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The performance and properties of mould fluxes

K.C. MILLS, A.B. FOX, R.P. THACKRAY and Z. LI
Department of Materials, Imperial College London, United Kingdom

The role of mould fluxes in continuous casting is reviewed. The main functions of the flux are
described and the importance of the flux in providing lubrication and the right level of heat
transfer between the shell and the mould is described. The major problems of longitudinal,
transverse and star cracking, gas and slag entrapment and deep oscillation marks in the steel
product and ‘sticker breakouts’ are analysed. The important physical properties of the flux in
combating these various problems are identified. Physical property data for the fluxes are given.

Introduction

Mould fluxes have a major role in the continuous casting of
steel. The powders are fed onto the top of the molten metal
surface, whereupon they form first a sinter layer, then a
mushy layer, and eventually form a liquid flux pool (Figure
la). Liquid slag from the molten pool infiltrates into the
mould/strand channel and lubricates the newly-formed steel
shell. However, most of the first liquid entering the channel
freezes against the water-cooled, copper mould and forms a
glassy, solid slag film (typically ca. 2 mm thick!). A thin
liquid slag film (ca. 0.1 mm thick) moves with the steel
shell and provides liquid lubrication to the shell. In time,
the glassy slag may partially crystallize. The solid slag layer
is usually considered to stay attached to the mould wall or,
if it does move, it must be much slower than the velocity of
the shell. The mould is oscillated to prevent the shell from
sticking to the mould. The horizontal heat transfer is
controlled by both the thickness and the nature of the solid
slag layer. Thus, in summary, the liquid slag layer controls
the lubrication and the solid slag layer controls the
horizontal heat transfer.

It is generally accepted that the depth of the molten slag
pool (dpeo) should exceed the stroke length to ensure good
slag infiltration (i.e. lubrication of the steel shell) and
frequently a depth of >10 mm2:3 is recommended. The
depth of the molten pool affects both the amount of liquid
slag infiltrating into the mould / strand channel23 and the
number of inclusions transferred from the steel to the
molten slag4.

The role of the slag in continuous casting is to:

* Protect the meniscus of the steel from oxidation

* Provide thermal insulation to prevent the steel surface
from freezing

* Provide liquid slag to lubricate the strand

* Provide the optimum level of horizontal heat transfer
for the steel grade being cast

* Absorb inclusions from the steel.

All of these functions are important but in routine
practice it is the lubrication and the horizontal heat transfer,
that are the most important. The principal factors affecting
flux performance are:

» Casting conditions (casting speed, V., oscillation

characteristics)

* Steel grade and mould dimensions

* Mould level control (which can lead to depressions
etc.)

e Metal flow, since turbulent flow can lead to several
problems e.g. gas and slag entrapment.

We will see that efficient execution of the tasks listed
above requires the optimization of the physical properties of
the flux.

Mould fluxes are usually made up of about 70% (CaO
and Si0»), 0-6% MgO, 2-6% Al,03, 2-10% Na20 (+
K»0), 0-10% F with varying additions of TiO,, ZrO;, B2O3
Li;O, and MnO. The basicity, (%CaO / %Si0O,) lies in the
range 0.7 to 1.3. Carbon particles in the form of coke
breeze, carbon black and graphite are added (2-20%) to (i)
control the melting rate and (ii) to form a reducing
atmosphere of CO (g) in the upper mould to protect the
metal from oxidation. Carbon particles are non-wetting to
slag and thus slag globules are prevented from
agglomerating by carbon particles until the latter are
consumed by oxidation; this is the mechanism for the
control of melting rate.

Flux properties and functions of mould flux

Lubrication and powder consumption

The liquid mould flux lubricates the steel strand. It is
important that there is liquid lubrication throughout the
strand since problems (such as star cracking of the steel)
can occur if the flux crystallizes completely in the lower
half of the mould and liquid lubrication is lost5$. For the
fully liquid flux, assuming Newtonian behaviour the liquid
friction (F;) is given by Equation [1] where V,, is the
velocity of the mould, and A is the area of the mould. It can
be seen that the friction decreases as the viscosity (1)
decreases and the liquid flux film thickness (d;) increases.

