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(54) METHOD FOR CONTINUOUSLY CASTING STEEL

(57) A slab is continuously cast in such a manner that
the slab is intentionally bulged and thereafter the slab
having an unsolidified layer is compressed under condi-
tions controlled to prevent the bulging from causing a
breakout of the slab and from causing internal cracks in
a solidified shell of the slab to reduce central segregation
in the slab and positive segregation near a core portion
of the slab.

A slab 10 is guided on slab-supporting rolls 6 dis-
posed with constant roll gaps from immediately below a
casting mold to a point where the thickness of a solidified
shell 11 of the slab reaches 15 mm. Thereafter, the slab
is bulged on rolls disposed with gradually increased roll
gaps with a total amount of bulging of 3 to 20 mm, and
is thereafter guided on rolls disposed with constant roll
gaps in a zone 0.5 to 5.0 m in length toward the down-
stream in the casting direction. Subsequently, when the
solid phase fraction in a core portion of the slab is from
0.2 to 0.9, the slab is compressed by at least one pass
through reduction rolls 7 under such conditions that the
product of the compressing rate multiplied by the casting
speed is 0.3 to 1.0 mm·m/min2.
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Description

Technical Field

[0001] The present invention relates to a method for reducing the central segregation in slabs by intentionally bulging
a slab drawn from a casting mold while avoiding the occurrence of a breakout and internal cracks, and thereafter
compressing the slab being continuously cast that has an unsolidified layer.

Background Art

[0002] In the continuous casting of steel, a molten steel is poured into a water-cooled casting mold and is cooled (this
cooling is written as the "primary cooling") to form a solidified shell in contact with the inner wall of the casting mold. This
slab having the solidified shell as the outer shell is continuously drawn in a downward direction while being supported
by a large number of slab-supporting rolls disposed below the casting mold. During this drawing, the surface of the slab
is cooled by, for example, spraying cooling water (this cooling is written as the "secondary cooling") to solidify the slab
thoroughly to the core. The slab is then cut into slabs having a prescribed length.
[0003] Steel slabs manufactured in the above manner sometimes contain internal defects called central segregation
in the core. This central segregation is ascribed to the enrichment of solute components such as carbon (C), sulfur (S),
phosphorus (P) and manganese (Mn) in a portion that is last to solidify, namely, a core portion of the slab. The central
segregation in slabs is known to cause a decrease in the toughness of final steel plates or to cause the hydrogen-induced
cracking of large-diameter welded steel pipes manufactured by bending and welding steel plates.
[0004] The central segregation in slabs probably occurs in the following mechanism. With the progress of the solidi-
fication of a slab, solute components are concentrated based on the partition law among branches of a dendritic crystal
that is a solidified slab structure, resulting in the formation of microsegregation among dendritic branches. When cavities
or negative pressure is produced in a core portion of the slab due to the shrinkage of the slab during solidification or the
swelling called bulging of the slab, the molten steel is attracted to such portions. Because there is only a small amount
of molten steel remaining in the unsolidified layer in the final stage of solidification, the molten steel that has been enriched
with solute components by the microsegregation flows and gathers at the core portion of the slab and is solidified there.
The gathering and solidification of the molten steel enriched with solute components results in the formation of a solute-
rich zone in the core portion of the slab. This solute-rich zone is the central segregation, and is called macrosegregation
as opposed to the microsegregation.
[0005] Effective approaches to preventing the central segregation in slabs are to prevent the migration of the molten
steel enriched with solute components that is present among dendritic branches (written as the "solute-rich molten
steel"), and to prevent local gathering of the solute-rich molten steel. Several methods for preventing central segregation
utilizing these approaches have been proposed.
[0006] In particular, a method that has been widely adopted is such that a slab is cast with a continuous casting
machine while the slab having an unsolidified layer in the final stage of solidification is gradually compressed with a total
rolling reduction and at a compressing rate approximately corresponding to the sum of the amount of solidification
shrinkage and the amount of thermal shrinkage by being passed through a collection of reduction rolls (written as the
"soft reduction zone") (see, for example, Patent Literature 1). (Such compression is called "soft reduction".) Here, the
total rolling reduction indicates the amount of rolling reduction from the start to the end of the compression.
[0007] This soft reduction method is a technique that prevents the occurrence of central segregation by preventing
the migration of a solute-rich molten steel present among dendritic branches. Because the total rolling reduction only
slightly exceeds the amount of solidification shrinkage, the compression force is weak. That is, the soft reduction method
involves so weak a compression force that when the solidification of a slab completes at varied positions in the width
direction of the slab, the portions that have been already solidified serve as resistance during the compression to hinder
the application of the compression force to the still unsolidified portions that should be compressed. In such portions
where no compression force has been applied, little effect is obtained in reducing the occurrence of central segregation.
Thus, the soft reduction methods have a limited effect in reducing the occurrence of central segregation.
[0008] Further, the central segregation in slabs is reduced by another method in which a slab in the final stage of
solidification is compressed through a pair of reduction rolls with a total rolling reduction that is far greater than the sum
of the amount of solidification shrinkage and the amount of thermal shrinkage (see, for example, Patent Literature 2).
This method is also called "hard reduction" as opposed to the above "soft reduction".
[0009] The application of hard reduction to a slab entails a high compression force because the shorter sides at both
ends of the slab that have been fully solidified are also subjected to compression. Specifically, when the hard reduction
method is applied to a usual continuous casting machine, the support frame supporting the pair of reduction rolls is
distorted due to the application of a high compression force, and sufficient reduction effects cannot be obtained at times.
Further, it may be difficult to conduct the casting operation because of facility troubles such as bending or breakage of
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the reduction rolls. To prevent these troubles such as the distortion of the support frame and the bending of the pair of
reduction rolls, the continuous casting facility needs to be designed such that the facility can withstand high loads. Such
problems associated with high loads are similarly encountered when the total rolling reduction in the soft reduction
method is increased to compress the shorter sides of a slab.
[0010] Several techniques have been proposed for the purpose of increasing the total rolling reduction in a soft reduction
method while reducing the load applied to a continuous casting machine during the compression, or for the purpose of
reducing the load applied to a continuous casting machine in a hard reduction method.
[0011] For example, Patent Literature 3 proposes a method for preventing the occurrence of central segregation in
which a slab is intentionally bulged at a position where the solid phase fraction in a core portion of the slab is 0.1 or less
so that the thickness of a central portion along the direction of the width of the slab becomes larger by 20 to 100 mm
than the thickness of a shorter side of the slab in the casting mold, and thereafter the slab is compressed with at least
one pair of reduction rolls disposed immediately before the position of complete solidification so as to reduce the thickness
by 20 mm or more per pair of reduction rolls and thereby to reduce the thickness by an amount corresponding to the
total amount of bulging. Here, the total amount of bulging is the amount of bulging from the start to the end of the
intentional bulging.
[0012] Patent Literature 4 proposes a method for preventing the occurrence of central segregation in which a slab is
intentionally bulged so that the thickness of a central portion along the direction of the width of the slab is increased by
10% to 50% of the thickness of a shorter side of the slab by the time when the thickness of an unsolidified layer of the
slab reaches 30 mm, and thereafter the slab is compressed with at least one pair of reduction rolls before reaching the
position of complete solidification so as to reduce the thickness at a reduction gradient of not less than 80 mm/m per
unit length of the slab and thereby to reduce the thickness by an amount corresponding to the total amount of bulging.
[0013] Patent Literature 5 proposes a method for preventing the occurrence of central segregation in which a slab is
intentionally bulged by 3% to 25% of the thickness of the slab at the start of the intentional bulging, and thereafter the
slab is compressed with a pair of reduction rolls at any position of the slab in which the solid phase fraction in a core
portion of the slab is in the range of 0.2 to 0.7 so as to reduce the thickness by an amount corresponding to 30% to 70%
of the total amount of bulging.

