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Abstract

The slag-metal interface is the site of
many of the most important metallurgical
phenomena that occur during the processing of
liquid steels. Emulsification of liquid slag,
separation of liquid slag from liquid iron
alloys and the refining of liquid iron alloys are
examples of processes that are dependent upon
a detailed knowledge of slag-metal interfacial
phenomena, if they are to be controlled. In
particular, the interfacial tension between a
liquid slag and a liquid iron alloy must be
known in order to control the above
processes. In the measurement of interfacial
energies most studies are carried out under
equilibrium conditions between the liquid slag
and the metai; however, most industrial
processes are carried out under non-
equilibrium conditions and measurements of
steady state or transient interfacial tensions

during reaction between a liquid metal and a
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slag indicate that non-equilibrium values of
interfacial tension can vary significantly when
compared to equilibrium values. In this paper,
our current understanding of the state of
knowledge concerning the interfacial tension
of liquid slag- liquid iron alloys will be
presented and recent results  from
measurements of samples used in industrial
operations will be presented.

Introduction

During the operation of steel refining
vessels, of the tundish and of the continuous
casting mold, the onset of slag emulsification
during processing can often be related to
product defects in continuously cast billets,
slabs and blooms!" !, It is often the goal of
steel processors to eliminate the occurrence of
inclusions whose diameters are larger than 20
microns. In Table 1, from the review of
Marukawa™ , it can be seen that there are a
number of high purity and cleanliness
requirements by grade and application and
these steels are marked by the requirement that
permissible inclusion diameters —must be
lower than 20 microns. Emulsification of the
covering slags used in steel processing is a
common source of inclusions that are larger

than 20 microns in diameter.

Emulsification of slag in steel
processing occurs due to shear at the slag-
metal interface caused by excessive liquid steel
flow. The onset of emulsification is also a
function of the slag properties: viscosity,
density and interfacial tension™. Therefore,
the onset of emulsification tends to be related

to the sub-meniscus fluid velocity, the shear



length (often related to slag depth) and the slag
physical properties. Due to these controlling
factors the onset of emulsification is very
practice specific and varies from plant to plant.
There are however five processing conditions

where emulsification can be expected:

1. vessel filling where there are very high
pouring energies in the steel stream and the
stream is poured through the slag

2. vessel drainage where vortexing can occur
3. Excessive turbulence at the slag metal
interface due to wave motion or stream
impingement on a container wall that causes
upward flow of the steel stream towards the
slag-metal interface.

4. Gas injection at rates that exceed a critical
value

5. Interfacial level fluctuations that exceed a
critical level

These conditions can lead to the
production of continuous cast steels that
contain sporadic spherical inclusions of a
diameter that varies between 20 and 500
microns, depending upon the processing
conditions. Thus to produce clean steels via
continuous casting slag emulsification in the
ladle, tundish and mold must be eliminated.

There are two methods bv which slag
emulsification during processing can be
controlled: by controlling fluid flow or by slag
design. This paper will focus upon the role of
slag-metal interfacial tension on emulsification

Background

Emulsification of slags in continuous
casting is well recognized as the route cause of

certain surface defects on continuous cast

slabs and certain line defects, often called
slivers or laminations, that are found on the
sheet material rolled from continuous cast
slabs. The fluid flow conditions leading to

emulsification have been well documented™

Table 1: Requirements for Hi%h
Purity and Ultra Clean Steels “®

Product | Purity | Ciean- | Notes
liness
Auto- C< T[O] < |Ultra deep
motive |30 ppm 20 ppm | drawing
Sheet N< d < appli-
30ppm | 100 um cations
Drawn and T[O] < |Two piece
Ironed 20 ppm | beverage
Cans d < and
20 um battery
cans
Lead N< d < Crack
irame for | 50 ppm prevent-
LSI P o
punch
forming
Shadow d < revention
Mask for 5 um of Photo
CRT Etching
Tire Cord d < Prevent-
20 um of | ionof
non-plastic | TUPtUre I
inclusions W
drawing
Ball [Ti] < T [O] < |Increased
Bearings | 1Sppm | 10 ppm [fatigue life
d <
15 um
Line pipe | S< 10 d < Sour gas
ppm 100 pm service
oxide
shape

