rung der FuBrollenanstellung konnte der Erstarrungsfort-
schritt vergleichméssigt und die Produktqualitat ein-
deutig verbessert werden.

Oberflachentemperaturmessung:

Durch den Einsatz von Pyrometern mit Lichtleitertechno-
logie konnten erstmalig periodische Vorgéange wéhrend
der Erstarrung ermittelt werden. Eine Auswirkung dieser
periodischen Vorgénge auf die Produktqualitdt konnte
nicht nachgewiesen werden. Um die Erstarrungsvor-
gange zu vergleichméaBigen, wurden nachstehende
MaBnahmen umgesetzt:

— Vermeidung des kritischen Geschwindigkeitsbereiches
— Verbesserung der Regelbarkeit der Sekundérkih-
lung bei geringen Wassermengen

Reibkraftmessung:

Durch die Reibkraftmessung konnte der Nachweis des
Kokillenalters auf die Reibarbeit und damit auf den
Spannungsaufbau in der Strangschale erbracht
werden.

7. Ausblick

Nachdem die einzelnen Messmethoden erste vielver-
sprechende Ergebnisse geliefert haben, sind nachste-
hende Aktivitaten geplant:

— Kombination der Messsysteme zur besseren Beur-
teilung von periodischen Vorgéngen bzw. instatio-
naren Zustanden (Anderung der Gie3geschwindig-
keit, GieBspiegelschwankungen)

— Labortests zur Uberpriifung von Prozessparametern
(z. B. Warmestromdichte) und Ermittlung von Werk-
stoffkenndaten

— Bewertung des bestehenden Erstarrungsmodells

— Uberpriifung der Auswirkung der periodischen Vor-
gange und instationdrer Zustande auf das Produkt
(Spannungen und Verformungen in der Strang-
schale, Seigerungen)

Literaturverzeichnis

' Rauter, W.: Einfluss ausgewahlter GieBparameter auf die War-
meabfuhr in der RundstranggieBkokille. Diplomarbeit, Institut fir
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Castability of Steels: Influence of the Interfacial Properties on the
Continuous Casting Process

A. Karasangabo and C. Bernhard

Interfacial phenomena play a very important role in the casting process of steel melts. Typical examples are the emul-
sification/entrainment of slag into the steel melt or vice versa at the slag/melt boundary, the collision and agglomeration
of oxide inclusions in the steel melt, the entrapment of inclusions at the refractory interface, which can eventually lead to
the clogging of the submerged entry nozzle, as well as the local corrosion of solid silica at the metal/slag interface as a
result of the Marangoni convection. The present work presents a short review of the influence of interfacial properties on
the continuous casting process. In the subsequent section, the Drop Shape Analysis unit, an apparatus for the measure-
ment of interfacial properties at high temperatures based on the sessile drop method will be presented. A project at the
“Christian Doppler Laboratory for Fundamentals of Metallurgy in Continuous Casting Processes” focuses on the
influence of interfacial phenomena on SEN clogging.

VergieBbarkeit von Stdhlen: Einfluss von Grenzflicheneigenschaften auf den StranggieBBprozess. Grenzflachenei-
genschaften spielen im StranggieBprozess eine wichtige Rolle. Die Abscheidung nichtmetallischer Einschllsse, die
Keimbildung, das ,Clogging®, die Erosion von Feuerfestmaterialien durch Marangonikonvektion, die Ausbildung des
Meniskus und die Bildung von Oberflachenfehlern durch GieBschlackeneinziehung stehen in direktem Zusammenhang
mit Grenzflachen- bzw. Oberflaichenspannungen. Die Grundlagen und Hintergriinde dieser Vorgédnge werden im Uber-
blick dargestellt. Der zweite Teil des Beitrags widmet sich einem Tropfenkonturanalysesystem, das die Messung von
Benetzungswinkel und Oberflaichenspannungen von Metall/Schlacke/Feuerfestsystemen bis 1650°C erlaubt. Im
Rahmen eines Projekts am Christian-Doppler-Labor fur ,Metallurgische Grundlagen von StranggieBprozessen” wird die
Auswirkung von Grenzflacheneigenschaften auf das ,Clogging” untersucht werden.