Citation List

Patent Literature

[0014]

PTL 1: Japanese Unexamined Patent Application Publication No. 8-132203
PTL 2: Japanese Unexamined Patent Application Publication No. 6-218509
PTL 3: Japanese Unexamined Patent Application Publication No. 9-57410
PTL 4: Japanese Unexamined Patent Application Publication No. 9-206903
PTL 5: Japanese Unexamined Patent Application Publication No. 2000-288705

Summary of Invention

Technical Problem

[0015] In Patent Literatures 3 to 5, the slabs are compressed to reduce the thickness by an amount corresponding to
or less than the total amount of bulging. That is, the shorter side of the slab is not compressed, and consequently the
load applied to the continuous casting machine by such compression is decreased. However, Patent Literatures 3 to 5
have the following problems.
[0016] Patent Literatures 3 to 5 do not specify the thickness of the solidified shell of the slab before the intentional
bulging of the slab. Thus, there is a risk that a breakout is caused by the cracking or the swelling of the solidified shell
in the event that bulging is started too early. Further, Patent Literatures 3 to 5 do not specify the bulging rate when the
slab is intentionally bulged. Thus, rapid bulging will cause the occurrence of internal cracks in the solidified shell being
bulged, and heavy such internal cracks give rise to the risk of a breakout.
[0017] In Patent Literatures 3 to 5, further, the bulging zone and the reduction zone are disposed continuously in the
continuous casting machine. That is, the slab is compressed immediately after the bulging before the shape of the bulged
slab is stabilized. Consequently, the compression force may not be transmitted to a core portion of the slab at some
locations in the slab, possibly resulting in a failure to reduce the occurrence of central segregation. If the compression
takes place at an inappropriate timing or with an inappropriate total rolling reduction, even the methods disclosed in
Patent Literatures 3 to 5 fail to prevent the occurrence of central segregation of solute components in a core portion of
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the slab or the occurrence of positive segregation of solute components near the core portion of the slab.
[0018] The present invention has been made in view of the circumstances described hereinabove. A first object of the
invention is to provide a continuous steel casting method in which a slab drawn from a casting mold is continuously cast
in such a manner that the slab is intentionally bulged and thereafter the slab having an unsolidified layer in the core is
compressed to reduce the segregation in the slab, specifically, a continuous steel casting method in which a slab drawn
from a casting mold is intentionally bulged while avoiding the occurrence of a breakout of the slab and also avoiding the
occurrence of internal cracks in a solidified shell of the slab, and the slab can be continuously cast with reduced central
segregation in the slab and reduced positive segregation near a core portion of the slab.
[0019] A second object of the invention is to provide a continuous steel casting method in which a slab drawn from a
casting mold is continuously cast in such a manner that the slab is intentionally bulged and thereafter the slab having
an unsolidified layer in the core is compressed in a soft reduction zone to reduce the segregation in the slab, specifically,
a continuous steel casting method in which the central segregation in a slab can be stably reduced while the total amount
of intentional bulging can be reduced and the breakout of the slab is avoided by appropriately controlling the total amount
of intentional bulging as well as the soft reduction conditions such as the timing of compression, the total rolling reduction
and the compressing rate.

Solution to Problem

[0020] A summary of the invention to solve the aforementioned problems is as follows.

[1] A continuous steel casting method including:

guiding a slab drawn from a continuous casting mold on slab-supporting rolls, the slab-supporting rolls being
disposed in a casting direction with constant roll gaps from immediately below the casting mold to a point where
the thickness of a solidified shell of the slab reaches at least 15 mm,
bulging a longer side of the slab while the slab travels on slab-supporting rolls disposed with roll gaps gradually
increased toward the downstream in the casting direction, the total amount of bulging being 3 to 20 mm,
guiding the bulged slab on slab-supporting rolls disposed with constant roll gaps in a zone 0.5 to 5.0 m in length
toward the downstream in the casting direction, thereby maintaining the thickness of the slab constant, and
compressing the longer side of the slab by at least one pass through reduction rolls under such conditions that
the product of the compressing rate multiplied by the casting speed is 0.3 to 1.0 mm·m/min2, the compression
taking place when the solid phase fraction in a core portion of the slab is from 0.2 to 0.9.

[2] The continuous steel casting method described in [1], wherein the longer side of the slab is bulged on slab-
supporting rolls disposed in the casting direction with roll gaps gradually increased at a gradient of not more than
4.0 mm per 1 m in the casting direction.
[3] A continuous steel casting method including:

guiding a slab drawn from a continuous casting mold, the slab being rectangular in transverse section, on a
plurality of pairs of slab-supporting rolls disposed with roll gaps gradually decreased toward the downstream in
a casting direction thereby to subject a longer side of the slab to a compression force of 0.3 to 1.0 mm·m/min2

obtained by multiplying the compressing rate by the casting speed, and reducing the width of a shorter side of
the slab by 3 to 20 mm compared to the width of the shorter side of the slab at a lower end of the casting mold
by the action of the compression force,
after the reduction of the width of the shorter side of the slab, bulging the longer side of the slab while the slab
travels on a plurality of pairs of slab-supporting rolls disposed with roll gaps gradually increased toward the
downstream in the casting direction, the total amount of bulging being 3 to 20 mm, and
after the bulging of the longer side of the slab, compressing the longer side of the slab with a total rolling reduction
equal to or smaller than the total amount of bulging by subjecting the longer side of the slab to a compression
force of 0.3 to 1.0 mm·m/min2 obtained by multiplying the compressing rate by the casting speed in a soft
reduction zone in which a plurality of pairs of slab-supporting rolls are disposed with roll gaps gradually decreased
toward the downstream in the casting direction, the compression taking place at least between a point where
the solid phase fraction in a core portion of the slab is 0.2 or less and a point where the solid phase fraction is
0.9 or more.

[4] The continuous steel casting method described in [3], further including detecting a position of complete solidifi-
cation of the slab online with a solidification completion position detector, and, based on the detected information
of the position of complete solidification, adjusting one, or two or more of the amount of secondary cooling water,
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the amount of reduction of the width of secondary cooling, and the casting speed so that the slab is located in the
soft reduction zone at least between a point where the solid phase fraction in the core portion of the slab is 0.2 or
less and a point where the solid phase fraction is 0.9 or more.

Advantageous Effects of Invention

[0021] According to the invention described in [1], a longer side of a slab is intentionally bulged after the thickness of
a solidified shell of the slab exceeds 15 mm. In this manner, a breakout of the slab may be prevented from occurring.
After the slab is bulged, the roll gaps in a zone 0.5 to 5.0 m in length toward the downstream in the casting direction are
set to ensure that the thickness of the slab is maintained constant and to allow the solidified shell to attain a flat shape
during the travel in the zone. With a flat shape of the solidified shell, the subsequent compression may be performed
with enhanced reduction efficiency to make it possible to stably reduce the central segregation in the slab and the positive
segregation near a core portion of the slab.
[0022] According to the invention described in [3], the width of a shorter side of a slab is reduced to below the size at
a lower end of the casting mold at a stage in which the solidified shell has a low deformation strength. In this manner,
the total amount of intentional bulging may be decreased. Consequently, a breakout of the slab is prevented, and internal
cracks of the slab are suppressed. In the soft reduction, the timing of the soft reduction and the product of the compressing
rate multiplied by the casting speed are specified so as to stably reduce the central segregation in the slab. Further, the
shorter sides on both ends of the slab are not subjected to compression in the soft reduction zone, and thus the slab
may be compressed with a low force, thereby reducing the load to the facility constituting the soft reduction zone. Because
the shorter sides of the slab are not compressed, the compression force may be transmitted to the inside of the slab
even during an unsteady casting period at an initial stage or a final stage of the continuous casting operation in which
the temperature of the shorter side of the slab is particularly prone to be low. Consequently, the central segregation in
the slab during an unsteady casting period may be markedly reduced compared to the conventional level. It is needless
to mention that the central segregation in the slab during a steady casting period may be reduced to the same extent
as or a greater extent than heretofore possible.

Brief Description of Drawings

[0023]

[Fig. 1] Fig. 1 is a schematic sectional view illustrating a continuous slab casting machine used in a first embodiment
of the invention.
[Fig. 2] Fig. 2 is a schematic side view illustrating a vertical-bending continuous slab casting machine used in a
second embodiment of the invention.
[Fig. 3] Fig. 3 is a diagram depicting an exemplary profile of roll gaps of slab-supporting rolls in the second embodiment.
[Fig. 4] Fig. 4 is a view illustrating a transverse plane sampling position and a position of the manganese (Mn)
analysis with EPMA in Example 1.