and include vortexing, downward shear flow
at the slag metal interface and pouring through
a slag layer. A schematic example from high
speed continuous slab casting is shown in
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Figure 1 where emulsification occurs at higher
SEN submersion depths and higher cast
speeds at the edges of the slab due to
excessive flow up the narrow face of the

mold. The effect of fluid physical properties

on emulsification has been extensively studied
by Feldbauer™ and Harman'™ who have both
shown that the critical shear conditions for
emulsification are controlled by slag viscosity,
interfacial tension and slag volume. The
mechanism of emulsification is that the slag is
drawn with the steel flow until a long tendril
forms. This tendril extends as the sub-
meniscus fluid velocity increases and tends to
curve upwards. Eventually, at a significant
distance from the initial interface, a capillary
instability occurs in the extended slag tendril
and a droplet is released into the steel stream.
If the sub-meniscus velocity is increased past
this point, droplets are produced continuously
and the droplet size distribution increases.

7

time=1

)

Broad Face View
time =0

Figure 1: Schematic of Slag Emulsification at

High Casting Speeds in a Continuous Slab
Caster

For example, Harman has shown that
both the onset of emulsification and the initial
droplet size is strongly related to the interfacial
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tension between the fluids (Figures 2 and 3) in
studies of the emulsification of silicon oil in
water, and, by dimensional analysis, has
calculated that the interfacial energy is a key
parameter in the emulsification of mold slags
(Figure 4)°.
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Figure 2: Emulsification Velocity Profiles as a
Function of Silicon Oil Thickness and
Interfacial Tension at the Silicon Qil - Water
Interface®™
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In addition to emulsification, separation of
emulsified liquid droplets at a liquid-liquid
interface can be related to phenomena
associated with the interfacial energy between
liquids. For example, when the interfacial
tension of a liquid-liquid interface is greater
than the buoyancy force or the combined
buoyancy and inertial force of a droplet, a
droplet will initially spread at an interface and
then exhibit significant interfacial rest times
before separation at the interface. This
phenomena is common in oil-water systems
and rest time data, as measured by Harman™,
can be seen in Figure 5 where the fraction of
droplets remaining at the interface is plotted as
a function of time and N is the number of
droplets removed and N is the total number of
droplets (450) in the study. The statistical
nature of droplet coalescence at an interface
can be seen in Figure 5 for a silicon oil droplet
of diameter 0.35 cm coming into contact with
a silicon oil/ water interface. The effect of
varying interfacial energy can also be seen in
Figure 5 where the addition of an alcohol
based surfactant leads to a reduction in surface
energy and a subsequent stabilization in rest
time. The increased stability is due to
repulsion forces between the interfaces due to
interface charging by the surfactant. The effect
of droplet size at a constant interfacial energy
can be seen in Table 2 where droplet rest time
increases as a function of droplet size.

In the operation of a continuous caster a
knowledge of the actual interfacial tension
under operational conditions will be a key to
understanding the defect free production of

slabs from a continuous caster.
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Figure 4: Calculated Variation of Sub-
Meniscus Velocity in the Mold of a
Continuous Caster as a Function of Interfacial

Tension™
- " . .S.SmN/m
= ] [
° 0.8 1 ® "
g 42mN/m %
0.6 1
Z. ®
0.4 1 ® d
e %
0.2 1 3
0.0 1 h

.1 1 10 100 1000 10000
Time (sec)

Figure 5: Fraction of Droplets Remaining at a
Silicon Oil /Water Interface as a Function of
Time and Interfacial Tension
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Table 2: Statistical Variance of Silicon

Oil Droplet Rest Times

Mean Average Standard
Droplet Rest Time | Deviation of

Diameter (sec) Average
(cm) Rest Time
0.35 3.83 3.0
0.59 6.42 3.4
1.14 2.94 1.5
1.52 6.01 3.3

