivity is considerabl& reduced.
The chemical nature of the lining is also influenced by ladle working temperature in
that if the ladle is preheated or the metal is superheated prior to the metél being con-
tinuously cast, then a higher grade alumina refractory may be required e.g. 85% A1203.

Over the firebrick range of composition, little basic slag absorption is needed
to convert the working face of the ladle brick to the wholly moltén state at steel

teeming temperatures. The controlling factor regarding the rate of attack of the
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lining has been shown to be the viscosity of the reaétion layer. The viscosity of the
-reaction products increases with increase in silica content, thereby diminishing the
ladle attack. Therefore the benefits of higher AloO5 content in fireclays are only to
be obtained by producing bricks of low porosity. Owing to the low thermal conductivity
of firebfick, only a vefy thin layer of the brick is subject tq a working temperature
near its melting point.

The surface area of brick in contact with slag or metal is clearly one of the
factors governing the rate of ladle attack. Therefore an important feature of an
effective brick lining is that it should not shrink, thereby developing gaps and cracks.
For this reason an expansile cement is generally preferred. It is also essential that
the jointing material is at least as cheinically efficient as the bricks it is supporting,
otherwise.the joints will become preferentially eroded. Sufface area is also governed
by brick porosity. The denser the material, the less is the area exposed to attack.
~However, a very dense material may well have bad thermal shock resistance, and
therefore there must’be a compromise between the two properties. Fluid slag or
metal may be drawn up into the brick pores by a clapillarity effect and if the ladle
undergoes heating and cooling cycles, solidified slag may block the pores and inhibit
further attack.

Mechanical wear of the ladle lining occurs when steel is tapped into the ladle
and strikes the lining. Metal turbulence occurs as the steel is continued to be tapped
into the ladle and also if the ladle is bottom-teemed, leading to pronounced wear on
the bottom few courses of brickwork. Deskulling also causes mechanical wear. The |
solidified metal tends to get in between the brickwork and when the skull is removed,
| serious damage can be caused to the brickwork. Monolithics »haVe been used in an
attempt to get over this problem, but there is danger of considerable erosion from the

metal stream on large ladles. Due to rapid heating, considerable thermal stresses



are set up in the ladle and this can lead to spalling. Monolithics, however, have a
less rigid texture and are therefore able to better absorb these stresses.

Alvthough firebrick linings are still exténsively used(144), longer holding times,
higher teeming temperatures and the demand for higher quality steel have led to con~
siderable interest in high alumina refractoriés(145"147), which, however, have
certain disadvantages. A convantional ladle ‘lining‘surface tends to 'clean itself'
whereas high alumina does not. The latter also tends to produce a solid skull and on
removal of the skull, lining damage occurs: also, as a result of the large heat |
capacity of high alumina refractories, the metal tends to be chilled. However, tem-
perature drop and skull formation can.be lowered to acceptable limits by the use of a
firebrick safety layer together with adequate preheating of the ladle. Schroth and
Bays (146) found that with 50% AlgOg bricks, there was no skullihg problem whereas
70% AlpO3 gave moderate skulling.

| It is well known that_ high alumina refractoi'ies do not expand enough to close
joints and prevent metal penetration. In order to overcome this problem, phosphafe—
bonded high alumina mortar is used. This develops strength at low preheat tempera-
tures (approx. 250°C) and becomes strongér with heating. It also shows low perme-
ability and appears to resist wetting by slag and molten metal.

(ii) Runner Erosion

The runner brick assembly in uphill teeming systems has long been recognised
as a source of non-metallic inclusions, which originate from erosion of the alumino-
silicates, particularly by higher-manganese steels. Such erosion products are very
readily observed in silicon-killed steels, but they are not so readily observed in
heavily aluminium-treated steels because of reaction between the erosion products and
the aluminium dissolved in the steel to form alumina and spinels(loz). Nevertheless,
such reaction products can contribute to the total inclusion content of the steel.

It has already been stated that the surface layers of alumino-silicate refractories



which have been in contact with liquid steel can contain appreciable amounts of
corundum, and Pickering reported a particularly severe example of the entrapment
of a large mass of alumina from this source. This type of refractory erosion has
also been observed to give rise to quality control problems in highér manganese
stainless steels (”148),. and it is clear that where such erosion problems are likely to
occur, particular attention should be paid to the quality of the runner bricks.

In 1943, Rait(149) published the results of a detailed investigation into the
formation of inclusions from casting pit refractories. It was shown that manganese
'~ in the liquid steel reduced the free silica of firebrick and the resulting MnO fluxed
the refractory, Fig. 2.87, to form a liquid manganese‘alumino-silicate phase. This
was washed off the runner bricks and carried into the ingots. The compositions of
the manganese alumino-silicate reaction layers were discussed in terms of the
MnO-Al,03-8i0y phase diagram. It was found that a line drawn from the MnO corner
of the diagram through the composition of the reactibn layer intersected the AloOg3- )A
8i09 side of the diagram at the approximate composition of the firebrick frond which
it was derived.

Following the investigations of Rait, several workers studied inclusion pick-up
from uphill-teeming refractories, notably Post and Luerssen(150), Snow and Shea(151),
Fedock(152), Carney and Rudolphy(153), and Van Vlack and his co-workers(127,128),

Smith and Banks(154) studied the reactioﬁs that take place when liquid steel
comes into contact with refractory runner bricks. In the first part of their investiga-
tion, they examined the effects of steelmaking and casting pit variables on the degree

of attack of the bricks. It was observed that the runner bricks suffered conéiderable
erosion as a result of attack of the free silica in the fireclay refractory by aluminium
and manganese in the steel. At the w§rking surface, very little free silica remained
in the fireclay and a (mullite + liquid) phase was formed. The steel/refractory

reaction in rimmed steel was promoted by manganese, in the absence of aluminium,



producing glassy reaction products and a general glazing of the refractory. In

‘killed steel with a low aluminium content in addition to manganese, the steel/refractory
reaction was modified and the reaction layer contained some precipitated alumina. In
the case of killed steel with a high aluminium content, the reaction layer was rich in
alumina and appeared as a whitish, powdery deposit. Refractory attack was most
sevefe in runners on the first plate to be teemed, the attack progressively décreasing
in severity dﬁring teeming of the c‘ast. The reason for this was not obvious although
the investigators tentatively suggested that the decrease in the temperatufe of the
steel and its aluminium and manganese contents during teeming may have been the
cause. This suggestion seems reasonable in the case of the ladle temperature and
aluminium content, but the decreasé in manganese content betwéen the first and last
plates to be teemed was generally less than 0.”1% and therefore _nqt likely to affect
significantly the rate of refractory attack. The degree of attack did not appear to be
dependent upon the teeming speed. Although a proportion (unspecified) of the steel/.
refractory reaction products, which passed along the runners into the ingot being
teemed, floated into the surface scum, some were found to contaminate the steel in
the form of exogenous inclusions.

In the second part of their investigation, Smith et al cérried out a programme
of laboratory work to study the effect of steell Qomposition, temperature and time of
contact with the refractory on the degree of attack suffered by the runner bricks. It
was found that the bricks having the greater alumina content and the smaller free
silica content were superior in all respects. Higher manganese confents in the liquid
steel increased the glassy nature of the steel/refractory reaction layer. In contrast,
the addition of aluminium had very little effect and the formation of an alumina-rich
layer similar to that observed in the first part of their investigation was not reproduced.
They attributed this to the fact that the aluminium contents of the laboratory melts
were considerably less than those of the production casts in Part 1 and therefore a

glassy reaction layer was to be expected. However, other investigators (155,156) pave



observed a similar difference in the effect of aluminium in the steel on the alumina
content of steel/refractory reaction layers produced in laboratory dip-tests and
those produced on actual runner briqks during teeming, i.e. the white, powdery
alumina deposit formed on runner bricks during teeming could not be duplicated in
laboratory immersion experiments. The reason for this anomolous behaviour is not
fully understood although it is possibly a result of the vefy different steel flow con-
ditions existing in the two situations. It is also observed that the surface appearance
of steel solidified in a runner brick having anv alumina-rich reaction layer is compara-
tively smooth whereas in a runner brick having a glassy manganese alumino-silicate
layer, the solidified metal is rough and pitted. It has been suggested(159) that the
formation of a compact, infusible layer of alumina on the surface of runner bricks is
superior, in terms of overall steel cleanness, to a glassy liquid layer and should
therefore be sought. Not only is erosion less, but the dendritic alumina layer acts as
a 'filter' for the liquid steel and removes, for example, alumina deoxidatioﬂ products
present in the metal. (The steel flow conditions in the runner bricks are probably
comparable to those immediately adjacent to the iining in an HF induction furnace or
ASEA - SKF ladle unit, i.e. high rate of metal circulation, and as previously discussed
in section 2.3.4, these conditions can result in the removal of large numbers of
inclusions by the refractory lining.) This is én interesting theory and experimental
work is_ being initiated to examine it on a quantitative basis. The only reservation is
that if large clusters of alumina are torn from £he refractory surface by the metal
flow, particularly in the final stages of teeming, then they may not escape very readily
in the mould. However, this is a matter which needs further investigation.

Smith et al observed that reaction between erosion products and aluminium
dissolved in the liquid steel resulted in the formation of highly aluminous inclusions
associated with showers of alumina particles. A similar reaction mechanism was

also suggested by Pickering. Although a proportion of the erosion products were

found in the ingot scum, somellarge inclusions were found in sections of the solidified



ingots. Forging and examination of the sections showed that these inclusions were
identical to those found in ultrasonically rejected tube material.

(iii) Mechanism of Refractory Attack

Stephenson, Gladman ahd Pickering(156) studied the effect of manganese and |
aluminium in molten steel on the erosion of an alumino-silicate brick cbntaining 42%
A1203. According to these investigétors, manganese in liquid iron reacts with solid .
silica according to the equation:-

2Mn + (SiOg) —> (MnO) +8i .. .. .. eqn. (2.32)

The free energy change, AG, for this r'eacﬁon is negative mainly because of
the very low activity coefficient of silicon in liquid iron. Aluminium should also
react with silica in a similar manner:-

4 Al + 3 (Si0g) ——> 2(Al,Og) + 3 Si .. .. .. eqn. (2.33)

Under the experimental conditions of their investigation, the behaviour of
manganese and aluminium were expected to be very similar.

~ If the SiO9 reacts exclusively with manganese, the composition of the surface
layers moves from a position on the Al9O3-SiO9 binary into the MnO-Al903-SiOg
system following the line AB in Fig.v 2.88, where A represents the initial brick com-
position and B represents complete conversion of SiOy to MnO. The ‘constitution
changes from mullite and cristobalite to mullite, cristobalite and a liquid of compo-
sition a. As the MnO content increases, cristobalite disappears and the liquid
composition moves along the 1550°C isotherm until, at point b, mullite disappears
completely. The viscosity of the liquid decreases as the SiOg content decreases, S0
that the probability of erosion increases as the liquid composition changes along ab.
With a further increase in the MnO content, the composition enters the corundum
primary phase field a.nd alumina is precipitated from the melt.

Once the liquid phase forms on the surface of the brick, complex silicate

polyanions, e.g. SiO%" and Si')zog' , react with manganese in the metal to give
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silicon of low activity in liquid iron:-

§104 + 2Mn—> Si + 2Ma2* + 402 . .. eqn. (2.34)
Si,097 + 4Mn—> 28i+4Mn2" + 702~ .. .. eqn. (2.35)

Some of the 02~ jons dissolve in the molten steel, but others, together with
Mn2+ ions, diffuse through the liquid surface layers and efféctively reduce the degree
of polymerisation of the silicate polyanions.
If some of the 8i0Oq reacts with aluminjum, the compositional changes occur
- to the right of AB and the constitution shows an enrichment in mullite or even in
coruﬁdum if sufficient reaction with aluminium takes place. In conditions where the
aluminium-silica reaction predominates, ‘an alumina-rich layer would be expected to
form on the surface of the brick, perhaps acting as a barrier to further attack.
In their laboratory dip tests with an alumino-'silicate brick containing 42%
AloOg, Stephenson et al found that increasing the manganese content Qf the liquid
steel caused an increase in the rate of refractory erosioﬁ. Manganese penetration
occurred in the silica-rich regions of the brick and the c‘ompositional changes resulted
in the formation of a single-phased liquid at the hot face. The composition of this
| liquid was approximately 30% MnO,v30% AlyOg and 40% SiOg. Aluminium additions
to the liquid steel céused no significant change in either the rate of refractory erosion
or the composition of the hot face. In these experiménts, therefore, erosion apparently
proceeded according to equation (2.32). |
Wahlster et a1(116,117,157) ghowed that the reduction of silica in firebrick by
manganese in liquid steel proceeds stoichiometrically according to equation (2.32)
and the MnO produced by this reaction decreases the melting point of firebrick to
quite an extent so that a liquid alumino-silicate phase containing high amounts of AMnO
forms at the surface of the refractory in contact with the molten steel. This liquid
oxide layer is eroded from the surface of the firebrick and distributed as inclusions

in the melt. A summary of the results obtained by Wahlster et al is presented in
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Fig. 2.89. The upper part shows the identiqal nature of the reaction layers at the
firebrick surfaces and manganese alumino—.‘silicate inclusions in heavy plate. In the
lower part of Fig. 2.-89, the direction of reaction between silica and manganese is
clearly shov-vn. These workers concluded that decisive improvements can be obtained
by using ladle linings with higher Al,Og contents, mullite or bauxite linings, or
magnesite- or dolomite- based linings. k

The mechahism of refractory attack has been similarly discussed by Narita(198),
and by KSnig et a1), In the latter case, these workers postulated that reaction (2.32)
proceeds preferentially in steels with low or medium carbon contents having high
Mn : Si ratios. With increasing residual alumiﬁium content, reaction (2.33) is then
possible.

Schwerdtfeger and Schrewe(199) discussed the chemical equilibria between
aluminium - deoxidised steel and refractory oxides at 1550°C. Their results for
the systems Fe-Al-Cr-O, Fe-Al-8i-O and Fe-Al-Zr-O are given in Fig. 2.90. The
upper part of the diagram shows that the respective oxide systems CrgOg and Al5Og
form a continuoﬁs series of solid solutions. Hence, the relationship between the
chromium and aluminium contents of the metal phase (lower part of Fig. 2.90a)
depends very much on the composition of th"e‘solid solution. SiOg9 and Al20Og3 forrﬁ
a compound, mullite, 3Al1903. 28i09, as shbwn in Fig. 2.90b. Hence, two
equilibrium curves exist for the composition of the liquid steel, one for the equilibrium
Fe-5i09-3A1,03-2Si0y, and the other for the equilibrium Fe-3Al503.258i09-Al503.
At compositions between the two curves, only mullite is stable. At silicon contents
higher than those given by the upper curve, silica is the coexisting phase; and at
silicon concentrations smaller than those represented by the lower curve, alumina
is the equilibrium oxide. The ZrOg-AlyO3 system is a simple eutectic system,

Fig. 2.90c. Both oxides coexist with each other. Hence, there is



only one curve in the lower diagram which limits the stability regions for ZrOy and
Alo0Og. Figure 2.90 shows that aluminium is a strong reducing agent with respect to -
chromium oxide and silica. In contrast, zirconia is very stable and may be considered
‘an ideal refractory oxide from the standpoint of»possible chemical attack. However,
the rate of actual reduction is governed by Kkinetic factors and refractories may behave
well although equilibrium conditions are unfavourable. For instance, if aluminium-
deoxidiséd iron is brought into contact with Cr 203, the resulting AloO3 may form a
dense la&er on the Cry0Og and further reaction may be very slow because the inter-
diffusion in the oxide solid solution will be rate controlling. The same is true of attack
on silica in the case where 2 protective layer of alumina or mullite is formed.

(iv) Flow of Steel Through Nozzles

Another very important aspect of steel-refractory interaction isl that associated
with the flow of steel through nozzles. Depending upon the chemical composition of the
steel being cast and the type of nozzle being used, two contradictory behaviours can be
observed, i.e. an increase in nozzle bore caused by erosion of the refractory,

Fig. 2.83, or a reduction of the nozzle bore as a result of the deposition of no’n—‘
metallic inclusions on the surface of the nozzle.

The state of }oxidation of the metal is of paramount importance in determining
nozzle wear and/or blockage. Chemical attack and erosion are enhanced by the large
contact surface and the continuous renewal of material caused by the flow Qf metal.
Low carbon steels Wilich are often high in oxygen are also teemed at higher tempéra—
tures than carbon and alloy steels and this also enhances erosion.

It is a well known fact that aluminium-deoxidised steels are more difficult to
teem through nozzles than silicon-deoxidised steels, because the former tend to
'block' the nozzle(160,161) 1 the past, however, the problem was not considered as
a major one and in practice, whenever the nozzle showed signs of becoming constricted,

teeming rates could be maintained by clearing the nozzle with an oxygen lance.
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Consequently, very little attention was given to the mechanism of nozzle blockage.
Occasional studies were undertaken, e.g. Snow and Shea(151) reported the occufrence
of "corundum-glass tufts' covering the bore surface of nozzles used to teem aluminium
fine-grained steels, but no systematic attempt to follow up such obser§ations was made.

‘With the increasing application of continuous casting during the 1960's, however,
teeming difficultie.s resulting from the use of aluminium became acute. In some
instances, the addition of aluminium was discontinﬁed aﬁd Vanadium or niobium were
used for the production of fine-grained steels(lss). In addition, the use of oxygen
lancing to clear nozzlés was recognised as an operation which was likely to result in a
dirtier steel. Consequently, investigators began to study in detail the mechanism of
nozzle blockage characteristic of aluminium-treated steels in the hope of eliminating
or at least minimising the problem.

In 1967, Duderstadt, Iyenger and Matesa(162) ghowed that nozzle blockage,
which occurred while casting steels deoxidised wifh various amounts of aluminium, was
associated with the precipitation and agglomeration‘of alumina in the nozzle bore.

Farrell and Hilty(163) carried out a detailed.laboratory study of the effects of
various deoxidising elements on the ﬂow of liquid steel through nozzles. Equipment
was constructed for comparing flow rates and the causes of nozzle blockage were
evaluated by metallographic techniques. Their observations indicated that any deoxi-
dation treatment producing an oxide phase that is solid at steel teeming temperatures,
e.g. aluminium, zirconium, fita.nium, the rare earth metals and even silicon in the
absence of manganese, can be expected to impede the flow of steel through a nozzle
and ultimately cause the nozzle to become completely blocked by precipitation and
accumulation of the oxide in the nozzle bore‘.’ They postulated that, as the steel enters
the nozzle bore during teeming, it is chilled significantly by contact with the relatively
colder nozzle refractory. The net result of this temperature drop is the precipitation

of oxide inclusions to satisfy a new oxide solubility product. Once under way, this
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process accelerates and since the oxide phase is a solid, its formation at the nozzle
throat revstricts the opening. When this occurs, the flow rate is reduced and the
residence time of the steel at the nozzle inlet increaées, resulting in a greater degree
of cooling followed by more precipitation until complete blockage occurs.

According to Farrell et al, the nature of the bonding force between the precipi-
tates and the nozzle material is not clearly understood. For example; metailographic
examination of the interface between the refractory and the oxide precipitate shows no .
apparent reaction. Nevertheless, the precipitate adheres very strongly. In addition,
whilé the up-stream growth of dendrites correlates with the mechanism of precipitation,
it is difficult to explain why the relatively fragile branches remain in place and continue
to acéumulate in spite of the washing action of the steel flow.

At the 1970 Electric Fﬁrnace Conference, Schwerdtfeger and Schrewe(199)
presented a paper discussing the results of their work on the contribution of reoxidation
products formed by reaction between aluminium in steel and tundish refractories to
nozZle blockage. In their experiments, the precipitation of indigenous alumina—fype
deoxidation products was minimised by vacuum carbon deoﬁdation of the heat prior to
final deoxidation with aluminium. They concluded that interaction between aluminium
in the steel and oxides in the refractories (particularily moisture and iron oxides in
magnesite tundish linings) contributed to the nozzie blockage problém, although the
role played by such reaction in production heats was not as serious as in laboratory
scale experiments. (This source of reoxidation is not to be confused with atmospheric
reoxidation discussed earlier.) In the experiments of Farrell and Hilty, it is probable
that, because of the short flow times, the formation of indigenous deoxidation products
outweighed any reaction between refractories and the deoxidisers present in the steel .‘ |

Fortunately, not all continuous casting operations are as vulnerable to nozzle
blockage as those using small diameter meterin:gr nozzles. Aluminium is used daily

in the ladle deoxidation of steel in the production of large billets and slabs by continuous

casting. In these cases, the problem is dealt with adequately through use of large



diameter nozzles and/or stopper rod control which helps to break loose accumulations
of precipitated alumina.

Several real or potential process techniques have been cited for dealing with
the nozzle problem. One of the most interesting approaches to preventing blockage
while continuously casting alﬁminium-killed steel is that described by Meadowcroft
and Milbourne(164). Their process involfres the use of an inert gas to purge a porous
refractory nozzle during a cast, thereby preventing the build-up of alumina in the bore.

| Two other suggestions which have been made are somewhat related to one
another. Since it is a drop in temperature which causes alumina to precipitate, these
Qall for maintaining the temperature of the nozzle at or above the temperature of the
steel in the ladle during a cast, or preventing any temperature loss between the furnace
and mould. The mechanics of either approaéh could prove formidable.

Self-eroding nozzles méy work adequately, although the metering feature of the
nozzle would have to be sacrificed. In addition, excessive erosion of refractory
materiai into the steel could adversely affect steel cleanness, pérticularly in continuous
casting.

Problems of nozzle blockage have been avoided in some Works by feeding
aluminium wire or granules to the metal stream during teeming. Whilst this technique
does provide sufficient aluminium for grain size control, the primary deoxidation
products formed in the mould may not escape very readily. In addition, unless carried
out under controlled conditions, reoxidation can lead to a very dirty steel.

The simplest solution would be a chemical one in which the melting temperature
of the oxides produced by the strong deoxidisers would be lowered below that of the
steel, as occurs with silicon-manganese deoxidation. In this respect, the use of
calcium-containing deoxidants to produce certain types of calcium aluminate and
calcium alumino-silicate inclusions which are liquid at steel casting temperatures

might prove extremely beneficial.



2.5 PURPOSE OF PRESENT WORK

The main purpose of the present work was to improve the cleanness of
several different types of steel by first determining the nature and origin of the
inclusions formed at various stages during the steelmaking, tapping and teeming
processes.l At the same time, it was also possible to study in greater detail the
effects of many of the process variables discussed in Section 2.4 on the inclusions
present in the liquid metal. This was particularly so iﬁ the case of exogenous inclu-
sions picked up during tapping and teeming as it may be séen from the preceeding
review that information concerning the effect of slag entrainment, reoxidation and

refractory erosion on product quality is to a certain extent inconclusive.
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SECTION 3 - DETAILS OF INVESTIGA TIONS
AND EXPERIMENTAL PROCEDURE

3.1 BASIS OF WORK

The basis of the work comprised a number of planned investigations into the
types of oxide inclusions present at various stages during the steelmaking, tapping
and teeming of several qualities of steel made by basic electric arc and open-hearth
processes. A series of trials were carried out at various Works within the Special
Steels Division, and it was possible to study the effects of ndmerous process variables
during steelmaking on the nature of the non—inetallic inclusions present in the liquid
metal. Full details of the trial casts are given .in Section 3.7.

3.2 METHODS OF SAMPLING

Liquid metal samples were taken from the furnace, ladle and ingots at various
- stages during the steelmaking, tapping and teeming processes. The sampling device
employed is shown schematically in Fig. 3.1. It consisted of a 0.61 m long cardb‘qlard
tube of the type used in the construction of 'Temtip' thermocouples. Into the bottom
end of this tube was fitted a small metal mould so that the bottom of the mould was
level with the end of the tube. Approximately 25 mm above the top of the mould, a
‘small hole was cut in the cardboard tube. This hole was then covered with several
1ayers of tape. A second hole (not shown in Fig. 3.1) was cut in the tube approximately
100 mm from the top end. This hole‘was left uncovered for gases to escape;

The tube was then fitted on to the tapered end-piece of a long sampling rod and
metal samples were taken by immersing the bottom end of the tube containing the
mould in the liquid steel, the tape preventing slag from entering the mould as the tube
was immersed. The steel eventually burned through the tape and flowed into the
mould. In the case of furnace or ladle sampleé, car masking tape was used to cover
the metal entry hole. For the ingot sampleé, however, Selotape was found to be |

adequate for preventing the ingress of mould additive.



The liquid metal samples were not further killed 1n any way in the Sampiing
mould: consequently, the inclusions present in the solidified samples consisted of:-

(i) relatively large inclusions which were present in the liquid metal

(ii) very small inclusions which were preoipitated from the melt

during the rapid cooling and solidification of the samples.
In general they were reasonably -sound and it was possible to obtain many examples of
the inclusions present simply by preparing inetallographic sections.

Metal samples were taken from the tbp of the ladle immediately after the
completion of tapping, and at various stages of vacuum degassing for those casts
which were degassed. Again, these samples were not further killed in any way.

During teeming, metal samples were also taken from the tops Aof certain ingots
as the level of liquid metal approached the tiles, and from the ladle stream. In the
latter instance, the sample was normally taken by reducing the flow of metal through
the nozzle and collecting the sample in a spoon. The liquid metal'was then poured’
from the spoon into 2 small mould. In other cases, the sample was taken directly
from the stream into the mould. Again, these samples were not further killed in the
sampling mould.

In addition to the liquid metal samples, furnace slag samples were also taken
whenever possible during steelmaking, and in some cases, ladle slag samples were
taken before and after teeming. The analyses of all the steelmaking and slagxﬁaking
additions were obtained, the types of refractories used throughout steelmaking, tapping
and teeming were recorded, and the amount of furnace and/or ladle wear was estimated
for each cast. Where appropriate, sections of billets, bars, etc., from the cast were
also taken fof examination in order to compare the inclusions present in the liquid
metal with those in the rolled product.

During the whole of the steelmaking, tapping and teeming processes, a detailed
chronological record was kept of all the operations carried out including the sampling.

In this way, it was possible to relate the analyses of the metal, slag and inclusions



directly with the actual details of the steelmaking practice.

