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Abstract

The mold powder used in continuous casting of the steel is melted by heat provided from the molten
steel. At the same time there is a counteracting cooling effect from the water-cooled mold. If the mold
powder melting behavior is inappropriate, excessive formation of “slag roping” can occur. This can
adversely affect the operation stability as well as the steel quality. In order to facilitate development
of improved mold powders, a new evaluation test method for predicting slag roping, which simulates
the actual condition, has been developed. This new test has then been successfully used to determine
the influence of mold powder physical form on the tendency to form rope. The results showed that
the fine powder type and hollow spray dried granules type showed lower formation tendency, while

agglomerated granules (without a porous core) showed a much greater tendency to exhibit excessive

Report

roping.
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1. Introduction

Mold powder for continuous casting of steel is
added onto the molten steel surface in the mold,
and melts by absorbing heat from the molten steel.
The molten mold powder slag is then consumed by
flowing into the gap between the mold wall and the
solidified steel shell. In the process, mold powder
performs the following functions: 1) Protection of
the molten steel surface from oxidation, 2) Thermal
insulation of the surface of the molten steel,
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3) Absorption of non-metallic inclusions that floats
to the surface of the molten steel, 4) Lubrication
petween the mold and the solidified shell, 5) Heat
removal control between the mold and steel shell.
In these ways, the mold powder greatly contributes
to the operational stability and the improvement of
steel quality.

Regardless of its form, either fine powder or
granule, stable operation can only be achieved when
a proper molten slag layer is formed. If the slag layer
isinsufficient, it could cause severe operationalissues
and/or poor steel quality due to lack of lubrication,
poor thermal insulation, etc."”. One prime example
of this is the excessive formation of roping at the
steel meniscus, which is a common problem that
adversely affects the casting operation. Fig. 1 shows
the photograph and schematic of the cross section
of a slag roping sample and identifies each part”.
Slag roping can be referred to by different names.
For example, slag rim, slag ring, slag bridge, slag
bear, etc.”. In this report, “slag roping” is used for
convenience. Although slag roping has various
names, all refer to a combination of a “sintering
part”, “partially melted part”, and “slag rim”. The slag
rim is the solidified slag against the mold wall after
fully melting.

Mold powder is exposed to a complex dynamic in
which both cooling and heating occurs in a narrow
space in the mold. At the same time, mold oscillation

Development of new mold powder melting test and investigation on the
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Fig. 1 Slag roping sample.”
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and mold level fluctuations occur. This makes it
difficult to simulate the conditions in the laboratory
pecause these variable effects occur simultaneously.
Thus, there was no previously available reliable
method for evaluating and predicting the slag roping
generation behavior®>®. Consequently, actual cast-
ing operation has been relied on to determine
whether the powder is behaving properly without
roping. A far from ideal situation. In addition, the
influence of the morphology of the mold powder
(powder vs. granular, etc.) on the slag roping had
not been clarified, with no consensus in the steel
making industry. In this study, a new test method to
evaluate slag roping was developed and it has then
been used to compare the effect of mold powder
morphology on this phenomenon. Fine powders
and different kinds of granules were investigated
using this new evaluation tool.

2. Slag Roping

2. 1 Mechanism of slag roping formation

An example of the slag rope formation is described
for agglomerated (solid) granules in Fig. 2, where
the melting progress of the agglomerated granules
has been investigated and reported by Nakano et
al.”. In the first step of melting, the temperature of

Agglomerated powder

- Temperature increase
Step ] by heat transfer

- Temperature increase
by heat transfer
StepI - Burning of insulator
- Initiation of sintering
reaction

- Temperature increase
by heat transfer

stepll - Burning of insulator
- Sintering reaction
| - Temperature increase
SteplV by heat transfer

- Coagulation of molten
powder drop

Molten powder pool

Molten steel

Fig. 2 Schematic model of melting process of agglomerated granules mold powder.”
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Fig. 3 Influence of mold level fluctuation on slag
roping build up.
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the un-melted mold powder layer increases. In the
second step the carbon starts to burn off and the
result is that the other raw materials (calcium silicates
and fluxes) start to sinter. Next, in step three further
decarburization occurs and the sintering reactions
are further developed. In the fourth step, we see
complete decarburization of the raw materials and
the formation of a homogeneous liquid slag. In this
melting process, particularly from the steps I to
IV, the liquid phase portion can resolidify if there is
insufficient heat in the system. Critical factors include
heat removal rate into the mold, the amount and
timing of fresh mold powder additions, as well as
mold level fluctuation. The mixture of the solidified
part along with semi melted and fully melted phases
can form chunks. In this case, the portion in contact
with the mold wall becomes slag roping.