All Drops 4.37 3.2

a, © Jimbo and Cramb
@ Halden and Kingery
& Kozakevich and Urbain

Surface Tension (mN/m)
| J
°

Figure 6: Effect of Oxygen on the Surface
Tension of Iron

Equilibrium Surface and

Interfacial Energies

It is well known that oxygen and
sulfur in liquid iron are surface active and that
the surface tension of liquid iron at constant
temperature decreases with increasing sulfur
and oxygen contents. In Figure 6, the data of
three investigators™>%, whose results are
practically identical, are plotted for the iron-
sulfur system at 1550 C. Figure 7 shows
similar results for the iron-oxygen system at
1550 CP*3¢! and in these figures both sulfur
and oxygen are seen to cause drastic

reductions in the surface tension of liquid iron.
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Figure 7: Effect of Sulfur on the
Surface Tension of Iron

The first empirical relationship to
account for the effect of surface active
elements in liquids was developed by
Szyszkowski in 1908”7 ;however, use of this
relationship did not become widespread until
Belton® derived a similar relation by
combining the Gibbs adsorption isotherm with
that of Langmuir:

y=y"-RTIIn[1 + K, .a] .. [1]
where 7° is the surface tension of pure

iron, T is the surface excess at saturation,
Kj is the adsorption coefficient of species i



and aj is the activity of species i in solution.

Iis calculated from the gradient of a plot of
surface tension verses the natural logarithm of

solute activity at high solute contents and if y°
is known, then Kj is determined by fitting the

data to equation 1.

Taking into account the more recent
determination of the surface tension of pure
iron®*® and other studies, the data for the effect
of sulfur on the surface tension of pure iron at
1550 C is best represented by the following
relation [21]:

vy =1913- 195In [1+365 ag] ... [2]

The actual value of Kg is very

sensitive to the value taken for pure liquid
iron. Belton's previous interpretation of the
data used Kozakevich's value®” of 1788
mN/m for the value for pure liquid iron and
derived a value of 185 for the adsorption
coefficient of sulfur on liquid iron. Re-
evaluation of the data allows the starting point
for the effect of sulfur to be coincident with
the starting point for the effect of oxygen. The
effect of oxygen on the surface tension of

liquid iron at 1550 C can be expressed as:
Y=1913-279 In [1 + 140 ag] ... [3]

Other elements such as chromium®”
and nickel"**! that are common in stainless
steels, have only small effects on the surface
tension of liquid iron at low oxygen contents (
Figures 8 and 9); however, at higher oxygen
contents Fe-Ni alloys exhibit a quite

anomalous non-ideal behavior (Figure 9)
where decreased surface tension with
increasing oxygen content is apparent at low
nickel contents but not at higher nickel
contents.

®  0.1%CO2balance CO
& Hz-Ar

Surface Tension (mN/m)

Wt %Cr

Figure 8: Effect of Chromium on the Surface
Tension of Iron"”
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Figure 9: Effect of Increasing CO,/CO

Ratio on the Surface Tension of Fe-Ni Alloys
(40]

The effect of nitrogen on surface
tension is slight and an example can be seen in
Figure 10 for increasing nitrogen contents in
an Fe-20% Cr alloy at 1550°C™" . The effect
of nitrogen on pure iron alloys is similar to
that seen in Figure 10. In Figure 11 the strong
effect of large additions of silicon to the
surface and interfacial tension of liquid iron

was shown by Dumay'*'l.

40 - MOLTEN SLAGS, FLUXES AND SALTS ‘97 CONFERENCE



Surface Tension (mN/m)

T T T T
0.0 0.2 0.4 0.6 LX) 1.0

Partial Pressure of Nitrogen (Atm.)

Figure 10: Effect of Nitrogen on the
Surface Tension of an Fe-20% Cr Alloy
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Figure 11: Surface and Interfacial
Tensions in Fe-Si Alloys™”

Equilibrium interfacial energies in
steel-slag systems, where a slag is added to
predominantly iron alloys, are generally 200 -
300 mN/m less than the corresponding surface
tensions of the iron alloys due to an
associative interaction between the slag and the
metal surface that leads to the reduction in
interfacial energy. The interfacial energy
reduction leads to the wetting of slag droplets
on liquid steels.