3.3 METALLOGRAPHIC EXAMINATION

All the metal samples were sectioned and prepared for metallographic exami-
nation oh I um diamond. Even though the samples sometimes contained blowholes,
it was always possible to obtain solid material containing the types of non-metallic
inclusions- present. By normal optical metallographic examination, a representative
number of the different types of inclusions in each sample were selected and marked
for subsequent examination by electron-probe microanalysis. Where appropriate, the
inclusions in sections from the finished and semi-finished products (billets, bars,
plates, forgings, etc.) were also examined in this way. It should be emphasised that
the examination was partisularly aimed at establishing the types, sizes and analyses
of the inclusions which occurred at different stages of the steelmaking process and not
in the quantitative assessment of the number or volume fraction of the inclusions.
However, wﬁen occasional quantitative work was carried out to provide details of the
approximate variation in the inclusion content during the steelmaking, tapping and

teeming processes, the results were remarkably consistent.

3.4 ELECTRON-PROBE MICROANALYSIS

Inclusion compositions were determined 'in situ' by the use of electron-probe
microanalysis. The instrument used was a Cambridge Microscan Mark V.,

3.4.1 The Principles of the Instrument

When a beam of electrons is emitted from a hot cathode source and accelerated
via a high potential (25 kV in the present case) and made to hit a target,' the absorbed
electrons cause X-rays to be emitted from the target characteris"cic of the elements
present in the irradiated volume. The important feature of the microanalyser is the
fact that the incident beam of electrons is vefy finely focused when it hits the target
or sample, being of the order of one micron or even less in diameter. This finé beam

is focused via the condenser and objective lenses of the optics system, in addition to



which there are two sets of scannjng coils present allowing the focused 'spot' to be
systematically scanned over selected areas or lines as required. The X-rays which
are emitted are incident upon the analysing crystal of the fully-focussing spectroineter,
which can be set in accordance with Bragg's Law:-

n)y = 2dsin @ | - - - eqn. (3.1)
to select the particular X-radiation chafaoteristic of the element in question. The
X-rays are subsequently detected By'a proportional counter and the resultant signai is
amplified and fed into the display and recording sections of the instruinent.

The 'back-scattered' electrons are also detected via a phosphor, photomultiplier
and scintillation counter, the resultant signal als‘o being amplified and fed into the
display equipment. These back-scattered electrons are dependent upon two main
properties of the sample. Firstly, the higherkthe atomic number of a region, the
greater is the degree of back-scatter from that region as opposed to a region of lower
atomic number. Thus, if a known element, e.g. iron in a steel sample, ‘is used for
re‘ference, an area appearing lighter or darker (signal intensity) will have a corres-
pondingly higher or lower mean atomic number than the reference area. Secondly, the .
surface finish of the sample is of great importance. With rough surfaces, different
incident angles of the electrons will result giving rise to light a.nd dark adjacent
regions caused by varying degrees of back-scatter.

3.4.2 Problems of Analysis

As stated in the previous section, the surface finish of the sample is of great
importance and for accurate quantitative analysis, it is essential that the speciinen
and the comparison standards be as flat as possible. Because of variations in the
effective X-ray take-off angle, rough surfaées will also cause different X-ray iptensities
to be registered depending upon topography rather than upon composition. For example,
it has been shown(165) that for a 20° take-off angle, if an error of 2° occurs in the

inclination of i:he specinien surface to the incident beam, or if the analysis takes place



ina 3 pm deep groove, then when analysing for magnesium in iron, an error of
about 10% will occur. Similar effects have been obtained by Salter(166)  who has
shown that, even with semi-focusing spectrometers, an error of 1% will occur for a
specimen height variation of about pm. Hence, for all aqcurate quantitative analysis,
a good metallographically polished surface is essential.

The method of analysis is to compare the intensity of X-rays for a specific
element from the sample with those obtained from a pure standard of the element.

Then, to a first approximation:-

CA = IA/I(A) ce el .. eqn. (3.2)
where C A is the true concentration of A in the alloy
I A is the intensity of X-rays from A in the alloy

(usually K o °F L, lines are used)

I @A) is the intensity of X-rays from the pure standard
of A

Unfortunately, the relationship is not quite as simple as this. There are
several factors which have, in certain circumstances, a marked effect upon the ratio.
Hence, it is more usual to write equation (3.2) in the form:-

1,/1 .. .. .. .. eqn. (3.3)

Ky = Ta/la
where KA = (F)’CA . .. .o .. eqn. (3.4)

where K A is the measured or apparent concentration of A in the alloy and (F) is some
function which can be greater or less than unity depending upon the prevailing conditions
These factors are generally very complex, and only a brief outline will be given here.
The factors involved can be considered under three main headings as follows:-
i) Absorption '

This condition prevails between all elements, including self-absorption, énd
occurs where the emitted X-rays are absorbed by the material before they are able to

escape and be detected. The absorbing power, given in terms of the mass absorption

coefficient, is a maximum at the lower wavelength side of the absorption edge and is



considerably less at the higher wavelength side. This is because as the wavelength
decreases, so the energy increases and penetration increasés, hence decreasing
absorption. At the absorption edge ‘there is an abrupt change which signifies a further
release of electrons and the utilisaﬁon of the X-rays of this wavelength and energy,
and those of immediately shorter wavelengtﬁ;’ thereafter the mass absorption coef-
ficient decreases once more. The magnitude of this absorption depends upon the
elements present and, therefore, differs between sample and standard. As a result,
the apparent concentration, K A is less thah the true concentration, C A

(ii) Fluorescence

If the energy of the characteristic X-rays of one element is slightly greater
than the absorption edge energy of a second element in the same sample, then strong
absorption of the characteristic X-rays by the second elemenf occurs. The absorbing
element is excited and in returning to the grdund state it may emit Qharacteristic
radiation. These secondary X-rays add to the intensity of the primary X-rays of the
same wavelength emitted by that element as a result of absorption of electrons from
the incident beam. This increase in intensity of the characteristic X-rays of one
elemenf caused by the absorption of the characteristic X-rays of another is termed
the characteristic fluorescence effect. The fluorescence of iron by nickel and copper
~are good examples of this effect in steels.

(iii) Atomic Number Effect

The number of characteristic X-rays produced in the sample per incident
electron is a function of the average atomic number of the sample. Thus, the number
of Fe K, X-rays produced in a sample of Al-1% Fe is quite different from the number
produced in a sample of U~1% Fe for the same excitation conditions. Differences in
back-scattering and stopping power for electrons have been shown to be the cause of

this effect.



3.4.3 Methods of Analysis and Correction Procedures

It is not intended that a critical examination be given of the various absorption
and fluorescence correction formulae which have beenievolved, as these are well
covered in the literature(166-173) Hence, passing reference only is made to the
formulae used. However, a detailed description of the correction procedure is
presented, including a worked example.

The surfaces of_all the specimens examined were prepared on 1 um diamond
and then coated with 100—200A thick layers of copper to eliminate charging-up effects. |
Count rates for various elements were deterzﬁined and compared with the count rates
from standard oxides, sulphideé and fluorides. Quantitative analysis for the different
oxides, e.g. FeO, MnO, P50g, AlyO3, S5iOy, CaO, MgO, K90, Tioz, were then
obtained from correction curves based on Philibert's absorption formula (168) ang
Duncumb and Reed's atomic number formula(170) as discussed by Salter(166), m
general, ‘the correction required for fluorescence in these oxide systems was
negligible(167). Normal operating conditions involved an accelerating voltage of
25 kV and a specimen current of approximately 0.1 yA. The X-ray take-off angle
was 75° for a normally-incident electron beam.

A typical binary correction curve is shown in Fig. 3.2, whilst Fig. 3.3 shoWs
typical ternary correction curves(167), The ternary curves are constructed such
that the uncorrected concentration K; for a component i (in the case of Fig. 3.3 this
is an oxide) is represented by a linear ordinate indicated on the left~hand side of each
family of curves. The other two components are presented as a ratio function on the
horizontal scale. The co-ordinates, therefore, define a point in the diagram. The
true concentration Cj corresponding to K is then found by relating the point to the
positions of the immediate iso-concentration curves, the values of which are given by
the non-linear ordinate on the right-hand side of the diagram.

Unfortunately, this procedure is unsuitable for quaternary or larger component

systems as the number of graphs required would be inconveniently large. In these



cases, it is necessary to adopt a 'matrix correction’ procedure (166) pagsed on the
assumption that the determination of one element is subject to corrections proportional
to the amounts of the other elements present. It can be seen from Fig. 3.. 3a that this
ié not always so, although in many cases (Figs. 3.3b and c¢) the variation is almost
linear. The more complex the system, the less the concentration of any particular
element is in general and, as in Fig. 3.3a, these lower concentrations tend more
closely towards a linear relatibnship. Thus, the correction factors are lin-ear to a
first approximation over small ranges of composition.

The relationships used in the 'matrix correction' procedure are given below:-

The uncorrected concentration of el.e'ment iisK; (i=1,2,3...)

The corrected concentration of element i, in a binary system with element js
from the binary diagrams is Kij (G=1,2,3...buti#j).

The approximate estimated concentrations of i and j are K(i) and K(j).

The final corrected concentration of i is C;. The process involved is an
iterative one and initially it is necessary to obtain an approximate estimate K @) of
the various c.omponents. This is simply done by calculating the approximate contri-
bution of each separate binary correction and summing for all the corrections which

should be added to K; to give K(i)' Thus, for each component separately,

KJ - K. Ks | A
K, = K, + { 1)-] .. .. .. eqn. (3.5)
(1) i j : q
/100 -K;

The next stage of the calculation is to weight the individual values of Ki:i from

the pure binary systems by each of the intermediate corrected values K(j) as fractions
of the total minus K ) itself. In this way the proportional effects of each element are

summed to give

Z(Kij. K(.)
C. = .. .o .. .o .o eqn. (3.6)
K. -K
' @ G

A typical correction is given in Appendix 1 (take-off angle 20° at 25 kV).



3.5 OXYGEN ANALYSES

The total oxygen contents of the metal samples were determined by vacuum
fusion analysis(174).
3.5.1 Apparatus

The furnace section of the apparatus consisted of a pyrex outer shell cooled
by means of an air blower. A qﬁartz test tube was suspended inside the outer shell
by means of platinum wires. This tube was partially filled with sub -300 mesh
graphite powder. Supported and surrounded by fhe powder was a graphite cfucible
with a capacity bf about 150 g of liquid steel. The graphite crucible was fitted with
a graphite funnel to ensure that the samples fell into the crucible. The furnace Was
heated by an induction unit and the temperature measured by meahs of an optical
pyrometer.

The evolved gases (CO, Hg and Ny) were removed from the furnace chamber
by a mercury diffusion pump and passed over a copper oxide catalyst. This was con-
tained in a quartz 'U' tube connected into the gas line immediately after the furnace
diffusion pump. Its function was to oxidise the CO and Hg in the evolved gases to
COy and H,0 respectively. The catalyst was operated at a temperature of 600°C and
this was achieved by a resistance winding on the outside of the quartz tube .

Immediately following the catalyst was a water vapour trap consisting of
phosphorus pentoxide in a silica boat, which was contained in a pyrex tube fitted with
a ground joint and cap to facilitate renewal of the dessicant.

The remaining gases (CO9 and Ng) were then collected in a constant volume
reservoir. The total pressure of the gases collected was automatically measured by
a transducer and recorded on a pen—recorde_f chart. The gas temperature could ais.o
be measured at any time.

The collected gases were then circulated through a liquid oxygen trap where the

CO9 was frozen out and retained. The remaining Ng was then passed into the constant



volume reservoir and its pressure recorded in the same Way as before. The difference
between the two readings gave the pressure of COq.

3.5.2 Test Procedure

The apparatus was out-gassed at a temperature of 2300°C. The blank rate
(prior to adding sample) of gas evolution was then determined at the test temperature
(1860°C).

The surface oxide was removed from the specimen: which was then introduced
into the furnace via a vacuum lock. The test was commenced and the gases collected
until the gas evolution rate drdpped to that of the blank rate. The collected gases
were then analysed for COp and N, as before. The time taken to return to the blank
rafe at the end of a determination occasionally seemed excessive, due usually to the
sluggish evolution of Ng. This could be confirmed in any particular case by analysing
the gases evolved, collecting a second fraction and establishing that this further
fraction contained no CO9. Under these circumstances, there was no necessity to
remove completely all Ny before proceeding with the next sample.

The transducer and recorder were calibrated agéinst a McLeod gauge, using
COg from the liquid oxygen trap. The factor, F, for the weight of oxygen (g)
equivalent to 1 chart division at 0°C was then given by:-

V x 0.000714

F = 3 .o .. . .. eqn. (3.7)
where V = volume of COy at STP measured by the McLeod gauge

d = recorder divisions corrected to standard temperature (0°C)

The factor 0.000714 converts ml CO at STP.to g oxygen
Then
wt % oxygen = & -B) _\$;g)7§f:;273 x 100 - - eqn. (3v.8)

where A = total gas pressure from specimen (recorder divisions)

B = nitrogen gas pressure from specimen (recorder divisions)

a = total gas pressure from blank for equivalent time (recorder divisions)
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b = nitrogen gas pressure from blank for kequix?alent time

(recorder divisions)

F = weight of oxygen (g) equivalent to 1 chart division at 0°C
W = specimen weight in g
t = ambient temperature in °C

3.6 CHEMICAL ANALYSES

In a number of the trials, kthe metal samples were analysed for aluminium
and/or silicon. In the latter case, the analyseswere carried out according to the
-British Standard Photometric Method No. 1121, Part 19 for acid soluble silicon.
Within the limits of experimental error, the values obtained by this method were the
same as the corresponding spectrographic analyses for total silicon content, i.e.
using the photometric method, the silicate inciusions present in the sample must
also have dissolved in the acid so that the acid—soluble.silicon content was in fact
equivalent to the total silicon content.

Acid-soluble and acid-insoluble aluminium determinatioﬁs were based on the
direct eriochrome cyanine R photometric method(175).

3.7 DETAILS OF INVESTIGATIONS

3.7.1 Occurrence of Inclusions in Vacuum Degassed Low Alloy Steel

This investigation was concerned with the cleanness of 23% Cr, 1% Mo steel
prbduced by an open-hearth steelmaking/R.H. degassing route. Problems were
being experienced owing to the occurrence of an excessive number of non-metallic
inclusions in the billets and a sampling trial was therefore carried out to determine
the nature and origin of the inclusions present in the liquid meta}.

The trial (A.1) was on a 120 t open-hearth cast which had the following pit

analysis:-
Analysis, wt. %

C si Man S P Cu Ni Or Mo $n Al

— —

0.12 0.44 0.52 0.029 0.027 0.13 0.13 2.26 1.01 0.008 <0.005



The chronological record of the trial is given in Table 3.1 and a brief descrip-
tion of the procedure is as follows:-

A metal sample was taken from the furnace prior to tapping. The steel was
tapped at a temperature of 1670°C and additions of 0.03% aluminium, 0.71% ferro-
manganese, 0.36% ferro-silicon and 4.72% ferro-chromium were made to the ladle.
Part of the ferro-chromium addition was placed in the bottom of the ladle before
tapping. The ladle of steel was then transferred to the vacuum degassing unit and
the steel was degassed for 32 min. The temperature of the steel at the end of
degassing was 1570°C. The steel was uphill-teemed using a sliding-gate stopper and
the mould additive was vermiculite.

3.7.2 Occurrence of Inclusions in Low Silicon Leaded Free-Cutting Steel

The composition of this steel is based on the specification A.I.S.1. 12L14
with an 0.01% max. silicon content for improved machinability. The analysis range
is;:-

e Si Mn P s N Pb

Range, % 0.08 0.010 0.85/ 0.07/ 0.27/ 0.006/ 0.22
' max. max. 1.05 0.11 0.34 0.010 min.

This necessitates the careful control of silicon during steelmaking, tapping
and teeming, including the use of special, low-silicon ferro-alloys. .Despite these
controls, the silicon content of ladle stream samples taken during teeming was found
to be greater than 0.01% in some instances, indicating that pick-up of silicon over
and above that present in the ferro-alloy additions Had occurred. It was necessary
therefore, that the source of this additjonal silicon be located so thét steps could be
taken to eliminate it.

Steelmaking trials were carried out on four casts of free-cutting steel to
follow the variation in silicon content and to determine the nature of the oxide inclu-
sions presenf in the metal. The chronological records of the four trial casts are

shown in Tables 3.2 - 3.5. Trial cast B.1 was sampled from melt out whereas



cqsts B.2, B.3 and B.4 were only sampled from tap onwards as this was found to be
the important period from the point of view of silicon pick-up.

The steel was made in a 120 t basic electric arc furnace using a single-slag
practice. The charge to the furnace consisted of scrap, lime and coke, and melting
down was accompanied by the use of oxygen which also helped to fofm an active
V oxidising slag. At melt out, the bath carbon content waspormallyI about 0.15%.
During the oxidising period, the bath carbon was lowered to 0. 05/0.06% and the bath
silicon to less than 0.005%. The melt was then blocked with low carbon, low silicon
ferro-manganese. The furnace was tapped at a‘temperature of 1630/1640°C, and
during tapping, ferro—manganeée, ferro-phosphorus and rock sulphur were added to
the ladle. The bulk of the steel was uphill-teemed, lead being added down the trumpet
during the teeming of each plate. Occasional non-leaded ingots were direct-teemed
for comparison with the uphill-teemed ingots. An oxygen lance was used on the ladle
nozzle during casts B.2, B.3 énd B.4. A suinmary of the steelmaking details for the

trials casts is presented in Table 3.6.

3.7.3 Occurrence of Inclusions in Carbon-Manganese-Niobium Steel

'This investigation was concerned with the production of C~-Mn~Nb plate steel,
which was required to have adequate resistance to lamellar tearing. The steel chosen
~ for the application was modified B.S.4360, Grade 50D steel, which is basically a
C-Mn-Nb quality supplied as plates in the normalised condition. The testing procedure
specified for determining the susceptibility to lamellar tearing was the through-
thickness tensile test. The steel was required to meet a minimum average reduction
of area value from six tests on each plate. The basic electric arc steelmaking
practice included a tight control of residual elements, a restricted carbon equivalent
value and aluminium treatment.

The average through-thickness test results for the first series of produption

casts were approximately as follows:-



Average Reduction of Area Value, %

Centre Edge o Overall
26 42 ‘ 34

In some instances, these tensile properties were below those required by the
customer. In addition, the through yield (ingot to plate) for this material was low.
The failure to meet the through-thickness properties, when this occurred, was éaused
by the presence of AloOg and/or MnS inclusions. Consequently, a steelmaking
development programme was initiated, aimed at improving the quality of C-Mn-Nb
plate steel so that a minimum reduction of area value of 40% average could be achieved
on é regular basis. Steelmaking trials were carried out on three casts of C-Mn-Nb
steel. The first (trial C.1) was made according to the original standard practice
involving primary ferro-silicon deoxidation. The two subsequent trials (C.2 and C.3)
were on development casts made to a modified steelmaking practice. Details of the
original and modified practice are now given.

(i) Trial C.1

This cast was made according to the original standard practice involving a
ferro-silicon bath block. The chronological record of the trial cast is summarised
in Table 3.7 and a brief description of the procedure is as follows:-

The charge to the furnace was made in three baskets and consisted of 120 tonne
scrap, 2.1 tonne breeze and 5. 08 tonne lime. Melting down> was accompanied by the
use of oxygen which also helped to form an active oxidising slag. At meltb out, the
bath carbon content was 0.585%.

The bath was then blown and the slag was flushed over the sill during this
period. The total time for oxidation was approximately 1 h and the bath carbon was
lowered to 0.061%.

The slag was removed and then the bath was blocked with 0.67% ferro-silicon.

This was followed almost immediately by the addition of 1016 kg Desulfex 75* to form
* Proprietary desulphurising agent - see Table 3.11 for full composition




a refining slag. Approximately 15 min later, 0.11% aluminium was added to the
furnace. Near the end of the refining period, final additions of ferro-manganese and
ferro-niobium were made to achieve the required specification.

The furnace was then tapped at a steel temperature qf 1635°C. A large
taphole was used to promote slag-metal mixing and a further 0.11% aluminium was
~ added to the ladle in the normal mannerl. The metal temperature after tapping wes
1600°C.

The steel was uphill-teemed into 5 x 20 t ingots using wide end up moulds.
Stelotol 15** mould additive was placed in the bottom of each mould prior to teeming.
Extra Stelotol was sprinkled into moulds 1 and 2 during teeming. Oxygen was used on
the ladle nozzle after the 3rd and 4th ingotsf
(i) | Trial C.2 |
| This cast was made to a modified steelmaking practice involving, among other
things, blocking the bath with aluminium and the maintenance of an effective aluminium
cover (>0.025% Al) during refining, tapping and teeming. The chronological record
of the trial cast is summarised in Table 3.8 and a brief description of the procedure
is as follows:-

The charge to the furnace was made in 5 baskets and consisted of 123 tonne
scrap, 2.3 tonne breeze and 5.08 tonne lime. At melt out, the bath carbon content
was 0.305%.

The bath was then blown and slag flushed over the sill during this period.

The total time for oxidafion was approximately 30 min and the bath carbon was reduced
to 0.115%. |

The bath was slagged off and then blocked with 0.37% aluminium. This was
followed by the addition of a normal lime refining slag. 11 min after the aluminium
block, ferro-silicon was added to the bath. 39 min later, a further addition of

0.09% aluminium was made. The slag was then flushed off and more ferro-silicon

** Proprietary mould additive - approximate composition 40% SiOg, 20% AlyOg, 10%Nas0
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was added followed by Desulfex 75 to form a. second refining slag. Final additions
of ferro-manganese and ferro-niobium were made prior to tapping.

The steel was then tapped at a temperature of 1640°C and 0. 05% aluminium
~ was added to the ladle. This was carried out by interrupting the tapping of the furnace
when the ladle was approximately one third full. The aluminium, suspended from thé
crane, was lowered into the metal and the remainder of tfle metal and slag was then
tapped into the ladle. A large taphole was again used to promote slag-metal mixing
and desulphurisation. The metal temperature after tapping was 1600°C.

The steel was uphill-teemed into 4 x 20 t wide end up ingots and 1 x 25 ¢
wide end ub ingot with a superimposed head. The metal stream was protected by
argon during teeming. The mould additive was suspended about 30 cm from the base
of each mould. Additional mould additive was added to moulds 1, 2 and 5 during
teeming. Oxygen was used on the ladle nozzle after teeming the third and fourth
ingots.,
(iif) Trial C.3

The steelmaking practice for this cast was similar to tria} C.2 except that
part of the Desulfex 75 was injected into the bafh. The chronological record of the
trial cas.t‘is summarised in Table 3.9 and a brief description of the procedure is as
follows:- |

The charge to the furnace was made in 5 baskets and cbnsisted of 105 tonne
scrap, 2.1 tonne breeze and 5. 08 tonne lime. At melt out, the bath carbon content
was 0.38%. The bath was then blown and slag flushed over the sill during this period.
The total time for oxidation was approximately 30 min and the bath carbon was
reduced to 0.055/0.045%.

The bath was slagged off and then blocked with 0.37% aluminium followed by

the addition of a normal lime refining slag. The electrodes were dipped for 3 min

and an addition of 0.40% ferro-silicon was then made 16 min after the primary
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aluminium block. The bath was paddled and sampled, and 437 kg Desulfex 75 was‘
then injected into the melt using nitrogen as the carrier gas. After sampling and
flushing the slag, a further addition of 0. 09% aluminium was made followed by 1500 kg
Desulfex added in the normal manner. About 20 min later, final additions of ferro-
manganese, ferro-silicon and ferro-niobium were made prior to tapping.

The steel was then tapped at a temberatﬁre of 1640°C and 0. 05% aluminium
was added to the ladle in the same manner as in trial C.2. A large taphole was again
used and the ladle metal temperature after tapping was 1600°C. The steel was uphill-
teemed into 2 x 18 t wide end up, 2 x 18 t narrow end up, and 1 x 20 t wide end up -
ingots. Argon shrouding of the teeming stream was again carried out. The mould
additive was suspended, additionél amounts being added to ingots 1, 2, 4 and 5.
Qxygen was used on the ladle nozzle after teeming the 3rd and 4th ingots.

The final pit analyses for the 3 trial casts are given in Table 3.10.

@iv) Modifications in Practice

The following main changes from the original standard practice (trial C.1)
were adopted for the two development casts (trials C.2 and C.3).
(@) Although a sulphur content of 0.006% was being achiex}ed previously, there
appeared to be real advantage in reducing this to 0.004%. In trials C.2 and C.3
desulphurisation was carried out bymeans of adouble refining slag, the first one being
the normal lime slag and the second consisting of Desulfex 75 which is of higher
purity and quicker fluxing. The analysis of Desulfex 75 is given in Table 3.11.
When this second refining slag was fluxed and hot, the metal was teemed ‘through the
slag. The main difference between the three casts in terms of the desulphurisation
practice was in the amount of Desulfex used. In an attempt to achieve a sulphur
content of 0.004%, the amount of Desulfex used was increased from about 1 t (trial C.1)

to 1.5 - 2.0 t (trials C.2 and C.3). In trial cast C.3, part of the Desulfex 75 was also

injected into the bath.



(b) Initial deoxidation was with 0.37% aluminium before the normal refining slag
was made up. Ferro-silicon was added only after the first refining slag was fluxed.
When the sulphur content was down to about 0.012%, 0.09% aluminium was added and
the first refining slag was removed. The Desulfex 75 slag was then added and when
this slag was fluxed and hot and thé‘ temperature and composition correct, the furnace
was tapped at a temperature of 1640°C.

(c) 0.05% aluminium Was added to the ladle during tapping. This was done by
interrupting the tapping of the furnace when the ladle was approximately one third
full. The aluminiﬁm was immersed and then the remainder of the metal and slag was
tapped into the ladle.

d) Following the initial aluminjum addition, the total aluminium content of the
metal was maintained above 0.025% throughout refining, tapping and teeming.

(e) The teeming temperature was 1590°C and the teeming stream was protected
by an argon shroud of similar design to the one shown in Fig. 2.81.

£) The ladle bricks were alumino-silicate containing 70% Aly0g and no highly
siliceous refractory material was in contacf with the steel a1; any time. Details of
thve refractories for the three trial casts are given in Table 3.12.

