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Abstract

The technologies of near net shape casting of steel products have been improving, and there are
many thin slab casters operating around the world. Mold powder development for thin slab casting
is also progressing for improvement of operation and steel quality. In this report, a summary of the
characteristics of the mold powder is described along with the introduction of new technologies.
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1. Introduction

In the continuous casting of steel, near net
shape casting has been developed and widely
used for the purpose of reducing production
cost and omitting processes, and continuously
producing cast steel having a shape closer to
the final product. For example, thin slab casting
with mold thickness 50 to 100 mm for produc-
ing steel sheet coil, beam blank casting with an
H-shaped cross section mold, a billet which is a
small shape cross section for bars, and round
shaped cross section bloom and billet are all in
the family of near net shape casting. Because
these near net shape castings have different
operational conditions than conventional slabs
and blooms, unique technology development
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is required, and significant progress has been
made.

In the 1980s, thin slab continuous casting
was developed to improve productivity, and the
commercial operation process made by SMS
started up at Nucor Steel Crawfordsville in
1989%?. In the 1990s, the system was expanded
rapidly to about 30 casters. In 2015, approxi-
mately 63 thin slab continuous casting machines
were in operation. On the other hand, they have
not been introduced in Japan yet. This is due
to high quality demands for steel sheet, plant
space issues, and other reasons.

In the progress of thin slab continuous cast-
ing, technologies have been developed in vari-
ous fields including introduction of Liquid Core
Reduction®, improvement of molten steel flow
in the mold by electro-magnetic braking, and
innovation of submersed entry nozzle (SEN)
designs”. Casting steel grades are expanding
not only to common grades such as low carbon
(carbon content 0.01 % to 0.08 %) and medium
carbon (carbon content 0.15% to 0.25 %), but
also to peritectic grades (carbon content 0.08 %
to 0.15 %) and ultra low carbon grades (carbon
content < 0.01 %).

Technological development of mold powder
for thin slab casting is no exception. Because
the thin-slab casting is characterized by a high
casting speed of about 3 to 6 m'min™ and thin
mold thickness, mold powder is required to
have good melting properties and to provide
excellent lubrication, which represents unique
technological advances.

This paper presents the characteristics and
concepts of mold powder for thin slab and intro-
duces examples of steel quality improvement
technology with mold powders.

2. Characteristics and Issues in the Thin
Slab Casting

2. 1 Characteristics
A comparative summary of casting conditions
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Table 1 Comparison of casting conditions
Thin Slab Conventional Slab
Mold thickness / mm 50-100 200-300
Mold width / mm 600-3000 800-3200
Mold length / mm 950-1200 800-1000
Mold shape Funnel / Parallel Parallel
Operational casting speed / m=min’' 3.0-6.0 0.6-3.0
Operational throughput / ton+min 1.5-45 2.0-9.6
Mold Perimeter length / m 1.3-6.2 2.0-7.0
Mold Heat area / m’ 0.03-0.3 0.16-0.96
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in thin slab casting and conventional slab cast-
ing is shown in Table 1.
2. 2 Main issues in the quality of cast
strand and coil surface

The steel strand is withdrawn with high
casting speed and it is water-cooled in the sec-
ondary cooling zone of the caster, then directly
inserted into a connected reheating furnace.
The strand is then rolled directly into a coil
from the reheat furnace. The scale-off amount
in this process is small and any defects on
the strand surface tend to remain in the final
product due to direct rolling. It is important
to prevent quality defects such as cracking of
the surface, non-metallic inclusions under the
surface, and adhesion of mold powder slag. It is
well known that sliver defects with inclusions
in low and ultra-low carbon steel grades, and
crack defects in medium carbon and peritectic
grades are common problems.
2. 3 Main issues on the casting operational

stability

Since the casting speed in thin slab casting
is much higher than that of conventional slab,
the friction force between the mold wall and
the solidified shell becomes higher. When the
lubrication property of the mold powder is
insufficient, risk of the solidified shell sticking
to the mold wall is increased, and it may cause
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Fig. 1 Clearance between mold wall and submerged
entry nozzle slag line surface.

Shinagawa Technical Report  Vol. 63 2020
operational problems including a breakout.