Description of Embodiments

[0024] Hereinbelow, the present invention will be described in detail with reference to the attached drawings. A first
embodiment of the invention will be described first. Fig. 1 is a schematic sectional view illustrating a continuous slab
casting machine used in the first embodiment of the invention.
[0025] As illustrated in Fig. 1, a continuous slab casting machine 1 has a casting mold 5 into which a molten steel 9
is poured, the molten steel 9 being cooled and solidified in the mold to form an outer shell shape of a slab 10. A tundish
2 is disposed at a prescribed position above the casting mold 5, and serves as a relay container to feed the molten steel
9 supplied from a ladle (not shown) to the casting mold 5. At the bottom of the tundish 2, a sliding nozzle 3 for controlling
the flow rate of the molten steel 9 is disposed. An immersion nozzle 4 is disposed in the lower surface of the sliding
nozzle 3. On the other hand, a plurality of pairs of slab-supporting rolls including guide rolls 6, reduction rolls 7 and pinch
rolls 8 are disposed below the casting mold 5. Spray nozzles (not shown) such as water spray nozzles or air mist spray
nozzles are disposed between the slab-supporting rolls adjacent to one another in the casting direction, thereby consti-
tuting a secondary cooling zone. The casting machine is configured such that the slab 10 is cooled with cooling water
(also written as the "secondary cooling water") sprayed from the spray nozzles in the secondary cooling zone while the
slab is being drawn.
[0026] The molten steel 9 poured from the tundish 2 into the casting mold 5 is cooled in the casting mold 5 to form a
solidified shell 11. The slab 10 having this solidified shell 11 as the outer shell and an unsolidified layer 12 inside the
slab is continuously drawn in a downward direction away from the casting mold 5 by the pinch rolls 8 while being supported