8) The mould additive was suspended in the moulds prior to teeming, instead of

being placed in the bottom.



SECTION 4 - EXPERIMENTAL RESULTS

The nature and composition of the oxide inclusions present in the metal
samples from the eight trial casts are described in the following pages. The micro-
probe analyses of all the inclusions are presented together in Table 4. 1. On the
basis of this information, the possible origins and mechanisms of formation of the
inclusions are discussed. This is followed by a more detailed discussion in Section 5
of the thesis.

4.1 TRIAL CAST A.1 (LOW ALLOY STEEL)

4.1.1 Inclusions Present in Furnace

Metal 1

This sample, which was taken immediately before tapping, was relatively free
from inclusions, only occasional small silicates of the type shown in Fig. 4.1a being
observed. The presence of 40-50% CaO in these inclusions indicates that they origi-
nated from furnace slag entrained in the metal during the Boil.

4.1.2 Inclusions Present in Ladle After Tapping

Metal 2 and 3

Typical inclusions observed in these samples are shown in Figs. 4.1b and 1c.
They were glassy manganese alumino-silicates containing small amounts of CrgOs3
and CaO.A These inclusions were deoxidation products originating from the additions
made to the ladle during tapping and the CaO probably arose as a result of slight
contamination by slag mixed into the metal.

4.1.3 Inclusions Present in Ladle During Vacuum Degassing

Metal 5

The inclusions observed in this sample were single-phased, manganese alumino-
silicate deoxidation products, Fig. 4. 2a.
Metal 6

(i) Large, glassy alumino-silicate deoxidation products, Fig. 4.2b.



(ii) Complex inclusions consisting of an MnO-SiO9-Cr9Og phase surrounded by
a silica shell, Fig. 4.2c. These were probably efosion products resulting from attack
by Vmanganese (and to a lesser extent by chromium) in the steel on siliceous refractory
material. The most obvious source of the latter was the siliceous 'cerﬁent used to
repair the bottom ofi the ladle bétween heats.

Metal 7, 8 and 10

(i) Manganese alumino-silicates containing varying amounts of Al,Og,

Figs. 4.2d and 2e. It is unlikely that they were bure ladle deoxidation products
because their Al9Og contents were too high, indicating that they originated in part
from another more highly aluminous source. It would appear that these inclusions had
originated from two possible sources, either the ladle refractories or the high alumina
cement of the degassing vessel and that agglomeration with ladle deoxidation products
had probably occurred to some extent. In a few instances, these alumino-silicates
also pontained alumina particles, Fig. 4.3a.

(ii) Duplex inclusions consisting of mullite, 3Al903.2Si0Og, within a manganese
alumino-silicate matrix containing a trace amount of K9O, Fig. 4.3b. Only a few
inclusions of this type were observed. They were erosion products resulting from
manganese attack on the fireclay refractories of the ladle.

(iii) Single-phased manganese alumino-silicates containihg abouf 1% K50,
Fig. 4.3c, which were also fireclay erosion products.

Metal 11 and 12

(i) Manganese alumino-silicates containing trace amounts of K90, Fig. 4.3d.
These were undoubtedly ladle erosion products, the presence of CaO indicating con-
tamination by slag, possibly from slag glaze on the refractories although 12% CaO
seems a rather large amount to originate solely from such a source. An alternative
explanation is that it was picked up as a result of agglomeration with calcareous slag

inclusions entrained in the liquid metal during degassing.



(ii) Duplex inclusions consisting of crisbobalite particles withih a manganese
silicate matrix, Fig. 4.3é. Only small amounts of AlpOg and CrpOg3 were present in
these inclusions, which probébly originated from the siliceous material used to repair
the ladle.

(iii) Large, complex inclusions comprising MgO-Cr9Og particles Within a
calcium silicate matrix, Fig. 4.3f. The composition of the MgO-Cr203 phase, A,
was close to that of picrochromite, Mg0.Al5O4 (stoichiometric cémposition 79% Cro03,
21% MgO). Slight substitution of MgO by MnO and of CrgOg by AlgOg in the spinel
lattice had occurred in this case. The matrix itself was duplex, containing lath-like
crystals, but only an average matrix analysis was obtained because of the electron
beam 'shining through'. These inclusions consisted of slag globules containing spalled

particles from the magnesite-chromium refractories of the degassing vessel.

4.1.4 Inclusions Present in Ladle Stream During Teeming

Metal 15, 18, 20 and 22

(i) Complex inclusions consisting of cfistobalite, chromium galaxite and
cristobalite-chromium galaxite eutectic within a manganese silicate matrix, Fig. 4.4.
At first sight the morphology of the inclusion in Fig. 4.4c suggests that it could have
dropped into the sampling pot from the end of the nozzle as the sample was taken.
However, it was certainly not a nozzle erosion product as it only contained a small
amount of AlpOg whereas the refractories of the sliding gate nozzle wére highly alumi-
nous. It seems likely that these inclusions were ladle erosion products originating
from the siliceous cement used to repair the ladle and which had picked up chromium
from the melt.

(ii) Duplex inclusions consisting of manganese chromium silicate surrounded by
a silica shell, Fig. 4.5a. These were also siliceous ladle erosion products.

(iii) Manganese alumino-silicates containing trace amounts of K9O, Fig. 4.5b.
They were erosion products resulting .from manganese attack on fireclay ladle

refractories.



4.1.5 Inclusions Present in Ingots During Teeming

Metal 14, 16, 17 and 19

(i) Duplex particles consisting of alumina within a manganese alumino-silicate
matrix containing approximately 2% KoO, Fig. 4.6a. The exact origin of these inclu-
sions was difficult to determine. Despite their relatively high K9O contents, it seems
unlikely that they formed as a result of entrapment of vermiculite ﬁlould additive
because their AlpOg contents were too high and their MgO contents too low. (The full
analysis of vermiculite is given in Table 4.2.) These particular inclusions must there-
fore have resulted ﬁ'om erosion of highly aluminous refractory material and the only
two possible sources of this were the high alumina cement used on the vacuum
degassing vessel and the refractories of the sliding gate stopper. It is tentatively
suggested that erosion of the cement was the more likely one as subsequent examination
of the sliding gate stopper revealed very -little wear,

(ii) Glassy alumino-silicates containing varying améunts of CaO and MgO,

Fig. 4.6b. Only a few of these inclusions were observed and they originated in part
from entrained slag as evidenced by the presence of CaO and MgO. They probably
agglomerated with reoxidation products formed during teeming although their relatively
high AloOg contents also indicate contamination by refractory erosion products.

(iii) Manganese alumiﬁo—sﬂicate erosion products containing 1-2% KO,

Figs. 4.6¢ and 6d.

(iv) Large, duplex inclusions consisting of cristobalite particles within a man-
ganese alumino-silicate matrix, Fig. 4.7a. These were holloware erosipn products R
probably originating from siliceous jointing cement.

(v) Complex inclusions consisting of cristobalite and chromium galaxite -
cristobalite eutectic within 2 manganese silicate matrix, Fig. ‘4.7b. They were

probably ladle erosion products which had picked up chromium.



4.1.6 Inclusions Present in Billets

| Despite the generally high level of inclusions present in the liquid metal during
tapping, degassing and teeming, the billet samples from this trial cast contained very
few non-metallic inclusions, only occasional alumino-silicate stringers of the types
shown in Fig. 4.8 being observed. They also appeared to be duplex butit was not
possible to differentiate between the different phases when using the electron probe
microanalyser and so only average analyses are given. The presence of up to 80%
AlyOq indicates that they comprised alumina within an alumino-silicate matrix. Their
origin was difficult to determine but because of their high Al,Og contents, it is very
unlikely that they were deoxidation products. Rather tﬁey were erosion products ori-
ginating from highly aluminous refractory material and this was supported by the fact
that occasionally, trace amounts of KoO were detected, Fig. 4.8b. The only two
poseible sources of this erosion were the highly aluminous cement of the degassing
vessel and the sliding gate refractories. It was not pe‘ssible to determine, on the basis
of composition, from which of these two sources the inclusions originated. However,
other highly aluminous inclusions were observed during degassingand teeming and in
addition, subsequent visual examination of the sliding gate stopper revealed very little
wear of the high alumina refractories. Consequently, the indicationsare thatthe alumino-
silicates in Fig. 4.8 resulted from erosion of cement used on the degassing vessel.

The relative freedom from inclusions was confirmed by total oxygen determi-

nations, Table 4.3. |

4.2 TRIAL CAST B.1 (FREE-CUTTING STEEL)

4.2.1 Inclusions Present in Furnace During Steelmaking Period

Metal 1
The use of oxygen during melting down meant that oxidation had occurred prior

to melt out. The resulting inclusions present in this sample were manganese alumino-

silicates containing about 10% CaO, Figs. 4.9a and 9b. The presence of P90g5, TiOg



and sulphur in addition to lime in these inclusions indicates that they had originated
from slag entrapped in the metal by the turbulence caused by oxygen blowﬁg. However,
they were considerably richer in MnO, SiO5 and Al9Og than the bulk slag at the expense
of a decreased CaO content, Table 4.4. -This indicates a dilution effect produced by
the precipitation of oxidatioh products on the entrapped slag particles. A similar
effect has been observed previously during basic electric arc steelmaking(1 02); the
SiOg, MnO and at this early stage, the Al503 being readily available from the oxidation
of silicon, manganese and aluminium in the chargé;
Metal 2
| This sample was taken approximately one minute after an oxygen blow and the

resulting inclusions were very large, Figs. 4.9c and 9d; The inclusion in f‘ig. 4.9c
consisted of (FeMn)O. (CrAl)9Og dendrites within a manganese alumino-silicate matrix
containing a small amount of lime. The presence of lime indicates that it originated
in part from entrained slag, the MnO, SiO9 and Al9Og contents increasing as a result
of oxidation of manganese, silicon and aluminium from the bath. The CrgOg in this
inclusion must also have resulted from oxidation of chromium in the metal, the dendritic
spinel being precipitated within the liquid silicate matrix on cooling.

The inclusibn in Fig. 4.9d was a single-phased calcium manganese silicate
containing approximately 5% AloOg and 20% CaO. It originated from slag entrapped
in the metal during the turbulence caused by oxygen blowing, the MnO and SiOy contents
increasing owing to oxidation of manganese and silicon from the melt.
Metal 3

Typical inclusions present in this sample are shown in Figs. 4.10a and 10b.
Although much smaller, they were very similar in composition to those observed in
the previous sample and had originated from slag entrained in the metal during oxygen )

blowing.



Metal 4

There were very few oxides in this sample. The duplex inclusion in Fig. 4.10c
was the only one of its type observed and consisted of (FeMnMg)O particles within a
calcium silicate matrix. It is suggested that this particular inciuéion originated from
erosion of the hearth refractories, the resulting MgO - rich erosion particles then
agglomerating with entrained slag.

Metal 5

This sample was taken only 24 min after the addition of ferro-manganese and
with the electrode power on. Consequentl&, the inclusions present were entrapped slag
.particles of the type shéwn in Fig. 4.10d. They were entrained in the metal as a result
of the turbulent conditions under which this sample was taken.

4.2.2 Inclusions Present in Ladle After Tapping

Metal 6

Typical inclusions observed in this sample are shown in Fig. 4.11. They
‘were large manganese silicates containing varying amounts of Al9Og, Ca0 and sulphur.
The complex inclusion in Fig. 4.11a apparently consisted of laths of tephroite, 2MnO.
Si09, together with finely crystallised MnS. Because of the fine nature of these phases,
however, only an average inclusion analysis was possible. Small amounts of CaO and
Al903 were also present and it is suggested therefore that this inclusion originated n;
part from slag mixed into the metal during tapping. The entrained slag particle then
reacted with manganese, sulphur and oxygen in the steel so that its MnO anci MnS
contents increaéed and its CaO content decreased‘by dilution. The overall mechanism
of this reaction probably involved the following individual reactions:-

(i) reduction of the small amount of FeO in the slag parﬁcle

(ii) solution of sulphur in the liquid inclusion

(iii) precipitation of MnO-rich deoxidation/reoxidation products on the

entrained slag particle.



The single-phased silicate in Fig. 4.11b contained much more Al9Og than the
latter inclusion. In addition, it contained a trace of K9O and this suggests that it was
a refractory erosion product, probably originating from the ladle. Chemical analysis
showed that none of the ladle additions contained any KoO. The 5% CaO in this inclu-
gion probably came from slag glaze on the ladle refractories. Alternatively, it was
picked up as a result of agglomeration with slag mixed into the metal during tapt)ing.

The inclusion in Fig. 4.11c consisted of MnO and MnS dendrites within a
calcium manganese silicate matrix and had also originated from slag entrained in the
metal during tapping. In this case, however, extensive 4precipit.ation of MnO-rich
deoxidation/reoxidation products on the entrained slag particle had occurréd .

4.2.3 Inclusions Present in Ladle Stream During Teeming

Metal 8, 10 and 12

Typical inclusions present in tliese samples are shown in Fig. 4.12. The
large, glassy manganese alumino-silicate in Fig. 4.12a contained a trace amount of
KoO and was a ladle, stopper or nozzle erosion product.

The inclusions in Figs; 4.12b and 12¢ cqnsisted of galaxite spinel, MnO.Al9O3
within a2 manganese aluniino-silicate matrix containing about 1% K90. They were ladle,
stopp‘er or nozzle erosion products. The faceted morbholdgy of the MnO.Al9Og phase
in Fig. 4.12b indicates that it was present prior to cooling, whereas the dendritic
morphology of the spinel in Fig. 4.12c indicates that it formed during cooling.

The complex inclusion in Fig. 4.12d consisted of (FeMn)O and MnS dendrites
in a manganese silicate matrix containing small amounts of AloOg and Cr203. It is
suggested that this was a deoxidation/reoxidation ‘product formed during tapping and/or
teeming.

The inclusion in Fig. 4.12e consisted of (FeMn)O and MnS dendrites within a
manganese silicate matrix containing small amounts of Al90Og, CaO and TiOg.

Because of the fine nature of the individual phases, however, only an average analysis

is given. The origin of this particular inclusion type was difficult to determine.



Despite the fact that K5O could not be detected, it is still possible that it formed as
a result of refractory erosion. Alternatively, it originated from slag entrained in
the metal during tapping and subsequently acted as a hetergeneous nucleus for the
‘precipitation of deoxidation/reoxidation products and the solution of sulphur. This
resulted in a dilution of the CaO content and the precipitation of (FeMn)O and MnS
dendrites.

4.2.4 Inclusions Present in Ingots During Teeming

Metal 7, 9 and 11

Typical inclusions observed in these samples are shown in Fig. 4.13. The
manganese alumino-silicate inclusion in Fig. 4.13a contained zi trace amount of KoO
and was therefore a ladle, stopper, nozzle or holloware erosion product.

The inclusions in Figs. 4.13b and 13c consisted of MnO and MnS dendrites
within a manganese silicate matrix. As no CaO, K90, TiOy or P90y was detected in
these silicates, it is suggested that they were deoxidation/reoxidation products formed
during tapping and/or teeniing.

The inclusion in Fig. 4. 13& consisted of MnO and MnS within a manganese
silicate matrix containing small amounts of AlpOg, CaO and TiOy. Although K50
could not be detected, it could still have formed as a result of refractory erosion,
although it is’ also possible that it originated from slag entrained in the metal during
tapping and subsequently reacted ,with manganese, sulphur and oxygen in the steel.

4.2.5 Inclusions Present in Billets

Typical stringer inclusions dbserved in selected billet samples from the

- present trial cast are shown in Fig. 4.14. They consisted of galaxite spinel, MnO.
Al50g3 and MnS§ particles within a manganese silicate matrix containing a trace amount
of K9O. The presence of MnO.AloOg particles together with KoO indicates that these
stringsr inclusions were eros»ion products originating from glaze on refractories. The
majority of these inclusions were present in the bottom billet samples: by comparison,

the middle and top billet samples were relatively clean. The latter observation was



confirmed by determining the total oxygen and silicon contents of the billet samples.
Figure 4.15 shows the variation in total oxygen content from billet edge to centre,
Fig. 4.16 illustrates the variation in total oxygen content from ingot top to bottom and
Fig. 4.17 shows the corresponding variation in total silicon content (determined on
cenfre samples only).

4.2.6 Variation in Total Silicon Content During Steelmaking,
Tapping and Teeming

The variation in the silicon content of the bath, ladle and stream samples is
shown by the solid line in Fig. 4.18. The corresponding variation in the silicon content
of the ingot samples is shown by the broken line.

4.3 TRIAL CAST B. 2 (FREE-CUTTING STEEL)

The results of this trial cast are summarised in Figs. 4.19 - 4,22, from
which it can be seen that they were very similar to those of the previous oné . This
is not surprising. in view of the similarities in practice. The only difference in the
types of inclusions present in the metal samples was fhaf during the teeming of trial
cast B. 2, occasional complex calcium silicates containi’ng MgO particles were obser-
ved, Fig. 4.23. It is suggested that these silicates originated during tapping as a
result of the pick-up of MgO particles by the slag from the magnesite-coated launder
of the furnace. They were entrained in the metal by the force of the tapping stream
and subsequently passed into the ingots during teeming. Although it is surprising that
an inclusion of the size shown in Fig. 4.23 was not eliminated in the ladle, it is
emphasised that only a few such inclusions were observed in the liquid metal samples
and they were not observed in the billet samples.

4.4 TRIAL CAST B.3 (FREE-CUTTING STEEL)

The results of this trial cast, which are summarised in Figs. 4.24 - 4,27,
were again very similar to those of trial cast B.1. As there was no difference in the

types of inclusions observed, micrographs of inclusions from the present cast are not

shown.



4.5 TRIAL CAST B.4 (FREE-CUTTING STEEL)

The results of this final free-cutting steel trial are summarised in Figs. 4,28 -
4.31. Once again they were very similar to the results of the previous trial casts in
this series. In particular, there was no difference in the types of inclusions observed
in the metal samples and therefore inclusion micrographs are again omitted. However,
a méjor difference was observed in the variation in silicon content shown in Fig. 4.31.
In this final trial, two samples were taken from the ladle after tapping and the second
6f these had a much higher silicon content than the first, i.e. in this trial, silicon
pick-up by the liquid metal was directly observed in the ladle whereas in the three
previous trials, it was observed only in the stream samples. The reasons for this

are discussed in Section 5.

4.6 TRIAL CAST C.1 (CARBON-MANGANESE-NIOBIUM STEEL)

4,6.1 Inclusions Present in Furnace During Steelmaking Period

Metal 1, 2 and 3

During the oxidation period, the inclusions present were calcium silicates con-
taining varying amounts of AloOg, MgO and MnO together with trace amounts of P9Og,
TiO9 and S, Fig. 4.32a. They originated from slag entrained in the metal during the
turbulence caused by oxygen blowiﬁg. In some cases, however, they were considerably
richer in MnO and SiOj than the bulk slag at the expense of a decreased CaO content.
This was the result of a dilution effect produced by the precipitation of oxidation
products on the entrained slag particles.

Metal 4

The inclusions present in this sample which was taken after the addition of the
ferro-silicon, were glassy silicates containing approximately 70% SiOy together with
varying amounts of MnO and Al5Og3, Fig. 4.32b. They were converntional deoxidation

products.



Metal 5

The inclusions in this sample taken after the iniﬁal addition of aluminium
were duplex manganese aluminofsilicates containing alumina particles, Fig. 4.32c.
They resulted from reaction between the aluminium and the pre-existing silicate
deoxidation products.
Metal 6

(i) Calcium silicate inclusions resulting from the entrainment of slagbin the
liquid metal, Fig. 4.32d.

(ii) Manganese alumino-silicates containing particles of alumina, Fig. 4.32e.
These duplex particles were products of reactioﬁ between pre-existing silicates
resulting from ferro-silicon deoxidation and thé aluminium added to the s’teél.
Metal 7 and 8

(i) Calcium silicate inclusiéns resulting from the entrainment of slag,
possibly when the ferro-manganese and ferro-niobium additions were made, Fig. 4.32f.

(ii) Single-phased manganese alumino-silicate deoxidation/reoxidation
products, Fig. 4.32g.

4.6.2 Inclusions Present in Ladle After Tapping

Metal 9
(i) Glassy calcium alumino-silicates resulting from the entrainment of slag
in the liquid metal during tapping, Fig. 4.33a.

(ii) Duplex inclusions consisting of MgO deﬁdrites within a calcium alumino-
silicate matrix, Fig. 4.33b. These inclusions also resulted from the entrainment of
slag during tapping. However; their MgO contents were increased as a result of
contamination by magnesite refractory erosion products from the furnace , taphole

or launder.



4.6.3 Inclusions Present in Ladle Strcam During Teeming

Metal 11, 13, 15 and 17

(i) Glassy manganese silicates containing varying amounts of Al9Og3, Fig. 4.34a.
These inclusions were either d‘eoxidation products, or more likely reoxidatioﬁ products
formed during tapping and teeming.

(ii) Single-phased manganese alummd—silicé,tes containing trace amounts of
K50, Fig. 4.34b, which were ladle glaze erosion products.

4.6.4 Inclusions Pregent in Ingots During Teeming

Metal 10, 12, 14 and 16

(i) Single-phased manganese é.lumino—silicates, Fig. 4.35a. Their size and
shape as well as their composition and the fact that there were very many similar
inclusions in these samples indicate that they originated from the mould additive
placed in the bottom of the moulds prior to teeming. During teeming, the turbulent
flow of the metal into the moulds resulted in the entrainment of mould additive in the
liquid metal. This mould additive then reacted with manganese and aluminium in the‘
steel.

(ii) Manganese alumino-silicates éontaining small amounts of CaO fogether with
trace amounts of K9O, Fig. 4.35b. In some cases, these alumiho-silicates also con-
tained alumina particles. They were erosion products resulting from attack by
manganese in the steel on alumino-silicate refractories. As these were ingot samples,
the inclusions were ladle or holloware erosion products.

(iii) Duplex inclusions consisting of (MnMg)O.Al9Og particles within a manganese
alumino-silicate matrix containing a.trace amount of K90, Fig. 4.35¢c. Th‘ey were
complex erosion products originating in part from magnesite refractory material, and
only a few such inclusions of this type were observed compared with those from the
mould additive.

(iv) Duplex inclusions consisting of MgO.AloOg particles within a calcium

aluminate matrix, Fig. 4.35d. They resulted from reaction between aluminium in the



steel and the slag/magnesite erosion products entrained in the metal during tapping.
Again, only a few inclusions of this type were observed compared with those from the
mould additive.

4.6.5 Variation in Aluminium Content

The variation in the aluminium content of the furnace, ladle and ingot samples
is shown in Fig. 4.36. The correspondingbvaxjiation in the éluminium content of the
ladle stream samples is shown in Fig. 4.37. In each case, the total aluminium content
is given in terms of the acid soluble and insoluble components. The former is approxi-
mately equivalent to the aluminium present in solution in the metal, and the latter to
the aluminium pfesent as AlsOg. It can be seen from Figv. 4.36 that the total alumi-
nium content increased to 0.009% after the initial ferro-silicon and aluminium
~additions, this aluminium being present mainly as Al;03. Subsequently, the total
aluminium content decreased during the refining period to 0.003%.

. 'The total aluminium content of the sample taken from the ladle after tapping
~was 0. 010%, 0.006% of this being soluble aluminium. During teeming, the soluble
aluminium content of the ingot samples remained constant at 0.006% but the insoluble
aluminium content fluctuated quite éonsiderably as a result of variations in the amounts
of AlyOg inclusions present in fhe samples. This was particularly high in the cases of
~ the samples taken after teeming the 3rd and 4th ingots.

The total aluminium content of the ladle stream samples, Fig. 4.37, also
varied slightly as a result of corresponding variations in the insoluble al.uminium
content.

4.6.6 Through-Thickness Tensile Results

The average through-mickness reduction of area values for the whole cast

were as follows:-

Edge Centre Total

36% 31% 34%



4.7 TRIAL CAST C.2 (CARBON-MANGANESE-NIOBIUM STEEL)

4.7.1 Inclusions Present in Furnace During Steelmaking Period

Metal 1

The inclusions in this sample taken after the initial addition of aluminium were

large showers of alumina deoxidation products, Fig. 4. 38a.
Metal 2

This sample was taken 53 minutes after the ferro-silicon addition. However,
the inclusions present were still showers of alurhina deoxidation particles, Fig. 4.38D,
indicating that the level of aluminium in the melt at this stage was sufficient to prevent
the formation of globular silicate deoxidation products.

Metal 3 |
(i) Small, isolated alumina deoxidation products, Fig. 4.38c.

(ii) Small, spherical manganese alumino-silicates_probably resulting from
slight reoxidation of the rhetal, Fig. 4.38d. 'fhis sample was relatively free from
non-metallic inclusions.

Metal 4

(i) Small, isolated alumina deoxidation products, Fig. 4.38c.

(ii) Duplex inclusions consisting of alumina within a calcium alumino-silicate
matrix, Fig. 4.38f. They resulted from the entrainment of slag in the liquid metal
when the bath was paddled.

Metal 5

This sample contained very few inclusions, only small, secondary alumino-
silicates which were formed on cooling being observed, Fig. 4.38g. (Because of the
electron beam 'shining through' the small inclusion in Fig. 4.38g into the surrounding
iron matrix, its analysis is not given.)

Metal 6

(i) Small, isolated alumina deoxidation products resulting from the further

addition of aluminium, Fig. 4.38h.



(ii) Rings of alumina crystals resulting from the complete reductioﬁ of
alumino-silicate inclusions by aluminium, Fig. 4.38i. The mechanism of formation
of these alumina rings has been studied in detail previously(zz’ 107),

(iii) Duplex inclusions consisting of MgO dendrites within a calcium aluminate
matrix, Fig. 4.38j. They resulted from the entrainment of slag in the liquid metal
when the bath was paddled. Tﬁe relatively high MgO content of the slag was caused
by erosion of magnesite furnace refractories.

(iv) Glassy manganese aiumino-—silicafes which in some cases contained particles
of galaxite, MnO.A1203, Fig. 4.38k. These inclusioﬁs probably resulted from slight
reoxidation of the metal when the bath was paddled.