Molten steel flow in the mold also affects to the
slag roping formation. Fig. 3 illustrates development
of slag roping growth caused by fluctuating molten
steel surface. When the mold level fluctuation
becomes severe it may result in a mixing of un-
melted layer and/or sintered layer causing unwanted
agglomerates to form. Severe mold level fluctuation
can be caused by incompatible Submerged Entry
Nozzle (SEN) design for the casting, or SEN clogging.
If this occurs when the steel level is dropping, a
significant growth of roping will occur.

Certain chemical components such as Al or Ti in
the steel can interact with the mold slag and greatly
change the slag properties during casting, including
composition and solidification temperature changes
during casting. This may also significantly increase
the tendency to form slag roping®.

Thereis also a specific case where the slag roping is
generated during the transition from the exothermic
starter powder to the running mold powder. This
can be from an inhomogeneous condition caused
by the oxidation reaction of the metal.

2. 2 Effect of slag roping on casting and
countermeasures

Slag roping can block the inflow of molten slag into
the gap between the mold wall and the solidified
steel shell. This can potentially result in insufficient
lubrication and lead to a sticking type of breakout.
It can also cause uneven slag inflow and decreased
strand surface quality"”. In addition, when the slag
roping itself is entrapped into the cast strand, the
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Fig. 4 Schematic image of slag roping simulator.
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rope acts to reduce the thickness of the solidified
shell and reduces heat removal which can result in
a slag entrapment breakout”. Steel quality defects
such as strand surface cracking and/or operational
problems due to slag roping removal are also of
concern?,

The simple ways to reduce slag roping, such
as increase the addition of carbon raw materials,
shorten the temperature range of melting, or
decrease the solidification temperature®”. However,
there are still many problems in high-speed thin slab
and billet casting, and on high-alloy steel grades
casting.

3. Experiment

3. 1 Newly developed experimental method

Fig. 4 shows a schematic of the newly developed
slag roping evaluation test. A water-cooled
stainless-steel cylinder (diameter 25 mm, height
of 60 mm) is submerged into 1330 C molten slag
(20 mm thickness). This is contained in a carbon
crucible (inner diameter 70 mm X depth 55 mm)
in a box-type electric furnace with SiC heater. The
stainless cylinder was oscillated =4 mm stroke
and 198 cpm by a motor. The cooled water flow
rate was set at a constant 600 ml-min™. Thus, the
stainless-steel cylinder simulates a water-cooled
mold as used in continuous casting. The stainless
cylinder was submerged 10 mm into the molten
mold powder slag bath. At the same time, 100 g of
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Table 1 Chemicalcompositionand properties
in test samples

Shpe sample Fine Spray dried |Agglomerated
powder granules granules
Chemical
composition
/ mass%
SiOs 32
ALOs 4
CaO 30
MgO 3
Na.O 12
F 8
Total carbon 3
CaO / Sios 0.94
Bulk degsity 0.8 09 .
/g-cm
Angle of repose 60 2 37
/ degree

Spray dried granules Agglomerated granules

Fig. 5 Cross section of each granule examples.
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un-melted mold powder was added from the top
of the carbon crucible and held for T minute and
2 minutes. The stainless cylinder and the slag roping
generated around it were simultaneously pulled up
from the inside of the furnace and cooled to room
temperature. Weight and thickness of the slag
roping were measured for each test. The thickness
was measured at the thickest position of the outer
periphery from the stainless steel cylinder contact
surface, and the average value was measured at 8
points per sample at intervals of every 45° in the
circumferential direction. Each test was performed
in triplicate, and the mean values were used for
evaluation. In addition, a slag roping sample kept for
1 min was cast into the epoxy resin, and structure
observations were performed by optical microscopy
and SEM photography after cutting cross sectionally
and polishing.
3. 2 Test samples

From a technical viewpoint, fine mold powder
works very well. However, this type of mold
powder can be very dusty and so for environmental
reasons, granulated types have gained popularity.
Now granulated types constitute the majority of
the market. Spherical spray dried granules (hollow
spheres) made by spray drying, agglomerated
granules (solid) made by the stirring granulation
method, and extruded granules (solid) by the
extrusion method have been put into practical use.
Table 1 shows the composition, shape, and various
characteristics of each type used in this study.
Fine powder, spray dried granules, and agglomer-
ated granules were used as samples in this study to
investigate the effect of morphology. For the chemical
composition, a typical example of a product mainly
used for low carbon steel grade was selected. The
chemical composition and raw materials used for
each sample were approximately equivalent to
each other so as not to affect the evaluation results.
The fine powder had been prepared by mixing
raw materials with a high-speed mixer. The spray
granules sample had been prepared by creating a
homogenous water solid slurry and spray drying.
The agglomerated granules was produced by a
stirring granulation method in which a binder/water
mix was added to blended raw material in a mixing
and then drying process.