EP 2 881 196 A1

6

5

10

15

20

25

30

35

40

45

50

55

by the guide rolls 6 and being compressed by the reduction rolls 7. During this travel, the slab 10 is cooled with the
secondary cooling water in the secondary cooling zone and increases the thickness of the solidified shell 11.
[0027] The slab 10 passed through the casting mold 5 is guided on the guide rolls 6 that are disposed with constant
roll gaps from immediately below the casting mold to a point where the thickness of the solidified shell 11 of the slab 10
reaches at least 15 mm. The thickness of the solidified shell 11 is obtained by two-dimensional heat-transfer solidification
calculation in consideration of casting conditions, or with a device such as a sensor that measures the thickness of the
solidified shell based on the time required for ultrasonic waves to penetrate the slab. In the case where the thickness of
the solidified shell 11 is different between the longer side and the shorter side of the slab 10 due to factors such as the
casting conditions, a smaller thickness of the solidified shell 11 is selected.
[0028] After the thickness of the solidified shell 11 of the slab 10 exceeds 15 mm, the longer side of the slab 10 is
intentionally bulged in the direction of the thickness of the slab while the slab travels on the guide rolls 6 arranged in the
casting direction with roll gaps gradually increased toward the downstream in the casting direction. Here, the total amount
of bulging is 3 to 20 mm. Because the length of the continuous casting machine in the casting direction is limited, the
intentional bulging is preferably started before the thickness of the solidified shell 11 reaches 30 mm. Here, the roll gap,
also termed the roll spacing, is a distance between the slab-supporting rolls opposed to each other with the slab 10
interposed therebetween. The total amount of bulging is the amount of the bulging of the slab 10 from the start to the
end of the intentional bulging.
[0029] If the slab 10 is intentionally bulged while the thickness of the solidified shell of the slab 10 is still 15 mm or
less, the strength of the solidified shell 11 is insufficient and the solidified shell 11 may be broken or cracked by the
bulging stress. Such breakage or cracking of the solidified shell 11 may give rise to the risk of a breakout. In contrast,
the first embodiment of the invention is such that the slab is bulged after the thickness of the solidified shell 11 exceeds
15 mm and consequently the strength of the solidified shell 11 is ensured to prevent the breakage or cracking of the
solidified shell 11 from occurring. Because the breakage or cracking of the solidified shell 11 does not occur, a breakout
ascribed thereto is naturally avoided.
[0030] By arranging the guide rolls 6 with roll gaps gradually increased toward the downstream in the casting direction,
the longer side of the slab 10 is bulged in conformity to the roll gaps of the guide rolls 6 by the action of the ferrostatic
pressure of the unsolidified layer 12 present inside the slab. On the other hand, the shape of the shorter side of the slab
10 is not substantially changed even when the roll gaps of the guide rolls 6 are gradually increased because its width
is smaller than the longer side of the slab and also because the shape of the shorter side is retained by corner portions
(in which the longer side of the slab intersects with the shorter side of the slab) having low temperature and high rigidity.
For similar reasons, portions of the longer side of the slab 10 that are adjacent to the shorter side of the slab are free
from deformation. In the longer side of the slab 10, bulging occurs in a region extending from a portion that is separate
from the shorter side of the slab and includes the unsolidified layer 12 inside the shell, to a central portion of the longer side.
[0031] When bulging occurs in the longer side of the slab 10, portions of the longer side of the slab 10 that are adjacent
to the shorter side of the slab do not change shape. Consequently, the portions of the longer side of the slab 10 that are
adjacent to the shorter side are separated from the contact with the guide rolls 6. In the case where the slab thickness
is increased by bulging at a higher rate than the rate of increase of the thickness of the solidified shell 11, namely, the
solidification rate, the thickness of the unsolidified layer 12 is increased by bulging.
[0032] In this case, it is preferable that the roll gaps of the guide rolls 6 be gradually increased toward the downstream
in the casting direction at a gradient of not more than 4.0 mm per 1 m in the casting direction, and desirably not more
than 1.0 mm per 1 m in the casting direction in order to reduce the stress applied to the solidified shell 11 due to the
bulging, namely, in order to prevent the occurrence of a breakout due to internal cracks of the solidified shell 11 or the
breakage or cracking of the solidified shell 11. If the slab is bulged while the guide rolls have a gradient of roll gaps
exceeding 4.0 mm per 1 m in the casting direction (hereinafter, written as "4.0 mm/m"), the gradient is so steep that
there is a risk of internal cracks of the slab 10. With a gradient of not more than 4.0 mm/m, the occurrence of internal
cracks is prevented.
[0033] After the bulging of the slab 10, the roll gaps of the guide rolls 6 are set constant in a zone 0.5 to 5.0 m in length
toward the downstream in the casting direction, thereby maintaining the thickness of the bulged slab 10 constant.
Thereafter, the slab 10 having a solid phase fraction in the core portion of the slab of from 0.2 to 0.9 is compressed in
the direction of the thickness of the slab by at least one pass or several passes through the reduction rolls 7 under such
conditions that the product of the compressing rate multiplied by the casting speed is 0.3 to 1.0 mm·m/min2. In this case,
the thickness of the slab 10 after being compressed through the reduction rolls 7 is equal to or larger than the thickness
of the slab before being bulged. That is, this reduction is such that the shorter side of the slab 10 is not compressed.
[0034] In the first embodiment of the invention, the slab 10 is bulged and is thereafter guided on the guide rolls 6
disposed with constant roll gaps in a zone 0.5 to 5.0 m in length toward the downstream in the casting direction to ensure
that the thickness of the bulged slab 10 is maintained constant. The solidified shell 11 in the bulged portion of the slab
10 increases its thickness during the travel in the zone, and the solidified shell 11 attains a flat shape to realize an
enhancement in reduction efficiency in the subsequent compression.
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[0035] After being bulged, the slab is guided on the guide rolls 6 disposed with constant roll gaps in the zone that is
0.5 m or more in length. During this travel, the growth of the thickness of the solidified shell in the bulged portion of the
slab 10 is promoted, and the solidified shell attains a flat shape. Consequently, uniform reduction may be applied in the
direction of the width of the slab during the subsequent compression. Any length of the above zone that is less than 0.5
m is too short to obtain this effect. Because the length of the zone in which the bulged slab is guided on the guide rolls
6 disposed with constant roll gaps is limited to 5 m or less, the solidified shell 11 in the bulged portion of the slab 10 is
prevented from being excessively thick. Consequently, the reduction efficiency in the subsequent compression is en-
hanced. If the length of the above zone exceeds 5 m, the thickness of the solidified shell 11 is so increased that the
reduction efficiency is decreased.
[0036] In the first embodiment of the invention, the total amount of intentional bulging is limited to the range of 3 to 20
mm for the following reasons. In general, the thickness of slab is 200 to 300 mm. When such slabs are bulged by more
than 20 mm, the compression thereof entails a large compression facility to raise facility costs and also the occurrence
of internal cracks is increased. To prevent such problems, the upper limit of the total amount of intentional bulging is
limited to 20 mm. On the other hand, any total amount of intentional bulging that is less than 3 mm does not allow the
slab to be compressed by a sufficient thickness and little effect is obtained in pushing the molten steel enriched with
solute components toward the upstream in the casting direction. That is, only a small effect is obtained in reducing the
central segregation in the slab 10. Thus, the total amount of intentional bulging is limited to 3 mm or more in order to
effectively reduce the central segregation in the slab 10.
[0037] Specifically, the total amount of intentional bulging is the difference (= D1 - D0) between the thickness of the
slab (D0) at the most downstream guide rolls 6 of the guide rolls 6 disposed with constant roll gaps from immediately
below the casting mold, and the thickness of the slab (D1) at the guide rolls 6 most proximate to the most upstream
reduction rolls 7.
[0038] In the first embodiment of the invention, the slab 10 is bulged and thereafter, when the solid phase fraction in
the core portion of the slab is 0.2 to 0.9, the slab 10 is compressed by a single pass or several passes through the
reduction rolls 7. That is, the slab 10 having a solid phase fraction in the core portion of the slab of from 0.2 to 0.9 is
compressed at least one time (two times in Fig. 1) through the reduction rolls 7. Here, the solid phase fraction is defined
such that the solid phase fraction is 0 before the start of solidification and the solid phase fraction is 1.0 when the
solidification is completed. The solid phase fraction in the core portion of the slab may be calculated by two-dimensional
heat-transfer solidification analysis.
[0039] If the slab 10 is compressed when the solid phase fraction in the core portion of the slab is less than 0.2 and
