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(54) CONTINUOUS CASTING METHOD

(57) A continuous casting method that manufactures
a slab that is of high quality, particularly free of corner
cracks, by reliably mitigating surface cracks of a cast slab
is proposed. In this continuous casting method for steel,
a mold having a chamfered shape meeting 0.09 ≤ C/L ≤
0.20 (where C is an amount (mm) of chamfering at a
corner, and L is a length (mm) of a short side of a cast
slab) at each corner portion of the mold is used, and an
average flow rate of secondary cooling water sprayed
onto corner portions of the cast slab in a section from
immediately below the mold to lower straightening part
is set to 20 to 60 L/(min·m2). In particular, it is preferable
that the steel has an element composition including, in
mass%, C: 0.05 to 0.25% and Mn: 1.0 to 4.0%, and further
optionally one or more elements selected from Nb: 0.01
to 0.1%, V: 0.01 to 0.1%, and Mo: 0.01 to 0.1%.



EP 4 170 054 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Technical Field

[0001] The present invention relates to a continuous casting method for steel that mitigates occurrence of surface
cracks of a cast slab in continuous casting.

Background Art

[0002] Recently, as specifications required for high-tensile-strength steel have become more stringent, the amounts
of alloy elements, such as Cu, Ni, Nb, V, and Ti, contained in sheet steel have been increased for the purpose of
enhancing its mechanical properties. When casting such alloy steel using, for example, a vertical bending continuous
caster, four corners of a cast slab in rectangular cross-section orthogonal to the casting direction (hereinafter referred
to also as corner portions of a cast slab) are subjected to stress in a cast slab straightening part or bending part, which
is likely to result in surface cracks, especially cracks at the corner portions of the cast slab. Being a frequent cause of
a surface defect of a thick steel sheet, such corner cracks cause a decrease in the yield of steel sheet products.
[0003] Specifically, a cast slab of alloy steel undergoes a significant decrease in hot ductility at temperatures near an
Ar3 transformation point at which its solidification structure transforms from the austenite phase to the ferrite phase.
[0004] Therefore, to prevent the aforementioned corner cracks, common practice in a continuous casting process is
to control the surface temperature of the cast slab by secondary cooling and straighten it at a temperature equal to or
higher than the transformation point, or to control the solidification structure of the cast slab to be a structure resistant
to cracking.
[0005] Common practice for keeping the surface temperature of the cast slab at a higher temperature is to reduce a
spray width that involves closing spray pipes near the corner portions of the cast slab so as not to perform cooling.
[0006] As a method of controlling the solidification structure, for example, Patent Literature 1 discloses a technique
that starts secondary cooling of a cast slab immediately after the cast slab is withdrawn from a rectangular mold to
temporarily cool the cast slab until the surface temperature becomes lower than the Ar3 transformation point; then heats
the cast slab to recover a temperature exceeding the Ar3 transformation point; and, when straightening the cast slab
thereafter, controls the time of holding the surface temperature of the cast slab at a temperature lower than the Ar3
transformation point and the lowest temperature that the surface temperature of the cast slab reaches within respective
appropriate ranges. Thus, the solidification structure of the cast slab to a depth of at least 2 mm from the surface is made
into a mixed structure of ferrite and perlite with an unclear austenite grain boundary.

Citation List

Patent Literature

[0007] Patent Literature 1: JP2002-307149A

Summary of Invention

Technical Problem

[0008] However, the above-described related art has the following problems.
[0009] The technique of spray width reduction stops spraying from sprays near the corner portions of a cast slab to
prevent a decrease in the corner temperature. However, cast slabs come in many different widths to meet the diverse
needs of recent years. Thus, one problem is that appropriately reducing the spray width at the corners for cast slabs of
all sizes requires enormous facility investment. In addition, when the casting speed slows, the corner portions of the
cast slab, which are cooled from two sides, the sides of a long side and a short side of the slab, tend to be overcooled.
Another problem is that, as the residence time inside the continuous caster increases, even when cooling sprays are
not activated, the corner temperature decreases due to radiation cooling.
[0010] Further, the technique described in Patent Literature 1 raises a concern about the influence of dripping water
that flows over the cast slab after being sprayed from the secondary cooling spray onto the cast slab. In particular, when
the casting speed slows, the dripping water affects the cooling of the surface of the cast slab, which may make it difficult
to quantitatively control the surface temperature of the cast slab by, for example, heat transfer calculation.
[0011] Having been contrived in view of these circumstances, the present invention aims to propose a continuous
casting method that manufactures a slab that is of high quality, particularly free of corner cracks, by reliably mitigating
surface cracks of a cast slab that have been hitherto not sufficiently eliminated solely by temperature control of the cast
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slab through secondary cooling.

