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(57)  According to an aspect of the present invention,
a thick steel plate having excellent low-temperature
toughness comprises, by weight %, 0.03-0.06% of C,
0.1-0.2% of Si, 1.0-2.0% of Mn, 0.01-0.035% of Al,
0.015-0.03% of Nb, 0.001-0.02% of Ti, 0.1-0.2% of Ni,
0.002-0.006% of N, 0.01% or less (0% exclusive) of P,
0.003% or less of S, and the balance of Fe and other
inevitable impurities, satisfies relationship formulas 1 and
2, and has a microstructure including, by area fraction,
50-70 % of polygonal ferrite and 30-50 % of acicular fer-
rite wherein the ferrite has an average grain size of 20
pm or less. [Relationship formula 1]
0.23<[C]+[Si]+10*[Al]<0.61 wherein [C], [Si], and [Al]
mean contents (weight %) of respective alloy compo-
nents. [Relationship formula 2]
1.35<[Mn]+2*[Ni]+10*[Nb]<2.7 wherein [Mn], [Ni], and
[Nb] mean contents (weight %) of respective alloy com-
ponents.
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Description
[Technical Field]

[0001] The present disclosure relates to a thick steel plate used in steel for offshore wind power monopiles and
structural steel for infrastructure industries such as construction, or the like, and a method for manufacturing the same.
More specifically, the present disclosure is directed to a thick steel plate having high strength and excellent low-temper-
ature impact toughness and a method for manufacturing the same.

[Background Art]

[0002] Since the 2000s, attention has focused on renewable energy for reducing environmental issues and greenhouse
gas emissions. The term "renewable energy" generally refers to combination of new energy (hydrogen, fuel cells, and
the like) and renewable energy (solar energy, wind power, bio, and the like) . Especially, wind power generation is in
the spotlight as a next-generation energy source because it is eco-friendly power generation with no waste and no
pollution.

[0003] Wind power generation is classified into onshore wind power generation and offshore wind power generation.
Since onshore wind power generation has disadvantages such as noise and a limitation in an optimal wind generation
sites, offshore wind power generation is growing rapidly, mostly in Europe.

[0004] Such offshore wind power generation was activated later than onshore wind power generation, but has advan-
tages such as high wind speeds, low concern for noise generation, and ability to secure a large area. For this reason,
as the technology level rises, the relative superiority of offshore wind power generation over onshore wind power gen-
eration is receiving more and more attention.

[0005] A structure of such offshore wind power generation includes a monopile section stuck into the seabed, a
transition piece section connecting the monopile section and a tower section to each other, and the tower section
supporting electricity production equipment. The monopile section and the transition piece section support offshore
power generation and are formed of an ultra-thick steel plate and a thick steel plate capable of guaranteeing low-
temperature toughness. More specifically, there is a need for steel able to secure a maximum thickness of 120 mm and
impact toughness at a temperature of -50°C and satisfy yield strength of 350 MPa.

[0006] (Patent Document 1) Korean Patent Publication No. 10-2017-0075867

[Disclosure]
[Technical Problem]

[0007] An aspect of the present disclosure is to provide a thick steel plate having high strength and excellent low-
temperature impact toughness.

[0008] Another aspect of the present disclosure is to provide a method for manufacturing a thick steel plate having
high strength and excellent low-temperature impact toughness.

[Technical Solution]

[0009] Accordingtoan aspectof the present disclosure, athick steel plate having excellent low-temperature toughness
includes, by weight percentage (wt%), 0.03 to 0.06% of carbon (C), 0.1 to 0.2% of silicon (Si), 1.0 to 2.0% of manganese
(Mn), 0.01 to 0.035% of aluminum (Al), 0.015 to 0.03% of niobium (Nb), 0.001 to 0.02% of titanium (Ti), 0.1 to 0.2% of
nickel (Ni), 0.002 to 0.006% of nitrogen (N), 0.01% or less (excluding 0%) of phosphorus (P), 0.003% or less of sulfur
(S), and a balance of iron (Fe) and other inevitable impurities, and satisfies Relational Expressions 1 and 2. The thick
steel plate has a microstructure including, by area fraction, 50 to 70% of polygonal ferrite and 30 to 50% of acicular
ferrite, and the polygonal ferrite has an average grain size of 20 um or less.