is not compressed after such a solid phase fraction is reached, the slab 10 immediately after being compressed is such
that the unsolidified layer 12 at the compression position still has so large a thickness that central segregation occurs
with the progress of the subsequent solidification. If, on the other hand, the slab 10 is not compressed until the solid
phase fraction in the core portion of the slab reaches 0.9 and is compressed after the solid phase fraction in the core
portion of the slab exceeds 0.9, the solidified shell 11 has become so thick that the compression force is not sufficiently
transmitted to the core portion of the slab. Consequently, the molten steel enriched with solute components is hardly
squeezed, and the effectiveness in reducing central segregation is decreased. Further, the compression of the slab 10
in which the solid phase fraction in the core portion of the slab has exceeded 0.9 results in the occurrence of positive
segregation of solute components near the core portion of the slab 10.
[0040] In the first embodiment of the invention, the slab 10 is compressed through the reduction rolls 7 when the solid
phase fraction in the core portion of the slab is in the range of 0.2 to 0.9. With this configuration, the above problems
are avoided, and the central segregation in the slab 10 may be stably prevented.
[0041] In the first embodiment of the invention, the slab 10 is compressed in the thickness direction through the
reduction rolls 7 under such conditions that the product of the compressing rate multiplied by the casting speed is 0.3
to 1.0 mm·m/min2.
[0042] If the product of the compressing rate multiplied by the casting speed is less than 0.3 mm·m/min2, the compressed
slab 10 is such that the thickness of the unsolidified layer 12 at the compression position is large and the solute-rich
molten steel present among dendritic branches is not sufficiently squeezed out of the spaces between the dendritic
branches, resulting in the occurrence of central segregation after the compression. If, on the other hand, the product of
the compressing rate multiplied by the casting speed exceeds 1.0 mm·m/min2, substantially the whole of the solute-rich
molten steel present among dendritic branches is squeezed out and pushed toward the upstream in the casting direction.
However, because the thickness of the unsolidified layer 12 has become so small, the solute-rich molten steel that has
been squeezed out is captured by the solidified shell 11 present slightly upstream from the compression position in the
casting direction on both sides in the direction of the thickness of the slab. Consequently, positive segregation of solute
components occurs near the core portion of the slab 10.
[0043] In the first embodiment of the invention, the slab is compressed under such conditions that the product of the
compressing rate multiplied by the casting speed is in the range of 0.3 to 1.0 mm·m/min2. With this configuration, the
above problems are avoided, and the central segregation in the slab 10 as well as the positive segregation near the
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core portion may be stably prevented.
[0044] The effects of compression in the prevention of the central segregation in the slab 10 and the positive segregation
near the core portion of the slab are also affected by the type of solidified structures of the slab 10. In the case where
the solidified structure in the core portion of the slab is an equiaxed crystal structure, only a small effect is obtained
because the solute-rich molten steel serving as a cause of semi-macro segregation is allowed to be present among
equiaxed crystals and also because the compression force is not sufficiently transmitted to such a core portion of the
slab. Thus, it is preferable that the casting conditions be controlled so that the solidified structure of the slab 10 will be
a columnar crystal structure.
[0045] According to the first embodiment of the invention, as described above, the slab 10 is bulged after the thickness
of the solidified shell of the slab 10 exceeds 15 mm, and consequently a breakout of the slab 10 may be prevented from
occurring. After the bulging of the slab 10, the roll gaps in the subsequent zone that lies with a length of 0.5 to 5.0 m
toward the downstream in the casting direction are set so as to ensure that the thickness of the slab 10 is maintained
constant. The solidified shell 11 attains a flat shape during the travel in the zone. With a flat shape of the solidified shell
11, the subsequent compression may be performed with enhanced reduction efficiency to make it possible to stably
reduce the central segregation in the slab 10 and the positive segregation near the core portion of the slab 10.
[0046] Next, the second embodiment of the invention will be described. Fig. 2 is a schematic side view illustrating a
vertical-bending continuous slab casting machine used in the second embodiment of the invention.
[0047] As illustrated in Fig. 2, a continuous slab casting machine 21 has a casting mold 25 into which a molten steel
31 is poured, the molten steel 31 being cooled and solidified in the mold to form an outer shell shape of a slab 32
rectangular in transverse section. A tundish 22 is disposed at a prescribed position above the casting mold 25, and
serves as a relay container to feed the molten steel 31 supplied from a ladle (not shown) to the casting mold 25. At the
bottom of the tundish 22, a sliding nozzle 23 for controlling the flow rate of the molten steel 31 is disposed. An immersion
nozzle 24 is disposed in the lower surface of the sliding nozzle 23.
[0048] On the other hand, a plurality of pairs of slab-supporting rolls including support rolls 26, guide rolls 27 and pinch
rolls 28 are disposed below the casting mold 25. Of these rolls, the pinch rolls 28 are drive rolls that support the slab 32
and also draw the slab 32. Spray nozzles (not shown) such as water spray nozzles or air mist spray nozzles are disposed
between the slab-supporting rolls adjacent to one another in the casting direction, thereby constituting a secondary
cooling zone. The casting machine is configured such that the slab 32 is cooled with secondary cooling water sprayed
from the spray nozzles in the secondary cooling zone while the slab is being drawn.
[0049] A plurality of carrier rolls 29 for carrying the cast slab 32 are disposed downstream from the slab-supporting
rolls. Above the carrier rolls 29, a slab cutting machine 30 for cutting the cast slab 32 into slabs 32a having a predetermined
length is disposed.
[0050] A soft reduction zone 36 is disposed upstream and downstream in the casting direction from a position 35 of
complete solidification of the slab 32. The soft reduction zone 36 is constituted by a plurality of pairs of guide rolls
arranged such that the roll gaps between the opposed guide rolls 27 are gradually decreased toward the downstream
in the casting direction, namely, the guide rolls have a roll gradient. The soft reduction zone 36 is configured such that
the soft reduction of the slab 32 may be performed over the entire region or in a selected region of the zone. Spray
nozzles for cooling the slab 32 are also disposed between the adjacent guide rolls in the soft reduction zone 36. While
the soft reduction zone 36 in Fig. 2 is illustrated as having the guide rolls 27 alone, it is also possible to dispose pinch
rolls 28. The slab-supporting rolls disposed in the soft reduction zone 36 are also termed "reduction rolls".
[0051] The slab-supporting rolls disposed between the lower end of the casting mold 25 and the position of a liquidus
crater end in the slab 32 constitute a shorter side width reduction zone 37 and a intentional bulging zone 38. In the
shorter side width reduction zone 37, the slab-supporting rolls are arranged such that the roll gaps are gradually decreased
per roll or per several rolls toward the downstream in the casting direction until a prescribed roll gap reduction is reached.
In the intentional bulging zone 38, the slab-supporting rolls are arranged such that the roll gaps are gradually increased
per roll or per several rolls toward the downstream in the casting direction until a prescribed roll gap increase is reached.
Here, the intentional bulging zone 38 is disposed downstream from the shorter side width reduction zone 37.
[0052] The slab-supporting rolls downstream from the intentional bulging zone 38 are disposed continuously to the
downstream soft reduction zone 36, with constant roll gaps or reduced roll gaps approximately corresponding to the
amount of shrinkage by a temperature drop of the slab 32.
[0053] In the second embodiment of the invention, the shorter side width reduction zone 37 and the intentional bulging
zone 38 are disposed between the lower end of the casting mold 25 and the position of a liquidus crater end in the slab
32 for the following reasons. On the upstream side in the casting direction from the position of a liquidus crater end in
the slab 32, the core portion of the slab is entirely a liquid phase, and a solidified shell 33 of the slab 32 has high
temperature and low deformation resistance. Thus, the width of the shorter side of the slab may be easily reduced by
compression. Intentional bulging of the slab 32 results in heavy central segregation when the bulging takes place at a
point where there is a small amount of an unsolidified layer 34 inside the slab 32. When the slab 32 is bulged upstream
in the casting direction from the position of a liquidus crater end, the slab at such a point includes a plenty of molten
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steel which has an initial concentration, namely, which has not been enriched with solute components, and this molten
steel flows readily. No segregation occurs even when such a molten steel flows. Thus, bulging at the above timing does
not cause central segregation.
[0054] The liquidus of the slab 32 is a solidification onset temperature determined by the chemical components of the
slab 32, and may be obtained by, for example, Equation (1) below: 