Values for equilibrium interfacial
tensions between liquid iron and liquid iron-
nickel alloys and lime-alumina-silica slags are
given in Figure 12049 Under these

conditions equilibrium between the slag and
steel leads to not only varying slag
composition but also varying alloy oxygen
content. Thus higher silica contents in the slag
are equivalent to higher oxygen contents in the
metal and the effect of silica additions to the
slag are magnified in equilibrium studies ¢ .
In general interfacial tension increases with
increasing slag alumina content.

@ Pure ron
© Fe20%NiAlloy

Ca0 20 40 60 80 ALO;

Figure 12: Interfacial Tensions between Liquid
Iron and Liquid Fe-20% Ni Alloys and Lime-
Alumina Silica Slags at 1550°C !

Major effects in interfacial tension are
caused by variations in equilibrium oxygen
content or sulfur content in a manner similar to
the effects measured on the surface tension of
pure iron. In equilibrium experiments
dissolved oxygen and FeO in the slag are
related; therefore, the interfacial tension can be
plotted either as a function of oxygen activity
or FeO content of the slag.

For example, from the data of Gaye et
al.™ | the effect of slag FeO content on
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interfacial tension is plotted in Figure 13 for

lime-silica-alumina-iron oxide slags in
equilibrium with pure iron, and a large w] § 01 I I
reduction in interfacial tension can be seen as

1600 @ Interfacial Tension
I I & Surfacs Tension

the iron oxide content increases*!l. The effect
of sulfur in interfacial tension is similar to
oxygen (Figure 14), again taken from the data
of Gaye et al.”¥. At low sulfur and oxygen ‘ 4 - ®

contents (< 10 ppm) the effect of the addition Figure 15: Effect of Addition of Calcium
of a calcium aluminate slag addition to iron-

Aluminate to Iron-Nickel Alloys ®

Surface/interfacial Tension (mN/m)

nickel alloys at 1550 C can be seen in Figure

5. The addition of calcium aluminate to a

liquid iron-nickel alloy at 1600°C causes an
interfacial tension value that is lower than the
corresponding surface tension by 200 to 300
mN/m. In Figure 16 the effect of chromium
additions to iron on interfacial tension can be

1400
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Interfacial 19004
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n | cosoose seen at 1600 C™!. Magnesia and titania

800+

addition to calcium aluminate based slags have

also been shown by Sharan™! to significantly

- R R S decrease interfacial energies and an example is
FeO Content

Figure 13: Effect of FeO Content on Interfacial
Tension ¥

given in Figure 17.
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Figure 14: Effect of Steel Sulfur Content on

Interfacial Tension Figure 16: Effect of Chromium on Interfacial

Tension™*!
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Figure 17: Effect of Titania on Interfacial
Tension™"

Thus, equilibrium interfacial tensions
can vary from 1670 mN/m to 600 mN/m
depending upon the solute content of the metal
and the slag chemistry

Non-Equilibrium Effects on

Interfacial Energies

One of the most problematic issues in
measuring the surface or interfacial tension of
any system is that it is essential to ensure that
mass transfer between the phases is
eliminated. As has been shown by numerous
investigators™** !, reaction between the two
phases can lead to either lowered or increased
values of surface or interfacial tension, where
both effects can be measured as a function of
time during an experiment. This phenomena
can be seen in Figure 18 where the droplet
shape is not constant with time as the
aluminum in the alloy reacts with the silica in
the slag. One of the major problems in
attempting to develop practical values for

interfacial tension is that in reality most slag-

metal systems are reacting and that the actual
interfacial tension is varying with time until
some steady state value can be measured. The
concept of applying an equilibrium
measurement to an industrial system is thus
potentially flawed, if the reaction between the
phases is significant.

