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SHINAGAWA’s Approach in the Field of Functional Refractories and Mold
Powder to Meeting High-speed Operation Requirements in the Continuous
Casting of Steel Slabs
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Abstract

High-speed casting (2.0-3.0m/min) of steel slabs causes increased fluctuation of the molten steel

surface and decreased thickness of the solidifying shell in the mold. Hence submerged entry nozzle

(SEN) and mold powder have been improved to meet the casting condition. In order to prevent

breakout, powder consumption, melting speed, viscosity at low temperature and the peeling

properties of the slag film are taken into consideration when designing mold powder. In addition,

new mold powder series, which satisfies both mild cooling at meniscus and sufficient heat removal

in the mold, have been developed for the high-speed casting of middle carbon steel grades. As

for SEN, annular-step SEN and mogul SEN are suitable for the high-speed casting because they

supply symmetric outlet flows and suppresses penetration of inclusions deep in the mold.
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1. Introduction

High-speed casting is one of the most impor-
tant topics in improving productivity of continu-
ous casting of steel. In Japan, steelmakers have
actively pursued the speeding-up of casting
from the 1980’s, and the casting speed of more
than 2.0 m/min has come to be conducted.
At present, the maximum casting speed of 3.0
m/min has been achieved for steel slabs**'.
Because high-speed slab casting requires

more than 5 ton/min steel throughput per
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strand, it causes increased fluctuation of the
molten steel surface and decreased thickness of
solidifying shell in the mold®. Therefore some
new equipment technologies have been intro-
duced, such as enhanced cooling of the mold
and a secondary cooling system, improved mold
level control system, breakout prediction sys-
tem, and electromagnetic flow control system
in the mold®®. In addition to the equipment
technologies, submerged entry nozzle (SEN)
and mold powder™” have been improved to
meet the high-speed casting. For example, the
high-speed casting is susceptible to the sticker
breakout caused by poor lubrication, hence it is
essential to use a suitable mold powder.

Recently, high-quality steel grades, such as IF
steel, have come to be produced in high-speed
casting. In addition to cleanness and second-
ary-oxidation prevention of the steel during its
refining and casting processes, prevention of
steel defects caused by gas bubbles and inclu-
sions is required by selecting the proper type of
SEN and mold powder.

Among the many issues of the high-speed
casting, we focus on measures to reduce break-
out and improve steel quality and long-sequence
casting in this report. Our approaches to these
issues in designing SEN and mold powder are
described in this report.

2. Problems of the High-speed Casting

The most important issue of high-speed
casting is to cast the solidifying shell, which
becomes thinner as the casting velocity
increases, without causing breakout. This
requires ensuring adequate shell thickness by
sufficient heat removal in the mold and to retain
sufficient lubrication by suitable mold powder.
In addition, a thin and non-uniform solidified
shell is susceptible to the unsteady bulging in
the secondary cooling region during the high-
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Fig. 1 Problems of molten steel flow in the mold
during high speed casting.
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W Hence control of heat removal

speed casting
is highly important not only in the mold but
also in the secondary cooling region.

Also as for flow pattern in the mold, high-
speed casting has many problems directly
related to slab quality (Fig.l). These problems
can be confirmed by water model experiment.

Fig.2 shows the results of the water model
experiment corresponding to the casting speed
1.8 m/min and 24 m/min on the wide mold
(240%x2000mm). Although the dimensions of the
SEN for the high-speed casting differ depending
on operating conditions, an averaged shape was
used in the experiment. In order to simulate the
molten mold-powder layer in the actual mold,
colored liquid-paraffin with a lower density
than water was placed on the water. Gas (air)
was injected from porous upper nozzle, and the
water flow rate was controlled by slide-gate
throttling.

The main problems of flow pattern in the
mold during high-speed casting are as follows.