Fig. 5 shows a cross sectional micrograph of both
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types of granules. Spray dried granules had a hollow
sphere shape with pores on the inside. Pores were
almost absent in the agglomerated granules.
3. 3 Experimental results
3. 3. 1 Appearance and cross section of
slag roping

Fig.6 shows photographs of the slag roping
samples taken from the test. It can be seen that the
samples consist of a sintered layer, a partially melted
layer and a slag film layer which was solidified
from what was the fully molten portion in the test.

Fine powder

Spray dried granules

Agglomerated granules

1 min

g -

2 min

Fig. 6 Appearance of slag roping samples.

locl_<_5|

TM4000 15KV 7.7mm x50 BSE M

Spray dried granules

Agglomerated granules

+—Block side
P

Sintering

Partially
melted

Fig. 7 Upper: Cross section texture of slag roping, Lower: Enlarged part by SEM.
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0.0 1.0 2.0
Time / min

Slag rope thickness / mm

Fig. 8 Slag roping thickness.

Although the sintered parts of fine powder and spray
dried granules were small, leading to less tendency
to rope, the agglomerated granules showed much
more sintering which is expected to lead to a large
amount slag roping.

Fig. 7 shows a cross sectional micrograph of each
slag roping sample taken 1 minute after stainless
steel cylinder had been submerged. Along with this
is a SEM photograph showing a magnified view at
the bottom of each. In all cases a glass phase was
observed on the stainless cylinder side. The partially
melted layer was formed outside that, and a further
sintered layer containing un-melted raw materials
was formed on the top or outside of the samples.
The results indicated that the sintered layer was
formed with a number of raw materials maintaining
their shape, and their were adhered to the outside
of the partially melted layer that. It was shown in the
SEM photographs that the partially melted layers
were mainly composed of needle shaped grains and
grain boundaries.

Fine powder and spray dried granules had almost
equivalent sintered layer and partially melted layer
thickness. On the other hand, the agglomerated
granules produced a significantly larger amount
of these and a large growth toward to the upper
direction was observed.

SEM photographs showed that both the fine
powder and the spray dried granules had relatively
clear boundaries between the partially melted layer
and the sintered layer. However, the agglomerated
granules had a mixture between the partially melted
layer and the sintered layer and their boundaries
were unclear. In addition, pores as large as 4000-
6000 um were observed inside the partially melted
layer.

3. 3. 2 Slag roping thickness

Fig.8 shows the average thickness of the slag
roping sample (n=3 average). Differences in mea-
sured depth were less than maximum =1 mm. Slag
roping sample thickness was almost equivalent in
fine powder and spray dried granules form after
1 min, but it was slightly thicker in agglomerated
granules sample. After 2 min, the thickness of the
fine powder rope was the least with the spray dried
granules slightly more. The agglomerated granules
again was the most prone to roping.

Fig.9 shows the average weight results (n=3
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Fig. 9 Slag roping weight.
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Fig. 10 Slag roping thickness rate.
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sFine powder
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granules
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Fig. 11 Slag roping weight rate.
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average). Data showed that maximum =£5.1 g range
for 1 min submerged and maximum £9.4 g range
for 2min respectively. The fine powder and the
spray dried granules showed generally comparable
growth, while agglomerated granules showed
a greater tendency to have an increase in weight
growth, especially in the 2 min sample where the
increase was considerable.
3. 3. 3 Slag roping formation rate

Fig. 10 shows the average formation rate in the
horizontal thickness direction in each time section
of the slag roping sample calculated from the
data shown in Fig. 8 (n=3 average). The formation
rate in the thickness direction of slag roping was
9.0mm-min® to 1 minute after being submerged
and dropped to 1.8 mm-min™ after 2 minutes, in-
dicating that the growth rate decreased sharply
with time. When the fine powder and granules were
compared, they were almost equivalent in the 1 min
test, but there was a tendency that granule shapes
growth is significantly lower after some time.

Similarly, Fig. 11 shows the increase rate of the
weight determined from Fig.9 (n=23 average). The
fine powder and the spray dried granule shape
were almost the same. The agglomerated granules
showed a significantly higher rate of increase from
1 min to 2 min after being submerged.

4. Discussion

4. 1 Slag roping evaluation test.

The slag roping samples obtained by the new slag
roping evaluation test could identify the constituent
parts, namely the partially sintered part, the partly
melted layer, and the slag rim part. These parts are
the same as observed in roping samples collected
from the actual casting as shown in Fig. 1. Thus, it
was recognized that this test method can be used
to evaluate the roping tendency and formation rate
in the design of mold powders. However, since this
test doesn't involve all the effects of actual casting
conditions, for example, mold level fluctuation, it is
also likely that there may be some cases that will
show different results from the actual condition.