1. Introduction

Interfacial phenomena play a very important role in the
casting process of steel melts. Typical examples are the
emulsification and entrainment of slag into the steel melt
or vice versa at the slag/melt boundary, the collision and

Dipl.-Ing. Augustin Karasangabo, Dipl.-Ing. Dr. mont. Christian
Bernhard, Christian-Doppler-Labor fur ,Metallurgische Grund-
lagen von StranggieBprozessen®, Montanuniversitat Leoben,
Franz-Josef-StraBe 18, A-8700 Leoben/Osterreich. Vortrag ge-
halten bei der ersten wissenschaftlichen Evaluierung des CDL
am 30. Oktober 2003.
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agglomeration of oxide inclusions in the steel melt, the
entrapment of inclusions at the refractory interface,
which can eventually lead to the clogging of the sub-
merged entry nozzle (SEN), as well as the local cor-
rosion of solid silica at the metal/slag interface as a result
of the Marangoni convection.

Furthermore, in the modelling of slag/metal systems,
the knowledge of interfacial properties is indispensable in
order to calculate similarity criteria between the modelling
fluids and the real system. Since the literature data of sur-
face/interfacial tension in liquid iron based alloys are
scarce and largely scattered, there is a need to measure
those properties on industrial steel melts and slags.
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The purpose of the present work is to present a short re-
view of the influence of interfacial properties, particularly
the contact angle and the surface tension on the continu-
ous casting process, as treated in literature. In the sub-
sequent section, an apparatus for the measurement of
interfacial properties based upon the sessile drop me-
thod will be described.

2. Interfacial Properties in the Continuous
Casting Process

The interfacial phenomena occurring during the con-
tinuous casting process can be divided into the factors
affecting the nucleation process, the removal of non-
metallic inclusions (NMI), the nozzle clogging, the refrac-
tory erosion, surface defects, as well as the characteriz-
ation of the meniscus in the mould "23,

2.1 Nucleation Process

According to the classic nucleation theory, the degree of
free energy of formation of a critical nucleus (energy bar-
rier) during a heterogeneous nucleation depends largely
on the interfacial tension between the solid phase (NMI,
new metal crystal in liquid during solidification,...) and
the melt as expressed by equation 14, the contact angle
being an index to evaluate the power of nucleation sites,
which may be walls of a vessel, interface of different
phases, etc.

=16ny§|4f(6)

AG* ,
3AG?

(Ea. 1)

f(6):%(2—30036+c0336) (Eq. 2)
where AG* is the energy barrier (Fig. 1%), v, is the inter-
facial tension between solid and liquid phases, 0 is the
contact angle at the three-phase interface (Fig. 2), and
AG, is the activation energy to add one atom to the
critical nucleus. Equation 1 and Figure 1 illustrate that
nucleation must occur at a critical size (R*) and that the
energy barrier to nucleation can be reduced either by a
decrease in interfacial tension vy, or by an increase in the
volumetric driving force.
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Fig. 1. Contribution of the interfacial tension to the total nuclea-
tion energy®
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Fig. 2. Force balance at the three-phase interface

2.2 Removal of Inclusions from Molten Steel

In order to get removed from the steel melt, inclusions
need to be transported and preferably dissolved into the
slag phase or atmosphere!. This process involves three
steps: agglomeration, transport to the interface and sep-
aration across the interface. While the second step pri-
marily involves fluid flow, the other two steps are strongly
dependent upon interfacial properties’-®.

2.2.1 Agglomeration of Non-Metallic Inclusions

Almost all solid inclusions are not wetted by liquid steel,
i.e. 0>90°(Table 1"8) and thus will agglomerate due to
capillary interaction if they come in contact with other
similar solid inclusions or a refractory surface®™ ",
Typical is the cluster formation of Al,O; inclusions for
which the contact angle with liquid iron is determined to
be around 13212131415 When two Al,O, particles contact
each other in the molten steel, a void (AP) is generated
between them by the surface tension of the steel (o)
and the attraction force (F,) works on the particles, as
shown in Fig. 3'. In such a case, the balance of forces
can be given by following equations? 10116

AP = 0r(1/R=1/R,)
Fn=27R,0.