In order to evaluate the frictional force
between the mold wall and the solidified shell
through mold powder slag film, it is necessary
to consider the friction of both the liquid layer
and solid layer in the slag film. For example, the
relationship of the liquid frictional force F (N)
is given by Eq. (1), and it can be calculated
using the mold powder slag viscosity # (Pa‘s),
the relative speed (m-s™), and the film liquid
layer thickness di (m)? The relative speed is
difference between the mold oscillation speed
V. (m-s™) and the casting speed V. (m-s™),

F1 =y (\/m_Vc> /dl .............................. (1)

In addition, the solid friction force F. (N) is
given by Eq. (2). It is calculated using the fric-
tion coefficient #. between the mold wall and
the solid layer of the mold powder slag film, and
the static pressure of molten steel H (Pa). It
is not related to the mold oscillation or casting
speed.

From these relationships, when the mold
oscillation speed and the mold powder viscos-
ity are constant, the liquid frictional force is
increased by the relative speed, and the liquid
friction force is maximized during mold mov-
ing to upward position. Therefore, the casting
speed in thin slab casting is about 2 to 3 times
faster than that of a conventional slab caster,
and the friction force becomes high under the
condition where the mold oscillation frequency
is relatively high.

In order to maintain the low liquid frictional
force, lowering the mold powder slag viscos-
ity in the slag film and/or making a thicker
liquid layer thickness with a low solidification
temperature are an effective method.

The clearance between the mold wall and
the submersed entry nozzle slag line (SEN)
1s shown in Fig. 1. The clearance is normally
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Fig. 2 Relation between mold heat area and a) mold perimeter length and b) throughput.
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30mm or more for mold powder melting in
conventional slab casting. However, in many
cases only about 15 to 20 mm of clearance is
available in the parallel type mold in thin slab
casting. In the funnel type mold, the clearance
1S comparable to conventional slab in the funnel
area.

It is difficult to maintain mold powder thick-
ness uniformly at the back area of the SEN,
because the cross-section shape of SEN is
a rectangle in many cases. As the clearance
gets narrow, the mold powder melting behavior
tends to be worse. It results in slag roping
because the area is given heating from the SEN
and high cooling from the mold wall. When the
slag rope grows too large, the flow of molten
mold powder slag between the mold and the
solidified shell is inhibited, and the lubrication
property is decreased. Poor lubrication causes
operational problems including sticker type
breakouts, cracking on the strand surface, and
other steel quality defects. More attention is
paid to the mold powder design. This includes
the amount and type of carbon added and the
selection of raw materials that have good melt-
ing properties.
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Figure 2 shows the relationship of the mold
perimeter length and steel throughput to the
heat area (molten steel surface area) in conven-
tional slab, medium thickness slab (thickness:
100 to 150 mm)?, and thin slab continuous
casting. The thin slab casting has a smaller
heat area regardless of the perimeter length.
For this reason, it is difficult to increase the
melting speed of the mold powder to match
the consumption speed for maintaining the slag
layer thickness. In particular it is difficult in
the funnel type mold where the mold thickness
of the narrow face side is 50 to 65 mm. The
molten mold powder slag is also dragged to the
SEN side by the molten steel flow, making it
more difficult to maintain the molten slag layer
thickness near the end of mold wall. Lubrica-
tion problems tend to occur in this area. Even
with of the high casting speed, the molten steel
throughput is about the same as that of a con-
ventional slab because of the small mold cross
section.

3. Characteristics of Mold Powder for Thin
Slab Casting

Characteristics and actual usage data of typi-
cal thin slab mold powder are shown below.
3. 1 Characteristics

Figure 3 shows matrix of the basicity and
the viscosity (1300 C) of mold powder both for

Table 2 Typical property of mold powder for thin slab casting

Mold powder A Mold powder B

Ca0/SiO; 0.95 1.15
Chemical composition / mass%

F 8 9

AlOs+MgO 7 5

Na.O+ Li:O+K,O 10 Ikl

T.C 6 7
Viscosity at 1300 °C / Pa-*s 0.19 0.13
Crystallization temperature / C 1060 1120
Application Low carbon steel Medium carbon steel
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thin slab and conventional slab casters. In addi-
tion, the properties and chemical composition
of typical thin slab mold powders are shown in
Table 2. The thin slab mold powder is designed
to have a slag viscosity of less than 0.3 Pa‘s
due to having a high flux composition even at
a low basicity as compared with the conven-
tional slab mold powder. In addition, there are
some cases where the low carbon mold powder
has also been used for medium carbon steel,
because many medium carbon steels are pro-
duced at a carbon content of 0.16 to 0.25 % to
avoid the hypo peritectic range. High basicity
for prevention of cracking has also been pro-
moted, however, the basicity is often lower than
that of medium carbon grades of conventional
slabs. These trends suggest that it is difficult to
directly apply quality improvement techniques
such as high viscosity for prevention of mold
powder entrapment and high basicity for softer
heat removal used in conventional slab casting
to thin slab casting.
3. 2 Application data in actual casting