It is thus necessary to measure
interfacial tensions in real systems over a
significant time frame and for this reason a
new experimental technique was developed to
allow in excess of 2 hours of experimental
time and the determination of a steady state
value for a slightly reacting system™. All
measurements of slag metal interfacial tension
for chemistries similar. to industrial systems
tend to give a steady state value as equilibrium
is rarely reached between the steel and the
slag.

In an attempt to measure a reasonable
value of interfacial tension for the conditions
found in the mold of a continuous caster, the
interfacial tensions for flux chemistries in the
Ca0-Si0,-Na,0-CaF, family in contact with a
304 stainless steel were determined by
Chung"”. The interfacial tension value
between a 304 stainless steel (Table 3) and
the mother slag of composition Ca0O-45%Si0O,
-20%CaF, was 940 mN/m and  was
substantially lower than that for the same 304
steel grade in contact with CaO-SiO, (1:1)
(ca. 1450 mN/m) and calcium aluminate ( ca.
1550 mN/m). Values are based upon average
steady state measurements over at least 1 hour

after all phases are liquid.
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Figure 18: Effect of Mass Transfer Upon
Droplet Shape and Apparent

[41]

Interfacial Energy

Figure 19 shows the effect of Na,O or
Al,0O, additions to the mother slag (Table 4)
on the interfacial tension between the slags and
a SUS 304 steel. Increases in the AlO,
content of the slags lead to a higher steady
state value of interfacial tension between the
slag and the stainless steel. A substantial
decrease in interfacial tension between the slag
and the stainless steel can be observed on the
addition of Na,O to the mother slag. These
results are steady state measurements as the
304 stainless steel is not in equilibrium with
the slag. This result indicates that the addition
of calcium fluoride can significant depress
interfacial energy; however, as alumina is
added to the mother slag (Figure 19) the effect
of calcium fluoride on interfacial tension is
reduced and the interfacial tension increases
towards that measured for lime-silica-alumina
alloys in equilibrium with pure iron. The
addition of sodium oxide and sodium oxide

can lead to extremely low values of interfacial
tension indicating that the interfacial tensions
in operating mold slags could vary from 600
to 1600 mN/m depending upon slag
chemistry.
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Figure 19: Effect of Sodium Oxide or

Alumina Additions to a Slag Containing 20%
CaF, !

A number of measurements of
interfacial tensions between industrial carbon
steels and actual mold slags were also
undertaken by Chung™”. Figure 20 shows the
interfacial tension between industrial carbon
and ultra low carbon steels (Table 7) and
actual mold slags supplied by company 1 at
the 1550 °C as a function of time. The
average values of these samples ranged from
980[mN/m] to 1350[mN/m]. These
differences can be understood by the analysis
of slag compositions in Table 5 where those
mold slag compositions with highest total
amounts of F and Nay;O resulted in lower

interfacial tensions.
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Table 3. The Composition of 304 Table 6. Mold Slag Compositions
Stainless Steel Supplied by Company 2. (u means
sampled from mold)

C | Mn P S Si Cr Ni Mo
057 | 183 | 027 | 005 | 045 | 185 | 810 | o031 gl Llag 'ag zspeg [Phegd b
— —_— 20 |B16 P08 |Bos PL7 |B36 D37 |pa7 P69
Co |Cb [Al |Ti |[Sn |[Pb | O |N S0, 1676 B26 1663 P59 1p85 152 BT Boo
06 122 |62 7 166 Bo |57 5o
011 | .006 | .001 | .001 | 014 | 001 | .005 | .0s5 No0 |66 b0 |66 B0z |9 505 |0 P28
Mz0 (081147 6ok |75 24 b2 Ps
(SR S | (2 5|
ENCON | PR A | (O | O (VW |
Fe,0,|3.06 b9 L0165 E.s 057 |5 0.85
5 j0.87 E.m 093

MnO |72 B8l |B5_ P.3
Ti0, |0.07 193 |F D02 |- 047 |02 [0.47

Li20|6 1 7| "O - IE C
[0 017 oir o5 b7 o7 ooz oa o4

(e 10, 073 EET | S T 033
Table 4. The Composition of Slags o F'M }0.87 “\093
(wt %) A1