Metal 7

This sample contained duplex inclusions consisting of MgO dendrites within a
calcium alumino-silicate matrix, Fig. 4.39. They again resulted from the entrain-
ment of slag, possibly caused by the turbulence created when the ferro-manganese
and ferro-niobium additions were made.

Metal 8

This sample also contained duplex MgO/calcium a‘luminates fesulting from
slag entrainment, Fig. 4.39, possibly caused by the turbulence created by the arc
during heating to 1640°C prior to tapping.

4.7.2 Inclusions Present in Ladle After Tapping

Metal 9

As expected, this sample contained calcium aluminates resulting from the
entrainment of slag in the liquid metal during tapping, Fig. 4.40a. Many of these
.inclusions , however, contained considerable quantities of MgO in the form of second
phase particles, Fig. 4.40b. This indicates contamination of the slag by magnesite
refiactories as Desulfex 75 contains only about 1% MgO. The MgO in these inclusions

originated from the furnace and/or taphole'and/or launder refractories.



4.7.3 Inclusions Present in Ladle Stream During Teeming

Metal 12, 14, 16 and 18

(i) Large, single-phased manganese silicates containing varying amounts of
Al9Og, Fig. 4.41a. As these inclusions contained no CaO, K90, or MgO, they wéfe
almost certainly exogenous reoxidation products formed during sampling. As stated
previousiy, the ladle stream samples were taken with thé argon shroud turnedAoff ‘ax-ld
therefore the sampiing conditions were thé same as those for a normal air-teemed
cast. The inclusidn in Fig. 4.41b also appeared to be a reoxidation product although
in this case it contained small angular particles. Unfortunately, these particles were
too small for accurate analysis and therefore only an average inclusion analysis is
given,

(ii) Duplex inclusions consisting of alumina particles within a manganese
alumino-silicate matrix containing a trace amount of KyO, Fig. 4.41c. They were
erosion products resulting from attack by manganese in the steel on alﬁmino—silicate
refractories. As these were stream samples, they were ladle, stopper or nozzle
erosion products. Their exact origin is considered in greater detail later when the
types of refractories used in the trial casts are discussed.

(iii) Duplex inclusions consisting of galaxite, MnO.A1203, p?.rticles within
a manganese alumino-silicate matrix containing a trace amount of K5O, Fig. 4.41d.
These were also ladle, stopper or nozzle erosion products resulting from manganese
attack.

4,7.4 Inclusions Present in Ingots During Teeming

Metal 10, 11, 13, 15 and 17

(i) Duplex inclusions consisting of MgO.AlyOg within a manganese alumino-
silicate matrix containing a trace amount of K9O, Fig. 4.42a. The presence of MgO
indicates that they originated as a result of magnesite refractory erosion. However,

unlike MgO-rich inclusions observed préviously, they contained very little CaO and



were not therefore derived from the ladle slag. It is suggested that these inclusions
originated from MgO-rich furnace refractory (i.e. furnace, taphole, launder) dis-
persed in the steel during tapping. Subsequenﬂy, they acted as exogenous nuclei for
the precipitation of MnO, SiOg and AlyOg to give inclusions of the type shown in
Fig. 4.42a.

(ii) Duplex inclusions consisting of alumina pafticles within a manganese
alumino-silicate matrix containing a trace amount of K9O, Fig. 4.42b. These inclu-
. sions were very similar fo those observed in the stream samples, cf Fig. 4.41c.
They were erosion products resulting from manganese attack on alumino—silicate
refractories.

(iii) Duplex inclusions consisting of MgO.A1203 particles within a calcium
aluminate matrix, Fig. 4.42c. These resulted from reaction between aluminium in
the steel and slag/magnesite erosion products entrained in the metal during tapping.

(iv) Single-phased manganese alumino-silicates containing small amounts of
K90 and CaO, Fig. 4.42d. These were also alummd—siiicate erosion products typical
of manganese attack on fireclay refractories.

(v) Small, isolated alumina deoxidation products, Fig. 4.42e.

(vi) Single-phased mangaﬁese silicates containing varying amounts of Al;Og,
Fig. 4.42f. The exact origin of these inclusions was difficult to determine on the
basis of composition. Although they contained no K9O, they could still have originated
as a result of refracbory erosion. Alternatively, they \.vere reoxidatioh products
formed during tapping and/or teeming.

4,7.5 Variation of Aluminium Content

The variation in the aluminium content of the furnace, ladle and ingot.sa'mples
with time is shown in Fig. 4.4b3 and the corfeSponding variation of the ladle stream
samples is shown in Fig. 4‘.44. It can be seen from Fig. 4,43 that the soluble
aluminium content was maintained above 0.025% during the refining period and was

about 0. 030% prior to tap. After tapping, it dropped to approximately 0.026% in the



ladle. During teeming, the soluble aluminium content of the ingot samples was
0.01 - 0.02%, TFig. 4.43 and that of the stream samples was 0. 015 - 0.023%,
Fig. 4.44.

The total aluminium content of the samples again fluctuated quite considerably
during refining,_ tapping and teeming as a result of a correspohding variation in the -
insoluble aluminium content caused by differences in the number of aluminous inclu-
sions present in the samples.

4.7.6 Variation in Sulphur Content

The variation in the sulphur content of the flimace, ladle and ingot samples
with time is shown in Fig. 4.45 and the correspondiﬁg variation in the sulphur content
of the stream samples is shown in Fig. 4.46. During tapping, the sulphur content
was lowered from 0.012% to 0.005%. The sulphur content of the ingot samples was
0.006/0.007%, Fig. 4.45 and the sulphur content of the stream samples was 0. 005/
0.007%, Fig. 4.46.

4.7.7 Through-Thickness Tensile Results

The average through—thicknéss reduction of area values for the whole cast

were as follows:-

Edge Centre Total
51% 52% 51%

These results were very good and they showed a marked improvement over the
'average through-thickness results obtained with the previous standard practice.

4.8 TRIAL CAST C.3 (CARBON-MANGANESE-NIOBIUM STEEL)

4.8.1 Inclusions Present in Furnace During Steelmaking Period

Metal 2
(i) Clusters of alumina deoxidation products, Fig. 4.47a.

(ii) Calcium alumino-silicates resulting from entrainment of slag in the

liquid metal, Fig. 4.47b.



Metal 3

This sample contained very few inclusions, those observed ibeing mainly
duplex particles consisting of alumina within a manganese alumino-silicate matrix,
Fig. 4.47c. They were probably reoxidation products formed when the bath was
paddled following thé FeSi addition. Some of the alumina particles may have acted as
nuclei fqr the precipitation of the MnO, SiOg and Al9Os3. Alfefnatively, they wer.e. |
precipitated within the inclusion matrix as a result of reaction with aluminium in the
steel.
Metal 4

This sample also contained very few inclusions, only small isolated alumina
deoxidation products being observed, Fig. 4.47d.
Metal 5

The inclusions present in this sample were spherical calcium alumino-silicates
resulting from the injection of Desulfex, Fig. 4.47e.
Metal 6 and 7

(i) Small, isolated alumina deoxidation products, Fig. 4.47f.}

(ii) Calcium alumino-silicates resulting from slag entrainment, Fig. 4.47g.

(iii) Manganese alumino-silicate inclusions, Fig. 4.47h. These possibly

resulted from slight reoxidation of the metal.
Metal 8

This sample, which was taken about 3} min after the final ferfp-alloy additions,
contained duplex inclusions consisting of alumina particles within a calcium manganese
alumino-silicate matrix, Fig. 4.47i. They were probably slag/reoxidation products.
However, the morphology of the inclusion in Fig. 4.47i was very unusual. It appears
that the alumino-silicate phase was precipitated on the alumina which acted as an
exogenous nucleus. The following mechanism is therefore proposed for the formation

of this particular inclusion. Initially, the large alumina particle, which originated



either from aluminium deoxidation/reoxidation of the melt or from alumina present

in the Desulfex, was present in the furnace slag layer. It was subsequently entrained
in the metal by the turbulence created when the ferro-alloys were added. At this
stage, the alumina partiéle was contained within a globule of liquid slag. Precipitation
of MnO and SiO9 reoxidation products on the entrained slag particlé then caused its
MnO and SiOg contents to increase and its CaO content to dec-rease by dilution, giving
the inclusion in Fig. 4.47i.

4.8.2 Inclusions Present in Ladle after Tapping

Metal 9

This sample containéd calcium aluminates resulting from the 'éntrainment of
slag in the liquid metal during tapping, Fig. 4.48. They again contained considerable
quantities of MgO in the form of second phase magnesite pérticles, but because of
their small size, only an average analysis is given. This indicates contamination by
magnesite refracbory‘, but unlike the pfevious trial, very few MgO-rich inclusions
weré observed in the furnace during steelmaking. It is suggested, therefore, that in
this case they were slag/magnesite taphole or launder erosion products rather than
pure furnace slag.

Again compared with the corresponding inclusions in the previous frial cast,
they were considerably smaller and this indicates perhaps that there was less slag-
metal mixing during tapping in this cast. This is supported by the fact that sulphur
removal during tapping was less (0.010% to 0.007%) than in the previous trial cast

(0.012% to 0.005%).

4.8.3 Inclusions Present in Ladle Stream During Teeming

Metal 11, 14, 16 and 18

(i) Single-phased manganese silicates containing varying amounts of AloOg,
F1g 4.49a. As these inclusions contained no K0, CaO or MgO, they were almost
certainly exogenous reoxidation products formed during sampling. The ladle stream

samples were taken with the argon shroud turned off and therefore the sampling



conditions were the same as those for a normal air-teemed cast.

(ii) Duplex inclusions consisting of alumina particles within a manganese
alumino-silicate matrix containing a trace amount of K90, Fig. 4.49b.A They were
erosion products resulting from attack by manganesé in the steel on alumino-silicate
refractories. As these were stream samples, they were ladle, stopper or nozzle
erosion products. | |

(iii) Duplex inclusions consisting of MnO.Al,0O4 particles within a manganese
alumino-silicate matrix containing a trace amount of K50, Fig. 4.49c. These were
also ladle, nozzle or stopper erosioﬁ products resulting from manganese attack. In
the inclusion shown, metal globules have apted as nuclei for galaxite precipitation
from the solid matrix during cooling of the sample. A similar reaction mechanism
has been observed previously by Kiessling(1).

4.8.4 Inclusions Present in Ingots During Teeming

Metal 10, 12, 13, 15 and 17

(i) Duplex inclusions consisting of alumina particles within a manganese
alumino-silicate matrix containing a trace amount of K90, Fig. 4b. 50a. These inclu-
sions were erosion products resulting from manganese attack on alumipo—silicate
refractories. |

(ii) Single-phased manganese alumino-silicates containing small amounts of
K90 and CaO, Fig. 4.50b. These were erosion productsi typical of manganese attack
on fireclay refractories.

(iii) Single-phased nianganese silicates containing varying amounts of Al9Og3,
Fig. 4.50c. Although they contained no K9O, they could. still have originated as a
result of refractory erosion. Alternatively, they were reoxidation products formed
during tapping and/or teeming.

4.8.5 Variation in Aluminium Content

The variation in the aluminium content of the furnace, ladle and ingot samples

with time is shown in Fig. 4.51. The corresponding variation of the ladle stream



samples is shown in Fig. 4.52. It can be seen from Fig. 4.51 that the soluble
aluminium cbntent was maintained above 0.035% during the refining period and was
about 0.05% prior to tap. After tapping, it dropped to approximately 0.04% in the
ladle. During teeming, the soluble aluminium content of both the ingot and ladle
stream samples was 0.035/0.04%, Figs. 4.51 and 4.52.

" In this cast, the tbtal aluminium content followed the soluble aluminium content
quite closely as a result of the generally consistent and low insoluble aluminium
content, the lattei' remaining af. about 0. 01% throughout.

4.8.6 Variation in Sulphur Content

The variation in the sulphur content of the furnace, ladle and ingot samples
with time is shown in Fig. 4.53 and the corresponding variation of the A_ladle stream
samples is shown in Fig. 4.54. It can be seen from Fig. 4.53 tﬁét injection of part
of the Desulfex before the second addition of aluminium was not effective in removing
sulphur. Howéver, during the final stages of refining with the full Desulfex slag, the
sulphur content dropped from 0.016% to about 0.010% prior to tapping. .After tapping,
it dropped to approximately 0.007% in the ladle. During teeming, the sulphur content
of the ingot samples was 0.006/0.007%, Fig. 4.53 and the sulphur content of the
stream samples was 0.005/0.006%, Fig. 4.54.

4,8.7 Through-Thickness Tensile Results

The average through-thickness reduction of area values for the Whole cast

were as follows:-

Edge Centre Total
56% 49% 53%

These results were again very good in comparison with the average through-

thickness results obtained with the original standard practice,
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SECTION 5 - DISCUSSION OF RESULTS

5.1 OCCURRENCE OF INCLUSIONS IN VACUUM DEGASSED
LOW ALLOY STEEL

Prior to tapping the open-hearth furnace, the steel was relatively free from
oxide inclusions, only occasional small silicates resulting from slag entrainment
being present.

During tapping, ferro-silicon, ferro-manganese, ferro-chromium and
aluminium were added to the ladle. The practice for making these additions consis-
ted of placing about 30% bf the ferro-chromium on the bottom of the ladle prior to
tapping. The ferro-manganese, .fefro-silicon and remaining ferro-chfomium were
édded together whén the ladle was approximately one quarter fﬁll, and finally the
aluminium addition was made. The resulting inclusions were liquid 'ma‘xléanese |
alumino-silicate deoxidation products containing small amounts of CroO03. Very feva
calcareous slag inclusions were observed in the ladle after tapping, thus supporting
Houseman's(111) view: that slag entrainment is not a major problem in open—hearfh
steelmaking.

| The liquid manganese alumino-silicates were also present in the metal during '
the early stages of vacuum degassing, but as degassing progressed, their number
appeared to decrease gradually, presumably as a result of coalescence and flotation,
until only occasional inclusions of this type were observed. The approximafe varia-
tion in the average size of these ladle deoxidation products with time is shown in
Fig. 5.1. It can be seen that in the time interval during which the ladle was trans-
ferred from the furnace to the vacuum degassing unit, the average diameter of the
deoxidation products changed very little because of the relgativelyv quiescent conditions
existing in the ladle. Coalescence and elimination of inclusions was therefore
minimal. However, once vacuum degassing was underway, the turbulence resulted

in extensive coalescence and agglomeration of the deoxidation products which then
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escaped much more rapidly and after approximately 10 min degassing they were no
longer observed in the metal samples.

During the later stages of degassing, various types of erosion products were
present in the liquid steel as follows:-

@) Manganese alumino-silicates containing about 30% Aly0Og3 together with tra_tc;e
amouﬁts of K9O. These were typical of erosion products originating from fireclay
refractories as a result of attack by manganese(196),

(b) Manganese silicates containing particles of cristobalite. They originated as
a reéult of attack by manganese on the highly siliceous cement (>90% SiOg) used to
repair the ladle between heats. |

(c) Calcium silicates containing particles of picrochromite, MgO.CroOg. These
inclusions were only observed during the final stages of degassing and were products
of reaction between ladle slag and the{magnesite-chromium refractories of the
degassing vessel.

(d) Alumino-silicate inclusions containing about 60% Al,03. These inclusions
were also erosion products but their AlpO3 contents were far too high for them to
have originated from the normal fireclay ladle refractories which only contained 30-
40% AlgO3. The most likely source of these inclusions was the high alﬁmina cement
(>80% Aly03) used on the degassing vessel. Secondary deoxidation products formed
during cooling probably precipitated on these inclusions and caused their MnO and
SiOg contents to increase.

The effect of ladle and degasser refractory erosion during the later stages of
degassing is shown in Fig. 5.2, where the variation in total oxygen content of some
of the metal samples taken from the ladle during vacuum degassing has been plotted
against time. Unfortunately, not all the samples were suitable for oxygen analysis
but nevertheless, the available results show that during the early stages, the total

oxygen content gradually decreased as many of the ladle deoxidation products escaped
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into the sIag. During the later stages,‘ however, the total oxygen content increased
again owing to excessive erosion of ladle and degassing vessel refractories. A simi-
lar variation has béen observed previously during R.H. vacuum degassing by
Pickering{102) and Blank(174), The oxygen content decreased initially and then
increased again as the rate of refractory erosion exceeded the rate of inclusion
elimination.

The majority of inclusions preseni in the ladle stream samples were complex
manganeée silicates containing cristobalite, chromium galaxite and cristobalite-
chromium galaxite eutectic. Although inclusions were frequently observéd containing
these four distinct phases, other inclusions were also observed which only contained
cristobalite or cristobalite + eutectic. All these silicates were ladle erosion products
. which had picked up varying amounts of CrgOg3 and they probably originated from the
siliceous' cement used to repair the bottom of the ladle. It is interesting to note that
very few of these inclusions were observed in the samples taken from the ladle durixig
vacuum degassing, being present mainly in the stream samples. It is suggested
therefore that they formed as a result of reaction between the siliceous cement on the
bottom df the ladle and the ferro-chromium and ferro-manganese additions made to
the ladle before and during tapping. This reaction commenced immediately the molten
metal began to fill the ladle. Manganese and chromium dissolved in the siliceous
cement according to the mechanisms discussed in Section 2.4.3, i.e.

2Mn + (SiOg) —>2(MnO) + Si .. .. eqn. (5.1)

4Cr + 3 (Si0g) —> 2(Cr203) + 35i .. .o - eqn. (5.2)
Solution of cilromium in the silicate occurred quite rapidly in this instance because of
the heavy segregation of chromium at the bottom of the ladle (~30% of the ferro-
chromium was placed in the ladle prior to tapping). This resulted in the formation of
a manganese chromium silicate reaction layer containing less than 5% A‘1203. With

increasing time, softening of this layer occurred and particles were eroded away.
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This erosion was apparently much greater during teeming than during vacuum
degassing, thus confirming previous observations (141,142) that the bottom of the
ladle (including the cement used for repaifs) is subject to considerable erosion when
the steel flows out through the nozzle. The quality of the cement and the manner in
which it is appiied are therefore of considerable importance from the point of view
of bottom Wear and the passage ef erosion prbducts into the ingots.

In order to understand the mechanism of formation of the inclusion types
shown in Fig. 4.4, it is first necessary to have some knowledge of the ternary rela-
tionships in the system MnO-5i09-CryOg3. However, this system has not been exa-
vmined thoroughly and there is no convenient experimental equilibrium diagram.
Nevertheless, assuming there are no ternary compounds in the system, it is possible
to sketch a qualitative liquidus surface, Fig. 5.3. This surface is similar to the
liqﬁidus surfaces of the MgO-SiOg-CrgOg3 and MnO-SiO9-MnyO4 systems(105’106)inthat:-
. (@) The three phases CrgOg, MnO and MnO.Cry0Og occupy a large part of

the composition triangle, whereas the primary phase fields of the silicon-

containing phases MnO.SiOo, ZMnO.SiOé and SiO, are restricted to a

relatively narrow area adjacent to the MnO-SiOg boundary.

(b) There is a large liquid immiscibility gap which extends across the

diagram from the Cry0O3-8i0y binary to the MnO-SiOg binary. |
(c) There is a steep temperature gradient across the diagram falling from

about 2250°C (the melting point of Cry0g) to about 1200°C (the ternary

eutectic point).

It can be seen from vll?ig. 5.3 that on cooling manganese silicate inclusions
containing only small amounts of CryOg, e.g. 50% MnO, 45% SiOg and 5% CryOg,

- they should solidify in the cristobalite phase field and subsequently down the trough

between the cristobalite and chromium galaxite phase fields. Complete solidification

should occur at the ternary eutectic point. " However, one or more of these
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precipitation reactions may be suppressed depending upon the rate of cooling and
solidification. The eutectic regions in Fig. 4.4 appeared to consist of two phases
and although éccurate analysis of the constituents of the eutectic was not possible,
it appears that the ternary eutectic reaction waé suppressed.

As the Cr203 content of the inclusions increased, their compositions passed
into the (spinel + liquid) phase field and angular particles of chromium galaxite were
precipitated, Fig. 4.4c. During cooling and solidification, cristobalite-chromium
galaxite eutectic was precipitated from liquid adjacent to the spinel particles. The
remaining liquid apparently solidified as a single-phased gléss. The presence of
two primary phases, i.e. cristobalite and chromium galaxite within some of the
inclusions is indicative of non-equilibrium solidification associated with thebrelatively
rapid cooling of the samples.

The majority of inclusions present in the samples taken from the ingots
during teeming were duplex cristobalite/manganese silicate erosion products. In
this case, they were almost certainly holloware erosion products originating from
the siliceous refractbry cement usgd on the runner bricks of the uphill-teeming syétem.
Manganese chromium silicates resulting from erosion of ladle cement, manganese
alumino-silicates resulting from erosion of fireclay ladle and/or runner bricks, and
highly aluminous silicates resulting from erosion of degassing vessel cement were
also observed in the ingot samples.

Despite the relatively high level of inclusioﬁs present in the liquid metal during |
tapping, degassing and teeming, the billet samples from this trial cast contained very
few inclusidns, only occasional, highly aluminous silicate stringers being observed.
These alumino-silicates were almost certainly exogenous erosion products as
evidenced by the fact that they occasidnally contained trace amounts 6f KyO. It has
been suggested that they resulted from erosion of the highly aluminous cement used on

the degassing vessel refractories, although it was not possible to confirm this directly.
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The overall cleanness of the billet samples was confirmed by the total oxygen
determinations, Table 4.3, and shows therefore, that in this particular cast, the
majority of inclusions present in the liquid metal in the ingot escaped and were not
entrapped during solidification. |

5.2 OCCURRENCE OF INCLUSIONS IN LOW SILICON LEADED
FREE-CUTTING STEEL

5.2.1 Oxidation Period

During the oxidation period, the inclusions observed were mairily calcium
manganese silicates containing varying amounts of AloOg and CroOg together with
trace amounts of MgO, PoO5 and TiO,. They originaterd from slag entrapped in the
metal by the turbulence caused by oxygen blowing. Howevei', the SiOy content of
these inclusions was considerably higher than that of the bulk slag (35% against 13%).
The MnO content was also vmuch higher (25% against 7%) whereas the CaO content was
lower (15% against 40%). In other words, these inclusions were considerably richer “
in SiO9 and MnO than the bulk slag at the expense of a decreased CaO content. This
indicates a dilution effect produced by the precipitatioil of oxidatiori products on the
entrained slag particles. The same effect has been observed previously by
Pickering(102) during basic electric arc steelmaking.

Alu_minium was also available for oxidation in the initial charge and it is clear
that more than sufficient was available from this source to give inclusions having a
higher AlpOg3 content that that of the bulk slag. However, the oxidation of the aluminium
would be expected to occur very early in the oxidation period anci this appeared to be
the case in the present investigation as shown in Fig. 5.4.
| The initial charge to the furnace must also have contained some chromium as -
it was observed that dendritic particles of the spinel, (FeMn)O(CrAl)sO3, associated
with silicate inclusions were formed during the oxidation period, Fig. 4.9c. Tliese.

dendrites had been precipitated within the silicate matrix which contained ~10% Cry03
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in solution. As Pickering(loz) has pointed ‘out, fhe solubility of Cr203 in SiO2 is
very limited but can be increased by the presence of other oxides in the silicate, the
average corhposition of which was approximately 12% FeO, 27 % MnO, 32% Sibz,

18% AlgOg, 10% Cr903, 5% CaO, 1% MgO, but only at a temperature of about 1800°C.
It appears, therefore, that oxygen lancing hgd caused a locally very high‘ temperamre
and under these conditions the silicates had been able to dissolve sufficient Cry0g, in
addition to Al9Og, to result in the precipitation of dendrités of spinel on subsequent
cooling.

During the oxidation period, the inclusion sampling technique used in the
present work (unkilled samples) gave very similar reéults for acid soluble silicon
content as the normal furnace spoon samples (aluminium—killed). Thus, despite the
fact that_the inclusion sami)les Were unkilled in order not to modify _the inclusions,
énd consequently they contained a certain amount of porosity owing to the rélatively
high oxygen contenf of the metal during the oxidation period, they Wére neverthéleés |
suitable fof chemical analysis as well as for metallographic» .inclusion examinatibn.

| At the end of the oxidation period, the bath was blocked with fe'rro—mangahe'sg.
A sa:ﬁple taken shortly after thi_s operation whilst the power was still on (u'fal ‘B.1) R
indicated that the turbulent conditions under which the sample was taken had ijesulted
in the entraimﬁent of slag particles in the bath. The MnO-rich deoxidation products
resulting from the ferro-manganese addition had nucleated on or agglomerated with

entrained slag particles to form calcareous inclusidns containing globules of (FeMn)O.

5.2.2 Tapping Period
The samples taken from the top of the ladle immediately after the completion
of tapping contained large manganese silicates. Within this group, there were two

distinct types having the following approximate compositions:-
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MnO  SiOy Aly03 Mn$S Ca0 - Py0s TiOg K20
(a) 45 25 15 5 5 - tr 1
(b) 50 25 5 10 5 tr tr -

No potassium was detected in the ferro-phosphorus éo that the presence of
1% K90 together with 15% Alg0O3 in the fifst type suggests that they originated as a
result of ladle refractory erosion. The 5% CaO in these inclusidns probably came
from slag glaze on the ladle refractories, or was possibly pickeq up as a result of
their reaction with slag mixed into the metal during tapping.

. The second type of inclusion also contained approximately 5% CaO but no K0
and much less Al9Og than the first type. It is suggested therefore that these inclusions
originated in part from slag entrained in the metal during tapping. The presence of
relatively large émounts of MnO in these inclusions indicates that MnO-rich deoxida-

- tion prpducts resulting from the ladle addition of ferro-manganese had nucleated on or
agglomerated with the entrapped slag particles, the CaO content of which had corres-
pondingly decreased by dilution. As the ladle samples were taken only about 2 min
after the cdmpletion of tapping, this CaO dilution effect was apparently very fapid,
much more rapid in fact than has been observed with previous slag-metal mixing.

This may have been a result of the very high Mn:Si ratio of the steel and/or the more
rapid flotation of the higher CaO content inclusions. The ladle addition of rock sulphur
also resulted in the solution of appreciable amounts of sulphur in the entrapped slag
particles. This would again accelerate the CaO dilution effect and'produce the obser-
ved changes in inclusion composition.