The first problem is the surge of the meniscus
near the mold narrow face and its fluctuation.
With an increase in the casting speed, jet flow
from the SEN becomes strong, resulting in
enhanced upward flow along the narrow face
caused by impinging against it. The meniscus
level near the narrow face is uplifted by the
upward flow, and the paraffin drifts toward
the mold center. As a result, the paraffin layer
(corresponding to the molten mold-powder
layer) becomes thick around the SEN and thin
near the narrow face. And the meniscus level
is unstable and fluctuates actively. In practical
operation, the thin molten powder layer is prone
to cause surface cracking and sticker breakout
due to poor inflow of the powder. Also, carbon
pickup often occurs when the molten steel
gets in touch with un-melted powder by the
meniscus fluctuation. The meniscus fluctuation
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Throughput* 4.0 steel ton/min

6.0 steel ton/min

Casting speed* 1.4 m/min

2.2 m/min

Flow pattern in
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*Throughput and casting speed are converted to values corresponding to actual steel casting

Fig. 2 Effect of throughput on flow pattern in mold in water model.
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also causes the forming of a sintered block by
mixing the molten layer with the un-melted
powder. This accelerates disturbing inflow of
the mold powder by slag-bear formation at the
mold wall.

The second problem is increased velocity of
surface flow from the narrow face to the SEN.
As is well known, when the surface flow veloc-
ity exceeds a critical value, the bottom of the
paraffin is scraped off and trapped into water'”.
In addition, collision of the fast meniscus flows
from both sides forms a vortex near the SEN,
which also entraps the paraffin'® (Fig.3). The
entrapment phenomena by the surface flow or
the vortex are believed to be common to the
actual casting and causes powder-derived inclu-
sion defects of the slab surface.

Third is penetration of gas bubbles and
inclusions deep into the mold. As shown by the
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Fig. 3 Entrapment of liquid paraffin (mold
powder) by vortex in water model.
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bubble distribution in Fig.2, the jet flow from
the SEN impinges the mold narrow face and
bifurcates into up-going and down-going flows.
The down-going flow brings some gas bubbles
and inclusions deep into the mold. As for the
gas bubbles, most of them can be encouraged to
float up by introducing a vertical-bending caster.
While, the non-metallic inclusions don't float up
easily. Hence, various measures for improving
steel cleanness and preventing secondary oxida-
tion during the refining and casting processes
are taken in steelworks with the high-speed
casters.

Electromagnetic control of molten steel flow
in the mold is the most effective measure to
suppress the these problems, and it has been
widely introduced to high-speed casters. Even
under the electromagnetic control operation,
however, it is difficult to cast high-quality steel
grades steadily without use of optimized SEN
design and proper mold powder.

3. Design Concept of Mold Powder and SEN
for the High-speed Casting

3. 1 Breakout prevention

In order to prevent the breakout at the high-
speed casting, it is necessary to retain sufficient
lubrication by mold powder and to ensure an
adequate shell thickness by sufficient heat
removal in the mold. Therefore, we take the
following viewpoints into account in designing
mold powder for the high-speed casting”'”

First, as shown in Fig.4, powder consumption
tends to decrease with an increase in casting
speed. In order to ensure sufficient lubrication,
we retain sufficient powder consumption by
avoiding excessively-high viscosity and exces-
sively-high crystallization temperature (Fig.4).

Next, high-speed casting causes the surge of
molten steel surface near the narrow face, which
makes it difficult to ensure sufficient molten-
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Fig. 4 Effect of casting speed on mold powder
consumption.
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powder thickness. In order to attain sufficient
thickness, we designed the mold powders with
high melting speeds. However, mold powders
with high melting speeds cause an thick molten
layer near the SEN, which is apt to form a sin-
tered block and slag bear. Fig.5 shows a melting
experiment of the mold powder with different
grain shapes (granule type and fines type) by
high-frequency induction furnace®. Even with
the same composition, the fines type is superior
in melting behavior and is resistant to forming
a sintered block. Hence, we adopted the fines
type for the high-speed-casting mold powder. In
addition, we have developed a new technique to
give superior melting behavior while suppress-
ing the sintered block formation by optimizing
raw material combination. As a result, our mold
powder has achieved stable continues casting at
the casting speed over 2.5m/min” .

Third, the thickness of the solidified shell
becomes thin with an increase in the cast-
ing speed. As discussed later, mild cooling is
effective to prevent non-uniform solidification.
However, sufficient heat removal is required in
the mold to prevent the breakout resulting from
insufficient shell thickness. As is well known,
heat removal at the lower mold depends largely
on air-gap formed between the shell and the
mold. Hence sufficient heat removal becomes
possible by suppressing the air-gap formation.
Our material design of the mold powder for high-
speed casting focuses on the slag flow property
at low temperature, corresponding to the mold
bottom temperature. For example, temperature
dependency of viscosity can be suppressed by
actively using Li:O and optimizing mold pow-
der basicity (Fig.6). Thus we have succeeded
to develop the mold powder that has sufficient
flowing property at the low temperature to fill
the air gap.