Relational Expression 1:

0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components, and
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Relational Expression 2:

1.35<[Mn]+2* [Ni]+10* [Nb]<£2.7

where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.

[0010] The microstructure may further include one or two of cementite and MA phases, and a fraction of the one or
two of the cementite and MA phases may be 5% or less (including 0%) by area fraction.

[0011] Yield strength of the thick steel plate may be 355 MPa or more, and impact toughness of the thick steel plate
at a temperature of -50°C may be 100 J or more.

[0012] Tensile strength of the thick steel plate may be 450 MPa or more.

[0013] Accordingto an aspect of the present disclosure, a method for manufacturing a thick steel plate having excellent
low-temperature toughness includes heating a steel slab to a temperature within a range of 1020 to 1100°C, the steel
slab comprising, by weight percentage (wt%), 0.03 to 0.06% of carbon (C), 0.1 to 0.2% of silicon (Si), 1.0 to 2.0% of
manganese (Mn), 0.01 to 0.035% of aluminum (Al), 0.015 to 0.03% of niobium (Nb), 0.001 to 0.02% of titanium (Ti), 0.1
to 0.2% of nickel (Ni), 0.002 to 0.006% of nitrogen (N), 0.01% or less (excluding 0%) of phosphorus (P), 0.003% or less
of sulfur (S), and a balance of iron (Fe) and other inevitable impurities, and satisfying Relational Expressions 1 and 2,
hot rolling the heated steel slab to obtain hot-rolled steel, and cooling the hot-rolled steel to a cooling end temperature
within a range of 450°C or less. The hot rolling includes recrystallization region rolling and non-recrystallization region
rolling.

Relational Expression 1:
0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components, and

Relational Expression 2:
1.355[Mn]+2* [Ni]+10* [Nb]<L2.7

where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.

[0014] The recrystallization region rolling may be performed at a temperature of 900°C or higher by setting a reduction
ratio of each of final two passes to 15 to 20%.

[0015] The non-recrystallization rolling may be finished at a temperature of 750°C or higher.

[0016] A cumulative reduction ratio of the non-recrystallization rolling may be 30 to 40%.

[0017] The cooling end temperature may be 300°C or less.

[0018] A cooling rate of the cooling may be 1 to 8°C/sec.

[0019] The cooling rate of the cooling may be 2 to 4°C/sec.

[0020] The technical solutions to the above-mentioned problems do not fully enumerate all features of the present
disclosure. Various features of the present disclosure and the resulting advantages and effects will be understood in
more detail with reference to the following detailed examples.

[Advantageous Effects]

[0021] According to an aspect of the present disclosure, a thick steel plate securing excellent low-temperature tough-
ness characteristics and yield strength of 350 MPa or more while having a thickness of about 120 mm and a method for
manufacturing the same.

[0022] According to an aspect of the present disclosure, a thick steel plate especially appropriate to an offshore wind
power industry by improving resistance to deformation and destruction of a structure, caused by continuous waves and
impacts by fish, tidal currents, ships, and the like, and method for manufacturing the same.

[0023] Application of the steel according to an aspect of the present disclosure may effectively contribute to securing
stability of an offshore structure and life extension.
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[Description of Drawings]

[0024] FIG. 1is an image, captured at 200x magnification using an optical microscope, illustrating a microstructure of
Inventive Example 1.

[Best Mode for Invention]

[0025] The present disclosure relates to a thick steel plate having excellent hydrogen-induced cracking resistance
and a method for manufacturing the same. Examples of the present disclosure may be modified in various forms, and
the scope of the present disclosure should not be construed as being limited to these examples set forth herein. The
examples are provided to explain the present disclosure so that the present disclosure will be thorough and complete,
and will fully convey the scope of the present disclosure to those skilled in the art.