(Eq. 3)
(Eq. 4)

Tabelle 1. Analysenspannen des Stahlmarkenprogramms der
Voestalpine Stahl Donawitz

C 0,02-1,2 % Mo 0,01-1,1 %
Si 0,02-2,2 % V 0,01-0,35 %
Mn 0,25-2,1 % Sn max. 0,01 %
P 0,01-0,1 % B 0,0001-0,006 %
S 0,008-0,4 % W 0,0001-0,6 %
Cr 0,05-2,5 % As max. 0,005 %
Ni 0,04—-4,0 % Nb max. 0,02 %
Cu 0,03-0,6 % Zr max. 0,005 %
Al 0,002-0,07 % O 15-25 ppm
Ti 0,0015-0,12 % Hun 1,3 ppm

The attraction force, which depends both on the contact
angle (Fig. 4'%) and the surface tension, is in the order of
magnitude of 10-'*-10-'*N, and becomes stronger
with decreasing interparticle distance and increasing
particle size'®®,

In the injection metallurgy, the strong capillary attrac-
tion between solid alumina particles results in a quick
collision, agglomeration, and formation of clusters at the
three-phase interface on the surface of bubbles, when
argon gas is injected into the molten steel bath:'7.

2.2.2 Transport and Separation of NMI
across the Interface

Flotation of inclusions

One factor which governs the inclusion removal from the
bulk of a molten metal to a surface is the amount of
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Fig. 3. Model of Al,O; particle agglomeration due to surface
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Fig. 4. Relation between contact angles and attraction force'®

energy at the metal/solid interface. Flotation can only
occur when the resultant change in free surface energy
(AG) is less than zero, and the more negative the value
of AG, the greater the probability for the inclusion to
emerge and be retained at the interface. The condition
for inclusion flotation is therefore® 7 18

AG:Yig_Ymg_Ymi<0! (Eq 5)

where v,, and v, are the surface tensions of the inclu-
sion and the metal, respectively, and y,, stays for the in-
terfacial tension between melt and inclusion. It follows
that flotation would be facilitated by high values for vy,
and v,, relative to v,,. However, irrespective of the value
for v., the condition for flotation is satisfied when
Yie <Ymg>'®.  Consequently, the presence of even
relatively low levels of any surface active element (S, O,
...) will lead to a marked diminution in the surface ten-
sion of the metal and thus give rise to a lower probability
for stable flotation of inclusions®'®. Equation 5 can be ex-
tended to the condition for a solid inclusion to float at a
metal/slag interface’®:

ACaz’Yis_‘Yms_’Ymi<ov (Eq 6)

i.e. flotation at a metal/slag interface would be most
probable when (y.s+Ym)> >, Where vy, =interfacial
tension between inclusion and slag, v, = interfacial ten-
sion between metal and slag, vy, = interfacial tension be-
tween metal and inclusion.

In industrial practice, bubble flotation is used to di-
rectly attach and entrap inclusions and hence lift them to
the metal/tundish powder surface. Bubbling enhances
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collision and agglomeration of inclusion particles by stir-
ring the steel melt and promotes removal of agglomer-
ated inclusion particles by flotation while the particles
touch to bubbles. The fine Al,O5-rich solid particles on
argon bubble/steel melt interface can quickly agglom-
erate by the capillary attraction and form a large cluster.
This explains why the removal of AL O,-rich solid inclu-
sions by bubbling is more effective. Contrary, the fine
liquid inclusion particles at argon bubble/steel melt inter-
face do not demonstrate long-range attraction and ag-
glomeration, and hence the growth of these inclusion
particles by bubbling may be less pronounced'.