Fourth, shell thinning during the high-speed
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Fig. 5 Effect of powder shapes on melting behavior.
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casting often causes unsteady bulging at the
secondary cooling region. Although cooling effi-
ciency in the secondary cooling region depends
mainly on cooling equipment, slag film adhering
to the shell without peeling-off also affects cool-
ing efficiency. Therefore, we take the peeling
property of the slag film into account in design-
ing the mold powder.
3. 2 Uniform solidification

Due to high sensitivity to cracking during
casting, middle carbon (MC) steel grades are
difficult to cast at high-speeds. In the case of
conventional mold powder, frequency of the
surface cracking tends to increase with an
increase in casting speed, which limits cast-
ing speed. In order to prevent cracking, it is
important to suppress non-uniform solidification
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Fig. 6 Temperature dependence of viscosity of
molten mold powder.
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Fig. 7 Effect of mold powder on longitudinal
cracking of slab (middle carbon steel
grade).

of molten steel caused by mild cooling of the
mold. This can be attained by increasing the
crystallization temperature of the mold powder.
As mentioned, however, excessively-high crys-
tallization temperature is disadvantageous for
ensuring the lubrication and the shell thickness.
Then, in order to satisfy both mild cooling and
the sufficient shell thickness characteristics,
we focused not only on the crystallization
temperature but also on crystallization speed
of the mold powder. The newly-developed mold
powder series, ‘REVIX" is characterized by a
unique crystallization property; it suppresses
heat removal near the meniscus by rapid crys-
tallization but promotes heat removal under the
meniscus to ensure sufficient shell thickness.
As a result, “‘REVIX" has succeeded to achieve
both high speed casting and suppression of the
surface cracking for MC grades (Fig.7)""’

On the other hand, SEN design is also
important for uniform solidification in the mold.
In general, flow rate of high-speed casting is
controlled not by stopper but by sliding-gate
due to its superior controllability. In the case of
the sliding-gate throttling control, biased flow
occurs beneath the throttled area, resulting in
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Fig. 8 Effect of annular-step inside bore
geometry on biased flow caused by
slide-gate throttling.
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a biased flow condition in the mold. We have
developed the annular-step SEN that has some
annular steps on its inside bore to prevent the

» The annular-

biased flow condition (Fig.8)
step SEN is widely used in high-speed casters.
There is one case in which slab corner cracking
of the MC grades was reduced by optimizing
outlet port design of the annular step SEN'.

Because ultra-low carbon (ULC) steel grades
are required to have high surface quality of
the slab and steel coils, high viscosity mold
powder is used to prevent powder-derived
surface defects. On the other hand, due to its
metallurgical characteristics, ULC steel grades
are susceptible to non-uniform shell growth,
hence mild cooling is favorable in designing
the mold powder. In the case of high-viscosity
mold powder, rapid crystallization is difficult.
Hence, unlike the MC grades, the ULC grades
require an alternative approach to mild cooling.
Recently, we have developed new high-viscosity
mold powder that achieves the mild cooling by
effective re-crystallization from solidified glassy
film. The new high-viscosity powder is used for
the high-speed casting of the high quality ULC
grades, and improvement of the slab and coil
quality was achieved.
3. 3 Surface quality

In the case of low carbon (LC) and ULC
steel grades, the most important problem is
the surface defects resulting from mold pow-
der entrapment'”. The powder entrapment
depends both on the viscosity of mold powder
and on the surface flow velocity. Increasing of
slag viscosity is an effective measure to pre-
vent entrapment, but excessively-high viscosity
mold powder lacks lubrication and may cause
breakout. Hence increasing viscosity should be
limited to a certain level.