Fi =AT] ( Vin- Vm)/dl [1]

Powder consumption, Qs provides a measure of the
lubrication supplied and it is very dependent upon mould
size since the friction increases as the distance from the
corner increases’ Thus frictional forces are much larger in
slabs > blooms > billets and increase with increasing
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viscosity of the liquid. Powder consumption (Q;) is usually
measured as kg flux (tonne steel)-l. However, Q; can be
converted to Qs with units of kg flux m-2 (of mould) using
Equation [2].

Os=f*0.7.6/R=d;p [2]
where f* is the fraction of powder producing slag, p the
density of the liquid slag and R is the (surface area to
volume ratio of the mould) and is given by 2(w + t)/wt,
where w and ¢ are the width and thickness of the mould,
respectively. The friction forces increase with increasing
distance from the corner so, consequently, more lubrication
(i.e. higher Q) is required for slabs > blooms > billets.

Inadequate powder consumption has been reported to
lead to a variety of defects and problems namely, (i)
longitudinal cracking, (ii) sticker breakouts (which are
always related to lack of lubrication), (iii) deep oscillation
marks, (iv) transverse corner cracking, (v) off-corner
cracking, and (vi) the formation of depressions.

The powder consumption is made up of several
contributions. Most workers identify two contributions to
the powder consumption (i) that used to lubricate the
mould, Oy, and (ii) that trapped in the oscillation marks,
Qom- Three mathematical models have been reporteds-10
which allow the calculation of Q,,, but it has been shown
recentlyll, that they usually overestimate Q,, by a
considerable amount. Itoyamal? reported Qlub contained
contributions from (i) flow emanating from the molten pool
(ii) flow between parallel plates (mould and strand), and
(iii) arising from the oscillation of the mould. Several
empirical rules have been proposed12-20 for the calculation
of Qs from values for various casting parameters (casting,
speed, flux viscosity, etc.). Recently, a statistical analysis of
plant data for Q; showed that the following parameters had
statistical significance, slag viscosity, casting speed,
oscillation frequency (f) and stroke length and the break
(Tp, see ‘Break solidification’ below) or solidification
temperature (7,)21. From the viewpoint of the mould flux,
powder consumption increases as the flux viscosity and
break temperature both decrease.

The melting rate (Mg) must meet the demand for liquid
slag (i.e. the powder consumption). It is controlled
primarily by (i) the amount of free carbon and (ii) the
particle size of the carbon. The melting rate can be
calculated from the following relation!2.

9% Cfree = -0.016Mp + 15.41 [3]
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Figure 1. Schematic representation of the various slag layers
formed in the mould
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Horizontal heat flux, qpor

Horizontal heat transfer is a complex process involving two
mechanisms, namely, lattice or phonon conductivity (k.)
and radiation conductivity (kg). Radiation conductivity
involves absorption and re-emission of radiated energy and
can be the dominant conduction mechanism in glassy
materials at high temperatures. The radiation conductivity
can be calculated from Equation [4] for optically thick
conditions (defined as ad >3) where a = absorption
coefficient, d = thickness, ¢ = Stefan Boltzmann constant, n
= refractive index (usually around 1.60), and T is the
thermodynamic temperature (K)

kr = 1601213 / 30 (4]

However, kg can be significantly decreased by the presence
in the slag film of:

(i) crystallites that scatter the radiation (extinction
coefficient £ = o + § where S is the scattering
coefficient and E should be used for solids)

(ii) transition metal oxides that absorb the radiation e.g.
FeO

It has been estimated that kg = 10-30% kc22-24 for heat
transfer across slag films formed during industrial slab
casting. However, it may be much more significant in
glassy slag films formed using high-viscosity fluxes for
billet casting.

The overall resistance to thermal transfer (R *total)
between shell and mould can be regarded as a series of
resistances as shown in Figure 2 and Equation [5].

R*i01a1 = R¥cusst + (d/k)l +(d/k)gl+ (d/k)cry [5]
where R*c,/ is the interfacial resistance and subscripts I, g/
and cry denote the liquid, glass and crystalline layers,
respectively. Radiation conductivity can be taken into
account as a parallel resistance24. The largest terms in
Equation [5] affecting (R*,a1) are (i) R*cuys and (ii) the
thickness of the solid slag film ie dsoiiq = dgi + dery.