Solution to Problem

[0012] The present inventors found that surface cracks of a cast slab could be mitigated by mitigating a temperature
decrease of the corner portions of the cast slab during secondary cooling while using a mold having a casting space of
an appropriate shape, which led us to conceive of the present invention.
[0013] A continuous casting method of the present invention that advantageously solves the above problems is a
continuous casting method for steel, characterized in that a mold having a chamfered shape meeting a following Formula
(1) at each corner portion of the mold is used, and in that an average flow rate of secondary cooling water sprayed onto
corner portions of a cast slab in a section from immediately below the mold to lower straightening part is set to 20 to 60
L/(min·m2): 

where C is an amount (mm) of chamfering of a corner, and L is a length (mm) of a short side of the cast slab.
[0014] The continuous casting method according to the present invention could be a more preferable solution when
the steel has an element composition including, in mass%, C: 0.05 to 0.25% and Mn: 1.0 to 4.0%, and further optionally
one or more elements selected from Nb: 0.01 to 0.1%, V: 0.01 to 0.1%, and Mo: 0.01 to 0.1%.

Advantageous Effects of Invention

[0015] The present invention controls the temperature of the corner portions of the cast slab through secondary cooling
while using a mold in which a casting space of an appropriate shape is defined, and can thereby prevent corner cracks
of the cast slab in continuous casting and provide a high-quality slab.

Brief Description of Drawings

[0016]

[Figure 1] Figure 1 is a schematic top view showing a mold according to one embodiment of the present invention.
[Figure 2] Figure 2 is a graph showing an influence of a chamfered shape on a temperature of corner portions of a
cast slab.

Description of Embodiment

[0017] A continuous casting method for steel (steel slab manufacturing method) according to one embodiment of the
present invention has casting process in which a cast slab having been withdrawn from a continuous casting mold is
supported by a plurality of pairs of rolls facing each other. First, molten steel is subjected to primary cooling in the mold.
Thereafter, the cast slab is withdrawn from the mold at a predetermined withdrawal speed, and this cast slab is subjected
to secondary cooling while being supported by a plurality of pairs of rolls arrayed in a casting direction to obtain a steel
slab. For example, in the case of a curved continuous caster, there is one pair or a plurality of pairs of rolls that straightens
a curved cast slab near an exit side, and the cast slab is withdrawn in a horizontal direction after its bend is straightened
by these rolls. In this process, to prevent surface cracks from being induced at the corner portions of the cast slab during
straightening, it is important to use a mold in which a casting space of an appropriate shape is defined and to go through
an appropriate cooling pattern in a cooling zone from immediately below the mold to an unbending straightening point
(lower straightening part). The continuous caster used in this embodiment is not particularly limited as long as it includes
bending or unbending straightening in a section from immediately below the mold to a location of carrying out of the cast
slab.
[0018] Here, the present inventors observed surface cracks in a cast slab cast by a curved continuous caster. Surface
cracks in the cast slab was frequently occurred at its upper surface corners and around these corners. This is because
tensile stress occurs during unbending straightening. The upper surface side of the cast slab refers to the inner side of
a bend in a curved zone of the curved continuous caster, i.e., the side of the long-side surface that constitutes the upper
surface in a horizontal zone.
[0019] When we etched a cracked part, the cracks had propagated along the former austenite grain boundary. There-
fore, we presumed that cracks had occurred in a temperature range in which transformation from austenite to ferrite
started (generally called a embrittlement temperature), and conducted an experiment in which secondary cooling con-
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ditions were changed in various ways.
[0020] Specifically, we conducted an experiment using a heat transfer analysis under various secondary cooling
conditions, and learned that cracks at the corner portions of a cast slab were reduced when the average flow rate of a
spray of secondary cooling water sprayed onto areas around the corner portions of the cast slab was controlled to be
lower than 20 L/(min·m2) in a section from immediately below the mold to the entry to the lower (unbending) straightening
part and the surface temperature was controlled so as not to decrease to or below the Ar3 point before the cast slab
undergoes unbending straightening.
[0021] However, since the temperature of the corner portions of the cast slab tends to decrease compared with the
surrounding area as described above, it was necessary to considerably reduce the amount of the cooling spray, which
led to insufficient cooling of the surface of the cast slab other than the corner portions. The resulting lack of solidified
shell thickness caused cast slab bulging (a phenomenon of a cast slab bulging between support rolls due to the static
pressure of molten steel), which in turn caused cracks inside the solidified shell.
[0022] Therefore, the present inventors focused attention on the shape of the cast slab. As the cross section of the
conventional cast slab is rectangular and its corner portions are cooled from two sides, the corner portions of the cast
slab tend to be overcooled. We considered that changing the shape of the cast slab might change the cooling mechanism
and thereby mitigate overcooling, and studied a more appropriate shape of a cast slab by a thermal stress analysis.
[0023] As a result of conducting a study based on a thermal stress analysis, we found that overcooling and, further,
stress loading at the corner portions of the cast slab could be reduced by forming the cast slab into a chamfered shape
with edges at the four corners in a rectangular cross-section orthogonal to the casting direction cut away. To form a
chamfered shape at four corners of the cast slab, it is important to cast it using a mold in which (right-angled portions
of) the four corners of the casting space that is rectangular as with a mold with a rectangular cross-section are cut away
into a right-angled triangular shape so as to form a chamfered shape. Hereinafter, a mold having such a casting space
of a chamfered shape will also be referred to as a chamfered mold.
[0024] As a result of our intensive studies aimed at finding out a chamfered shape of a mold that suits the object of
the present invention, the following shape specification turned out to be necessary. A chamfered portion 4 in a chamfered
mold is shown in Figure 1 that is a top view of the chamfered mold. When chamfering the right-angled portion at each
corner of a rectangular casting space into a right-angled triangular shape, we specified this right-angled triangular shape
by a ratio b/a that is a ratio of a length b on the side of a mold short side 3 to a length a on the side of a mold long side
2, and performed a thermal analysis on the influence of this ratio b/a on overcooling of the corner portion. Figure 2 shows
the calculation result, with the temperature in a rectangular mold before chamfering (b = a = 0 in Figure 1) being
standardized as 750 °C. Here, the examination was conducted with a set to be within a range of 2 to 20 mm and b fixed
at 20 mm. As the temperature of the corner portion of the cast slab in the chamfered mold, the lowest one among
temperatures at two corners resulting from chamfering and at a point therebetween was used. As shown in Figure 2,
first, it can be seen that when the chamfered mold is used, the temperature of the corner portion of the cast slab becomes
higher compared with that in the rectangular mold. In particular, the temperature of the corner portion of the cast slab
is highest at a ratio b/a = 1. In this embodiment, an amount of chamfering C (= a = b) was defined under the most effective
condition b/a = 1, and a continuous casting mold 1 was designed accordingly.
[0025] As described above, this embodiment is suitably applied to steel that has high embrittlement sensitivity in
transformation from austenite to ferrite. For example, this embodiment can be suitably applied when the element com-
position of the steel includes, in mass%, C: 0.05 to 0.25% and Mn: 1.0 to 4.0%, and further optionally one or more
elements selected from Nb: 0.01 to 0.1%, V: 0.01 to 0.1%, and Mo: 0.01 to 0.1%. Hereinafter, unless otherwise noted,
"mass%" in an element composition will be simply written as "%."