As for the surface flow velocity, it is important
to control it within a certain range in improv-
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ing the surface quality'”. Steel flow control by
the electromagnetic force is the most effective
measure for controlling surface flow velocity,
and the equipment has been widely adopted
for high-speed casters. In particular, the elec-
tromagnetic brake (EMBR) system effectively
suppresses the surface flow velocity to prevent
mold powder entrapment®. However, when
the EMBR is excessively applied, the meniscus
becomes inactive and delays melting of the
mold powder, occasionally resulting in insuf-
ficient thickness of the molten powder layer.
On the other hand, the electromagnetic stirring
(EMS) system gives the molten steel some flow
velocity beyond a critical value, which has a
washing effect on the solidifying shell surface
and prevents inclusions and bubbles from
being entrapped by the shell”. However, when
the EMS is excessively applied, the meniscus
shows a difference in height, resulting in a
difference in the molten slag layer thickness.
As a result, there are cases where sticking or
inclusion defects form on the slab surface. Thus,
although electromagnetic flow control is a sig-
nificant measure for attaining stable operation
and the steel quality improvement, its effect can
be maximized by using a mold powder with
superior melting properties.

Even with the electromagnetic control opera-
tion, design of the SEN affects molten steel flow
pattern in the mold. For example, there are
cases in which steel quality was reduced even
under electromagnetic control due to usage of
an improper SEN design''’. Therefore water
model experiment for the SEN is still an effec-
tive approach in optimizing SEN design and
operating condition.

Electromagnetic flow control design assumes
that SEN supply a symmetric outlet flow. How-
ever, the sliding-gate flow rate control often
causes asymmetric flow pattern in the mold. In
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Fig. 9 Inside bore appearance of Mogul SEN.
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such cases, electromagnetic control may make
the flow pattern worse. In addition to the annu-
lar-step SEN, we have developed a mogul SEN
which has many spherical convex projections in
the bore (Fig.9)?”. The annular-step SEN and
the mogul SEN are characterized by supplying
a symmetric outlet flow, hence they are suitable
for electromagnetic control operation.

3. 4 Measures to reduce deep penetration of

inclusions

In general, SEN for the high-speed casting
are designed to have the outlet ports with deep
downward angle to suppress the meniscus tur-
bulence in high-speed casting. In addition, the
outlet port is often designed with a large port
area to weaken the jet of the outlet flow. How-
ever, when SEN are tested by water modeling,
the results do not always show the expected
effect, and the flow velocity distribution is not
even at the outlet port.

Fig.10 shows an example of the flow velocity
distribution at outlet ports measured by water
model experiment®’. The downward angle of
the outlet port is 30 degrees, and the port size
i1s 80xX80mm. Among the 9 points measured in
each port, the flow velocity distribution is very
uneven in the case of conventional straight bore
SEN (Fig.10a). The flow velocity is very high at
lower part of the ports, and is negative (suction
flow) at the upper part. The high-velocity jet
from the lower part impinges with the narrow
face to form a downward flow. The downward
flow brings non-metallic inclusions in the mol-
ten steel deep into the mold, resulting in inner
defects in the slabs. Hence, it is important to
achieve even flow distribution at the ports to
suppress the strong impingement to the narrow
face and the resulting quality loss.

The uneven flow-velocity distribution at the
port can be improved by modifying the SEN
bore geometry. As shown in Fig.10b, the flow
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velocity distribution at the port becomes fairly
even by applying the mogul bore geometry. As
a result, the penetration depth of Ar gas bubbles
and inclusions becomes shallow by using the
mogul SEN?’. For example, in the case of a
curved-type casting machine, it is well known
that the deeply penetrating gas bubbles cause
blister defects. The mogul SEN was applied
to continuous casting of the IF steels in the
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curved type caster and succeeded in reducing
the blister defects® .

4. Design Concept for Long-sequence
Casting

In addition to high-speed casting, increasing
in sequence length of the continuous casting
is effective in improving productivity. The
high-speed and long-sequence casting requires
measures to decrease the corrosion rate of the
SEN slagline, and prevent clogging, and cope
with changes in casting speed.

4. 1 Measures for decreasing slag line
corrosion of SEN

In high-speed casting, the corrosion rate of
the SEN slag line tends to increase due to the
increased surface flow velocity and meniscus
fluctuation in the mold. It is well known that
mold powders become less corrosive to the
Zr0O.-C materials of the SEN by reducing their
F content or by increasing viscosity. However,
in the case of the MC steel grades with high
sensitivity to cracking, these approaches are
not suitable.