5.2.3 Teeming Period

The following types of inclusions were present in the ladle stream samples:-
() Large, glassy manganese alumino-silicates containing about 1% K9O. These

were erosion products from the ladle, stopper or nozzle refractories.
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(b) Complex manganese silicates containing essentially (FeMn)O and (FeMn)S.
These inclusions were probably deoxidation/ reqxidation products formed during
tapping and teeming.

The following types of inclusions were present in the samples taken from the
ingots:-

(@)  Complex .mangahese silicates containing small amouhts of CaO and‘A1203
together with K50. Thése were refractory erosion products.

(b) Complex manganese silicates containing sméll amounts of Cad and AlyOg
but no KZO“. D'eSpite the fact that K9O could not be detected in these inclusions , it
is still possible that they originated from the erosion of refractories. However, at‘
this stage, apart from the K9O content, the composition and constitution of all the
inclusioﬁs were very similar as a result of coalescence and reaction with manganese -
in the steel, and it was therefore very difficult to determine their éxact origin. The
indications are, howew}er, that they .were mainly erosion products together with some
deoxidation/reoxidation particles.

During the teeming of trial cast B.2, occasional complex calcium silicates
containing MgO particles were also observed, Fig. 4.23. These silicates possibly
originated during tapping as a result of the pick-up of MgO particles by the »slag
from the magnesite—coatéd launder of the furnace. They were entrained in the metalv
by the force of the tapping stream and subseqﬁently passed into the ingqts during
teeming. However, it is surprising that such large inclusions were not eliminated
in the ladle and also that their compositions were changed very little during their
residence in the steel. These facts tend to suggest an alternative mechanism of
formation at a much later stage but it is difficult to account for a CaO-MgO compo-
sition other than during tapping. As they were observed during the earlier stages of
teeming, they were unlikely to result directly from the teeming of ladle slag. It may
be thét these inclusions became attached to the ladle lining and were washed off again

by the flow of the metal during teeming. However, this still does not explain their »
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very high CaO content.

The bottom billet samples from each of the four free-cutting steel casts were
extremely dirty. Long silicate stringers containing MnS and MnO.Al5Og particles
together with trace amounts of K9O and CaO were present. By comparison, the
middle and top billet samples were relatively clean. This difference in inclusion
content between the bottom 30% of the ingot and the remainder was a result of the
bottom cone segregation of silicate inclusions. The presence of galaxite spinei par-
ticles together with K9O indicates that these stringer inclusions were chemical
erosion products originating from fireclay refractories, i.e. because of the high
Mn:Si ratio (~100:1) this steel was proving to be extremely susceptible to éttack by
manganese on alumino-silicate refractories. The small amounts of CaO in these
inclusions probably came from slag glaze' on ladle refractories.

The metallographic observations were confirmed by the total oxygen contents
of the billets, e.g. Figs. 4.19-4.21 for trial cast B.2. Apart from the high inclusion
content of the bottom billet samples relative to the middle and top samples, Fig. 4.19
also showed that there was very little difference m cleanness between the uphill-
teemed ingots (1, 7 and 12) and the direct-teemed ingot (6). In fact the bottom billet
samples from ingot 6 were slightly dirtier than those from the other ingots in the cast
yet the inclusion types were identical in all the billet samples, i.e. manganese
alumino-silicate erosion products. This indicates, therefore, that holloware erosion
durin'g uphill-teeming was not a problem in this cast. Rather it was erosion of the
ladle refractories which resulted in the pick-up of silicon after tapping and the presence
of alumino-silicate stringer inclusions in the billets. It appears, therefore, that one |
of the 'main factors determining the extent of erosion was the length of time the steel
was in contact with the refractories. It is significant that the residenée time of the
steel in the ladle was considerably longer than that of the steel in the runner bricks,

allowing reaction with manganese and softening of the surface layer of ladle refractory
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in contact with the steel to be proportionately greater.

5.2.4 Variation in Silicon Conient throughoutl Steelmaking, "Tapping

and Teeming

The variation in silicon content for the four trial casts are shown in Figs. 4.18,
4,22, 4,27 and 4.31. It can be seen that the silicon content of the bath dropped during
the oxidising period as silicon was oxidised to silica which was then assimilated intQ
the slag.

In each of the four trial casts, B.1-B. 4, the silicon content of the sample
taken from the top of the ladle shortly (1-3 min) after the completion of tapping was
approximately the same, within the limits of analytical error (+0.002% Si), as the
bath silicon content prior to tabpihg. At this stage, therefore, it is apparent that
neither the small amount of silicon present in the ladle additions (Table 3.6) nor the
- silicon present in the form of silicate inclusions (deoxidation products, entrained slag
particles, refractory erosion products) caused the total silicon content of the liquid
steel to ihcrease significantly.i In trial cast B.4, howerver, a second sampie was
taken from the top of the ladle 5 min after the completion of tépping apd the silicon
content of this sample (0.011%) was considerablg} higher than that of the first ladle
sample (0.002%) taken 2 min eﬁrlier, Fig. 4.31. This pick-up of silicon after |
tapping was also reflected in the ladle stream samples from all four trial casts and
in most cases, this increase in siliéor} content was significantly greater than that
present in the ferro-alloy additions made to the ladle, even allowing for maximum
recovery from the additions. The metallographic evidence indicates that the number
of entrained particies of furnace slag was small and they v&ere rapidly eliminated into
the ladle slag layer, whereas manganesé alumino-silicate refractory erosion products
persisted throughout the teeming period and were present in the ladle stream, ingot
and bottom billet samples. Thus, the increase in silicon content after tapping to a
value of 0.010% or more was apparently caused by the presence of manganese/ladle

refractory reaction products in the metal.
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The fact that this ladle erosion was not detected in the samples taken from the
top of the ladle 1-3 min after the completion of tapping was probably that a longer
period of time than this was necessary for the manganese in the steel to react with
the silica in the ladle refractories to form a fluid mangénese alumino-silicate reaction
layer, for significant amounts of this reaction layer to be washed inté the steel and
for these entrained erosion products to rise to the top of the ladie where the sample
was taken. In the case of trial cast B.4, this occurred after ~5 min., With increasing
residence time of the steel in the ladle, erosion probably increased, particularly
during teeming as a result of the washing action of the steel on the bottom of the
ladle.

It has already been mentioned (that the condition of the ladle lining is an impor’—.
tant factor from the steel cleanness point of view. Inany clean steel practice, the
steelmaker normally chooses a ladle which is not new, having been used for a few
heats, and which has not been repaired with siliceous refractory cement. This was

confirmed in the present series of trials as the following results show:-

Trial Cast Ladle Life | b py - (Sl)Tap
B.1 18 heats (repaired) 0.009%
B.2 1 heat : 0.006%
B.3 : 4 heats 0.004%
B.4 12 heats (repaired) 0.008%

One final point of interest in connection with the present investigation is the
mechanism of bottom cone inclusion formation in steel ingots. It is not intended that
a critical examination be given of this phenomenon as it could quite easily‘ form the
basis of a separate thesis. Howeverv, a review of the bottom cone of inclusions in
steel ingots has been published by Standish(178) and it is evident from this that there
is still a great deal of controversy concerning the mechanism of bottom cone forma-
tion. In this respect, it is pertinent to mention the work of Hunt(79) on the formation

of A - segregates. Although bottom cone formation was not specifically referred to
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in Hunt's model work, it seems reasonable to agssume that the mechanism which was
proposed to account for the formation of A - segregates during solidification might
also go a long way towards explaining the formation of the bottom cone of inclusions,

particularly as these two phenomenai invariably occur together (see Section 5.3.4).

5.3 OCCURRENCE OF INCLUSIONS IN CARBON-MANGANESE-NIOBIUMSTEEL

5.3.1 Trial Cast C.1

During the oxidation period, the inciusions observed were mainly calcium
silicates containing varying amounts of AlpOg, MgO and MnO together with trace
amounts of P2O5, TiO9 and S. They origiﬁated from slag entrained in the metal by
the turbulence caused by oxygen blowing. However, the SiO9 content of these inclu-
sions was considerably higher than that of the bulk slag. In some cases, the MnO
content was also much higher whereas the CaO content was lower. As in previous
work therefore, this indicates a dilution effect produced by the precipitation of oxi- ,
dation prpducts on the entrapped slag particles. There Seemed to be little systematic
variation in the sizes of the inclusions during the oxidation period, most of the inclu-
sions having diameters of 15-40 pym. |

During the refining period, the majority of inclusions present in the liquid‘
metal were globular manganese alumino-silicate deoxidation products resulting’ from
the ferro-silicon, ferro-manganese and aluminium additions. Calcium silicates
resulting from slag entrainment were also present.

Immediately after tapping? the inclusions present in the liquid metal were
mainly calcium alumino-silicates resulting from reaction between aluminium and
entrained slag particles. In some cases, these inclusions contained considerable
amounts of MgO as a result of contamination by magnesite refractory material from
the furnace, taphole or launder.

During teeming, the majority of inclusions present in the ingots were

manganese alumino-silicates resulting from entrainment of the mould additive.
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However, other types of inclusions were also observed including:-

(a) alumino-silicate refractory erosion products
(b) magnesite refractory erosion products
(c) " slag/magnesite refractory reaction products.

5.3.2 Trial Cast C.2

The samples taken during the refining period of this first'develo’pment cast
showed that the high aluminium cover, i.e. very low dissolved oxygen content, was
sufficient to prevent the formation of globular ‘sﬂicate deoxidation products following
the ferro-silicon addition. Unlike the previous trial cast, very few direct deoxidation
producfs were observed and the majority of inclusions present were entrained slag‘
particles; In many cases, these slag vparticles wefe rich in MgO as a result of
contamingtio_n of the slag by magnesite furnace refractory.

Immediately after tapping, the inélusions present in the liquid metal were
calciﬁm aluminates resultipg from slag entrainment. Many of these inclusions con-
tained considerable quantitie's’of periclase (MgO), picked up from the furnace, taphole
‘or launder refractories.

During teeming, the main types of inclusions observed were alumino-silicate
refractory erosion products, magnesite refractory erosion products, and slag/
magnesite refractory reaction products.

5.3.3 Trial Cast C.3

The steelmaking practice for this cast was similar to the previous one except
that part of the Desulfex was injected into the bath. As expected therefore, thé
inclusions observed during the steelmaking, tapping and teeming processes were
very similar to those observed in the previous cast. The main differende was that in
this cast, fewer MgO-rich inclusions resulting from magnesite refractory erosion

were observed. This difference is discussed in Section 5.3.4.
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5.3.4 Comparison of Trial Casts C.1, C.2 and C.3

(i) Through-Thickness Results

The through-thickness tensile results for _the two development casts C.2 and
C.3 were significantly better than those for cast C.1 made according to the original
ferro-silicon deoxidation practice, the overall average reduction of area values for
casts C.1 ,‘ C.2 and C.3 being 34%, 51% and 53% respectively. Thﬁs, for the two
development casts, the modifications in steelmaking practice were very successful
in improving the through-thickness ductility and havé since been adopted as standard
practice for C—Mn—Nb steel production.

(ii) Non-Metallic Inclusion Content

The improvement in through-thickness ductility is attributed to a decrease in
the volume fraction of inclusions in the liquid and hence in the solid steel. Howex)er,
the sampling technique employed during the steelmaking, tapping and teeming pro-
cesses was primarily aimed at establishing the types of non-metallic inclusions
present in the liquia metal and not at a quantitative assessment of the nﬁmber or
volume fraction. Consequently, it was not possible to quantify accurately the differ-
ences in inclusion content at corresponding stages during the three trial casts. An
attempt was made to follow the variation in inclusion content by determining the total
oxygen contents of the metal samples. However, thevresultsA were very variable,
fluctuating quite considerably not only from sample to sarﬁple but‘:’ilso along the length
of a single sample. Similar effects have been observed previoﬁsly with aluminium-

" killed steels both in laboratory inductibn furnaces and in large arc fﬁrnaces . In
contrast, total oxygen determinations on equivalent samples from silicon-killed steels
have been found to be very consistent and to reflect changes in the bath inclusion con-
tent very precisely. These effects are presumably similar to those observed by

Forster and Richter©3,54) and discussed earlier, the variable oxygen content of the
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aluminium-treated steel resulting from the variable distribution of alumina inclusions.

Nevertheless, optical metallographic examination did reveal a marked cast to
cast difference in both the size and number of inclusions present in samples taken
from ﬁle furnace during the refining period, from the ladle after tapping and from the
ingots during teeming. Such differences were nof obvious in the case of the ladle
stream samples, and this may ha've beén a direct result of this particular method of
sampling giving rise to numerous reoxidation products.

During therefining period, the ‘size and numbér of deoxidation products obser-
ved in cast C.1 were greater than those observed in the two development casts. This
difference was a result of the use of a full aluminium deoxidation practice for the
development casfs in place of the previous ferro-silicon practice, and is discussed in
greater detail below.

There was also a difference in inclusion contentlobserved between the samples
taken from the ladle after tapping. In this case, however, the main difference was
between the two development casts. The size and nuniber of inclusions present in the
sample taken frofn the ladle after tapping were much greater for cast C.2 than for
cast C.3. The possible reasons for this difference are also discussed below.

Finally, there was a marked reduction m the number of inclusions observed
in the ingot samples from the two development césts compared with thosve from cast
C.1. There were probably several reasons for this reduction including the use of
higher alumina ladle refractories to minimise erosion and the use of an argon shroud
to minimise reoxidation. However, the main reason was undoubtedly the improved
method of adding the mould additive. Previous work has shown that placing the n}ould
additive in the bottom of the mould prior to teeming results in cbnsiderable entrain-
ment of the additive ’in the liquid metal. This entrainment was again observed during
the teeming of cast C.1 but not for casts C.2 and C.3, in which the mould additive

was suspended in the moulds so that its addition was made after the start of teeming
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when'there was a pool of metal in the mould. This particular difference in inclusion
content also provided. evidence that the sampling technique was capable of obtaining
representative samples.

A point of considerable interest is the fact that although the majority of inclu-
sions observed in the Hquid meta1 in the ingots during teeming were globular alumino-

: silicates i'esulting from refractory erosion and slag entréinment, these inclusions
were rarely observed on thev fracture faces of the through-thickness tensile specimens.
Poor ductility and premature failure of the test?pieces from the earlier production
casts were mvariably caused by alumina-rich agglomerates, Figs. 5.5a and 5b, and/or
sheets of manganese sulphide, Fig. 5.5c. The aluminate particles, which were
primarily observed at the centres Qf plates rolled from fhe bottom of the ingofs ,

i.e. associated witﬁ bottom cone segregation, were frequently found to contain small
amounts ofv MgO and CaO, and very occasionally a trace amount of KoO was also
detected. The sheets of manganese sulphide were mainly observed.at about the 25%
depth level of plates rolled ﬁ'om the top of the ingots, i.e. associated with A -
segregation. Particles of niobium carbide were also present with the manganese
sulphide. The metallographic evidence indicafed that in 'bad’ ihgots, heavy bottom
cone segregation of aluminate particles was invariably associated with marked A -
segregates whereas in 'good' ingots, there was a more general distribution of the
aluminate inclusions and only very wéak A - segregates.

It is very unlikely that all the globular alumino-silicatés present in the ingots
during teeming escaped at this late stage. It is suggested, therefore, that although
many of these larger partic.les did in fact escape from the liquid fnetal in the ingot,

~some of the smaller alumino-silicates were entrapped and continued to react with

dissolved aluminium and were eventually converted to alumina. Evidence for this
type of reduction reaction has been obﬁlined by laboratory stuciies of the reaction

between silicate inclusions and aluminium in both liquid and solid iron(22,107),
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During rolling, these reduced alumino-silicates are broken down and spread out to
form stringers of alumina barticles which are very similar in appearance to some
of the stringers observed in plate samples from the present work, e.g. Fig. 5.5a.
Further evidence that this type of reaction occurred was provided by the fact that,
as mentioned previously, the aluminate particles present on the fracture surfaces
of through-thickness tensile specirﬁens frequently contained small amounfs of MgO
and CaO indicating that they originated in part from slag and/or refractory material.
These oxides are very stable and are not reduced by aluminium to the same extent
as SiOg and MnO. They are therefore useful tracers for determining the origins of
non-metallic inclusions. Modifications in practice aimed at lowering the volume
fraction of silicate inclusions in the liquid metal, e.g. full aluminium deoxidation,
suspension of mould additive and high Al9Og content refractories, should therefore
result in a lower volume fraction of aluminate inclusions in the finished product.
It»is not suggested? however, that reduction of alumino-silicates by aluminium
was the only mechanism by which the aluminate clusters were formed. Deoxidation
and reoxidation reactions also need to be considered, particularly for explaining the
formation of the very small alumina particlés (<5 pm) in Fig. 5.5b which are not
easily accounted for in terms of the above reduction reaction. Clusters of alumina
deoxidation products were not observed in the samples taken from the ladle after
tapping or from the ladle stream during teeming in an& of the three trial casts. This
is apparently typical of sampling trials' on double slag basic electric arc casts,
similar observations having been reported by Knlippel et a1(38), 1t sﬁggests tﬁat '
relatively few, if any, alumina clusters were present in the ladle of metal during
teeming compared with the globular alumino-silicate inclusions, and that if alumina
deoxidation/reoxidation products were contributing to the clusters observed on the
fracture faces, e.g. Fig. 5.5b, then they must have formed by the agglomeration of

very small inclusions such as that shown in Fig. 4.38h. This agglomeration possibly
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occurred on the sides of the nozzle during teeming and these large clusters were
periodically flushed into the ingot. However, it is emphasised that alumina agglo-
meration on the sides of the nozzle is normally associated with the formation of
dendritic clusters and this type was not observed on the fracture faces of the-tensile
specimens. Further agglomeration of small alumina particles in the uphill-teeming
channel may also have contributéd to the overall clusteriné effect but a major
factor leading to the formation of very large clusters of the type shown in Fig. 5.5b
| was undoubtedly segregation during solidification of the ingot. This not only resulted
in the formation of a bottom cone of alumina particles but also in the formation of
sheets bf manganese sulphide in the A - segregates, even with an average pit sulphur

content of only 0.006 wt. %.

Reoxidation of fully aluminium-deoxidised steel can result in the formation of
alumina clusters. Evidence for this has been obtained during laboratory experiments
with iron-silicon-oxygen-aluminium melts in a 50 kg induction furnace(zz’m?).
Reoxidation, as shown by the variation in the total oxygen content of the melt after '
the preliminary déoxidation stage, resulted initially in the formation of alumina
clusters and then, as the soluble aluminium content of the melt decreased with time,
in the formation of duplex alumino-silicate inclusions containing aluinina. With
further increase in time, single-phased alumino—s_ilicates were formed. This
sequence of reaction products has been discussed by Farrell et a1(139) and is illus- |
trated schematically in Fig. 2.86. It shows quite clearly that the type of reoxidation
product which is formed depends on the relative concentrations of the reacting
elements. As discussed previously, Kohn et a1(118,119) consider that the reaction
products which precipitate as a result of reoxidation of aluminium-killed steel in the
furnace and ladle are complex aluminates containing small amounts of CaO and MgO,
the latter originating from trace concentrations of calcium and magnesium (from
refractories, slag and deoxidants) in solution in the steel. These aluminatesr accumu-

a +* dicall flushed into the in -ot. Althou-h not ostulated
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by Kohn et al, similar aluminétes formed as a result of reoxidation of the ladle
stream during teeming could also enhance this effect, agglomeration in this case
occurring in the uphill-teeming channel and/or in the ingot. Segregation of alumina
in the ingot would occur as discussed in the previous paragraph. Whilst this mechan—.
ism can account for the formation of aluminates containing MgO and CaO, it must be
pointed out that these oxides were not detected in globular manganese alumino-
silicate reoxidation p;‘oducts present in ladle stream sam'ples, e.g. Figs. 4.41a and
41b. However, this could have been a result of the large dilution effect caused by the
excessive reoxidation. Nevertheless, the present work did confirm the results of
Kohn et al in that many of the inclusions present in the final product were aluminates
rathef than pure alumina, indicating that the problem was associated with secondary
deoxidation/reoxidation products and not primary deoxidation productsv.

(iii) Deoxidation Practice

Following the first trial cast C.1, it was recommended that a clean steel
practice for the production of C-Mn-Nb steel should involve a primary aluminium
bath block followed by the maintenance of an effective aluminium cover dﬁring
refining, tapping and teeming.’ The use of such a deoxidation practice results in the
formation of alumina or spinel-type inclusions which are known to escape from the
liquid metal more readily than silicates, and the rapid elirﬁination of such deoxidation
products into the slag results in a cleaner steel. Also, the addition of ferro-silicon
after the aluminjum bath block does not give rise to silicate deoxidation products
because of the lack of available oxygen in the steel. Thus, the presence of siliceous
inclusions is confined to entrained slag, reoxidation and erosion products. Also, if
there is a sufficient aluminium cover, i.e. a sufficiently high level of soluble alumi-
nium in the steel, any entrained silicates react with this aIuminium and are eventually

converted to alumina/spinel particles which again escape readily. In the absence of
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an aluminium cover, these silicates tend to remain in the steel for a longer period of
time. '

The present investigation has confirmed the above theory in that for cast C.1
involving a ferro-silicon bath block, large globular silicates and aiumino—silicates
were present in the liquid metal throughout the refining period. These were deoxida-
tion products resulting from the ferro-silicon, ferro-manganese and aluminium
additions. However, for casts C.2 and C.3, a high aluminium cover was maintained
during refining and only small, isolated alumina deoxidation/ réoxidation products
were observed during this period.

In general, the entrained slag particles present during the refining periods of
casts C.2 and C.3 Wére smaller than the corresponding inclusions of cast C.1 indi-
cating that the high aluminium cover was possibly also assisting in the elimination of
these exogenous slag vparticles.

During the teeming of the two devevlopment casts, the soluble aluminium
content of the stream and ingot samples’from C.3 (~0.04%), Figs. 4.51 and 4.52,
was approximately twice that of the corresponding samples from C.2 (~0.02%),
Figs. 4.43 and 4.44. In addition, the soluble aluminium content of cast 0.2 tended
to drop below 0.02% during the later stages of teeming. Thus, the effective aluminium
cover was significantly higher for cast C.3 than for cast C.2 throughout all stéges of
steelmaking, tapping and teeming.” However, no obvious difference in terms of type
and number of inclusions was observed as a result, indicating that the level of
aluminium in both casts was sufficient to prevent the formation of globular alumino-
silicate inclusions.

Apart from these differences in aluminium content, the most striking aspect
was the close correlation between the soluble and total aluminium contents for cast

C.3, as a result of the relatively consistent level of insoluble alhminium, Fig. 4.51.
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(iv) Tapping Practice

In each of the three trial casts, a large taphole was used to promote slag-
metal mixing and desulphurisation. The inclusions present in the ladle samples
taken after the completion of tapping were mainly calcium aluminates containing
particles of periclase (MgO), resulting from the entrainment of slag particles in the
'~ metal. However, their general content of MgO was also high as a result of contami-

nation of the slag by magnesite refractory erosion products from the furnace, taphole
or launder.

As mentioned previously, there were considerably fewer slag inclusions in
the ladle saniple taken after tapping cast C.3 compared with cast CZ Thibs could
have been a sampling problem but more likely it was the result of a difference in the
degree of slag-metal mixing as supported by the fact that sulphur removal for cast
C.3 was only 0.003% compared with 0.007% for cast C.2. |

Although the majority of the Ca0-MgO-Al90g particles entrained in the metal
during tapping appeared to escape into the ladle slag layer, 'éome of these inclusions
remained entrapped in the steel and were carried through into the ingots during
teeming. The presence of varying amounts of MgO and CaO associated with alumi-
nates on some fracture surfaces further indicabeé that these slag-baséd inclusions
were possibly contributing to the overall inclusion content of tﬁe final product, either
directly or indirectly. In order to reduce the amount of slag mixed into the metal
during tapping and thus improve steel cleanness, it would be nécessary to slag off
partially prior to tapping and then hold back the remaining slag for as long as
possible during tapping. However, the necessity to obtain as low a sulphur content
as possible dictates that the metal be tapped through the slag. Nevertheless, an
alternative desulphﬁrisation technique, such as reladling, should enable the slag-
metal mixing during tapping to be minimised and lead to a cleaner steel in the ingot.

These conclusions are in agreement with those of Pickering(loz) who has also pointed
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out that slag-metal mixing during tapping can lead to an increase in the number of
inclusions present in the final product. It may be that in steels where a low sulphur
content necessitates tap/ping through the slag, and other desulphurisation techniques
are not available, then inert gas bubbling through a porous plug in the bottom of the
ladle might accelerate the removal of entrained slag partieles and result in a cleaner
product.

(v) Argon Shrouding

Thefe were no obvious indications from the liquid metal samples that argon
protection of the teeming stream in the two development casts was reducing the
volume fraction of inclusions in the ingots by rhinimising atmospheric reoxidation.
The ladle stream samples, which were taken with the argon flow turned off in the two
development casts, contained large manganese alumino-silicate reoxidation products,
e.g. Fig. 4.41a, These were formed_ as a result of the sampling technique allowing
exeessive oxidation of the metal stream to occur. If such inclusions were actually
formed during teeming into the ingots, fhey would probably agglomerate with other
pre-existing inclusions (entrained slag, refractory erosion products). Such a
mechanism would lead to an increase in the volume fraction of liquid sﬂieates in the
ingots during teeming. On the other hand, with only slight reaction of the liquid steel
with atmospheric oxygen, the resulting inclusions would be more highly aluminous
and possibly even consist of solid particles of alumina. The latter could then
agglomerate in the narrow confines of the uphill-teeming system, such a mechanism
leading to an increase in the numbers of alumina ciusters in the ingots during
teeming, as discussed previously. Although it was not possible to investigate these
effects in detail in the present work, the pfactice of argon shrouding is to be cehtinued

and further work is to be carried out.
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(vi) Refractories

Results from the first trial cast C.1 iﬁdicated that in a clean steel practice
for the production of C-Mn-Nb steel, careful attention should be paid to the magnesite
refractory material of the furnace, taphole and launder, and the alumino-silicate
fireclay refractories of the ladle, stopper, nozzle and holloware. Immediately after
tapping this cast, entrained siag particles were present in the metal and many of
these inclusions contained MgO particlés as a result of contamination by magnesite
refractory from the furnace, taphole or launder. Slag/magnesite inclusions of this
type were also present in the ingots d‘uring teeming. MgO-rich inclusions consisting
of spinel within a manganese alumino-silicate matrix were also present in the ingot
samples. They were not associated with slag and therefore probably formed by the
precipitation of MnO, SiO9 and AlpOg reoxidation/secondary deoxidation products on
e'roded magnesite refractory. Reaction with aluminium in the steel then resulted in
the formation of spinel particles. |

F.or cast C.2, magnesite erosion appeared to be even more marked. Slag/
magnesite reaction products were present in the furnace, ladle and ingots.
Manganese alumino-silicates containing (MnMg)O.Al9Og particles were also observed
in the ingots.