C: 0.05 to 0.25%

[0026] When the content of C is 0.05 to 0.25%, austenite grains are especially likely to coarsen. Therefore, it is
preferable that this embodiment is applied when the steel has a composition with a content of C of 0.05 to 0.25% and
thus has high embrittlement sensitivity.

Mn: 1.0 to 4.0%

[0027] When the content of Mn is lower than 1.0%, MnS that is an embrittlement factor is less likely to form and
therefore no problems arise. When the content is 1.0% or higher, the embrittlement sensitivity becomes high, and when
it exceeds 4.0%, the strength of the product becomes too high, which is not desirable. Therefore, it is preferable that
this embodiment is applied when the steel has a composition with a content of Mn of 1.0 to 4.0% and thus has high
embrittlement sensitivity.
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One or more elements selected from Nb: 0.01 to 0.1%, V: 0.01 to 0.1%, and Mo: 0.01 to 0.1%

[0028] Nb, V, and Mo are elements that contribute to enhancing the strength of steel. When the content of each of
these elements is lower than 0.01%, carbonitride that is an embrittlement factor is less likely to form and therefore no
problems arise. On the other hand, when the content exceeds 0.1%, the price of the alloy becomes high and the cost
increases, as well as the performance becomes excessively higher than necessary. Therefore, adding these elements
at a ratio higher than 0.1% is not desirable.