[0055] In Equation (1), TL is the liquidus temperature (°C), [%C] the carbon concentration (mass%) in the molten steel,
[%Si] the silicon concentration (mass%) in the molten steel, [%Mn] the manganese concentration (mass%) in the molten
steel, [%P] the phosphorus concentration (mass%) in the molten steel, [%S] the sulfur concentration (mass%) in the
molten steel, [%Cu] the cupper concentration (mass%) in the molten steel, [%Ni] the nickel concentration (mass%) in
the molten steel, [%Cr] the chromium concentration (mass%) in the molten steel, and [%Al] the aluminum concentration
(mass%) in the molten steel.
[0056] The position of a liquidus crater end in the slab 32 may be obtained by comparing the temperature gradient
inside the slab determined by two-dimensional heat-transfer solidification calculation, to the liquidus temperature deter-
mined by Equation (1). Alternatively, the position of a liquidus crater end may be obtained by driving metal pins with
known melting points into the core portion of the slab 32 being cast, and studying the state of melting of the metal pins.
[0057] As described above, the position of a liquidus crater end in the slab 32 may be accurately obtained by two-
dimensional heat-transfer solidification calculation. Results of two-dimensional heat-transfer solidification calculation
have shown that, with the proviso that the distance from the meniscus of molten steel in the casting mold to the entrance
of the soft reduction zone 36 is expressed by L and the casting conditions are such that the solidification completion
position 35 lies in the soft reduction zone 36, the region extending from the meniscus of molten steel in the casting mold
to a distance of L x 2/3 is found upstream from the position of a liquidus crater end. Accordingly, as illustrated in Fig. 2
for example, the shorter side width reduction zone 37 and the intentional bulging zone 38 are disposed in an upstream
region in the secondary cooling zone.
[0058] The shorter side width reduction zone 37 and the intentional bulging zone 38 may be formed simply by adjusting
the roll gaps without involving any special mechanisms. Because of this simplicity, these zones may be disposed at any
locations freely as long as being found between the lower end of the casting mold 25 and the position of a liquidus crater
end in the slab 32. It is, however, necessary that the shorter side width reduction zone 37 be disposed upstream from
the intentional bulging zone 38 in the casting direction.
[0059] Fig. 3 shows an exemplary profile of the roll gaps of the slab-supporting rolls in the second embodiment. The
example illustrated in Fig. 3 is such that a slab having a thickness of 250 mm as measured at the lower end of the casting
mold is compressed to 245.2 mm in the shorter side width reduction zone 37, namely, the width of the shorter side of
the slab (meaning the same as the slab thickness) is reduced to 245.2 mm with a total rolling reduction of 4.8 mm; next,
the longer side of the slab is bulged in the intentional bulging zone 38 to increase the thickness of a central portion of
the longer side of the slab to 254.4 mm (the total amount of bulging = 9.2 mm); and thereafter the slab is compressed
in the soft reduction zone 36 until the thickness of the central portion of the longer side of the slab is reduced to 245.4
mm (the total rolling reduction = 9.0 mm). The total rolling reduction is the amount of rolling reduction of the slab 32 from
the start to the end of the compression.
[0060] Specifically, the shorter side width reduction zone 37 is configured such that the roll gaps of the slab-supporting
rolls are gradually decreased toward the downstream in the casting direction, and the shorter side of the slab 32 is
compressed through such rolls to a reduced thickness. That is, the width of the shorter side of the slab is narrowed.
Further, the intentional bulging zone 38 is configured such that the roll gaps of the slab-supporting rolls are gradually
increased toward the downstream in the casting direction to allow the longer side of the slab 32 except portions adjacent
to the shorter side to be intentionally bulged in conformity to the arrangement of the slab-supporting rolls by the action
of the ferrostatic pressure of the unsolidified layer 34. The portions of the longer side of the slab adjacent to the shorter
side are solidly held by the shorter side of the slab that has been completely solidified, and thus maintain the thickness
at the start of the intentional bulging. Accordingly, the slab 32 comes to be in contact with the slab-supporting rolls only
through the portions of the longer side of the slab that have been intentionally bulged. In the soft reduction zone 36, only
the bulged portions of the longer side of the slab undergo compression.
[0061] In the second embodiment of the invention, the shorter side width reduction zone 37 is configured such that
the width of the shorter side is reduced with a total rolling reduction of 3 mm to 20 mm. With a total rolling reduction of
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3 mm to 20 mm for the narrowing of the shorter side width, the subsequent intentional bulging may be performed with
a moderate total amount of bulging. Further, such a total rolling reduction prevents surface cracks in the shorter side of
the slab. If the total rolling reduction is less than 3 mm, the narrowing of the shorter side width of the slab is insufficient
and the total amount of the subsequent intentional bulging needs to be increased. In such cases, excessively large
bulging may cause internal cracks in the slab 32. If, on the other hand, the total rolling reduction for the narrowing of the
shorter side width exceeds 20 mm, the shorter side of the slab is subjected to so large a compression strain that surface
cracks may occur in the shorter side of the slab to induce a breakout.
[0062] In the shorter side width reduction zone 37, it is necessary that a compression force be applied such that the
product of the compressing rate multiplied by the casting speed is in the range of 0.3 to 1.0 mm·m/min2. If the product
of the compressing rate multiplied by the casting speed is less than 0.3 mm·m/min2, a long distance is required to obtain
a prescribed rolling reduction and consequently the shorter side width reduction zone 37 needs to be extended in length,
making it impossible to ensure the length for the placement of the intentional bulging zone 38. On the other hand, any
compression with a value of the above product exceeding 1.0 mm·m/min2 is so drastic that a load higher than the
withstand load is applied to the slab-supporting rolls to cause damages to the facility as well as to induce internal cracks
in the slab 32.
[0063] The compressing rate in the shorter side width reduction zone 37 is expressed as the product of the roll gradient
(mm/m) of the slab-supporting rolls disposed with roll gaps gradually decreased toward the downstream in the casting
direction, multiplied by the casting speed (m/min). Similarly, the compressing rate in the soft reduction zone 36 is
expressed as the product of the roll gradient (mm/m) in the soft reduction zone 36 multiplied by the casting speed (m/min).
[0064] In the intentional bulging zone 38, the total amount of bulging is limited to 3 to 20 mm. In view of the fact that
the shorter side of the slab 32 is not compressed in the subsequent soft reduction zone 36, any total amount of bulging
that is less than 3 mm does not allow a sufficient amount to be compressed in the soft reduction zone 36 and consequently
the central segregation in the slab 32 may not be reduced sufficiently effectively. Thus, in order to effectively reduce the
central segregation in the slab 32, the total amount of intentional bulging is limited to 3 mm or more. If, on the other
hand, the total amount of intentional bulging exceeds 20 mm, distortion due to the bulging may induce internal cracks
in the slab 32. Thus, in order to prevent internal cracks in the slab 32, the total amount of intentional bulging is limited
to 20 mm or less.
[0065] In the intentional bulging zone 38, the amount of increase in roll gaps per roll is preferably 1.5 mm or less to
prevent the occurrence of cracks at boundaries between the bulged portions and the non-bulged portions in the longer
side of the slab.
[0066] In the soft reduction zone 36, compression is started from a point where the solid phase fraction in the core
portion of the slab is 0.2 or less and is continued to a point where the solid phase fraction in the core portion of the slab
reaches 0.9 or more. Even if compression is started after the solid phase fraction in the core portion of the slab has
exceeded 0.2, the solute-rich molten steel may have possibly flown to the core by then to cause central segregation. In
such cases, the soft reduction cannot produce sufficient effects. The inflow of the molten steel may possibly occur until
the solid phase fraction reaches 0.9. If the compression is terminated before such a solid phase fraction is reached, the
solute-rich molten steel may flow to the core portion to cause central segregation, and consequently sufficient effects
due to the soft reduction cannot be obtained. The central segregation in the slab 32 may be reliably prevented by
performing the soft reduction at least between a point where the solid phase fraction in the core portion of the slab is
0.2 and a point where the solid phase fraction is 0.9.
[0067] The solid phase fraction in the core portion of the slab may be obtained by two-dimensional heat-transfer
solidification calculation similarly to the calculation of the position of a liquidus crater end. Here, the solid phase fraction
is defined such that the solid phase fraction is 0 before the start of solidification and the solid phase fraction is 1.0 when
the solidification is completed. Thus, the position where the solid phase fraction in the core portion of the slab reaches
1.0 is the solidification completion position 35 (the position of a solidus crater end). The position of a liquidus crater end
corresponds to the most downstream position where the solid phase fraction in the core portion of the slab is 0.
[0068] Alternatively, the solid phase fraction in the core portion of the slab may be obtained with a solidification
completion position detector capable of detecting the solidification completion position 35 online using transverse ultra-
sonic waves or longitudinal ultrasonic waves. Such a solidification completion position detector detects the solidification
completion position 35 online based on the time required for the transverse ultrasonic waves or the longitudinal ultrasonic
waves to penetrate or propagate in the slab 32.
[0069] Specifically, the method is such that the solidification completion position 35 is accurately obtained with the
solidification completion position detector and, while using the solidification completion position 35 as the reference, the
solid phase fraction in the core portion of the slab is measured in the casting direction with combined use of a technique
such as two-dimensional heat-transfer solidification calculation. Alternatively, the solid phase fraction in the core portion
of the slab may be obtained with a solidification completion position detector that detects the solidification completion
position 35 utilizing the nature that the transverse ultrasonic waves do not pass through liquid phases. Specifically, the
method is such that an agreement is obtained between the solidification completion position 35 and the position in which
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a transverse ultrasonic wave sensor is placed and, while using the solidification completion position 35 as the reference,
the solid phase fraction in the core portion of the slab is measured in the casting direction with combined use of a
technique such as two-dimensional heat-transfer solidification calculation.
[0070] Thus, as illustrated in Fig. 2, the continuous slab casting machine 21 in the second embodiment of the invention
is preferably fitted with an ultrasonic wave sending sensor 39 and an ultrasonic wave receiving sensor 40 that constitute
a section in the solidification completion position detector, near the exit of the soft reduction zone 36. Although not
illustrated in Fig. 2, the solidification completion position detector includes other constituent devices such as a transmission
section that transmits signals to the ultrasonic wave sending sensor 39, and a solidification completion position computing
section that determines the position 35 of complete solidification of the slab 32 utilizing tools such as calculation expres-
sions based on the signals received by the ultrasonic wave receiving sensor 40. The solidification completion position
detectors utilizing ultrasonic waves are of such a type that the detectors determine the solidification completion position
35 based on the time required for transverse ultrasonic waves or longitudinal ultrasonic waves to propagate in the slab
32, or are of such a type that the detectors determine the solidification completion position 35 utilizing the nature that
the transverse ultrasonic waves do not pass through liquid phases. Any of these solidification completion position de-
tectors may be used as long as the detectors can determine the solidification completion position 35.
[0071] In the second embodiment of the invention, the slab 32 is subjected to a compression force under such conditions
that the product of the compressing rate in the soft reduction zone 36 multiplied by the casting speed is in the range of
0.3 to 1.0 mm·m/min2 in order to prevent the central segregation in the slab 32 as well as the positive segregation near
the core portion. If the product of the compressing rate in the soft reduction zone 36 multiplied by the casting speed is
less than 0.3 mm·m/min2, the amount of rolling reduction per unit time is small relative to the amount of solidification
shrinkage, and the soft reduction fails to produce sufficient effects in the reduction of central segregation. If, on the other
hand, the product of the compressing rate in the soft reduction zone 30 multiplied by the casting speed exceeds 1.0
mm·m/min2, the amount of rolling reduction per unit time is so increased that the unsolidified molten steel is squeezed
toward the upstream to possibly cause negative segregation (a type of segregation in which the solute concentration
becomes lower than the surrounding regions) in the core portion of the slab.
[0072] The molten steel 31 that has been poured into the casting mold 25 from the tundish 22 through the immersion
nozzle 24 is cooled in the casting mold 25 to form a solidified shell 33. The slab 32 having this solidified shell 33 as the
outer shell and an unsolidified layer 34 inside the slab is continuously drawn in a downward direction away from the
casting mold 25 while being supported by the support rolls 26, the guide rolls 27 and the pinch rolls 28 disposed below
the casting mold 25. During the travel through these slab-supporting rolls, the slab 32 is cooled with secondary cooling
water in the secondary cooling zone and increases the thickness of the solidified shell 33. In the shorter side width
reduction zone 37, the slab 32 is compressed to reduce the slab thickness. On the other hand, the slab is introduced
into the intentional bulging zone 38 to increase the thickness of the longer side of the slab except end portions adjacent
to the shorter side, and is completely solidified to the core at the solidification completion position 35 while being subjected
to soft reduction in the soft reduction zone 36. After the completion of solidification, the slab 32 is cut with a slab cutting
machine 30 into slabs 32a.
[0073] In the second embodiment of the invention, the total rolling reduction in the soft reduction zone 36 is adjusted
to be equal to or smaller than the total amount of bulging in the intentional bulging zone 38. Further, one, or two or more
of the amount of secondary cooling water, the amount of reduction of the width of secondary cooling, and the casting
speed are adjusted so that the solid phase fraction in the core portion of the slab will be 0.2 or less at the point where
the slab enters the soft reduction zone 36 and also so that the solid phase fraction in the core portion of the slab will be
0.9 or more at the point where the slab exits the soft reduction zone 36. The solid phase fraction in the core portion of
the slab may be easily controlled by obtaining beforehand the thickness of the solidified shell 33 and the solid phase
fraction in the core portion of the slab under various casting conditions using techniques such as two-dimensional heat-
transfer solidification calculation. Alternatively, the solid phase fraction in the core portion of the slab may be easily
controlled by measuring the solid phase fraction in the core portion of the slab online with a solidification completion
position detector. Here, the "reduction of the width of secondary cooling" means to suspend spraying of cooling water
to both edge portions of the longer side of the slab. With the reduction of the width of secondary cooling, the secondary
cooling is weakened and the solidification completion position 35 is generally shifted toward the downstream in the
casting direction.
[0074] According to the second embodiment of the invention, as described above, the longer side of the slab is first
compressed at a stage where the solidified shell 33 still has a low deformation strength, and thereby the width of the
shorter side of the slab 32 is reduced by 3 to 20 mm compared to the size immediately below the lower end of the casting
mold. Consequently, the total amount of intentional bulging may be decreased and internal cracks in the slab 32 may
be prevented. Further, the soft reduction is performed while satisfying the specific timing of the soft reduction as well as
the specific product of the compressing rate multiplied by the casting speed, and thus the central segregation in the slab
32 may be stably reduced.
[0075] While the continuous casting machine illustrated in Fig. 2 is a vertical-bending continuous casting machine,
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the second embodiment of the invention may be similarly carried out with a curved continuous casting machine or a
vertical continuous casting machine. The effects of the soft reduction in the prevention of the central segregation in the
slab 32 are also affected by the type of solidified structures of the slab 32. Specifically, in the case where the solidified
structure in the core portion of the slab 32 is an equiaxed crystal structure, the solute-rich molten steel serving as a
cause of semi-macro segregation is allowed to be present among equiaxed crystals, and the effects of the soft reduction
in reducing central segregation are decreased. Thus, it is preferable in the second embodiment of the invention that the
casting conditions be controlled so that the solidified structure in the core portion of the slab 32 will be a columnar crystal
structure.