For cast C.3 however, apart from the inclusions present in the ladle after
taﬁping, none of the inclusions analysed in the furnace or ingot samples were rich in
MgO. Magnesite erosion therefore, did not appear to be as great in this cast as in
the previous two. It is interesting to note that this cast to cast variation qorresponds

fairly closely with the variation in furnace lining life:-

Cast No. Lining Life
C.1 74%
C.2 94%
C.3 58%

It was not possible to determine the individual contribution from the furnace
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lining, taphole and launder. All that can be stated is that for cast C.3, magnesite
erosion products were not observed in the furnace or ingots; for cast number C.1
magnesite erosion products were observed in the ingots; and for cast number C.2
they were present in the furnace and ingots. In all three casts, MgO-rich calcium
aluminates were present to varying extents in the ladle after tapping. Experimental
data on ghe éffect of increasing MgO conteht on the elimination of calcium aluminates
and calcium alumino-silicates from»liquicnl steel have not been published. However,
the results of the present trials indicate that Mgo-rich calcium aluminates having
diameters up to 35 yﬁa can remain in the steel for periods as long as 38 min after
the completion of tapping and can eventually pass into the ingots during teeming.

For cast C.1 another major source of inclusions in the liquid metal was
alumino-silicate refractory erosion.‘ Manganese attack on the fireclay refractories
of the ladle and/or holloware resulted in the formation of a liquid layer at the

refractory/melt interface. The viscosity of this layer decreased with decreasing
SiOg content so that the ease of removal or erosioﬁ of the layer increased. Thé
resulting inclusions were manganese alumino-silicates containing tracé amounts of
Kzo. Because of the relatively high manganese content therefore, this steel was
proving to be susceptible to refractory erosion. The major source of this erosion
was probably the ladle rather than the holloware ‘because‘of the higher temperature
and longer contact period.

Consequeﬁtly, in the two development casts, the ladle refractories were made
of high alumina brick (70% Al9O3) instead of the normal firebrick (430% Al90g) in an
attempt to reduce the number of erosion products in the liquid metal during teeming.
Details of the refractories for all three trial casts are given in Table 3.12. For the
same reasons as stated previously, it was impossible to quantify the difference in
inclusion content resulting from this change in ladle refractory. However, optical

examination of the ladle stream and ingot samples from the three casts did indicate
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some differences in the mean compositions of the manganese alumino-silicate
erosion products. For cast C.1 they were mainly single-phased particles typical

of manganese attack on an alumino-silicate brick containing QBO% Alp0O3. A few
duplex inclusions containing alumina were also observed and these possibly resulted
from further reaction with aluminium in the steel. For casts C.2 and C. 3, however,
they were mainly duplex inclusions containing spinel and alumina phases. This |
higher AlpO3 content may have been a result of the higher soluble aluminium content
of the two development casts. However, as some single-phased erosion products
were observed in both these casts, it is considered that it was also a result of the
use of 70% Al20Og ladle bricks, duplex alumino-silicates containing alumiﬁa being

the typical equilibrium reaction products with manganese in this case. The single-
phased erosion products having lower AlpOg contents probably originated from the
holloware or some other fireclay-type refractories. Thus, althoﬁgh the higher
Al203 ladle bricks still appeared to be giving rivse‘ to some alumino-éilicate erosion -
products, it is suggested, on the basis of the optical metallographic results, that the
volume fraction of these products in the liquid steel during tapping and teerﬁing was

less than with the normal firebrick ladle.
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SECTION 6 - SUMMARY AND CONCLUSIONS

6.1 VACUUM DEGASSED LOW ALLOY STEEL

Prior to tapping the open-hearth furnace, the steel was relatively free from
oxide inclusions.

During tapping, the addition of ferro-manganese, ferro-silicon, ferro-
chrorﬁium and aluminium to the ladle resulted in the formation of liquid manganese
alumino-silicate deoxidation products containing small amounts of CryOg.

These liquid manganese aluminé—silicates were also ‘p_resent in the steel
during the early stages of vacuum degassing. Wifh increasing degassing time,
however, their number gradually decreased as a result of coalescence énd flotation
until only occasional inclusions of this type were observed.

During the later stages of degassing, ladle erosion products were present in
the liquid metal. In addition, CrgOg-rich and MgO-rich erosion products which had |
brigmated from the magnesite-chromium refractories of the degassing vessel were
also present. Alumino-silicate inclusions containing varying amounts of AlgOg
were occasionally observed as well. The most likely soﬁrce of these was the high |
alumina cément used on the degassing vessel refractories. During vacuum degaésing,
the total oxygen content of the steel decreased initially and then began to increase
again as the rate of refractory erosion exceeded the rate of inclusion flotation. This
increase occurred approximately 18 min after the commencement of degassing,
although the rapid rate of inclusion removal finished after only 14 min of the
degassing cycle.

Complex manganese chromium silicate erosion products containing cristobalite
and in some cases chromium galaxite were present in the ladle stream samples.
They originated from the siliceous-material used to patch the ladle and had picked up
chromium from the liquid steel.

The majority of incluéions present in the ingots during teeming were large,
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duplex cristobalite/manganese silicate erosion products. In these cases, they were
holloware erosion products originating from the.siliceous cement used to joint the
runner bricks together.

Despite the generally high level of inclusions in the liquid metal during mpping,
degassing and teeming, the billet samples from the present trial cast were relatively
free from non-metallic inclusions, only occasi‘onal, highly aluminous silicates being
observed. It has been suggested that they resulted from erosion of the high alumina
cement of the degassing vessel, alfhough this could not be cohfirmed directly. The
indications are therefore, that in this particular cast, the majority of inclusions
present in the molten metal escaped and were not trapped in the ingot during solidi-
fication. Nevertheless, the occurrence of certain of the inclusion types, particularly
the erosion products, could be minimised, thus resultfng in a cleaner steel prior to
solidification.

One suggestion for improving the cleanness of the steel in the ladle would be
to add more aluminium during tapping, preferably in the fdrm of ferro-aluminium.
This should result in the formation of more highly aluminous inclusions and therefore
an increase in their rate of escape. -

A further possible improvement in the ra4te of inclusioﬁ removal and theréfore
in steel cleanness in the ladle might be achieved by adding the aluininium before the
ferro-manganese, férro—silic‘on and remaining ferro-chromium providing the mixing
conditions for the latter three additions could still be met. This suggestion is con-
trary to some of the ideas discussed in Section 2.3.2 where it was proposed that
additions of a relatively weak deoxidiser such aé manganese will decrease the degree
of supersaturation and encourage the formation of larger inclusions when a strong
deoxidiser is subsequently added.. However, by adding the aluminium before the
ferro-alloys, it might be possible to form alumina inclusions which should escape
very rapidly, particularly as there is a great deal of turbulence during tapping.

There would then be less oxygen available for reaction with the ferro-alloys and,
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therefore, fewer liquid‘ manganese silicate deoxidation products which escape less
rapidly than alumina would be formed. The implication of this proposal is that inclu-
sion composition is more important than inclusion size for the removal of the deoxi-
datioﬁ products and therefore for the success of the overall deoxidation process. The

only limitation on this practice is that a certain time interval should occur between
the. alurhinium and ferro-alloy additions to allow the alumina inclusions to escape .
This may not be possible in actual practice because of the relatively short time
available to make the additions.

A further suggestion for improving steel cleanness is that careful considera-
tion should be given to the condition of the ladle and degassing vessel refractories.
Erosion of the siliceous material used to repair the bottom of the ladle was a problem
in this cast and was aggravated by the locally high concentration of ferro-chromium

“during tapping. Erosion of the magnesite-chromium refractories and high alumina
cement of the degassing vessel was also a problem. A reduction in the number of
inclusions arising from this source might be obtained by lowering the turbulence of
the steel flowing through the vessel. As this steel was degassed for cleanness and
analytical purposes rather than for hydrogen removal, this could possibly be achieved
by not using the final steam ejector of the RH unit, i.e. by operating the unit at a
slightly higher pressure.

The fact that this steel was not degassed for the purpose of hydrogen removal

- but for cleanness and analysis reasons raises the question as to whether eduivalent
results might not be obtained by simple inert gas purging through a porous plug in the
bottom of the ladle. This would allow the degassing unit to concentrate more on those
qualities for which hydrogen removal was essential. The only problem is that the
ladle slag is an oxidising one and argon bubbling could promote phosphorus reversion
as a result of slag-metal mixing. This is not too much of a problem during R.H.

degassing because the slag tends to remain relatively quiescent.
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It is also clear from the present trial cast that approximately 15 min after
the start of degassing, the total oxygen content reached a minimum and then began to
'increase again as a result of refractory erosion. Therefore, some consider‘étion
should be given to reducing the degassing time. _

A final suggestion is that careful attention should be paid to the condition of
the. holloware refractories, particularly the siliceous material used to joint the
trumpe‘t and runner bricks, as a major source of inclusions in the present tfial cast
was holloware erosion during uphill-teeming.

6.2 LOW SILICON LEADED FREE-CUTTING STEEL

On the basis of the silicon contents of the samples taken before and after
tapping, neither the silicon present in the ladle additions nor silicon present in the
form of siliceous slag inclusions mixed into the metal during tapping appeared to
contribute significantly to the overall silicon content of the steel.

Pick-up of silicon in the form of silicate incluéions occurred in the ladle
after tapping. The majority of these silicates originated from erosion of the ladle
refractories. Thvey persisted throughout the teeming period and were present in the
ladle stream, ingot and billet samples. There was no direct evidence that slag
entrainment during tapping was a problem.

The bottom bﬂlet samples were extremely dirty, containing long alumino-
silicate stringers whereas by comparison, the middle and top billet samples from
these ingots were relatively clean. Thié difference in inclusion content between the
bottom 30% of the ingot and the remainder was a result of the bottom cone segregation
Qf alumino-silicate inclusions. |

There was no significant difference in cleanness between the uphill-teemed
ingots and the direct-teemed ones. Manganese alumino-silicates resulting from
refractory erosion were present in all of them. This indicates therefore that holloware

erosion during uphill-teeming was not a problem. Rather the pick-up silicon after

tapping and the presence of alumino-silicates in the billets were a result of ladle
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erosion. This probably included erosion of the stopper and nozzle as well as the
actual ladle lining. Thus, because of the very high Mn:Si ratio, this steel is very
susceptible to attack by manganese on alumino-silicate ladle fefractories. The con-
dition of the ladle lining had a marked effect on the degree of ladle erosion and there-
fore on the extent of the pick-up of silicon . Ladles which had been used about four
times préviously and which had not been repaired or patched twere found to give the
best res.ults.’

The main recommendation therefore, for irriproving the cleanness of the
steel is that careful attention should be paid to the condition of the ladle refractories ,
as the major source of inclusions was ladle erosion. In this respect, it might prove
beneficial from the steel cleanness point of view to reinforce the refraci;ories in the
fegion of the ladle b‘ottom, e.g. the use of more highly aluminous refréctories for
the bottom part of the ladle and stopper rod, and a magnesite nozzle or insert
together with a magnesite or high alumina ramming compqund.

6.3 CARBON-MANGANESE-NIOBIUM STEEL

For the two development casts, the modifications in steelmaking practice
were very successful in improving the through-thickness ductility of the plates.

Although it was not possible to quantify the differences in inclusion content at
corresponding stages during the three trial casts, optical metallographic ekamination
indicated that, in general, there were fewer inclusions present in the liquid metal for
the two development casts than for the original standard practice cast.

The use of a full aluminium deoxidation practice instead of one involving a
ferro-silicon block, resulted in a marked reduction in the number of deoxidation
products present during refining.

Slag-metal mixing during tapping resulted in the entrainment of calcium

aluminates in the metal. These inclusions contained considerable amounts of MgO
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as a result of contamination by magnesite refractory from the furnace, taphole or
launder. These MgO-rich inclusions were also present in thevingots during teeming,

Final sulphur contents were very similar in all three casts. The indications
are therefore that the improvement in through-thickness ductility of the two develop-
ment casts was a result of a lower oxide inclusion content rather than a reduction in
total sulphur content. In particular, the incidence of gross aluminate clusters at the
bottom of the ingot and A - segregates of manganese sulphide at the top was consi-
derably reduced. The composition and morphology of the aluminate particles in the
clusters indicated that they were not primary aluminium deoxidation products but
secondary deoxidation/reoxidation inclusions together with aluminium/alumino-silicate
reaction products. Segregation and agglomeration of these inclusioes in the bottom of
the ingot occurred during cooling end solidification. | However, the severity of this
segregation was less, and therefore, the through-thickness ductility of the plate
greater, for the two development casts than for the original standard cast. As the
teeming conditions, in particular the temperature, were approximately the saﬁle in
each case, this difference in quality was presumably a result of an improvement in
steel cleanness, i.e. a lower volume fraction of inclusions in the liquid metal during
teeming. The fact that, for the same metal sulphur content, fhere was also a corres-
ponding improvement in ductility at the top of the ingot as a result of weaker A -
segregate formation, implies that the ingot solidification pattern was influenced by
the oxide inclusions in the liquid metal. Oxide particles possibly acted as nuclei for
the precipitation of iron dendrites, thus promoting a more equiaxed ingot structure
and therefore, according to McDonald and Hunt(179), more favourable conditions,
i.e. increased solid/liquid regions, for the formation of A. - segregates.

Although there were no obvious indications that argon shrouding of the teeming
stream was beneficial from the point of view of steel cleanness, the practice should
be continued until more detailed results are available.

Placing the mould additive in the bottom of the mould prior to teeming
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resulted in considerable entrainment of the additive in the liquid metal. This was
not the case in the two development casts where the mould additive was suspended
about 30 cm from the bottom of the mould so that it was added after the start of
teeming when there was a pool of metal in the mould.

Magnesite refractory erosion was evident in all three casts, but particularly
in cast C.2. It was not possible to determine the individual contribution from the
magnesibe lining, tapﬁole or launder, but the cast to cast variation corresponded
with the variation in furnace lining life.

Although the higher AlgOg ladle bricks still gave rise to s‘ome'alumino—
silicate erosion pr(‘)ducts., the indications were that this was less than with the.
normal firebrick ladle.

Although a practice for the production of C-Mn~Nb steel with through-thickness
properties necessary to meet the required specifications has been developed, it is
considered that further improvements in both through-thickness ductility and ingot
to plate yield cou_ld be achieved by additional after-furnace treatment of the molten
steel. Accepting that slag-metal mixing during tapping is unavoidable in terms of
obtaining a sulphur content of about 0.005%, then argon purging should heip to accelerate
the elimination of the entrained slag particles. In addition, effective treatment of the
steel with a calcium-containing deoxidant should further inhibit the formation of
alumina agglomerates as well as detrimental type II manganese sulphide inclusions.
The latter can still cause problems, even with a total sulphur content of only 0.005%,
because of the segregation characteristics of the steel solidifying in the 20 t slab
mbulds. Trials are to be carried out to investigate the‘effects of these further
modifications on steel quality.

6.4 GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK

From the results of the investigations reported in this thesis, it is apparent

that the entrainment of exogenous inclusions, particularly refractory erosion products,
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in the liquid steel during tapping and teeming is a major source of oxide iﬁclusions
and can lead to quality problerﬁs (rejections and/or reduced yield). These problems
are likely to become worse m the future as specifications and qualities become more
exacting. Consequently, there is a need for further work to be carried out on the
formafion of inclusions as a resqlt of:-

(i) Refractory Erosion ~ with higher manganese steels, attack by the manganese

on fireclay refractories is a serious problem. The indications are that this problem
can be alleviated to some extent by the use of alumino-silicate refractories having
higher A1203 contents and this requires further investigation, both on a laboratory
scale and in production heats.

(ii) Slag Entrainment - the practice of mixing slag and metal during tapping to

effect desulphurisation needs careful examination, as there is e'vidence to indicate
thaf a dirtier steel is produced with this technique. Where possible, argon purging
thfough a porous plug in the bottom of the ladle should be éarried out to promote the
elimination of entfained slag particles.

(iii) Reoxidation - it was not obvious from the present work what effect argon
shrouding of the teeming Stream had on the non-metallic inclusion content of the
product. However, the available evidence from the literature, ‘although inconclusive,
is sufficient to warrant further investigation of this effect.

Obviously, one of the most important factofs from the steel cleanness point
of view is the elimination of entrained non-metallic material. In this respect, the
technique of inert gas bubbling and the effect of temperature on inclusion removal
require further study.

A very important area of development is probably the use of reactive elements
such as calcium, in the form of alloys with other elements, to modify detrimental
- Al9O3 and MnS inclusions. The physical properties of many calcium-containing

alloys are such that they cannot be added to liquid steel in the same way as normal
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ferro-alloys. They require to be added in a more carefully controlled manner such
as by plunging or even injection. The available evidence indiéates that the effective
use of calcium alloys can lead to marked improvements in steel quality. It is
necessary therefore that suitable techniques for adding reaétive elements be investi-
gated. This would apply not only to calcium but to other elements such as cerium,
zirconium and magnesium which also appear to have potential as deoxidisers and
inclusion modifiers.

The presence of isolated alumina agglomerates in steel products can give
rise to major quality problems, as shown in the present work, and the origin,
formation and elimination of these agglomerates réquire further study. Modification
with calcium has already been mentioned as one possible method and the application
of ﬂuorspax_'/cryolite bombs is worthy of further consideraﬁon. Very recent work is
indicating that less detrimental alumina clusters and improved steel quality are
obtained by deoxidising with a mixture of aluminium and alumina rather than pure
aluminium.

Finally, with the trend towards larger and larger ingots, problems associated
with inclusion segregation (oxide and sulphide) during solidification are likely to
increase. Consequently, methods of modifying the ingot solidification pattern so as |

to produce a more favourable inclusion distribution need to be studied.



AL LGN IN 1

Example of matrix correction procedure. Operating voltage 25 kV.
Take-off angle 20° (After Salter, Refs. 166 and 167)

(a) Corrections in binary systems

Uncorrected Correction from binary systems
conces Kj KiJ
MnO CaO Aly,0Og 5i09
MnO 7.9 - 10.8 8.4 8.3
CaoO 18.4 23.2 - 23.3 24.3
Al9Oq 11.5 36.5 24.5 - 14.2
Si09 26.6 53.9 42.0 54.7 -
ZKi =64.4
(b) Calculation of approximate estimate
Contribution from: Approximate
estimateK (@)
Oxide K; MnO CaO AlyOg Si0,
MnO - 7.9 - 0.6 0.06 0.12 8.68
CaO 18.4 1.15 - 1.18 2.08 22.81
Aly0Og 11.5 3.11 3.16 - 0.84 18.61
8i09 26.6 4,68 4,88 7.15 - 43.31

(c) Calculation of corrected concentrations-stage 1, first iteration

Proportional corrections in: Corrected
concs Cj
Oxide MnO Cao Al 203 SiOz

MnO - 2,91 1.80 4.25 8.96
CaO 2.86 - 6.16 14.90 23.92
AloOg 4.26 7.48 - 8.22 19.96
Si0g 9.35 19.05 20.20 - 48.60
LCij=101.44

(d) Calculation of corrected concentrations-stage 2, second iteration

Proportional corrections in: Corrected
concs Cj
Oxide MnO Ca0O Al903 SiOg

MnO - 2.80 1.79 4,39 8.98
CaO 2.71 - 5.90 15.30 23.91
Aly0g3 4.04 7.15 - 8.45 19.64
Si09 9.18 19.00 20.30 - 48,48
LCci=101.01

Hence the final corrected values are

MnO CaO AlgO3 SiOg
9.0 23.9 .19.6 48,5 ¥XCj=101.0

When some experience has been gained in using this téchnique it is often
possible to omit stage (b) and effectively estimate the probable values of K(i)- This
reduces the amount of calculation required.
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Equilibrium Constant

Composition

K

Equilibrium constants for several deoxidants in liquid
iron saturated with the respective oxide.
(After Turkdogan and Fruehan, Refs, 10-12),

K Range at 1600°C log X
[h,;1% Thol® <0,0001% Al 1.1x 10-15 “71 600+23. 28
| T
[h, 1% [hg)3 >0,0001% Al 4.3x 10-14 -62 780+20,17
, , =

ISENENE - 1.3x10°8 .

(h.] (hy] latm.CO >0,02% C 2.0x 10-3 -1168 - 2,07
T

[hopl? [Bgl* <3% Cr 4.0x 100 =50 700 +21.70
T

[, 1% Bpl® >3% Cr 1.1x10-4 ~40 740+17.78
T

(b N >1% Mn 5.1 x 10-% -14 450+6,43
T

[hg,] N >0,002% Si 2.2 x 109 -30 410+11,59
T

(Thpd B1% <0.3% Ti 2.8 x 1076 -

(b, [ho] >5% Ti 1.,9x1073 -

[h,¥ BT <0.1%V 8.3 x 10-8 -

ENENE >0.3% V 3.5 x 10-6 -

Table 2,1




Solute Ig;:;‘gg;;‘: Coglngtltlon
! e <%
Al -3.9 0.2
B 2.6 0.05
é -0.13 1.0
Co 0.007 5.0
Cr -0.037 20.0
Cu -0.016 15.0
Mn - 0 . _'
N 0.057 -
Nb -0.14 3.0
Ni 0.006 20.0
o -0.20 -
P 0.07 0.5
S -0,091 -
si ~0.14 -
Ti -1.15 ; 0.3
\ -0.4 | 5.0
w © 0.008 5.0
Table 2.2

| Interaction coefficients, e) . fof several elements, together with
the composition limits for which equation (2.6) is a reasonable approximation.
(After Turkdogan and Fruehan, Ref. 11) :



Solid oxide Liquid metal " Gas Contacto
angle, 6
A1203 Fe Ar 141
A1203 Fe-4.5% C Ar 133
A1,0,  Fe-5.1%Si Ar 126
A1203 Fe-12.2% Mn Ar 103
A1203 Fe | | He 128
A1203 Fe-3.4% C He 112
A1203 Fe-3.9% C He 104
SiO2 Fe N2 115
CaO Fe , N2 132
TiO2 Fe Vacuum 2
T1O2 Fe | H2 84
Cr203 Fe Ar 88

Table 2.3

Contact angles (After Kozakevitch and Olette, Ref. 93)

R L Estimates -
Melt 0° "m AG Ys Ysm
Composition J/m2 9 J/ mZ 9 J/ m’ 9 J/ m” 9
(erg/cm’) (erg/cm) (erg/cm’) (erg/cm’)
Pure iron 140 1.8 -3.179 0.9 2.279
(1800) (-3179) (900) (22179)
Iron containing | 133 1.73 -2.91 0.9 2.08
4% C (1730) (-2910) (900) (2080)
Iron containing | 140 ©1.39 -2.455 0.9 1.965
0.02%S (1390) (-2455) (900) (1965)
Iron containing 80 1.1 -0.909 0.9 0.709
0.07% 0O (1100) (-909) (900) (709)
Table 2.4

Values of AG =% = ¥m =~ ¥Ysm = ¥m (cos 6 - 1) obtained at 1600°C
' for alumina (After Kozakevitch and Olette, Ref. 93)




Ym 71 Ymi S=Ym-"1~7ml
Metal
Slag. . e J/m?2 J/m?2 ~ J/m?2 J/m?

Composition | Composition (erg/cm2) | (erg/cm2) | (erg/cm?) (erg/cm2)
oy g% 20 . | commercianty | 1.636 0.456 1.147 +0.030

. 2 3 .
33.3% Si0, pure iron (1636) (456) (1147) (+30)

| As above + Commercially 1.636 0.390 1.205 +0.038

20% CaF, pure iron (1636) (390) (1205) (+38)
30.7% CaO
15.2% Al,Og | Commercially | 1.636 0.386 1.169 +0.087
38.8% SiO9 pure iron (1636) (386) (1169) (+87)
15. 3% Can
gg'g;‘; 2?200 Iron containing| 1.511 0.456 1.153 -0.098

. 3 -
33.3% S0, 0.01% O (1511) (456) (1153) (-98)
As above + Iron containing| 1.511 0.390 1.216 -0.095
20% CaFy 0.01% O (1511) (390) (1216) (-95)

Table 2.5

Relationship between surface energy of slag, 7, of metal, ¥;,, of the slag/metal

interfacial energy, Yp,1, and the spreading coefficient, S.