Table 2. List of symbols and units

a: capillary constant; height of the meniscus [m]
CC: continuous casting
CCD: charge-coupled device
F: force [N]
: gravitational acceleration [m/s?]
AG: free energy of formation or reaction [J]
NMI:  nonmetallic inclusion
P: pressure [Pa]
R: radius of curvature [m]
SEN: submerged entry nozzle

tr: residence time [s]
V! casting speed [m/s]
A: flotation coefficient [N/m]

Yy interfacial tension between x and y phases [N/m]
0: contact angle [°]

0: density [kg/m?]

o,: surface tension between x and y phases [N/m]

Subscripts:

g: a quantity referring to the gas phase

R a quantity referring to an inclusion

I: a quantity referring to the liquid phase

m: a quantity referring to the metal (melt) phase
s: a quantity referring to a slag phase

The bubble size is very important in the direct attachment
and entrapment of inclusions, the efficiency increasing
with decreasing bubble size. Bubbles with diameters be-
tween 1 and 10 mm can remove inclusions greater than
10 um in diameter by direct entrapment'®. The efficiency
of inclusion removal increases with increasing inclusion
size, flotation coefficient, surface tension of the metal and
the contact angle'#. For good flotation it is necessary
that the flotation coefficient (as defined in equation 7)
should be positive and have a high value:

A= Ymi T Ymg — Yig = Ymg(1 - COSe). (Eq 7)

This is favoured when (Y, + Ym) > i, and also by non-
wetting conditions (6 > 90°)'8.

Filtration of steel melts

Ceramic filters can successfully remove inclusions as
small as 1 um from liquid steel, the filtration efficiency in-
creasing with decreasing metal velocity, Reynolds number
and bubble size as well as increasing inclusion size and
density difference between inclusions and metal®.

Once inclusions are brought into contact with a filter,
retention of the inclusions increases with increasing in-
terfacial tension and with decreasing contact angle for
liquid inclusions but increasing contact angle for solid in-
clusions'® 821,

2.3 Nozzle Clogging

One of the important tasks in steelmaking processes is
to guarantee a good castability of the molten steel during
the continuous casting process. The build-up of solid or
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semisolid materials (principally AlLO; but also TiO,,
Zr0O,, etc.) on the SEN inner wall, also known as nozzle
clogging represents a big obstacle to steel castability
(Fig. 5% and has to be prevented.

Fig. 5. External view of clogged submerged entry nozzles®

There are many different viewpoints concerning the
source of particles that are deposited in a nozzle, thus
leading eventually to its blockage. Some of the popular
views are'22-31;

Deposition and agglomeration of indigenous NMI

This hypothesis is the most generally stated theory in
literature®*-2°. According to it, the inclusions deposited
at the nozzle orifice did not form in-situ but were al-
ready present in the bulk of the steel. They could orig-
inate from one or a combination of the following
sources: deoxidation products from steelmaking and re-
fining processes, reoxidation products from exposure of
molten steel to air, slag entrapment, exogenous inclu-
sions, chemical reactions such as products of inclusion
modification. The problem is particularly severe in alu-
minium-killed steel grades, the adherence of the
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alumina (Al,Q,) inclusions to the nozzle refractory, and
their subsequent sintering to form a network (Fig. 6'2)
being explained by the reduction in surface energy
achieved®+?’.
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Fig. 6. High resolution SEM micrographs of Al,O; inclusions af-
ter sintering to a network™

Reaction between liquid steel and the SEN refractory

When the molten steel flows through the SEN, dissolved
aluminium in the steel can reduce solid or gaseous ox-

B nozzle refractory
steal mefts

. Irelushan
=—"__| gas or vacuum

Fig. 7. Approach and adhesion of an inclusion to the surface of nozzle refractories®
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ides to form Al,O; which is gradually deposited on the
nozzle wall as the casting proceeds?3%:31,

Precipitation of alumina on the refractory surface

This viewpoint suggests that the growth of the Al,O; de-
posit is due to the precipitation of the dissolved alu-
minium and oxygen'223.25,

All of the phenomena listed above may possibly con-
tribute to the blockage of the nozzle, the majority of work
on SEN clogging suggests, however, that the main
cause of that phenomenon is the poor wettability be-
tween the liquid steel and both NMI and oxides of the
nozzle material®®. In short, it is the high melting point of
some NMI, in combination with their high surface tension
(poor or no wettability for liquid Fe) which is the core of
the clogging problem?+2s,