Mold powder data from actual casting are
shown in followings.
3. 2. 1 Mold powder consumption

The mold powder consumption is used for

1.0

b) ¢ Thin slab
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Fig. 4 a) Mold Powder Consumption, b) Mold Powder Consumption Rate.
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evaluating the lubrication property. If the con-
sumption rate is found to be greater than or
equal to what has been found to be sufficient,
then it is found that enough mold powder slag
flows between the mold wall and the solidified
steel shell, and it can provide enough lubrica-
tion. Generally, mold powder consumption in
thin slab casting is expressed by the amount
of mold powder used per steel strand unit area
passing through the casting, and it is calculated
by the Eq. (3). Here, W (kg) indicates mold
powder usage amount, L. (m) indicates the mold
thickness, L. (m) indicates the mold width, and
L. (m) indicates the cast duration length for
mold powder usage. Mold powder consumption
obtained from four thin slab casters is shown
in Fig. 4 a). Here, since the funnel mold has a
complicated shape, the mold powder consump-
tion was calculated by assuming that the funnel
mold was a parallel mold in a simple manner.
Mold powder consumption in thin slab casters
ranges from 0.06 to 0.15 kg'm™. On the other
hand, the powder consumption of conventional
slab casting ranged approximately from 0.20 to
0.60 kg'm™, thus the mold powder consumption
of thin slab castings tends to be low. However,
this consumption assumes that the mold powder

50
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Fig. b Heat removal data, a) ULC and LC grades, b) MC grades.
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slag is flowing with same speed as the strand.
There is another view that the consumption
rate Q. (kg'm™"min”) means the usage amount
per mold perimeter length. Q. is calculated by
Eq. (4). The relation between Q. and casting
speed 1s shown in Fig.4 b). The Q. indicates
slag inflow speed, and it is comparable to con-
ventional slab casting mold powder results.

Q=W/@2L. +L, L.
Q. =W-V./@(L,+Ly-L)

3. 2. 2 Heat removal in the mold

In thin slab casting, the heat removal in the
mold is important as an index of the thickness of
the solidified steel shell, thus, the heat removal
per unit casting strand surface area (M]J-m?)
is often used. Figure 5 shows the relationship
between the heat removal and casting speed
measured by four thin slab continuous casters.
In Fig. 5 a) shows the data from low and ultra-
low carbon steel grade casting, and b) shows
the data from medium carbon steel grades.
The heat removal HR (MJ'm™® is calculated
by the Eq. (5) using the temperature difference
of mold cooling water inlet and outlet. Here,
F., (¢ min") indicates the mold cooling water
flow rate, D, (K) indicates the inlet/outlet tem-
perature difference of cooling water, L. (m)
indicates the mold width length for broad face
or thickness length for narrow face, and V.
(m'min") indicates the casting speed respec-
tively.

HR = F, D 0.004186/ (L.- Vo)

In the casting of low and ultra low carbon
steel grades, the HR in broad face mold is about
35 to 45 MJ-m*, and the narrow face mold is
about 20 to 30 MJ-m™. On the other hand, HR
of medium carbon steel grade is lower than
that of low and ultra low carbon grades data
because of the use of softer heat removal mold
powders to prevent strand surface cracking, and
it is shown to be 30 to 35 MJ-m™ on the broad
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face mold and 20 to 30 MJ-m™ on the narrow
face. In addition, as the casting speed increased,
the residence time in the mold becomes shorter,
so that the heat removal amount in the mold
decreases. The heat removal of conventional
slab casting ranged from 40 to 70 MJ-m® on
the broad face mold, so the heat removal in thin
slab casting tended to be lower.
3. 2. 3 Molten mold powder slag layer
thickness