A positive value of

S corresponds to spreading of the slag at the surface of the molten metal.
(After Kozakevitch and Olette, Ref. 93)




Steel Type
A B c D
% N 0. 03 0. 08 0.10 0. 27
(-]
6 AL0, , 138 128 130 119
6 si0, 112.5 | 104 106 97
J/m? ) 1. 357 1. 311 1. 302 1. 241
Ym (erg/em®) | (1857) | (1811) | (1802) | (1241)
J/m?2 1.698 | 1.497 | 1.527 | 1.201
Ysm (erg/cm?) (1698) | (1497) | @s527)| (@291)
ALO,
J/m? \ 0.826 | 0.624 | 0.665 | 0.458
7sms. (erg/cm®) | (826) 624) (665) (458)
102
_AG J/m? 2.365 | 2,118 | 2.139 | 1.843
AL, (erg/cm?) (2365) | (2118) | (2139) | (1843)
_AG J/m? o, | 1.876 | 1.628 | 1.661 | 1.392
8i0,, (erg/cm®) (1876) | (1628) | (1661) | (1392)
Table 2.6

Variation in contact angle, 9, steel surface energy, Ym>
steel/inclusion interfacial energy, Ygmy,» and surface
free energy change, AG = Ym (cos 9 - 1), for alumina
and silica inclusions in austenitic stainless steel alloyed
with nitrogen at 1500°C. (After Cosma, Ref. 96)




Slag Composition, wt. % Inclusion Type
Ca0 , Aly03 Compounds -AG -AG
J/m2 J/m2
1 48.9 | 51.2 - 0.676 |  0.186
2 51.0 39.2 9.8 TiO, 0.477 -0.014
3 38.2 39.5 21.2 TiO, 0.325 ~0.165
4 52.1 | 44.7 5.0 ZrOy 0.559 0.073
5 47.2 42.5 10.9 ZrOy 0.606 0.116
6 44,9 | 31.5 - 21.3 Zr0y 0.770 0.280
7 40.0 50.2 0.55 NaF 0.518 0.028
8 50.4 44,3 6.4 NaF 0.010 -0.480
9 52.5 50.6 10.9 NaF -0.083 -0.573
10 31.5 33.2 1.9 SiOg 0.179 -0.311
19.2 CaFy
| 11.3 MgO |
11 36.3 | 54.2 1.2 Si0y, 0.552 10.062
3.8 CaFq
3.7 MgO
12 10.3 25.3 2.7 Si0y 0.014 -0.476
60.4 CaFy
Table 2.7

Variation in surface free energy change, AG = %] + ¥p] — Y%m- for the
escape of alumina and silica inclusions from austenitic stainless steel
containing 0.08% N into different slags at 1500°C.
(After Cosma, Ref. 96)




Average |Approximate

Type of inclusion diameter, relative

pm volume
Alumina, spinel and CaO. 6A1203 (other than clusters) 5 1
Other calcium aluminates 27 160
Secondary deoxidation products (Si-killed steel) 32 260
|Primary deoxidation products (Si-killed steel) 49 940
Silicate erosion products (Al-Kkilled steel) 64 2100
107 9800

Silicate erosion products (Si-killed steel)

Table 2, 8

Relative volumes of various types of inclusions (After Pickering, Ref. 102)




ouds LL-I10-ul |- 0%-58 | 0%-08 | 0Z-GT - - S-1 - (4 Surumeoy
93BOI[IS [V-UN | S%-0% e-1 2-1 - 8%-a¥ | 01-¢ - 1 Sugrmp
97BOI[IS [V-BD-UN | G8-08 9-¢ 2-1 0T-G ~ | g8-8¢ | ST-0T - pnowr j08u]
9)eOI[IS [V-UIN-®D | 0Z-0T 9-% -1 03-ST | S%-0% | 02-ST | €-%
93e0I[Is [V-UIN | SH-G¢ -2 Z-1 G-2 S%-0% | S1-01 £-2 Surdde;
97BOI[IS UN-BD | 0Z-0T - - 05-0¢ | 09-8¢ S-1 - I933e 9fpe]
Pulds [y-11-ID-UN | S$-0% | S2-0% | 23-0% - - GI-0T - 4 :
9)eoIfls TV-UIN | 0¥-8¢ | €I-2 e-1 - %-0% | SI-01 - 1 3uidde; 03
ajeoIIs (ID)IV-UN | S€-08 | ZI-8 -1 - gg-g¢ | 08-S1 - Iotad eoBUINng
971BOIIS SIN-1V- - - - - - - -
JTTPUEHTT *SJOY ‘I9UUNT I9%5Y) JBOITIs SN-1V-BD g-¢ ¢b-0% | 0%-8¢ | s1-¢ | 01-2
*3utoa) pue Surdde) , UOT)EPIX0ap
‘Buryew[eals SuLInp poAISsqo ajeoINIs (1D)eD-UN | 82-S1 L-¥ -1 32-ST | 8%-S¥ - - UODI[IS
suotsnoul jo suoyisodwon ojeotnis (AD)IV-UN | Z€-0€ 9-¢ 2-1 G-1 Ge-g¢ | 08-St - I933e 90BvWINg
6°¢ 91qeL 9eoI[Is UN-ID | 8T-GT | G€-2¢ £-2 - 08-S¥ -1 - g Uo1}EBPIX0ap
97ed1Is ID-UN | 8%-2% | 0T-L - e-2 Sp-0¥ 1-0 - 1 U0DI[IS 0}
ajeoIrIs (1D)ed-ulN | 0g-8T L= Z-1 2%-0T | 8%-0% -1 - Jorxd aoBwIng
i Oul | S0%1p | %011 | o®d | “o18 | €0%Iv | oS os oSeg
=] uoisnio
L VOISO 9% *Im ‘sysAreuy uorsnioul ad Surdureg




Ladle additi Wt. of
Furnace additions, wt. % e? A 1ons slag tap‘;))ed
Heat . . | Si-Al-Ca Si-Al-Ca into ladle
Si-Mn | Fe-Si Si-Ca. Al Si-Ca. Al ¢
A 0.375 | 0.065 1.0 0.7 +0.15 0.5 0.2 1.4
B 0.320 | 0.090 1.0 0.9 +0.25 0.5 0.1 1.9
C 0.280 | 0.160 0.9+0.25 0.2 0.6
D 0.305 | 0.100 1.0 0.8+0.15 0.5 0.1 0.8
Mg content of additions: Si-Mn (1.5%), Fe-Si (2.7%) and Si-Ca (2.5% )

Table 2.10

Details of deoxidising additions (After Kohn et al, Refs. 118 and 119)

Specific activities of non-metallic materials
(After Kohn et al, Refs. 118 and 119)

_ Specific Activities of Non-Metallic Materials,
Non-Metallic material counts/min/mg -
Heat A Heat B Heat C Heat D
Furnace slag 24
Ladle slag 59 35 201 321
. 470 400 310 14
.Tundmh flux 745 490 570 4
940 980 570 4
ngrlﬁ?mfxl;i{s castin 260 415 350 1
( 8) 690 385 2
Scum on uphill-teemed ingot 780 300 1050 12
. 5080 4480 1670 120
iSncu:;x on direct-teemed 3165 5100 18
g 1000 23
6900 22800
Deposit in nozzle 10800 18700
€post 6280 21900
11400
Table 2.11.




Content, Change,
ppm ppm
o N o) N

Normal tapping (4 heats)

In furnace before tapping 195 944

In ladle immediately after tapping 210 986 +15 +42

In ladle before pouring 182 994 -28 +8
Shielded pouring (6 heats)

In furnace before tapping 145 558

In ladle immediately after tapping 158 568 +13 +10

In ladle before pouring ' 148 570 -10 +2

Table 2.12

Changes in oxygen and nitrogen contents during tapping and

during ladle holding (After Ericsson, ref. 120)
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Time Steelmaking Additions Samples Comments

13.07 Metal 1 From furnace

13.10 Start of tap, 1672°C

13.11 FeMn, FeSi and Cr Temp Ladle additions

13.113 Al

13.16 End of tap

13.17 Metal 2 From ladle

13.213 Metal 3 From ladle at degasser

13.23 Start of degassing

13,24 Vermiculite added

13.26 Metal 4 From ladle (failed)

13.30 Metal 5 From ladle

13.30% 1606°C

13,32 Metal 6 From ladle

13.343 Metal 7 From ladle

13.363 Metal 8 From ladle

13.38% Metal 9 From ladle (failed)

13.39 1592°C

13.40% Metal 10 From ladle

13.45% Metal 11 From ladle

13.47% Metal 12 From ladle

13,483 1580°C

13.52 Metal 13 From ladle (failed)

13.55 End of degassing

14.07 Start teem 1st plate

14.12% Metal 14 From ingot 1

14.13% End teem 1st plate

i4.14 Metal 15 From ladle stream

14.14 Start teem 2nd plate

14.20 Metal 16 From ingot 7

14,21 End teem 2nd plate

14,223 Start teem 3rd plate

14,281 Metal 17 From ingot 13

14,303 End teem 3rd plate

14.31 Metal 18 From ladle stream

14,32 Start teem 4th plate

14.363 Metal 19 From ingot 19

14,37 End teem 4th plate

14.38 Metal 20 From ladle stream

14,38 Start teem 5th plate

14.43 Metal 21 From ingot (failed)

14.43% End teem 5th plate

14,44 Metal 22 From ladle stream
Table 3.1

Chronology of steelmaking trial A.1




Time Steelmaking Additions Samples Comments
9,59 Power on

10. 00-11. 55 1444 m® O,
11, 57 Spar Push in
12. 063 Slag 1 Melt out
12, 071 1550°C
12, 08 Metal 1

12, 10-12. 18 227 m® O, Slag flush
12,18} Slag 2
12,19 Metal 2
12,193 1580°C

12, 20-12. 29 O, blow Slag flush
12, 29 1615°C
12,29} Metal 3
12. 30 Slag 3
12, 34 Slag 4
12, 341 Metal 4
12, 38 1635°C
12. 39 Slag 5
12,39} FeMn Block
12, 42 Metal 5
12, 44 Start to tap
12,45 FeMn, N, FeMn, FeP, S Additions to ladle
12. 50 End of tap
12, 50} Spar, Ferrux
12, 52 1575°C
12, 52% Metal 6 Sample from full 1adle
12, 57 Lead down trumpet Start teem 1st plate
13. 03 Metal 7 From ingot
13, 03} End teem 1st plate
13, 05 Metal 8 From ladle stream
13. 05} Lead down trumpet Start teem 2nd plate
13.13 Metal 9 From ingot
13,13} Metal 10 From ladle stream
13.15 End teem 2nd plate
13. 15} Lead down trumpet Start teem 3rd plate
13. 24 Metal 11 From ingot
13. 25 Metal 12 From ladle stream
13. 26 End teem 3rd plate
13. 30 Slag 6 Final ladle slag

Table 3.2

Chronology of steelmaking trial B.1




Time Steelmaking Additions Samples Comments
12, 30 Power on

12.30 - 14.30 | 1500 m? O,
14, 39 Melt out; 1565°C

14,42 - 14,50 | 240 m® O, Slag flush
14,51 1610°C
14, 58 Electrodes dipped
14,59 FeMn Block; 1625°C
15, 03 1630°C
15. 08 Start to tap
15, 09 FeMn, NgFeMn, FeP, S Additions to ladle
15, 14 End of tap
15. 15 Metal 1 From ladle
15, 24 Lead down trumpet Start teem 1st plate
15. 30 End teem 1st plate
15, 31 Start teem direct ingot
15, 35 Metal 2 From direct ingot; end teem
15, 36 Lead down trumpet Start teem 2nd plate
15, 42 Metal 3 From ladle stream
15, 423 End teem 2nd plate
15, 43 Metal 4 From ingot
15, 44 Lead down trumpet Start teem 3rd plate
15, 46 Oxygen lance on nozzle
15, 54 Oxygen lance on nozzle
15, 563 Oxygen lance on nozzle
15, 57 End teem 3rd plate
15, 573 Metal 5 From ingot

Table 3.3

Chronology of steelmaking trial B. 2




Time Steelmaking Additions Samples Comments
7.44 Power on
7.44 - 9.30 1840 m® oxygen
9.30 Melt out; 1570°C.
9.33 - 9.41 230 m® oxygen Slag flush

9,42 1610°C.

9.55 Electrodes dipped

9.56 FeMn Block; 1630°C.

9.57 Metal 1

9.58 Start to tap
10.00 FeMn, N_,FeMn, FeP, S Additions to ladle
10.04 End of tap
10.07 Metal 2 From ladle
10,12 lead down trumpet Start teem 1st plate
10.213 Metal 3 From ladle stream
10.22 Metal 4 From ingot
10.22 Slight running stdpper
10.221 Start teem direct ingof
10.241 End teem direct ingot
10.25 Metal 5 From direct ingot
10.25% lead down trumpet Start teem 2nd plate
10,33 Metal 6 From ladle stream
10.35% End teem 2nd plate
10.36 Metal 7 From ingot
10,363 lead down trumpet Start teem 3rd plate
10.38 Oxygen on nozzle
10.44 Metal 8 From ladle stream
10.44% End teem 3rd plate
10,45 Metal 9 From ingot

Chronology of steelmaking trial B.3

Table 3.4



Time Sf;;g;ilgg Samples Comments -

8.39 Power on

8.39-10.10 1130 m3 oxygen
10.10 Melt out; 1555°C
10.15 ' Electrodes dipped
10.17-10.28 255 m3 oxygen Slag flush
10.29 1575°C
10.40 1600°C
10.42-10.46 40 m3 oxygen
10.48 1625°C
10.52 Electrodes dipped
10.54 FeMn Block
10.55 1635°C
10.56 Metal 1 From furnace
10.59 Start to tap
11.00 FeMn, FeP, S Additions to ladle
11.03 ' End of tap
11,06 Metal 2 From ladle
11.08 Metal 3 From ladle
11.11 Lead down trumpet Start teem 1st plate
11.20% Metal 4 From ladle stream
11.21 End teem 1st plate
11.213 Metal 5 From ingot on 1st plate
11.22 Start teem direct ingot
11.24 End teem direct ingot
11.24% Lead down trumpet Start teem 2nd plate
11.343 Metal 6 From ladle stream
11.35 End teem 2nd plate
11.35% Metal 7 From ingot on 2nd plate
11.36 Lead down trumpet Start teem 3rd plate
11.39 Oxygen on nozzle
11.45 Metal 8 From ladle stream
11.45% End teem 3rd plate
11.46 Metal 9 From ingot on 3rd plate

Table 3.5

Chronology of steelmaking trial B.4




Trial cast B.1 B.2 B.3 B.4
Melt carbon, % 0.18 0.14 0.17 0.06
Tap carbon, % 0.06 0.06 0.05 0.06
FeMn bath block, kg 76 76 76 76
Final bath silicon, % 0.004 0.006 0.003 0.002
Launder coating Siliceous Magnesite Magnesite Siliceoﬁs
Ladle life, no. of previous heats 18 1 4. 12
FeMn, kg 1321 1270 1270 1372
Si content of FeMn, % 0.30 0.28 0.25 0.30
Si contribution at 100% yield, % | 0.004 0.003 0.003 0.004
g FeP, kg 229 76 178 ' 330
:g Si content of FeP, % 0.60 1.22 1.70 0.12
= |Si contribution at 100% yield, % | 0.001 0.001 0.003 <0.001
3 NgFeMn, kg 51 51 51 None
Si content of NoFeMn, % 0.41 - - -
x:’i‘f‘:ﬁ:;,c%ntﬁb“ti°n from |y 005 0.004 0.006 0.004
Ladle silicon, % 0.006 0.005 0.004 0.003
Mean pit silicon, % 0.013 0.012 0.007 0.010
Mean product silicon, % 0.010 0. 007 0.007 0.007
Table 3.6

Summary of steelmaking details for free-cutting casts



Time Steelmaking Additions Samples Comments
17.10 Melt out
17.10 - 17.50 Oxygen blow
17.50% Metal 1
17.51 - 18.12 Oxygen blow
18.12} Metal 2
18.20 Slag off
18.24 Metal 3
18.30 FeSi
18.31 Desulfex 75
18,45 ) Metal 4
18.45% Al
18.46% 1660°C
18.50 Bath paddled
18.54 Metal 5
18.54% 1640°C
19.15 Metal 6
19.28% FeMn
19.36 Metal 7
19.38 FeMn + FeNb -
19.42% Metal 8
19,51 - 20,00 Al Tap
20.003 Metal 9 From Ladle
20.06 Start teem 1st plate
20,12 Metal 10 From Ingot
20.12% End teem 1st plate
20.13 Start teem 2nd plate
20.19 Metal 11 From ladle stream
20.193 End teem 2nd plate
20,20 Start teem 3rd plate
20.27 - 20,29 Breakout; direct teem|
20.293 Metal 12 From Ingot
20.303 Metal 13 From ladle stream
20.31 End teem 3rd plate
20,32 Start teem 4th plate
20.38% Metal 14 From Ingot
20.39% Metal 15 From ladle stream
20.40 End teem 4th plate
20.41 Start teem 5th plate
20.50 Metal 16 From Ingot
20,51 Metal 17 From ladle stream
20,52 End teem 5th plate

Table 3.7

Chronology of steelmaking trial C.1




Time Steelmaking Additions Samples Comments

9.40 Power on
13.40 Melt out
13.40-14.10 Lime + spar + oxygen Slag flush
14.10 1630°C
14.11-14.16 Slag off
14.17 Al Block
14.19 Lime
14.27 1660°C
14.27 Metal 1
14.28 FeSi
14.33% Metal 2
14.34 1650°C
14.423 Metal 3
14 .43 1670°C
14.48-14.50 Bath paddled
14.50% Metal 4
15.04 Bath paddled
15.05% Metal 5
15.06 1680°C
15.07 Al
15.08-15.15 Slag flush
15.19 FeSi
15.20 Desulfex
15.27-15.29 Bath paddled
15.291 Metal 6
15.31 FeNb + FeMn
15,32 FeMn
15.363 1620°C
15.37 Metal 7
15.43 1640°C
15.433 Metal 8
15.48 Start of tapping
15.51 Stop tappin,
15.52 Al P tapping
15.53 Restart tapping
16.01 End of tapping
16.01% 1600°C
16.02 Metal 9 From ladle
16.11 Start teem 1st ingot
16.163 Metal 10 | From ingot
16.17 End teem 1st ingot
16.18 Start teem 2nd ingot
16.25% Metal 11 | From ingot
16.26 Metal 12 | From ladle stream
16.27 End teem 2nd ingot
16.30 Start teem 3rd ingot
16.39 Metal 13 rom ingot
16.40 Metal 14 | From ladle stream
16 .42 End teem 3rd ingot
16.43 Oxygen on nozzle
16.44 Start teem 4th ingot
16.53 Metal 15 | From ingot
16.54 Metal 16 | From ladle stream
16.55% End teem 4th ingot
16.56 Oxygen on nozzle
16.58 Start teem 5th ingot
17.10 Metal 17 | From ingot
17.12 Argon shroud off
17.12% Metal 18 | From ladle stream
17.13 End teem 5th ingot

Table 3.8

Chronology of steelmaking trial C.2




Time Steelmaking Additions Samples Comments

6.55 Power on
10.05 Melt out
10.05-11,293 Lime + spar + scale + oxygen Slag flush
11.31-11.373 Slag off
11,38 Metal 1 (failed)
11.40 Al
11,42 Lime + spar
11.45 Electrodes dipped
11,54} 1649°C
11.55 ) Metal 2
11.56 FeSi
12.023-12.06 Bath paddled
12.091 Metal 3
12,15 Metal 4
12.16-12.21 Desulfex Injected into bath
12,221 Metal 5
12,233-12, 31 Slag flush
12,314 1620°C
12,32 Al
12,333 Desulfex
12.413 1610°C
12,42 Metzal 6
12.44 | Metal 7
12.48 1620°C
12,533 FeMn + FeNb + FeSi Final additions
12,563 1630°C
12,57 Metal 8
13.00 1640°C
13.02} Start tap
13.05 Stop tap
13.05% Al
13.07% Restart tap
13.10 End tap
13.11 1600°C
13.11} Metal 9 From ladle
13.18% Start teem 1st ingot
13,24} Metal 10 From ingot
13.26 End teem 1st ingot
13,262 Metal 11 From ladle stream
13.27% Start teem 2nd ingot
13,36} Metal 12 From ingot
13.39 End teem 2nd ingot
13.40 Start teem 3rd ingot
13.52 Metal 13 From ingot
13.541 End teem 3rd ingot
13.55 Metal 14 From ladle stream
13.56 Oxygen on nozzle
13.58 Start teem 4th ingot
14,04 Metal 15 From ingot
14,08 End teem 4th ingot
14,083 Metal 16 From ladle stream
14.09 Oxygen on nozzle
14.10% Start teem 5th ingot
14,171 Metal 17 From ingot
14.19 End teem 5th ingot
14.20 Metal 18 From ladle stream

Table 3.9

Chronology of steelmaking trial C.3
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Analysis (wt. %)

Inclusion ' o ) A 0
Figure Phase* 2 E O:\] A Al 9 % 0 2 OT 2
Py 0 = 510©° = oI o
4,1a - 15 7 20 1| 2] 45 8 | tr¥*| tr|tr| -
4.1b - 2 | 25 50 | 25 2 | tr - | - - {tr| -
4.1c ~ 2 | 25 48 | 27 3 |{tr | - | - - |tr]| -
4.2a - 2 | 25 42 | 30 3 | tr - | - -1 |-
4,2b - 1| 24 34 | 37 3 | tr -] - - |tr] -
4,2¢ A - - 100 - - - - - - |1-1-
4,2¢ B 5 | 42 48 | tr 9 | - - | - - |-1-
4.2d C - 1| 24 28 | 45 2 | tr - | tr - |tr] -
4.2 - 1|20 31 | 47 1 1 - | tr - |tr]| -
4.3a A - | - = |100 - | - - | - - |-1-
4,3a B 1| 18 42 | 35 1 1 - | tr - |tr] -
4.3b A 2 4 33 | 65 | tr | tr - | - - |tr| -
4.3b B 2 | 30 30 | 35 2 1 - | tr - |tr] -
4,3c - 2 | 25 40 | 30 3 | tr - | - - |tr]1
4.3d - 2 |20 52 | 12 2 | 12 2 | tr tr | tr | tr
4.3e A - |- 100 | - - | - - | - - |- |-
4,3e B 1| 45 49 3 2 | - - | tr - |- 1-
4,3f A 4 7 tr 5 | 70 2 (12 | tr tr |- | -
4,3f B tr 8 32 4 1|45 |10 | tr 2 [tr |-
4.4a A - | - 100 | - - | - - | - - |-1-
. 4.,4a B 5 | 15 50 2 | 25 | - < | - - |- -
4,4a (o} 2 | 50 45 2 5 |tr | - | tr - 1-1-
4,4b A - |- 100 | - - |- - |- - |-1-
4,4b B 2 |30 | - tr | 70 | - - |- - |- |-
4,4b c 4 | 16 48 3 | 23 | - - | - - |- |-
4.4b D 3 | 47 46 1 3 |tr | - |tr - |tr |-
4,4c A - |- 100 | - - | - - | - - |- |-
4.4c B 2 | 28 tr | tr 69 | - - | - - |- 1-
4,4c¢ o) 7 |17 52 2 | 2 | - - - - |- -
4.4c D 1 | 52 45 2 5 | tr - | tr - -1~
4,5a A - |- 100 | - - |- - |- - |- 1-
4,5a B 3 | 40 50 | tr 10 | - - | - - |- |-
4,5b - 1 | 20 35 | 40 3 | tr - | tr - |1 |tr
4.6a A - |- - |100 - | - - | - - |- 1-
4.6a B 1 |14 42 | 38 1 1 |tr | tr - Jtr]2
4.6b - 2 2 30 | 40 | tr | 15 8 | tr tr |{tr | -
4.6c - 2 |20 35 | 42 2 | tr - | tr - 11 ]2
4.6d - 3 |19 45 | 26 2 5 - | - - ftr |1

Table 4.1

Analyses of inclusions v

* Unless a _parﬁcular phase is specified, the analysis given

is an average one for the inclusion as a whole

** tr = trace amount, i.e. less than 1 wt. %




Analysis (wt. %)

Inclusion 1) ) 77} :
mare | P20 (21288l gle (a5 | Sl
R = 0 = 8 O | A E [l I !
4.7a A - - 100 - - - - - - |- 1=
4.7a B 2 40 50 2 8 3 - tr - |-1-
4.7b A - - 100 - - - - - - |- 1-
4.7b B 3 19 50 - 30 - - - - |- |-
4.7 C 3 51 45 tr 4 - - tr - |- |-
4.8a - tr 3 15 80 1 - - - - |tr| -
4.8b - 1 4 20 75 1 - - - - |tr}|tr
4.9a - 6 24 36 16 tr 9 - 1 tr ({2 | -
4.9 - 9 27 35 15 tr 10 - 2 - 12 |-
4.9c A 13 24 6 35 16 2 2 tr - 2 {-
4.9c B 12 28 34 16 tr 8 tr tr - |tr] -
4.9d - 9 24 35 5 tr 20 2 2 tr |1 -
4.10a - 10 25 35 5 tr 20 1 1 tr |2 | -
4.10b- - 14 25 30 10 3 15 tr tr - 1 -
4.10c A 42 21 tr tr 4 3 32 - tr |- |-
4.10c B 10 5 20 8 tr 54 1 2 3 Jtr |-
4.10d" A 40 | 45 tr tr 4 5 2 - - |- |-
- 4,10d B 12 15 22 8 tr 38 tr 2 2 Jtr |-
4.11a - 6 48 25 4 | tr 7 tr 10 tr |tr | -

- 4.11b - 3 48 22 | 16 tr 5 tr 3 - |tr | tr
4.11c A 10 85 - - tr 5 - tr - |- 1-
4.11c B 5 25 18 7 - 38 - 5 1 |tr |-
4.12a - 3 34 30 34 tr tr tr 3 - 11 tr
4.12b A 5 40 - 55 1 - - - - |- 1~
4.12b B 3 48 27 16 - - - tr - |1 |1
4.12¢c A 4 | 42 - 54 2 - - - - |- |-
4.12¢ B 2 46 25 24 - - - tr - 1 1
4.12d A 17 80 - - 3 - - tr - 1= -
4,12d B - - - - - - - 100 . - |- |-
4.12d C 5 50 25 4 tr 2 tr 18 - }tr |-
4.12e - 9 50 15 3 tr 3 - |18 - [tr |-
4.13a - 5 38 27 | 29 - tr tr 4 - |1 jtr
4.13b - 9 53 13 4 tr 2 - 18 - |tr |-
4.13c - 10 47 13 6 tr tr - 26 tr |tr | -
4.13d A 13 85 - tr 2 - - tr - |- 1-
4.13d B - - - - - - - 100 - |- |-
4.13d C 9 | 45 25 7 tr 3 tr 11 - |tr | -
4.14c A - - - - - - - 100 - |- |-
4.14c B 3 40 - 53 5 - - - - |- 1=
4.14c C 4 59 19 3 - tr - 15 - - ftr |tr
4.14d - 4 | 62 19 2 tr tr tr 15 - Jtr tr
4.14e A - - - - - - - 100 - 1= |-
4.14e B 3 40 - 55 5 - - - - |- |-
"4.14e C 6 | 91 2 | tr |- - - 3 - |- |-
4.14e D 4 | 65 23 2 - tr - 9 - |- |tr