The attachment of NMI on SEN refractories is

achieved by three main steps strongly associated with
interfacial phenomena which are the transport of the in-
clusions to the steel/refractory interface, the adhesion of
the inclusions to the nozzle surface and the sintering of
the inclusions with the nozzle refractories®.
Figure 7% illustrates the attachment process of an inclu-
sion to the surface of nozzle refractories exposed to
steel melts. When an inclusion moves to the surface of
nozzle refractories, it will either be pushed or attached
depending on interfacial properties. In the second case,
the steel melt withdraws between the nozzle refractory
and the inclusion. Thus, a very small vacuum is pro-
duced between the surface of SEN refractories and the
inclusion. At high temperatures (>1400°C), the at-
tached inclusions easily sinter to the SEN refractory and
a firm adhesion occurs'®3,

In metallurgical practice, making steel as clean as
possible is the first step towards minimizing the SEN
clogging. However, it is likely that clogging could still
occur even if the steel was very clean. As research re-
vealed, SEN blockage could happen if as little as one in
every 1500 NMI were deposited on the nozzle wall?®.
Thus, other ways to avoid that problem are being prac-
ticed. Those are®33% the inclusion modification by cal-
cium treatment, the flushing of argon gas through the
nozzle, the coating of the inner bore of the SEN with

— poorly wettable materials to Al,O; inclusions such as BN

— CaO-rich refractory so that Al,O; inclusions will be
converted to liquid calcium aluminates that will not
adhere to the SEN

— C-free layer, in order to prevent the formation of ox-
ides by reactions with C or CO (g) in the melt.

2.4 Marangoni Convection and Refractory Erosion

Erosion at the slag/gas or slag/metal interfaces, the so-
called slag line attack is caused by the formation of Mar-
angoni flows at the interfaces®. For oxide materials (e.g.
SiO,) and systems where the dissolution of SiO, leads to
an increase in surface tension, the region of the slag film
in longer contact with the refractory will have higher SiO,
contents. These regions will have higher surface tension
values and a Marangoni flow will occur towards them® %,

As for the erosion of MgO/C and Al,O,/C refractories,
it occurs by a two stage process. When MgO particles
protrude from the surface the refractory will be wetted by
the slag (Fig. 8a) and the slag will dissolve the MgO,
leaving carbon particles standing out from the surface.
Under these conditions the metal phase will wet the re-
fractory better than the slag (Fig. 8b). The metal there-
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upon will dissolve the carbon leaving MgO protruding
from the surface and the whole process will repeat®2¢.

Fig. 8. Schematic representation of the manner in which local
corrosion proceeds®®

2.5 Surface Defects during the CC Process

During the CC process various defects such as pinholes,
blisters, slivers and pencil pipes arise through the entrap-
ment of gas bubbles, slag, inclusions and mould flux on
the newly solidified steel meniscus (Fig. 9¥). In the case
of slag entrapment (Fig. 10"), the detachment of slag is
more likely to occur when the steel/slag interfacial tension
(Yms) is low®®. Therefore, several mould powders have
been formulated to provide high values of v,,. These
usually involve the removal of Na,O and any NaF from the
flux. A decrease in the content of surface active elements
is also an effective way of minimizing slag entrapment'.
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Fig. 9. Schematic of some phenomena contributing to the for-
mation of surface defects®”

2.6 Meniscus Characterization

The metal level surface in the mould, the meniscus, is of
vital importance for the surface quality of the cast
product®. The shape of the meniscus, which is deter-
mined by the capillary constant (a) as defined in
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SEN

Fig. 10. Location of surface defects due to slag entrapment’

equation 8, depends on the surface tension and the den-
sity of liquid iron, as well as on the contact angle be-
tween the mould and the melt*o4!:

20
az |/ 20
(SRR

Above equation shows that the greater the surface ten-
sion, the higher the meniscus, whose maximal height is
given by aj2, a value reached in the case of perfect
non-wetting behaviour (6 =180°) as it prevails between
the mould wall and the steel melt*.