The interfacial resistance R*¢,/; was found?25.26 to
increase with (i) increasing solid slag thickness, dsliq and
(i1) increasing crystallinity (Figure 3), and (iii) had values
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Figure 3. The effect of (a) mould fluxes for the casting of medium
(MC) and low (LC) carbon steels23 and (b) the crystallinity on the
interfacial resistance26

around 5 x 10-4 m2K W-1. The effect of increasing
crystallinity on Rcy/ is best understood as shrinkage
resulting in the formation of an air gap (or surface
roughness)27 when a glass transforms into a more dense,
crystalline phase (pcry >pgr).

Thus the two key parameters affecting horizontal heat
flux are (i) the thickness of the solid slag film (ds.ig) and
(ii) the % crystalline phase developed in the slag film.
Other parameters of interest are the thermal conductivity of
the solid and liquid phases and the absorption and
extinction coefficients and the refractive index.

Thermal insulation (vertical heat flux)

The powder bed must provide sufficient thermal insulation
to prevent the freezing of the steel surface. Reduction of the
vertical heat flux (gy.r) is also important in the reduction of
the depth of the oscillation mark and in reducing‘ pinholes’
by reducing the length of the meniscus hook (Figure 4)28.
The thermal insulation is dependant upon the nature of the
flux bed but, in general, insulation increases:

*in the hierarchy powders > extruded granules >
spherical granules

* As the size of the granules is decreased

* As the thickness of the flux bed is increased

* With the introduction of an exothermic agents such
Ca/Si.

Absorption of inclusions

The absorption of inclusions by the flux is important since
the mechanical properties of the steel are dependent both
the number and size of the inclusions present. The
absorption process involves several steps (1) transport of
inclusion to the slag/metal interface, (2) attainment of the
required interfacial requirements for passage to the slag
phase (clarity), (3) dissolution of the inclusion by the slag
pool, (4). and transport away from the interface.

Inclusion separation from steel to flux is promoted by: (a)
a high contact angle between inclusion and metal and slag,
(contact angles 6 =130° for Al,O3 and steel and 160° for
TiN for a 18/8 stainless /inclusion /slag system have been
reported) and (b) wetting of inclusions (most inclusions are
wetted by slags)?29.

Dissolution of inclusions in the flux is promoted by high
values of (Cy,-C) i.e. the difference between saturation
concentration and the actual concentration in the slag. Thus
dissolution is aided if Cjg4 is high. (Css has values of ca.
40% for Al,03, 10% for TiOy, 2% for ZrO; and 0.5% TiN).
Thus problems in casting stainless steels relate to the large
amount of undissolved, solid TiN or CaTiOs3 in the slag
pool which, in turn, increases the viscosity dramatically.

Metal flow turbulence

The metal flow in the mould has a significant effect on the
process. Turbulent metal flow can cause the formation of a
standing wave (Figure 5): the turbulent flow in the metal
causes an associated drag flow in the slag pool and these
effects can cause the following problems:

 Slag and gas entrapment causing surface defects in the
rolled product

* Carbon pick-up, especially in ultra-low carbon (ULC)
grades

* SEN erosion, especially at the metal/ slag interface

* Freezing of the steel surface due to decreased insulation
resulting from spherical granules running down the
standing wave.

The principal causes of turbulent flow lie in (i) the
immersion depth of the submerged entry nozzle (SEN) (ii)
the design of the SEN ports, and (iii) Ar flow rate. Despite
this, the mould flux is frequently expected to compensate

Molten steel surface

" Bubble
Bubble
Solidified
/ shell
Molten Molten
steel
Mold Mold

Figure 4. Schematic drawing showing on the right a gas bubble
captured by the meniscus, and on the left how the bubble keeps
rising when the meniscus length is smaller
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Figure 5. Schematic diagram showing the standing wave
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for the effects of the turbulent flow, usually by use of a flux
with a higher viscosity, but this leads to a reduction in the
powder consumption, which can lead to other problems as
mentioned above.