-Table 4;1 (continued)




Inclusion

Analysis (wt. %)

™ (2]

Figure Phase % g é\] % S % ?o 0 Cl): Of:] ON
R ) zZ |8 &) = -V =

4,23 A 1 2 | 28 2 | - 57 8 |- 2| - |-
4,23 B 12 | tr | - - | 3 tr 80 | - -1 - 1-
4,23 C 1 2 | 26 4 | - 61 4 |- 21| - |-
4.32a - 4| 11 | 38 6 | tr | 40 4 |tr 1| tr|-
4.32b - 3| 18 | 67 5 | - tr - |- -12 |-
4.32c A - | - - 100 | - - - |- -1 - |-
4.32c B 2| 22 | 33 32 | - 1 tr |- -5 |-
4.32d4 - 1 2133 | 10| - 45 3 |tr 2| tr| -
4,32 A - | - - 100 | - - - |- -1 - |-
4,32 B 2| 26 | 36 28 | - tr tr |- - 14 |-
4,32f - tr tr | 30 12 | - 50 6 |tr 2| tr| -
4,32g - 1] 62| 35 2 | tr | tr - |tr -l - 1-
4.33a - 2| tr | 20 17 | - 53 5 |1 2 | tr |-
4.33b A - - - - - - 100 |- - - 1-
4.33b B tr | tr | 20 18 | - 55 5 |1 2 | tr|-
4,34a - 1] 42 | 32 22 | tr | - - |tr -1 2 |-
4,.34b - 1 42 35 20 - tr - tr - 11 tr
4,352 - 2 ] 40 | 38 22 - tr tr |[tr - | tr | tr
 4,35b - 2| 35 | 37 26 | - 3 2 |- - | tr | tr
4.35¢ A 3| 21 3 67 | - | tr 10 |- - - |-
4.35¢c B 2| 27 | 385 28 | - 3 tr |- - | tr |tr
4,35d A 2 3 | - 4 | - - 25 |- - - |-
- 4,35d B tr | tr 2 64 | - 35 3 |- - |-
4,38a - - - - 100 | - - - |- - - 1-
4,38b - - - - 100 | - - - |- -1~ |-
4,38¢c - - - - 100 | - - - |- -l - 1-
4,38d - 2| 20 | 50 25 | tr | tr - |- -1 |-
4.38e - - - - 100 | - | - - |- -1- |-
4.38f A - - - 100 | - - - |- -1- |-
4,38f B 3 3 | 24 45 | - 24 tr |- tr| tr | -
4.38h - - - - 100 | - - - |- -l - |-
4.38i - . |- - - 100 | - - - |- - - |-
4.38j A - - - - - - 100 |- - |- |-
4,38j B tr | tr 5 25 | - 65 2 |1 2 | tr |-
4.38k A 4 | 38 | tr 57 | - - tr |- -1 |tr
4,38k B 2 | 40 | 30 22 | - 2 - |tr tr{ 2 |-
4,39 A - - - - - - 100 |- - - 1-
4,39 B tr | tr | 15 15 | - 65 3 |1 2 | tr |-
4.39% A - - - - - - 100 |- -1 - 1-
4.3% B 1 2 | 18 14 | - 59 2 |[tr 1 |[tr |-
4,402 - . tr | tr 1 36 | - 52 4 |1 2 (- |-
4,40b A - - - - - - 100 |- == |-
4.40b B tr | - 12 20 | - 64 1|1 2 [ tr |-

Table 4.1 (continued)




Analysis (wt. %)

Inclusion ) ) .
Figure Phase % % é: ON Oc\: % ?D n Cz 5\] ?\1
4,41a - 5 56 | 31 71 tr | - - - - |tr |-
4.41b - 2 37 | 30 28 | - - - - -l2 |-
4,41c A - - - 100 | - - - - S I
4.41c B 1 40 | 32 27 | - tr | - - -1 |tr
4,41d A 1 34 2 53 | - - | 3 - - |2 |-
4,41d B 1 38 | 28 27 | - tr | - - - |2 |tr
4,42a A 1 3 |- 68 | - - 25 | - - 1- |-
4.42a B 1 32 | 27 31 | - 1 - - 12 |tr
4,42b A - - - 100 | - - - - - |- 1-
4,42b B 1 40 | 35 25 | - tr | - - - 12 |tr
4.42¢ A tr tr - 68 - 2 27 | - - |- |-
4,42c B 2 tr |1 43 | - 49 | 3 1 1 [tr]-
4,424 - 3 29 | 33 30 | - 3 tr | - - {1 |tr

- 4,42e - - - - 100 | - - - - - |- 1-
4.42f - 2 51 | 35 9 | - tr | - tr - |tr |-

4.47a - - | - - 100 | - - - -1~ |-
4.47b - tr tr 15 15 - 65 4 1 tr | -
4.47c A - - - 100 | - - - - - |1- |-
4,47c B tr | 30 |30 35 | - 4 tr | tr - |tr |-
4.47d - - - - 100 | - - . - - 1- |-
4,47e - 1 tr |10 22 | - 65 ( 5 tr 2 |tr |-
4,47f - - - - 100 | - - 1 - - |- |-
4.47g - tr tr 5 24 - 63 | 4 1 |-
4,47h - 2 20 | 50 25 | tr | tr | - - - |1 |-
4,471 A - - - 100 | - - = - - - |-
4,47i B 1 15 | 30 35 | - 15 | 2 tr 1 |tr |-
4,48 - tr | tr 1 35 | - 35 | 30 |1 2 |tr |-
4,49 - 4 55 | 30 5 | - - - - |tr |-
4,4% A - - - 100 | - - - - - |- |-
4,49 B 1 38 | 30 27 | - tr | - - - {2 |tr
4,49c A 1 35 1 57 | - - 2 - - |1 -
4,49¢ B 1 38 | 28 29 | - 1 - - - |2 |tr
4,50a A - - - 100 | - - = - - |- |-
4.50a B tr 38 |36 27 - tr - - - {1 |tr
4.50b - 2 30 |34 32 | - | 2 - - - |2 |tr
4,50c - 3 49 37 8 - tr - - - 1 -

Table 4.1 (continued)




Sio 39‘.37%

Ti@i 1.25
A1203 12.08
Fe203 5.45
FeO 1.17
MnO 0.30
MgO 23.37
Ca0 1.46
Na,0 1 0.80
KZO -2.46
Hzo +105°C 5.18
HZO - 105°C 6.02
002 - - 0.60
_P205 . 0.15
L120 : | 0.03
ZrO2 nil

Cr203 nil

V203 nil

NiO nil

CoO nil

BaO 0.03
Cl ' ' _ 0.02
F nil

803 0.02
S 0.18

Table 4.2

Chemical analysis of commercial vermiculite



Billet Sample Position on Billet Total Oxygen Content
wt. %
Edge ‘ -
Middle Mid-thickness 0.0023
Centre -
Edge -
Bottom Mid-thickness 0.0022
Centre 0.0029
: Edge 0.0019
Top Mid-thickness 0.0025
Centre ' 0.0016
Edge 0.0025
Middle Mid-thickness 0.0026
Centre 0.0022
Edge 0.0025
Bottom Mid-~thickness 0.0023
‘ Centre 0.0028
Edge 0.0038
Top Mid-thickness 0.0035
Cenfre 0.0033
Edge 0.0047
Bottom Mid-thickness 0.0026
' Centre 0.0028
Edge 0.0034
Middle Mid-thickness 0.0028
Centre 0.0038

Table 4.3

Trial cast A.1 - Total oxygen content of billet samples
from top, middle and bottom of ingots
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Effect of manganese on the silicon-oxygen equilibrium
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(progressive deoxidation tests) G + C is the equilibrium curve of
Gokcen and Chipman; H + C is the curve of Hilty and Crafts
(After Repetylo et al, Ref. 29)
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Variation of oxygen and inclusion content during precipitation deoxidation
(After Pléckinger and Wahlster, Refs. 32 and 33)
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Variation of dissolved oxygen with time for two methods of aluminium addition
(After Olette, Gatellier and Torssell, Ref. 34)
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Effect of interfacial energy, g, on thedegree of supersaturation required for
nucleation of oxides in the Fe-O-Si system at 1536°C.qg in J/m?x 103 (erg/ cm?)
(After Turpin and Elliott, Ref. 43)
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Effect of interfacial energy, ¢, on the degree of supersaturation required for
nucleation of oxides in the Fe-O-Al system at 1536°C.g inJ/m2x103 (erg/cm? )
(After Turpin and Elliott, Ref. 43)
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Effect of interfacial energy, o, on the degree of supercooling required for
homogeneous nucleation of oxides in Fe-O-Si melts at 1536°C.0 in J/m2 x 103 (erg/cm?2)
(After Turpin and Elliott, Ref. 43)
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Precipitation of oxide inclusions during cooling of a liquid Fe-O-Si alloy
from 1625°C to 1550°C
ag emf oxygen activity determined electrochemically
ag eq = oxygen activity determined from silicon content
(After Torsell, Gatellier and Olette, Ref. 45)



Fig, 2.17

Equilibrium compositions and compositions necessary for homogeneous
nucleation of SiOy (S) and FeO (L) in Fe-O-Si alloys at 1550°C, Interfacial
energy, gin J/m2x 103 (erg/cm?)

(After Sigworth and Elliott, Ref, 44)
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Equilibrium and nucleation compositions for Fe-O-Si
alloys at 1550°C
(After Sigworth and Elliott, Ref.44)
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Conditions for formation of nuclei in the
Fe-0-Al system
(After Vorobnev and Levin, Ref, 47)
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Conditions for formation of alumina at 1600°C
(After Forster and Richter, Refs. 53 and 54)
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(After Forster and Richter, Refs. 53 and 54)
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Increase in oxygen ahead of the solidification front
(After Duckwitz et al, Ref. 56)
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Fig. 2.23
Variation of oxide supersaturation ratio at the solid/liquid interface during solidification
o, = oxide supersaturation ratio before solidification

acrit = critical oxide supersaturation ratio
(After Duckwitz et al, Ref. 56)
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Conditions for formation of alumina and carbon monoxide
(After Forster and Richter, Ref. 53)
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Schematic diagram of inclusion growth
(After LingborgandTorssell, Ref. 59)
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Effect of number of nuclei on rate of inclusion growth
7 =number of growing inclusions per cm3, initial equilibrium oxygen content,
[ %07; = 0.05, final equilibrium oxygen content, [ %0]¢ = O and depth of
liquid steel, 1, = 2m
(After Turkdogan, Ref. 60)
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Effect of number of nuclei, Z, on rate of ascent of inclusions
(After Turkdogan, Ref.60)
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Effect of number of nuclei, Z, and holding time on average
total oxygen content of steel
(After Turkdogan, Ref. 60)
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Calculated data on average total oxygen content of steel as function of
number of evenly-distributed nuclei/cm3in a quiescent melt and
holding time after deoxidant additions.
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(After Turkdogan, Refs. 10 and 60)
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Variation in oxygen content of liquid steel as a function of time after
addition of 0.45% Si as pure silicon with Mn/Si = 0 or as silicon-
manganese alloy with Mn/Si = 2,45 in a quiescent and stirred melt
(After Grevillius, Ref.61)
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Size distribution of Si02 inclusions after 10 s and
100 s of deoxidation time
(After Lindborg and Torssell, Ref. 59)

|
A Time after siticon
!\ oddition
N o—s 1.5 min

e—o 20
e—e 25
30 -
105_ -

S

NUMBER/g METAL X 107°

(b} Time affer silicon

2 ddition
" N aaten 1|
S s B
\_,/°\ o—e 25
- o, —
10 > PR i N

\ a8 Y la—a

TN RS

\“‘-‘ —~——0

i, e

0 2 4 6 8
Radius of inclusion, pm

WEIGHT FRACTION X 104
>80

Fig. 2.32
Size distribution of SiOg inclusions produced by deoxidation
with silicon
(After Miyashita, Ref.63)
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Time for complete separation of oxide inclusions calculated
for a stagnant melt 5, 50 and 200 cm deep with [% 0] = 0,05
as a function of number of evenly-distributed nuclei/cm
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Variation in total oxygen content after 3% addition
of various deoxidants in the ladle
(After Plockinger and Wahlster, Ref.32)
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Conditions for the formation of fluid manganese silicates at 1520°C

(After Korber and Oelsen, Ref. 14)



Fig. 2.36

Scanning electron micrographs of silicate inclusions in
as-cast Fe-O-Si alloy after etching in bromine-methanol.
Mag. (a) x 230, (b) x 575, (c) x 1150.
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Amount of 8iO, on different parts of silica crucible
(After Lindskog, Ref. 84)

[ ]

Al,0
///aﬁﬁu o /hmJ
melt o P ! |
T ;
e B |
& Molt _  _
T CH |
[ _ -
AL
820 s s
Alumina Crucible
Crucible Surface Wt. of SiO2
Section Area, mm?2 mg %
1 1200 140 10
2 2580 490
3 2100 300
4 2100 390 90
5 1150 120
6 250 50

Fig. 2.38

Amount of SiO, on different parts of alumina crucible
(After Lindskog, Ref. 84)
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Influence of mechanical stirring on the elimination of inclusions

(After Torssell, Gatellier and Olette, Ref. 45)
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solid solution of CaF, in AlL0,

Liquidus of CaFg - AlpOg3 system
(After Choudhury and Wahlster, Ref.. 91)
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NagAlFg - AlgOg system
(After Choudhury and Wahlster, Ref. 91)
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Liquidus of AlpOg - CaFgy - NagAlFg system
(After Choudhury and Wahlster, Ref. 91)
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Kinetics of reaction between silicon and dissolved oxygen in
liquid iron at 1600°C
(After Gatellier, Torsell and Olette, Refs. 45 and 92)
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Kinetics of reaction between aluminium and dissolved oxygen
in liquid iron at 1600°C
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Morphology of a droplet of metal resting on a solid support
() no wetting; (b) wetting tendency
(After Kozakevitch and Olette, Ref. 93)
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Fig. 2.46

Distribution of number and size of alumina inclusions
following deoxidation of an iron bath by aluminium
(After Gatellier, Torssell and Olette, Refs. 45 and 92)



Fig. 2.47

Scanning electron micrograph of alumina clusters
after etching in bromine-methanol
Mag. x 1600
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Fig. 2.48

Formation of inclusion agglomerates
(After Knuppel, Brotzmann and Forster, Ref. 58)
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Effect of angle of contact between metal and inclusion,
the radius of the particles and the ferrostatic pressure
on the strength of agglomeration of two solid particles
immersed in liquid steel
(After Baptizmanskii et al, Ref. 99)

Fig. 2.50

Electron micrograph of a carbon replica of a dendritic alumina cluster
(After Torssell and Olette, Ref. 100)



Fig. 2.51

Scanning electron micrograph of alumina clusters in as-cast steel
containing 0.05% C, 0.30% Mn, o.02% Si and 0.06% Al
(After Rege et al, Ref. 101)

Fig. 2.52

Scanning electron micrograph of alumina cluster
after etching in bromine-methanol
Mag. x 3900
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Variation of rate of flotation of clusters of solid inclusions
according to Stokes' law, as a function of their mean
diameter, for clusters containing different

proportions of inclusions
(After Kozakevitch et al, Ref. 93)
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Variation in MnO content of inclusions during boil
(After Pickering, Ref. 102)
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Effect of rate of carbon oxidation on maximum
size of inclusions picked up during the boil

(After Pickering, Ref. 102)
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Variation in CaO content of silicates during
the boil in basic open-hearth process

(After Pickering, Ref. 102)
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Variation in inclusion composition during
reducing period following CaSi additions
(After Pickering, Ref. 102)
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Variation in inclusion composition during
reducing period following FeSi additions
(After Pickering, Ref. 102)
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Variation in inclusion composition during reducing period with progressive
additions of aluminium-bearing ferro-alloys
(After Pickering, Ref. 102)
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Composition of silicate deoxidation products during refining following the
simultaneous addition of aluminium and ferro-silicon
(After Pickering, Ref. 102)
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Variation in AlpOg content of slag during refining
(After Pickering, Ref. 102)
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Variation in inclusion composition during reducing period

following a primary aluminium addition
(After Pickering, Ref.102)
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Effect of turbulence during refining period
on CaO content of silicates
(After Pickering, Ref. 102)
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Variation in size of silicate inclusions during refining
(After Pickering, Ref. 102)
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Effect of tapping on maximum size of inclusions
(After Pickering, Ref. 102)
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Effect of tapping and of aluminium added to
ladle on size of inclusions
(After Pickering, Ref. 102)
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Effect of aluminium-bearing silicon deoxidants added
to the ladle on Al;O5 content of inclusions
(After Pickering, Ref. 102)
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Relationship between size and AlzO,: CaO ratio
of calcium aluminates during teeming
(After Pickering, Ref. 102)
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Increase in MnO:SiO; ratio of silicates with increasing
time in ladle for basic open-hearth steel
(After Pickering, Ref. 102)
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Variation in Al2O; and TiO, contents of silicates during teeming
(After Pickering, Ref. 102)
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Fig. 2.74

Sizes of inclusions during teeming
(After Pickering, Ref. 102)
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Variation in maximum size of silicate erosion products during teeming
(After Pickering, Ref. 102)
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Effect of aluminium-silicon deoxidant added to ingot mould
(After Pickering, Ref. 102)



A Exothermic compound (average of 4 triat]
B Delayed addition of exothermic compound
(average of 2 trials)

C Non-reactive compound before exother
< mic compound (average of 2 trials)
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Effect of feeder head compound on occurrence of
calcium alumino-silicate inclusions
(After Pickering, Ref. 102)
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Effect of deoxidation addition on the composition of the primary deoxidation
products in the ladle
(After Wahlster et al, Ref. 116)
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Variation in composition of primary oxide inclusions during teeming
(After Wahlster et al, Ref. 116)
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Influence of deoxidation process on the solubility product of
aluminium and oxygen, [%A1]2[%0]3
(After Wahlster et al, Ref. 116)



| TEEM PROTECTOR ATTACHMENT |

LADLE BOTTOM

NOZZLE PLATE
PROTECTOR

QUICK DISCONNECT
COUPLING

NOZZLE
JEEM PROTECTOR

Fig. 2.81

Teeming stream protector for distributing argon around the teeming stream
’ to prevent atmospheric reoxidation
(After Hoffman et al, Ref. 131)
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Fig. 2.82

Rough and smooth ladle stream entering a tundish
(After Little et al, Ref. 137)



Fig. 2.83

Ladle stream appearance 5, 20 and 35 min (left to right)after start of teem.
Film speed 2000 frames per second
(After Little et al, Ref. 137)

closed

Fig. 2.84

Ladle stream appearanceas stopper rod is loweredat end of a teeming cycle
(After Little et al, Ref. 137)
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Schematic formation of inclusions in as-cast steel deoxidised with
silicon-manganese
(After Farrell et al, Ref. 139)
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Fig, 2.86

Schematic formation of inclusions in as-cast steel deoxidised with aluminium
(After Farrell et al, Ref. 139)
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Effect of increasing MnO content on the melting-point of firebrick
(After Rait, Ref. 149)
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Fig. 2.88

Variation in composition of surface layer of firebrick. A represents initial
brick composition, B represents complete conversion of SiOp to MnO
(After Stephenson et al, Ref. 156)
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Exogenous inclusion formation owing to manganese attack of fireclay bricks
(After Wahlster et al, Refs. 116,117,157)
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Chemical equilibria between aluminium-deoxidised steel and refractory
oxides at 1550°C
(After Schwerdtfeger and Schrewe, Ref. 159)
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The binary system Cr-Fe for a 20° take-off angle and a 25 KV operating voltage
(After Salter, ref. 167)
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Ternary correction curves for Al9Og-SiO9-MnO
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Fig. 4.3

Trial cast A.l - Inclusions present in ladle during vacuum degassing x 750



Fig. 4.4

Trial cast A.l - Inclusions present in ladle stream during teeming x 750



Fig. 4.5

Trial cast A.l - Inclusions present in ladle stream during teeming x 750

Fig. 4.6

Trial cast A.l - Inclusions present in ingots during teeming x 750



Fig. 4.7

Trial cast A.l - Inclusions present in ingots during teeming x 750

Fig. 4.8

Trial cast A.l - Inclusions present in billets x 750



Fig. 4.9

Trial cast B.l - Inclusions present in furnace during steelmaking x 750
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Fig. 4.10

Trial cast B.l - Inclusions present in furnace during steelmaking x 750

Fig. 4.11

Trial cast B.1 - Inclusions present in ladle after tapping x 750
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Fig. 4.12

Trial cast B.l - Inclusions present in ladle stream during teeming x 750



Fig. 4.13

Trial cast B .l - Inclusions present in ingots during teeming x 750



Trial cast B.1- Inclusions present in billets
(a) and (b) x 150; (c)-(f) x 750
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Trial cast B.1 - Variation in total oxygen content of billet samples from ingot no. 6
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Trial cast B.1 - Variation in total oxygen content -
down ingot 6
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Fig, 4.17

Trial cast B.1 - Variation in total silicon content
down ingot 6
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Fig. 4.19

Trial cast B.2 - Variation in total oxygen content of billet samples
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Tr1a1 cast B.2 - Variation in total oxygen content down
» ingots 1, 6, 7 and 12
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Tr1al cast B.2 - Variation in total silicon content down
ingots, 1, 6, 7 and 12



Suiuroa) pue Surddey
BUI[99}S SuiInp Juajuod Uoo1[1s
uonelreA - g d 15€0 [BLLL

2e' v ‘dud

(s9nuri) U0 I9MOJ WIOXJ SWIL],

023 002 08T 091 . ov1 031
I ) - ] J a H T q HOO 0
N -— —n
oreld ojeld 108Ul oyeld deg, 3001d mo
pig puz 309a1q I8T UN-94 oW
/ 5000
: \\0 .
soldwreg 7
o8 @—————" Horo-o
gojdureg
11d pue
o[peT ‘yreg O o/
<4810°0
1S% M

%200 °0 &
gisf[euy jo Loeanooy




Fig. 4.23

Trial cast B.2 - Inclusion present in ingot during teeming x 750
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Fig. 4.24

Trial cast B.3 - Variation in total oxygen content of billet samples
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Fig. 4.25

Trial cast B.3 - Variation in total oxygen content down
ingots 1, 8 and 13
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Fig. 4.26

Trial cast B.3 - Variation in total silicon content down
ingots 1 and 8
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Trial cast B.4 - Variation in total oxygen content of billet samples
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Trial cast B.4 - Variation in total oxygen content down
ingots 1, 8 and 13
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Fig. 4.30

Trial cast B.4 - Variation in total silicon content down
ingots 1, 8 and 13
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Fig. 4.32

Trial cast C.l - Inclusions present in furnace during steelmaking x 750



Fig. 4.33

Trial cast C.l - Inclusions present in ladle after tapping x 750

Fig. 4.34

Trial cast C.1 - Inclusions present in ladle stream during teeming x 750



Fig. 4.35

Trial cast C.l1 - Inclusions present in ingots during teeming x 750



- ol - A WATALL A waYy L’

N . . L 3 -
Aluminjum content, wt % l l l l Al > 4ib£—§—-)

1 & o
0, 015} "0 Total
0. 010} —
: AN
, ; .
o : ] % msotuble
Soluble
0. 005}
] i I
0 60 120 180

Time after melt out, min

Fig. 4.36

Trial cast C.1 - Variation in aluminium content of bath, ladle and
ingot samples with time
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Fig. 4.37
Trial cast C.1 - Variation in aluminium content of ladle stream samples with time



Fig. 4.38

Trial cast C.2 - Inclusions present in furnace during steelmaking x 750



Fig. 4.39

Trial cast C.2 - Inclusions present in furnace during steelmaking x 750

Fig. 4.40

Trial cast C.2 - Inclusions present in ladle after tapping x 750



Fig. 4.41

Trial cast C.2 - Inclusions present in ladle stream during teeming x 750

[
Fig. 4.42

Trial cast C.2 - Inclusions present in ingots during teeming x 750
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Trial cast C.2 - variation in aluminium content of
bath, ladle and ingot samples with time
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Trial cast C.2 - variation in aluminium content of
ladle stream samples with time
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Trial cast C.2 - Variation in sulphur content of bath, ladle and
ingot samples with time
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Fig. 4.46
Trial cast C.2 - Variation in sulphur content of ladle stream samples with time



Trial cast C.3 - Inclusions present in furnace during steelmaking x 750

Fig. 4.48

Trial cast C.3 - Inclusion present in ladle after tapping x 750



Fig. 4.49

Trial cast C.3 - Inclusions present in ladle stream during teeming x 750

Fig. 4.50

Trial cast C.3 - Inclusions present in ingots during teeming x 750



A SHDetrel 3y iy &
Aluminium content, wt % P .
0,10~ ' :
o

0, 08f
0. 06}

- » “gue O o Total
0.0 ; '

; Soluble
0. 03

~
/ N / ~ PN
V2 Nany’ NS =X 7 ~
,/ x ’r- = X m e m ey — —x Insoluble
0 4 . - . .
60 120 ) 180 240
Time after melt out, min

Fig, 4.51
Trial cast C.3 - variation in aluminium content of
bath, ladle and ingot samples with time
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Trial cast C.3 - variation in aluminium content of
ladle stream samples with time
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Trial cast C.3 - Variation in sulphur content of bath, ladle and
ingot samples with time
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Trial cast C.3 - Variation in sulphur content of ladle stream samples with time
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Trial cast A.1 - Variation in average size
of ladle deoxidation products with time



Total oxygen content, wt. %

0.03 [ etal 3
0.02 [
0,01 |
start to degas -
0 Py - : | . .nlu.- - N - - L. N N . . -
10 ‘ 20 35

Time after start of tap, min

Fig, 5.2
Trial cast A.1 - Variation in total oxygen content during vacuum degassing



Si0g

...............

Rhodonite -

TephrOite ...........

Cr 203

s Boundaries of 2 liquids region

Fig. 5.3
Qualitative liquidus surface of the system MnO-SiOy-CryOg
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Fig. 5.5

Inclusions present in through-thickness tensile specimens
(a) Optical micrograph of aluminate stringer x 100
(b) Scanning electron micrograph of aluminate inclusions x 800
(c) Scanning electron micrograph of manganese sulphide x 400