Examples

(Example 1)

[0029] Using a curved continuous caster, steel having a predetermined element composition including, in mass%, C:
0.18%, Si: 1.4%, Mn: 2.8%, P: 0.020% or less, S: 0.003% or less, and Ti: 0.020% was cast. The Ar3 transformation point
of this steel is 805°C. As for casting conditions, the cast thickness was 220 mm, the cast width was 1000 to 1600 mm,
and the casting speed was within a range of 1.20 to 1.80 m/min. The temperature of the cast slab at the time of passing
an unbending part (lower straightening part) was checked by measuring it using a thermocouple or a radiation thermom-
eter. To facilitate observation of surface cracks in the cast slab, oxides on the surface of the cast slab having been cast
were removed by shot blasting, and then a color check (a dye penetrant test) was performed to examine the corner
portions of the cast slab for cracks. An occurrence rate of corner cracks was evaluated by: the number of cast slabs
having corner cracks / the number of cast slabs examined 3 100%. For the examination of internal cracks, cross-section
samples perpendicular to the casting direction of the cast slabs were cut out, and after finish milling, macro-etching was
conducted using warm hydrochloric acid. Whether internal cracks were present or absent was examined in pictures of
macro-etching.
[0030] First, an examination was conducted to determine the magnitude of the chamfer size (the amount of chamfering)
C [mm] for exhibiting an effect. Here, the average flow rate of secondary cooling water sprayed onto the corner portions
of the cast slab in a section from immediately below the mold to lower straightening part was fixed at 60 L/(min·m2). The
result is shown in Table 1. When the length of the short side of the cast slab is L [mm], in the case of Tests No. 1 and
2 in which C/L is lower than 0.09, the distances from the long side and the short side differ little from those in a rectangular
corner, so that hardly any mitigating effect on overcooling is produced. On the other hand, in the case of Tests No. 8
and 9 in which C/L is higher than 0.20, a connection area between the chamfered portion and the short side or between
the chamfered portion and the long side was subjected to cooling from two sides, which lowered the temperature of the
corner portion of the cast slab. Thus, it was learned that the amount of chamfering of the chamfered mold needed to be
within a range of 0.09 ≤ C/L ≤ 0.20.
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(Example 2)

[0031] Next, tests were conducted using the same type of steel and the same continuous casting conditions as in
Example 1 to determine a relationship between the average flow rate of secondary cooling water sprayed onto the corner
portions of the cast slab before the cast slab passes the unbending part (lower straightening part) and corner and internal
cracks. The result is shown in Table 2.
[0032] It can be seen that in the case of a rectangular mold (Tests No. 10 to 16), setting the average flow rate of
secondary cooling water to be lower than 20 L/(min·m2) (Tests No. 10 and 11) raises the corner temperature to or above
Ar3 and reduces corner cracks. However, as it is impossible to slowly cool only the corners, the solidified shell thickness
around the corners became insufficient and internal cracks due to bulging occurred. This demonstrates that an ordinary
rectangular mold cannot mitigate both corner cracks and internal cracks at the same time. Also when a chamfered mold
that does not comply with this embodiment is used (Tests No. 17 to 23), hardly any mitigating effect on corner overcooling
is produced as has been shown in Example 1. Thus, as with the rectangular mold, unless the average flow rate of
secondary cooling water was reduced to below 20 L/(min·m2), corner cracks could not be mitigated and internal cracks
due to bulging could not be avoided. Similarly, when the chamfered mold of this embodiment is used (Tests No. 24 to
31), internal cracks occur at a flow rate below 20 L/(min·m2) (Tests No. 24 and 25). On the other hand, owing to the
effect of changing the shape of the cast slab, overcooling of the corner portions of the cast slab was mitigated and corner
cracks could be prevented when the average flow rate of secondary cooling water was within a range equal to or lower
than 60 L/(min·m2) (Tests No. 24 to 30). Thus, setting the average flow rate of secondary cooling water sprayed onto
the corner portions in a section from immediately below the mold to lower straightening part to be within a range of 20
to 60 L/(min·m2) (Tests No. 26 to 30) allowed the cast slab to be manufactured with both corner cracks and internal
cracks mitigated at the same time.
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Reference Signs List

[0033]

1 Continuous casting mold
2 Long side
3 Short side
4 Chamfered portion

Claims

1. A continuous casting method for steel, characterized in that a mold having a chamfered shape meeting a following
Formula (1) at each corner portion of the mold is used, and in that an average flow rate of secondary cooling water
sprayed onto corner portions of a cast slab in a section from immediately below the mold to lower straightening part
is set to 20 to 60 L/(min·m2): 

where C is an amount (mm) of chamfering of a corner, and L is a length (mm) of a short side of the cast slab.

2. The continuous casting method according to claim 1, wherein the steel has an element composition including, in
mass%, C: 0.05 to 0.25% and Mn: 1.0 to 4.0%, and further optionally one or more elements selected from Nb: 0.01
to 0.1%, V: 0.01 to 0.1%, and Mo: 0.01 to 0.1%.
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