Defects and process problems

Longitudinal cracking and longitudinal corner cracking

Longitudinal cracking is a serious problem and is
particularly prevalent in medium carbon (MC) steels. The
problem arises as a result of the 4% difference in the
thermal shrinkage coefficients of the 8-Fe and austenite
phases, which gives rise to stresses that are relieved by
longitudinal cracking. The stresses can be minimized by
keeping the solid steel shell as thin and as uniform as
possible while in the mould. This is achieved by reducing
the horizontal heat transfer by using a thick slag film with a
significant crystalline fraction. The thicker slag film is
achieved by using a flux with a high solidification or break
temperature.

Sticker breakout

There are probably several causes of sticker breakouts,
however, all of them involve a lack of lubrication. High C
steels (> 0.4% C) are prone to sticker breakouts due to the
low strength of the shell near the meniscus, caused by
enhanced micro-segregation of ferrite between the austenite
grains.

Sticker breakouts can occur as a consequence of the
formation of a pseudo-meniscus, which is formed as a

=
Mold Liquid ff
steel ‘i
Shell *
shaft
Overflow Overflow Solid
+ remelting meniscus

bent backwards

result of a constraint. It has been reported3! that these
sticker breakouts occur as a result of;

(i) a carbonaceous agglomerate being forced to the edge

of the mould

(ii) carbon diffusing out of the agglomerate and forming

a C-rich, low-melting, shell, which does not
completely freeze during healing time (positive strip)

(iii) the agglomerate blocking the local flow of slag into

the mould/strand gap.

Several sources of carbon-rich agglomerates have been
proposed: (i) unmelted mould powder attached to the slag
rim30, (ii) the carbon-rich layer floating at the top of the
slag pool, and (iii) parts of the SEN and stopper rod ripped
out by ferrostatic pressure on Al,O3 accretions3!.

It is known that glassy slags are beneficial in reducing
sticker breakouts. Although sticker breakouts are associated
with lack of lubrication, the usual strategy to minimize
breakouts is to form a thicker, stronger shell by increasing
the horizontal heat flux. This is achieved by using a thin
glassy slag layer i.e. the opposite of the procedure used to
combat longitudinal cracking. The thin slag film is achieved
by using a flux with a low solidification or break
temperature.

Oscillation marks and transverse cracking

Oscillation marks are horizontal indentations occurring at
regular intervals along the surface of the steel surface and
must be removed by grinding (before rolling). There are
two types of oscillation marks (OM):

Hook or Overflow type (Figure 6) formed by overflow
of liquid steel over the tip of newly-formed shell; the
solidified shell grows upward and inward (away from the
mould) and molten steel overflows the tip of the shell and a
mark is formed.

Depression or folded type is formed by curvature of the
shell (as in the hook type) but no overflow takes place and
the tip of the shell is bent backwards and grows towards the
mould and forms a bay on the surface. Cracks often form in
the bottom part of the bay, as a result of micro-segregation.
The rim plays an important role because it narrows the
entrance to the channel and thus magnifies the pressure
variations.

Transverse cracking is related to the formation of deep
oscillation marks. The principal factors affecting the depth
of oscillation marks, d,,,, are oscillation characteristics but
the pressure in the slag film is an important factor and its
relation to slag viscosity has been reported to go through a
maximum3. Thus careful selection of viscosity may result in
decreases in pressure and a reduction in d,,. Two other
ways of reducing d,, involve:

Figure 6. Mechanisms of oscillation mark formation showing on the left hook formation and on the right depression
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* decreasing the length of the meniscus tip by reducing
the vertical heat flux, and

* increasing the strength of the shell by increasing its
thickness through increased horizontal heat flux

Gas and slag entrapment

Gas and slag entrapment is mainly caused by metal flow
turbulence3334. An example of slag entrapment is shown in
Figure 7. Gas entrapment is similar. The obvious way of
combating slag and gas entrapment is to reduce the metal
flow turbulence (e.g. adjusting SEN depth and port design,
reducing Ar flow, or by reducing the velocity by electro-
magnetic braking35, swirling-flow nozzles3¢ or meniscus
free casting37). In practice, it is often dealt with by
increasing the viscosity of the flux but this entails a
decrease in powder consumption. It has been pointed out33
that a more effective way of dealing with slag and gas
entrapment is to increase the interfacial tension between the
metal and the flux.