In order to provide enough mold lubrication
by stable slag inflow between the mold wall
and the solidified shell, prevent reoxidation of
the molten steel, and remove floating inclusions
from the molten steel, the molten mold powder
slag layer thickness needs to be sufficient. Fig. 6
shows the relationship between the molten mold
powder slag pool thickness and the casting
speed at each part of the mold when the same
mold powder is used. Here, 1/4 Width indicates
a quarter position across the width of the mold,
Near SEN indicates a 50 mm position from the
SEN, and Near Narrow Face indicates a 50 mm
position from the narrow face mold. The mold
powder showed an appropriate molten mold
powder slag layer thickness in the range of 8 to
30 mm by optimizing the melting temperature
and the type of raw materials such as carbon.
The thickness of the molten mold powder slag
layer was largely affected by the flow of molten
steel in the mold, and the thickness tended to
be thick near the SEN area and thin near end
of the wall.

4. Examples of Quality Improvement
Technology

4. 1 For low and ultra low carbon steel
grades
The main quality issue in low and ultra low
carbon steel are surface and inclusion defects.
In thin slab casting, since the casting strand
is directly connected to the rolling mill, an
increase in both scale and mold powder slag
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spots on the strand surface deteriorate the coil
quality. Thus, ability of the mold powder slag
film to peel off the cast strand was a focus for
improving quality. The conventional product
had a high flux composition, a CaO/SiO, = 0.9,
and a surface tension of 390 mN-m™ at 1400 C.
The new developed product has surface tension
433 mN-m™ with high CaO/SiO, and low flux
composition, and the powder slag film was
more easily removed in the secondary cooling
zone. As a result, the coil surface condition
was improved. Figure 7 shows a photograph of
the coil surface. The conventional product has
a shallow linear scratch, but product surface
with high surface tension type mold powder is
clean.
4. 2 For medium carbon steel

Since medium carbon steel grades are accom-
panied by transformation from the ¢ phase to
the y phase, it has large shrinkage during the
solidification due to differences in their densi-
ties™?. This solidification phenomena also tends
to form an uneven solidified shell that leads
to cracking on the strand surface. Even in a
thin slab, softer heat removal and maintaining
lubrication by optimizing the crystallization in
the mold powder slag film is an effective way
for preventing surface cracking. The results
of measuring crystal strength of mold powder
slags are shown in Fig. 8. In the test method, a
mold powder slag melted at 1300 C is poured
into a water-cooled copper gutter having a V
shaped cross section, and after cooling, a slag
cross section at a position 100 mm from the
pouring port was observed. The developed high
basicity powder with Ca0O/SiO.=1.2 shows a
thicker crystalline layer formed on the surface
layer compared to the conventional powder
with CaO/SiO.=1.1. This result suggests that
the developed one easily formed crystals even
under fast cooling conditions, and it means
the mold powder slag has high crystallization
speed. As a result of applying this high basicity
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technology to actual casting, reducing cracks
has been achieved as shown in Fig. 9.

In general, high basicity powders tend to
have a high melting point and a high crystal-
lization temperature, and slag roping can occur.
The developed high basicity mold powder can
reduce slag roping by optimizing the raw mate-
rials used and the amount of carbon addition.

5. Summary

The mold powder trends for thin slab casting
is summarized in this report and the following
criteria were identified. In addition, examples of
technologies for steel quality improvement are
also introduced.

The mold powder for thin slab casting has
been designed with emphasis on lubrication
property and maintaining heat removal as com-
pared with conventional slab products.

- The thin slab mold powder consumption
range is 0.06-0.15 kg-m™, which is less than
typical slab mold powders. On the other hand,
the slag inflow rate per unit mold perimeter
length is comparable.

- Heat removal of thin slab casting is 35 to 45
M]J-m™ on the broad face mold, and 20 to 30
MJ-m™ on the narrow face mold on low and
ultra-low carbon steel grades. In the medium
carbon steel grades, 30 to 35 MJ-m™ on the
broad face, and 20 to 30 MJ-m™ on the nar-
row face, lower than that of low and ultra-low
carbon steel grades.

- Although it is difficult to make a consistent
thickness of molten slag layer in thin slab
casting because of the small heat area, appro-
priate melting properties can be achieved by
adjusting the melting temperature and the
type of raw material such as carbon.

- Improving the ability of the mold powder slag
film to peel off during secondary cooling can
be achieved by increasing the surface tension
of the molten slag. This is shown to be effec-
tive in improving the coil quality.
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