. iti f Ul L
510, [ a0 | CaF, | Nao | Ao, Table 7. Composition of Ultra Low

A 450 1350 1200 Carbon Steel Sample
B 40.0 31.5 18.0 10.0 M P S si a1 lTi |cC
C 36.0 28.0 16.0 20.0 n
D 42.5 33.5 19.0 5.0
= 383 1207 1170 1150 Wt% |0.16 008 |.012 |.009 |.004 |.075 |.003
Figure 20 shows the variation of
interfacial tensions between one steel sample
Table 5: Mold Slag Compositions (Table 7) and the four mold slags supplied by
Supplied by Company 1 company 2 at 1550 °C as a function of time.
These interfacial tensions ranged from 1143
Species mN/m to 1312 mN/m. Although a small
ol A B C D fluctuation can be seen with time, the average
a
%—Eﬁ 50 132 %95 values for Slag 1 and Slag 2 have lower
Sio, 33.1 134.6 |33 30.0 interfacial tension values than those of Slag 3
F 8.3 9.3 6.8 7.3 and Slag 4. As can be seen in Table 6, the
Na,0 123 |11.7 1105 |2.3 . " o
MzgO ™) 13 0.7 56 effect of industrial slag composition on
C 6.4 4.1 6.6 3.8 interfacial tension is more difficult to analyze
Cao/sio, [10.84 10.84 [0.90 [0.97 in this case because the slag formulations are

composed of more 10 components. If the total
amounts of Na)0, F , Fe,O3 and MnO are

- considered, it appears that interfacial tension
is strongly influenced by the reducible oxide
content of the mold flux.
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Company 2 supplied both the flux
before use and the flux sampled from the mold
during use (Table 6). Interfacial tensions
between the steel sample of Table 7 and the
used mold slags (sampled from the mold)
were measured and results are shown in
Figure 21 where results are compared to
results using prefused but unused slags. All
sampled mold slags (except slag 4) have a
larger interfacial tension value than original
mold slags. In the case of slag 4, interfacial
tension decreased after use. The increases in
interfacial tension of slag 1, slag 2 and slag 3
can be explained by the increases of alumina
contents during processing. The alumina
content of those slags increased about 5 wt%
during casting while that of slag 4 increased
just 2 wt %. In the case of slag 4, the increase
of MgO content, due perhaps to the passage
of ladle or tundish slag into the mold,
probably caused the decreased interfacial
tension.

The actual value of interfacial tension
during steel processing can be quite variable
and depends upon the actual slag and steel
chemistries found during operation. Mass
transfer can cause increasing or decreasing
interfacial energies depending upon the details
of the interfacial conditions. Fluxes containing
highly reducible oxides tend to produce low
interfacial tensions in practice and it appears
that reductions in calcium fluoride and sodium
oxide and increases in the alumina content of
fluxes are efficient in increasing interfacial

tension in practical fluxes.

E 1800
z —e—Slag D
— —& -Slag C |||
1600 —< -Slag B
5 --@--Slag A
@ 1400
g o [ ]
=
1200 S S
T -
S 1000 frewsssvdfrmrriig
s
£ 800 ‘
0 2 4 6 8

Time [min]
Figure 20: Interfacial Tension Values Between
Carbon Steels and Mold Slags, Company 1
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Figure 21: Interfacial Energies Between
Carbon Steels and Mold Flux, Company 2
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Figure 22: Comparison of Interfacial Tension
Values Between Unused and Used Flux.
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Conclusion

Interfacial energies in actual industrial
systems vary greatly with the exact slag
chemistry that is found in the mold of the
continuous caster and also as a function of
time. Steady state interfacial values were
measured to range between 600 and 1400
mN/m for fluxes in contact with industrial
steels. Reduction of the calcium fluoride and
sodium oxide content and increase of the
alumina content of fluxes tends to increase
interfacial tension in practical fluxes.
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