Properties of mold fluxes

Viscosity (1)

The viscosity (or fluidity =1/m) of the mould flux is the
most important of the flux properties since:

* It determines the powder consumption and hence the

lubrication of the shell

* Slag entrapment is usually dealt with by increasing slag

viscosity

» SEN erosion rate is proportional to the fluidity

* It would appear32:38 that the pressure in the mould/ shell

channel, which is related to the depth of the oscillation
mark, (d,m), goes through a maximum and d,,, can be
minimized by selection of flux viscosity.

The viscosity of the flux is usually cited at 1300°C since
this represents the average temperature in the liquid slag
layer. Viscosity measurements can be measured reliably to
ca. = 10% but errors can be higher in viscometers using
graphite components (bobs and crucibles). However,
another major source of uncertainty is the F losses during
the filling of the crucible and the measurement sequence,
which can be both significant and dependent upon the
procedures used. Few investigators have carried out post-
measurement chemical analysis.

Several models are available for the estimation of
viscosity from chemical composition39-42. A review of the
performances43 of most of these models showed that the
Iida model3® performed best of the models tested on mould
fluxes, with an uncertainty of + 25%.

Break solidification and liquidus temperatures (7T, T,
Tiy)

The liquidus temperature is the temperature where the flux
is completely liquid and is measured on the heating cycle in
DTA/DSC runs or Leitz microscope tests. The main
importance of Tj;, is that it determines the interface between
the liquid pool and the mushy region in the powder bed. It
can be estimated to +35°C by:

Tiiy (°C) = 1191 + 11.4%Si10; — 11.0%Ca0 +
4.2%A1,03 + 5.7%MgO -10.1 %Na,0 — 15.8% [6]
K>0 + 1.9%F + 8.3%Fe;03 + 11.6 %MnO

The solidification temperature is the temperature where the
molten flux first solidifies (or crystallizes) on cooling; it is
usually measured by DTA/DSC or hot thermocouple
methods. Kim et al.44 have reported that the solidification
temperature can be calculated by the following relation,
where x= mole fraction:

Tso1 = 1242°C—- 1.4x(Al,03)-2.1x(MgO)-

4.5 x(Nay0, K>0)-8.5x(CaF,)-15.3x(B203) [7]

The break temperature is the temperature below which
there is a marked increase in viscosity as shown in Figure
8a (i.e. the temperature where liquid lubrication starts to
break down). In our opinion the liquid in the mould/strand
channel behaves similarly to that in a viscometer and for
that reason we prefer T, to Ty, In some cases the
measured values of Ty, and Ty, are very similar but in other
cases there is 70°C difference in the values44. The break
(and probably solidification) temperatures decrease with
increasing cooling rate and are usually measured at —10°C
min-! but could be considerably lower in the mould where
the cooling rate is ca. 10°Cs-1. The break temperature, Tbr
for a cooling rate of 10°C min-! can be calculated45 within
+20°C by use of the following relation: for mould slags.

Ty —1120°C = - 8.43% Al,O3 —3.3%

Si02 + 8.65% CaO - 13.86% MgO — 18.4% [8]
Fe;03 — 3.2% MnO -2.2 % K0 - 3.20%

Na,O - 6.47% F

The break temperature is important because:

It determines the thickness of the solid layer and

therefore affects gy, and

* It determines the thickness of the liquid layer and thus

affects powder consumption and lubrication.

Glassy slags with high viscosity (sometimes used in billet
casting) do not exhibit a break temperature but transform
gradually from a liquid to a super-cooled liquid until they
reach the glass transition temperature (7), which usually
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Figure 7. Schematic diagram showing the mechanism of slag entrapment at higher casting speeds
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occurs around 600°C (Figure 8b). If thermal expansion
measurements are performed on a glassy slag it is observed
that the sample collapses just above T, since the super-
cooled liquid cannot withstand the pressure of the two
probes. It is expected that super-cooled liquids to flow with
the shell of the billet and provide some measure of
lubrication, despite their high viscosity.