EXAMPLE 1

[0076] The first embodiment of the invention was applied to tests in which a slab was intentionally bulged and was
thereafter compressed with use of a continuous slab casting machine illustrated in Fig. 1. The slab was 2100 mm in
width and 250 mm in thickness (D0) immediately before the start of bulging. The casting speed was 0.85 to 1.2 m/min,
and the relative amount of water for the secondary cooling of the slab was 1.0 to 2.0 L/steel-kg. The total amount of
intentional bulging was 3.0 mm to 21.0 mm. The tests were performed under various conditions while changing the
solidified shell thickness immediately before the bulging, the gradient of roll gaps in the bulging, the length in the casting
direction of a zone in which the thickness of the bulged slab was maintained constant (a zone in which guide rolls were
disposed with constant roll gaps), and the total amount of bulging. The steels that were cast were steels for steel plates
having a carbon concentration of 0.05 to 0.08 mass%.
[0077] In each of the tests, a full-width test piece was sampled over a length of 1000 mm in the casting direction from
a portion of the slab formed in a steady casting period. A transverse plane sample having a thickness of 50 mm was cut
out from this full-width test piece. With respect to a portion at half the width of the transverse plane sample, manganese
(Mn) was analyzed with EPMA (electron probe micro analyzer) in the direction of the thickness of the slab. Fig. 4 is a
view illustrating the transverse plane sampling position and the position of the manganese analysis with EPMA. The
manganese analysis with EPMA examined the occurrence of central segregation in the core portion of the slab, as well
as the occurrence of positive segregation (a type of segregation in which the concentration of solute components is
increased from the initial concentration) or negative segregation (a type of segregation in which the concentration of
solute components is decreased from the initial concentration) near the core portion of the slab.
[0078] The values of manganese concentration measured at the various positions in the transverse plane sample
were each divided by the manganese concentration in the analysis sample collected from the molten steel in the ladle
(Manganese concentration (mass%) at each position in the transverse plane sample/Manganese concentration (mass%)
in the analysis sample collected from the molten steel in the ladle), thereby determining the degree of segregation. The
distribution of the degrees of segregation in the slab thickness direction was studied. The calculation of the degree of
segregation in the slab adopted the larger value of the concentrations in the central segregation and the positive seg-
regation near the core portion of the slab. Further, the presence or absence of internal cracks was studied by a sulfur
print test of the transverse plane sample.
[0079] The test conditions and the results of the studies are described in Table 1. In the remarks column in Table 1,
"Inv. Ex." indicates that the test was performed under the conditions according to the first embodiment of the invention,
and "Comp. Ex." indicates that the test was performed outside the inventive range.
[0080] [Table 1]
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[0081] In the tests Nos. 1 to 6, which represent Inventive Examples, the slabs were free from central segregation and
positive segregation near the core portion, and were also free from internal cracks. These results were because in the
tests Nos. 1 to 6, all the five conditions, namely, the solidified shell thickness immediately before the bulging, the total
amount of bulging, the length in the casting direction of the zone in which the thickness of the bulged slab was maintained
constant, the product of the compressing rate multiplied by the casting speed, and the solid phase fraction in the core
portion of the slab during the compression were within the ranges of the first embodiment of the invention, and further
the gradient of roll gaps in the bulging was in the preferred range of the first embodiment of the invention.
[0082] In the test No. 7, the gradient of roll gaps in the bulging was outside the preferred range of the first embodiment
of the invention, and consequently slight internal cracks were generated. However, the solidified shell thickness imme-
diately before the bulging was as large as 25 mm, and the internal cracks were checked to a slight extent. The other
conditions were within the ranges of the first embodiment of the invention, and the slab was free from central segregation
and positive segregation near the core portion.
[0083] In the test No. 8, the thickness of the bulged slab was maintained constant over a length in the casting direction
outside the range of the first embodiment of the invention, and consequently positive segregation occurred near the core
portion of the slab with a degree of segregation of 1.090. This result was because the length in the casting direction of
the zone in which the thickness of the bulged slab was maintained constant was too short and the compression failed
to apply a uniform reduction in the direction of the width of the slab.
[0084] In the test No. 9, the solidified shell thickness immediately before the bulging, and the length in the casting
direction of the zone in which the thickness of the bulged slab was maintained constant were outside the ranges of the
first embodiment of the invention. Consequently, internal cracks were generated and positive segregation occurred near
the core portion of the slab with a degree of segregation of 1.085. The generation of internal cracks was ascribed to the
solidified shell thickness immediately before the bulging being outside the range of the first embodiment of the invention.
The occurrence of positive segregation was ascribed to the excessively short length in the casting direction of the zone
in which the thickness of the bulged slab was maintained constant, and to the consequent failure for the compression
to apply a uniform reduction in the direction of the width of the slab.
[0085] In the test No. 10, the solidified shell thickness immediately before the bulging was outside the range of the
first embodiment of the invention, and further the gradient of roll gaps in the bulging was outside the preferred range of
the first embodiment of the invention. Consequently, internal cracks were generated in the slab. However, the other
conditions were within the ranges of the first embodiment of the invention, and the slab was free from central segregation
and positive segregation near the core portion.
[0086] In the test No. 11, the total amount of bulging exceeded 20 mm and was outside the range of the first embodiment
of the invention. Consequently, internal cracks were generated in the slab. Further, the product of the compressing rate
multiplied by the casting speed was smaller than the range of the first embodiment of the invention, and the compression
produced no effects. Consequently, positive segregation occurred near the core portion of the slab with a degree of
segregation of 1.158.
[0087] In the test No. 12, the slab was compressed when the solid phase fraction in the core portion of the slab was
0.95. The compression produced no effects because the timing of the compression was outside the range of the first
embodiment of the invention. Consequently, positive segregation occurred near the core portion of the slab with a degree
of segregation of 1.198. However, no internal cracks were generated because the solidified shell thickness immediately
before the bulging, and the total amount of bulging were within the ranges of the first embodiment of the invention, and
the gradient of roll gaps in the bulging was in the preferred range of the first embodiment of the invention.