4. 2 Effect of mold powder morphology on
slag roping formation
1) Roping formation behavior in fine powder and
granules
From the results shown in Fig. 8 to Fig. 11, the slag
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roping weight of the fine powder and the spray dried
granules were similar, with the spray dried granules
found to be slightly easier to grow in the thickness
direction than the fine powder. On the other hand,
the agglomerated granules showed a significantly
increased tendency to form rope in comparison
to the fine powder. Since the fine powder consists
of only small particle size raw materials and base
materials coated by carbon raw materials, it is seen
that only a small area of local premature melting
portion develops, and therefore slag roping is less
likely to form. Furthermore, from the results shown
in Fig. 10, it was also observed that fine powder
doesn’'t tend to grow the roping thicker compared
to the granule shapes after the initial period.

2) Thedifference in slag roping formation behavior
between the spray dried granules and the
aggregated granules

In the granule mold powder melting, the outer
layer part of granule melted first, and the inside of the
granule is likely to have a mixture of solid and liquid
as shown in SEM photograph in the agglomerated
granules of Fig. 7. It is considered that this formation
process accelerates the growth of slag roping

From the results shown in Fig. 8 to Fig. 11, it can be
concluded that the slag roping is more likely to grow
larger in the agglomerated form when compared to
the spray dried granules.

Fig. 12 shows schematically the melting progress
image of each type of granule. Since spray dried
granules have a hollow center, the heating is more
consistent which results in smoother melting.
Thus, the slag roping formation is believed to be
prevented due to the mass changing from liquid and
solid quickly. On the other hand, the agglomerated
granules, having no pores in the granule, has more
time in the solid-liquid mixing state. The center of
the granules, being denser, requires more heat to
melt. Therefore, it is seen that agglomerated type
granules have more tendency to show slag roping
behavior when the liquid phase generated was
cooled and solidified by direct contact with the
additional fresh mold powder and/or in a situation
where a large mold level fluctuation occurs.

Both the spray dried granules and the agglomer-
ated granules showed the growth of the slag
roping thickness with increases in submerged time
in Fig. 8. However, when we look at the weight
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increase amount, the spray dried granules show
similar behavior to the fine powder, as seen in
Fig. 9. The reason for this is taken from Fig. 7 where
it is observed that a partial melting layer of the
agglomerated granules had grown toward upper
side. The spray dried granules is relatively close
to spherical shape, with an angle of repose of 29°.
But the agglomerated granules, exhibiting a more
angular morphology, (angle of repose was also 37°)
which means it has a lower flowability. From this
point, it is believed that the agglomerated granules
did not flow away from the area of interest so
easily and became stuck in the upper area near the
stainless cylinder as it moves vertically.

In addition, large pores were observed inside the
partially melting layer of the agglomerated granules.
The reason has not been clearly identified; however
it may be that the air was in the layer during the
quick fusion process, and/or the volatile component
of the mold powder raw materials created the
pores.

3) Reduction of slag roping in granular shape

From the above evaluation of the results and
considerations, it is believed that it is important to
reduce the time range of mixing between the solid
phase and the liquid phase as much as possible to
prevent slag roping formation in granular type mold
powders. Therefore, it is suggested that ideally
smaller particle size, tighter size distribution, larger
internal porosity, and spherical shape are all positive
attributes for a uniform coverage in the mold.

STEP I STEP I to I STEP V
Agglomerated
granules gg
Raw material
Spray dried
granules

©.&

O

Partially

molten slag

Fig. 12 Melting model comparison in granule mold powders.
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5. Summary

A new evaluation test method to predict slag
roping has been developed. It has been successfully
used to compare roping behavior of fine powders
and different types of granules, with the following
conclusions.

1) A method for evaluating the slag roping
formation behavior by using water-cooled
stainless cylinder has been developed.

2) For a given composition, fine mold powder
shape had the least tendency to form rope.

3) The spray dried granules showed a slightly
higher tendency to form rope and is slightly
more likely to grow in the thickness direction
than the fine powder shape.

4) The agglomerated granules showed a definite
greater formation and growth tendency in slag
roping compared to the fine powder shape and
the spray dried granules shape.

5) The reason for the reduced tendency of roping
in spray dried compared to agglomerated type
lies in the pores in the former versus dense
center in the latter causing a longer melting
period with agglomerated granules.

6) It is especially important to reduce the time
that the solid phase and liquid phases coexist
to help prevent slag roping in the granule type
mold powders.
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