It has been pointed out that the lubrication requirement
can be expressed in terms of the viscosity and the
horizontal heat flux in terms of the break temperature.
Figure 9 shows such a plot where a large amount of plant
data for slabs-, bloom- and billet-casting was plotted and it
was found that these fell onto three curves!2:

* MC steels which are prone to longitudinal cracking,
» HC steels which are prone to sticker breakouts, and
* all other grades which fell between these two curves.

Crystalline fraction of the slag film

The thermal resistance Rc,/; has been found23 to increase
with increases in (i) thickness and (ii) crystalline fraction of
the slag film (Figure 2). This is due to the formation of
surface roughness on the mould side (equivalent to an air
gap) as the glass transforms into a more dense crystalline
phase.

The importance of the crystalline fraction of the slag film
to the horizontal heat transfer has catalyzed considerable
research effort into crystallisation.

Time-temperature-transformation (T-T-T) curves have
been studied by several workers using double hot-
thermocouple and quenching techniques46-47. T-T-T curves
determine the amount of crystalline phase formed in a
certain time and temperature. A typical example is shown
in Figure 10 where it can be seen that for the slag to attain
50% crystalline fraction at 800°C, it will take >300 s.

Rocabois et al.47 studied the theoretical background to
crystallization and reported that although T,5.= 0.77 T} is
the usually accepted relation for calculating the temperature
of the ‘nose’ in the TFT curve, the constant for mould
fluxes had values around 0.86 + 0.06.

They also concluded that the calculated critical quenching
rate (Rc = {Those- Tiig }tnose Where t = time) was useful for
classifying crystallization for different compositions but did
not provide a quantitative predictions of crystallization47. It
has always been assumed that the initial solid layer was
glassy and that subsequent annealing of this glassy layer
would result in crystallization in the hotter regions (on the
shell side) of the slag layer. However, recently, this has
been attributed to the fact that:
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e The slag film can exist for a long time, and even at
relatively low temperatures crystalline phases can be
formed (see T-T-T diagram)®

* Cuspidine has the highest T, and is first phase formed
and is precipitated on mould side and crystallites grow
across to the shell side4?

e The temperature on mould side of the slag film is >
600°C and thus crystallization can take place.

It has been reported that cuspidine (3Ca0.25i0,.CaF,) is
formed in the primary crystallization and nepheline or
carnegieite in the secondary phase47.
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The amount of crystalline phase present in a slag film has
been determined using several methods including optical
microscopy, X-ray DTA and DSC methods5? and
measurements of surface roughnessSl. Several tests have
been designed to determine the amount of crystalline phase
formed in the slag film in a mould flux52-54.

There is a need to determine the amount of crystallinity
developed in a slag film from the chemical composition of
the flux. Li et al.54 tried various parameters representing the
amount of de-polymerization of the melt as a measure of
crystalline fraction. It was found that the modified non-
bridging oxygen per tetragonally bonded atom (Si, Al),
NBO/T provided a best measure of the crystalline fraction
(Figure 11).

NBO/T = 2.\”(.”,) + 2"‘&:0 + 2"‘(143 + 2'\'.\'“30 -2x 11,05 + 6xnzo~, + (zx.\/gw + zx.m()) [9]

Xsio, T 2x 1o, T X

rio, T zxulo‘ + (X,um +X40)

where x = mole fraction of the component in the mould
flux. The bracket in the denominator/numerator means it
will be included into the denominator if MgO is larger than
7.0% and or MnO is larger than 4.0%, otherwise it will be
included in the numerator.

Interfacial tension (Yms)
The interfacial tension is important to the continuous
casting process since:
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Figure 11. The % crystallinity as a function of the modified
NBO/T ratio, which represents depolymerization54
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* a high gms value helps to minimize slag entrapment

* the shape of the meniscus and hence the width of the
channel for slag infiltration is determined by the
capillary constant, which involves Yi55.

Interfacial tensions are usually measured using the X-ray
sessile drop apparatus56.