New mold powder series ‘REVIX" for MC
grades is characterized by ultra-high basicity
and high carbon content. REVIX is less cor-
rosive to ZrO,-C materials compared with
conventional mold powder, regardless of its high
F content'. As shown in Fig.11, the corrosion
rate of the SEN slagline (ZrO.-C) was reduced
by about 60% by using REVIX mold powder,
allowing a high-speed long-sequence casting.

4. 2 Clogging prevention

Alumina clogging of the SEN not only
restricts the sequence length but also reduces
steel quality. After clogging, the outlet flow from
the SEN is discharged at a steeper angle than
before, and the upper portion of the pressure
condition of the outlet port becomes a strongly

negative . As a result, floatation separation of
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the inclusions and gas bubbles in the molten
steel becomes difficult. In addition, the mold
powder entrapped by the vortex near the SEN
is sucked into the port by the negative pressure
and then discharged deep into the mold by the
outlet flow. These phenomena become prominent
in high-speed casting with high throughput.

Ar gas injection from the tundish upper
nozzle is an effective measure for preventing
the SEN clogging. However, if the gas flow rate
is increased in proportion to the throughput, the
molten steel surface in the mold becomes exces-
sively active during the high-speed casting. Thus,
the gas volume per steel throughput becomes
smaller with the increase in the casting speed,
hence the casting condition become increasingly
disadvantageous for the SEN clogging preven-
tion. To prevent SEN clogging, gas-injection at
the upper nozzle should be improved in addition
to measures for the SEN itself such as anti-clog-
ging material. For this purpose, we recommend
a multi-layered porous-upper nozzle, which
is suitable for optimizing gas injection®’. For
example, there are cases that the annular-step
SEN and the mogul SEN prevent effectively the
clogging when they were used in combination
with the multi-layered upper nozzle ®*"’. To our
experience, steel quality of the LC and ULC
steel grades differs considerably by type of the
gas-injection upper nozzle used in the casting.
However, behavior of the gas bubbles remain
poorly understood due to difficulty in simulat-
ing it by water model or fluid calculation. We
pursue the optimized upper nozzle design bas-
ing on the casting results in cooperation with
customers.
4. 3 Adaptive flexibility to casting speed

changes

In actual high-speed long-sequence casting,
casting speed is sometimes temporarily slowed
down, for example, during ladle exchange.
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Because SEN are designed to function best
during high-speed operation, the flow pattern
in the mold becomes worse during low-speed
operation, and the drop in the meniscus temper-
ature is apt to reduce steel quality. Therefore,
adaptive flexibility to operation changes is also
important in designing SEN and mold powder.

In the case of mold powder, if its melting
speed is sensitive to temperature, the melting
behavior changes with casting speed. Compared
with the granule type, the fines type of mold
powder is advantageous in adaptive flexibility,
because the melting speed is not sensitive to
temperature. In the melting experiment in
Fig.5, the fines type mold powder shows similar
melting behavior at molten iron temperatures of
1550 and 1500 degrees Celsius, but the granule
type shows different melting behavior depend-
ing on the temperature.

As for the SEN, sensitivity of surface flow
velocity to casting-speed change differs with
port design. Fig.l2 shows the relationship
between throughput and surface flow velocity
for some SEN shapes in water modeling.

We have taken this need for adoptive flex-
ibility into account in developing SEN and mold
powder.

5. Summary

In view of the high-speed casting of high qual-
ity steel grades, Japanese steelmaking technol-
ogy 1s on the leading edge in global competition.
Among many topics of the high-speed casting,
our approach in functional refractories and mold
powder is described. At the 5" International
Iron and Steel Congress in 1986, SHINAGAWA
gave a presentation on a mold powder for the
casting speed of 2.0m/min”, which was the
highest speed at that time. After that, we have
gone on to develop new mold powders on the
front line of high-speed casting. In 1992, we
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developed the annular-step SEN and it came
to be widely used in high-speed casting due
to its effectiveness on improving steel quality.
Based on these experiences, we have developed
new mold powders and mogul SENs, recently.
These new products have come to be widely
used in continuous casting as well as the high-

9.10.20.29.20 We believe that our

speed casting.
functional refractories and mold powders meet
our customers demands for high-speed casting

and contribute to steel quality improvement.
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