The residence time of a certain quantity of liquid iron
in the meniscus is expressed by:

ta=alv..

(Ea. 8)

(Eq.9)

The knowledge of t; is very important for the prediction
of the surface quality, a decrease in t; contributes to the
reduction of oscillation marks*.

3. Measurement of Interfacial Properties

3.1 Experimental Method and Apparatus

Measurements of contact angles between solid sub-
strates and liquids (steel melt, slags) are performed by
the sessile drop method using a Drop Shape Analysis
(DSA) apparatus, as shown in Fig. 1142,

The DSA apparatus consists of a tube furnace and a
CCD camera with a light source. The working tube of the
furnace is made of sintered Al,O, with a molybdenum
heating element. The heating rate of the sample
changes with temperature at a rate of 15 K/min, the tem-
perature inside the furnace being measured with a B-
type thermocouple. The temperature is controlled by a
PID digital programme regulator. Both ends of the reac-
tion tube are sealed by watercooled caps.

The incorporated Windows software is used to pro-
cess images of the drop acquired by the video camera
and digitizing card of the DSA system. It offers the fol-
lowing possibilities: the measurement of the contact
angle (0), the measurement of the surface tension of the
liquid (o)) and the calculation of the interfacial tension be-
tween solid and liquid phases (yy).

The experimental procedure is as follows. Cylinders
of samples weighing about 2—4 g are polished on faces
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Fig. 11. The sessile drop unit— DSA — at the Institute of Ferrous
Metallurgy in Leoben*

with a grinder, then washed in acetone and dried before
being placed on a ceramic substrate (Al,O,) which has to
be washed with ethanol, dried and used without touching
it to avoid any possible contamination. After the sample
is placed at the center of the furnace, the system is
sealed and flushed with argon gas before it is heated up
to the experimental temperature of 1650°C in an argon
gas atmosphere. Once the sample is melted, measure-
ments of the contact angle and the surface tension are
started. During the experiment, the shape of the sessile
drop is monitored by a digital video camera. Selected im-
ages are stored either as bitmap (Fig. 124%) or avi-file for
future processing.

3.2 Outlook

Literature data about interfacial properties of iron alloys
at high temperatures are very scattered, owing to the ex-
perimental difficulty of determining them accurately.
Thus, an extensive experimental verification of the
existing data with means of the DSA apparatus is sched-
uled. After the first measurements conducted on electro-
lytic iron, the next step is to measure the contact angle
and the surface tension of iron containing various al-
loying and tramp elements as to determine their in-
fluence on interfacial properties and the castability of
steel. Further, the effect of various gas atmospheres
(argon, helium, reducing, ...) in the reaction chamber of
the furnace on the interfacial properties will be investi-
gated.

Fig. 12. A sessile drop of iron upon an AlL,O; substrate at
1580°C* (6 =128°)

Itis also planned to use the thermochemical software
FactSage® for the thermodynamic calculation of the in-
terfacial tension between liquid iron alloys and molten
slags under application of the Good-Girifalco relation-
ship.
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4. Summary

Interfacial phenomena play a very important role in the
CC process of steel melts. The present paper has high-
lighted the influence of some of these phenomena in in-
creasing or retarding the rates of chemical reactions
during the CC process. In order to determine accurately
the interfacial properties, an apparatus for the measure-
ment of the contact angle and the surface tension of
melts at high temperatures has been acquired by the In-
stitute of Ferrous Metallurgy in Leoben.

At the Christian Doppler Laboratory for Funda-
mentals of Metallurgy in Continuous Casting Processes
in Leoben, a project in cooperation with Voestalpine
Stahl focusing on the issue of the influence of alloying el-
ements on interfacial properties (surface tension, con-
tact angle) of liquid steel and molten slags is underway.
The knowledge of the role played by various alloying el-
ements on interfacial properties of liquid steel should
lead to a better control of the castability of some steel
grades which are normally prone to SEN clogging.
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