EXAMPLE 2

[0088] The second embodiment of the invention was applied to casting tests with use of a continuous slab casting
machine configured as illustrated in Fig. 2 (Inventive Examples: test Nos. 21 to 25). Slabs for steel plates having a carbon
content of 0.05 to 0.08 mass% were cast. The slab width was 2100 mm. The thickness of the slab was 250 mm immediately
below the casting mold. The casting speed was 0.85 to 1.42 m/min, and the relative amount of water for the secondary
cooling of the slab was 1 to 2 L/steel-kg.
[0089] The total rolling reduction in the shorter side width reduction zone was 3.0 to 20.0 mm, and the total amount
of bulging in the intentional bulging zone was 3.0 to 20.0 mm. The total rolling reduction in the soft reduction zone was
equal to or smaller than the total amount of bulging. The solid phase fraction in the core portion of the slab at the
completion of the soft reduction was 0.9 or more.
[0090] For comparison, tests were performed under conditions in which any one of the total rolling reduction in the
shorter side width reduction zone, the total amount of bulging in the intentional bulging zone, the product of the com-
pressing rate in the soft reduction zone multiplied by the casting speed, and the timing of the start of the compression
in the soft reduction zone was outside the inventive range (Comparative Examples: tests Nos. 26 to 30).
[0091] In each of the casting tests, a full-width test piece was sampled over a length of 1000 mm in the casting direction
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from a portion of the slab formed in a steady casting period. A transverse plane sample having a thickness of 50 mm
was cut out from this full-width test piece. With respect to a portion at half the width of the transverse plane sample,
manganese was analyzed with EPMA in the direction of the thickness of the slab. The manganese analysis with EPMA
examined the occurrence of central segregation in the core portion of the slab, as well as the occurrence of positive
segregation (a type of segregation in which the concentration of solute components is increased from the initial concen-
tration) or negative segregation (a type of segregation in which the concentration of solute components is decreased
from the initial concentration) near the core portion of the slab.
[0092] The values of manganese concentration measured at the various positions in the transverse plane sample
(mass% Mn) were each divided by the manganese concentration in the analysis sample (mass% Mn0) collected from
the molten steel in the ladle before casting (mass% Mn/mass% Mn0), thereby determining the degree of segregation.
The distribution of the degrees of segregation in the slab thickness direction was studied. The calculation of the degree
of segregation in the slab adopted the larger value of the concentrations in the central segregation and the positive
segregation near the core portion of the slab. Further, the presence or absence of internal cracks was studied by a sulfur
print test of the transverse plane sample. The test conditions and the results of the studies are described in Table 2.
[0093] [Table 2]
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[0094] In the tests Nos. 21 to 25, which represent Inventive Examples, the slabs were free from central segregation
in the core portion and positive segregation near the core portion of the slab, and were also free from internal cracks.
[0095] In the test No. 26, the total rolling reduction in the shorter side width reduction zone was 23.0 mm and was
outside the range of the second embodiment of the invention. The other conditions were within the ranges of the second
embodiment of the invention, but internal cracks were generated in the slab due to the excessively large total rolling
reduction in the shorter side width reduction zone.
[0096] In the test No. 27, the total amount of intentional bulging was 30.0 mm and was outside the range of the second
embodiment of the invention. The other conditions were within the ranges of the second embodiment of the invention,
but internal cracks were generated in the slab due to the excessively large total amount of bulging.
[0097] In the test No. 28, the product of the compressing rate in the soft reduction multiplied by the casting speed was
0.2 and was outside the range of the second embodiment of the invention. Although the slab was free from internal
cracks, central segregation was observed with a degree of manganese segregation of 1.080 due to insufficient soft
reduction.
[0098] In the test No. 29, the total rolling reduction in the shorter side width reduction zone was 2.0 mm and was
outside the range of the second embodiment of the invention. The other conditions were within the ranges of the second
embodiment of the invention. As a result, internal cracks were not generated, but slight central segregation was observed
with a degree of manganese segregation of 1.040. This result was probably because the total rolling reduction in the
shorter side width reduction zone was so small that the thickness of the shorter side was not effectively reduced and
consequently the effects of the soft reduction were decreased.
[0099] In the test No. 30, the soft reduction was performed after the solid phase fraction in the core portion of the slab
reached 1.0 (complete solidification) in contrast to the requirement in the second embodiment of the invention. The soft
reduction after the completion of solidification produced no effects, and central segregation was observed with a degree
of manganese segregation of 1.080.

Reference Signs List

[0100]

1 CONTINUOUS SLAB CASTING MACHINE
2 TUNDISH
3 SLIDING NOZZLE
4 IMMERSION NOZZLE
5 CASTING MOLD
6 GUIDE ROLL
7 REDUCTION ROLL
8 PINCH ROLL
9 MOLTEN STEEL
10 SLAB
11 SOLIDIFIED SHELL
12 UNSOLIDIFIED LAYER
21 CONTINUOUS SLAB CASTING MACHINE
22 TUNDISH
23 SLIDING NOZZLE
24 IMMERSION NOZZLE
25 CASTING MOLD
26 SUPPORT ROLL
27 GUIDE ROLL
28 PINCH ROLL
29 CARRIER ROLL
30 SLAB CUTTING MACHINE
31 MOLTEN STEEL
32 SLAB
33 SOLIDIFIED SHELL
34 UNSOLIDIFIED LAYER
35 SOLIDIFICATION COMPLETION POSITION
36 SOFT REDUCTION ZONE
37 SHORTER SIDE WIDTH REDUCTION ZONE
38 INTENTIONAL BULGING ZONE
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39 ULTRASONIC WAVE SENDING SENSOR
40 ULTRASONIC WAVE RECEIVING SENSOR

Claims

1. A continuous steel casting method comprising:

guiding a slab drawn from a continuous casting mold on slab-supporting rolls, the slab-supporting rolls being
disposed in a casting direction with constant roll gaps from immediately below the casting mold to a point where
the thickness of a solidified shell of the slab reaches at least 15 mm,
bulging a longer side of the slab while the slab travels on slab-supporting rolls disposed with roll gaps gradually
increased toward the downstream in the casting direction, the total amount of bulging being 3 to 20 mm,
guiding the bulged slab on slab-supporting rolls disposed with constant roll gaps in a zone 0.5 to 5.0 m in length
toward the downstream in the casting direction, thereby maintaining the thickness of the slab constant, and
compressing the longer side of the slab by at least one pass through reduction rolls under such conditions that
the product of the compressing rate multiplied by the casting speed is 0.3 to 1.0 mm·m/min2, the compression
taking place when the solid phase fraction in a core portion of the slab is from 0.2 to 0.9.

2. The continuous steel casting method according to claim 1, wherein the longer side of the slab is bulged on slab-
supporting rolls disposed in the casting direction with roll gaps gradually increased at a gradient of not more than
4.0 mm per 1 m in the casting direction.

3. A continuous steel casting method comprising:

guiding a slab drawn from a continuous casting mold, the slab being rectangular in transverse section, on a
plurality of pairs of slab-supporting rolls disposed with roll gaps gradually decreased toward the downstream in
a casting direction thereby to subject a longer side of the slab to a compression force of 0.3 to 1.0 mm·m/min2

obtained by multiplying the compressing rate by the casting speed, and reducing the width of a shorter side of
the slab by 3 to 20 mm compared to the width of the shorter side of the slab at a lower end of the casting mold
by the action of the compression force,
after the reduction of the width of the shorter side of the slab, bulging the longer side of the slab while the slab
travels on a plurality of pairs of slab-supporting rolls disposed with roll gaps gradually increased toward the
downstream in the casting direction, the total amount of bulging being 3 to 20 mm, and
after the bulging of the longer side of the slab, compressing the longer side of the slab with a total rolling reduction
equal to or smaller than the total amount of bulging by subjecting the longer side of the slab to a compression
force of 0.3 to 1.0 mm·m/min2 obtained by multiplying the compressing rate by the casting speed in a soft
reduction zone in which a plurality of pairs of slab-supporting rolls are disposed with roll gaps gradually decreased
toward the downstream in the casting direction, the compression taking place at least between a point where
the solid phase fraction in a core portion of the slab is 0.2 or less and a point where the solid phase fraction is
0.9 or more.

4. The continuous steel casting method according to claim 3, further comprising detecting a position of complete
solidification of the slab online with a solidification completion position detector, and, based on the detected infor-
mation of the position of complete solidification, adjusting one, or two or more of the amount of secondary cooling
water, the amount of reduction of the width of secondary cooling, and the casting speed so that the slab is located
in the soft reduction zone at least between a point where the solid phase fraction in the core portion of the slab is
0.2 or less and a point where the solid phase fraction is 0.9 or more.



EP 2 881 196 A1

19



EP 2 881 196 A1

20



EP 2 881 196 A1

21



EP 2 881 196 A1

22

5

10

15

20

25

30

35

40

45

50

55



EP 2 881 196 A1

23

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• JP 8132203 A [0014]
• JP 6218509 A [0014]
• JP 9057410 A [0014]

• JP 9206903 A [0014]
• JP 2000288705 A [0014]


	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