Several workers have used fluxes with all Na compounds
removed in an attempt to maximize gms in attempt to
reduce slag entrapment. Cramb and coworkers57 report that
gms is increased by Al,O3, and decreased by NaO.

The interfacial tension is given by the relation56:

Yms = Yimg + Ysg = O(2Ymg¥sg)" [10]
where the subscripts relate to the phases m = metal, g = gas,
s = slag and the term ¢ can be derived from the free energy
difference, AG. However, it should be noted that the biggest
term in the above equation is the surface tension 7,,, and
this is largely determined by the S concentration of the
metal. Thus adjustments of the flux composition are less
likely to have a large effect on v, than adjustments to the S
concentration of the metal.

Thermal properties

Thermal properties of the slag film obviously play an
important part in the horizontal heat transfer between shell
and mould. Thermal diffusivity values have been reported
by various workers22,58.59 on glassy, crystalline and liquid
slags and on slag films taken from the mould. Some typical
values are given in Figure 12. Thermal diffusivity for
glassy samples lie between 4 and 5 x10-7 m2s-l. We have
seen that increasing crystallinity results in a lower heat flux
yet, paradoxically, crystalline samples have higher thermal
diffusivity values than the glassy samples; this is another
consequence of the fact that density of the crystalline phase
is greater than that of the glass.

Heat capacity (C,) and density (p) values are needed for
calculating conductivity (k) (k = a.C,. p); these can be
estimated as functions of temperature (to < + 5%) from the
chemical composition of the slagé0. Approximate values for
these properties are: » = 2600 kg m-3 for the liquid phase
and C, values (JK-1g-1) of 0.8, 1.1 and 1.43 for 25°C, 600°C
and the liquid phase, respectively.

Holzgruber et al.60 carried out simulation experiments of
the heat transfer across slag films and derived equations
relating the overall thermal conductivity, kg, of the system,
as a function of chemical composition of the flux, (in W
m-1K-1):

2 MC1, melt
O LC1, meltl
9 £ ULCH, melt
w MC2, melt
s W 1 C2, melt
= ULC2, melt
7k
.
e =& 7
J u
5 2
- v = i
4F mn a
3k
1 1 1

1550 1600 1650 1700

Temperature (K)

(b)

Figure 12. Thermal diffusivities of (a) solid mould fluxes and (b) liquid mould fluxess8
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k (lZOO"C)= 2.03 - 0.459F~ a0 +%B,0; D, 0.1695%FeO - 0.0348% A1, 0,
s %Si0, 2 ﬁ 25

[11]
where
% ‘Ca0’ = %Ca0 + % MgO + %MnO + %Na>O + ...

For the optical constants needed to calculate the radiation
conductivity (kR) the refractive index (n) has a value of
about 1.60 for mould fluxes. Extinction coefficients cannot
be predicted but can be measured in transmissivity92.63 or
reflectance63 experiments. Absorption coefficients (o) for
the liquid and glass phases are measured in the same way
but are dependent upon the amount of FeO, MnO, Cr;03,
NiO present in the flux. Equation [12] provides an
empirical rule62 for calculation of the absorption
coefficient.

o(m1) = o0 + K%MO [12]
where o is the absorption coefficient for the slag with 0%
transition oxide and K has values of 910, 5 and 410, m-1%-1
respectively for FeO, MnO and NiO. K(Cr,03) was greater
than k(FeO).

Where crystalline slag films are formed the absorption
coefficient will be much smaller than the scattering
coefficient and will not be very influential. However, for
high viscosity fluxes used in billet casting, the absorption
coefficient will control the radiation conductivity, which
could make a significant contribution to the horizontal heat
flux in this case.

Effect of chemical composition on individual physical
properties

The effect of individual components of mould flux are
summarized in Table 1.

Conclusions

The physical properties of the mould flux play an important
part in successful continuous casting operations. The flux
properties having the largest influence on continuous
casting performance are the viscosity (on lubrication) and
the break temperature (73,) and % crystallinity in the slag
film (on the horizontal heat flux). The metal/slag interfacial
tension is important in relation to the minimization of the
depth of oscillation marks and slag entrapment.
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