[0026] Hereinafter, a steel composition of the present disclosure will be described in detail. Hereinafter, percentage
(%) denotes weight percentage (wt%) unless otherwise specified.

[0027] A thick steel plate having excellent low-temperature toughness, the thick steel plate according to an aspect of
the present disclosure includes, by weight percentage (wt%), 0.03 to 0.06% of carbon (C), 0.1 to 0.2% of silicon (Si),
1.0 to 2.0% of manganese (Mn), 0.01 to 0.035% of aluminum (Al), 0.015 to 0.03% of niobium (Nb), 0.001 to 0.02% of
titanium (Ti), 0.1 to 0.2% of nickel (Ni), 0.002 to 0.006% of nitrogen (N), 0.01% or less (excluding 0%) of phosphorus
(P), 0.003% or less of sulfur (S), and a balance of iron (Fe) and other inevitable impurities, and satisfies Relational
Expressions 1 and 2.

Relational Expression 1:
0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components, and

Relational Expression 2:

1.35<[Mn]+2* [Ni]+10* [Nb]<£2.7

where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.
Carbon (C): 0.03 to 0.06%

[0028] Carbon (C) is an element for solid solution strengthening, binds to niobium (Nb), or the like, to be present as
a carbonitride, and is added to secure tensile strength. Therefore, in the present disclosure, a lower limit the content of
carbon (C) may be limited to 0.03 or less. However, when carbon (C) is added excessively, not only formation of MA is
promoted but also formation of pearlite is done, which may deteriorate impact characteristics at a low temperature. For
this reason, in the present disclosure, an upper limit of the content of carbon (C) may be limited to 0.06%. Therefore,
the content of carbon (C) may be in the range of 0.03 to 0.06%. The content of carbon (C) may be in the range of, in
detail, 0.032 to 0.06% and, in more detail, 0.032 to 0.058%.

Silicon (Si): 0.1 t0 0.2%

[0029] Since silicon (Si) serves to deoxidize molten steel by supporting aluminum (Al) and is an element required to
secure yield strength and tensile strength, a lower limit of the content of silicon (Si) may be limited to 0.1% in the present
disclosure. However, when silicon (Si) is added excessively, diffusion of carbon (C) is prevented to promote formation
of MA. Accordingly, it may be difficult to secure impact characteristics at a low temperature, so that an upper limit of
silicon (Si) may be limited to 0.2%. Therefore, in the present disclosure, the content of silicon (Si) may be in the range
of 0.1 t0 0.2%. The content of silicon (Si) may be in the range of, in detail, 0.1 to 0.18% and, in more detail, 0.12t0 0.18%.

Manganese (Mn): 1.0 to 2.0%

[0030] Since manganese (Mn)is an element contributing to an increase in strength due to solid solution strengthening,
a lower limit of the content of manganese (Mn) may be limited to 1.0% to achieve such an effect. However, when the
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manganese (Mn) is added excessively, an MnS inclusion may be formed and toughness may be reduced due to centerline
segregation. For this reason, in the present disclosure, an upper limit of the content of manganese (Mn) may be limited
to 2.0%. Therefore, the content of manganese (Mn) may be in the range of 1.0 to 2.0%. The content of manganese (Mn)
be in the range of, in detail, 1.2 to 1.8% and, in more detail, 1.4 to 1.8%.

Aluminum (Al): 0.01 to 0.035%

[0031] Since aluminum (Al) functions as a main deoxidizer of steel, it is necessary to add at least 0.01% of aluminum
(Al) based on a dissolved state. However, when aluminum (Al) is added excessively, a fraction and a size of an Al,O3
inclusion may be increased to deteriorate low-temperature toughness. Similarly to silicon (Si), formation of an MA phase
of a base metal and a welding heat-affected zone may be promoted to deteriorate the low-temperature toughness. For
this reason, in the present disclosure, the content of aluminum (Al) may be limited to 0.035% or less, based on the
dissolved state. Therefore, the content of aluminum (Al) may be in the range of 0.01 to 0.035%. The content of aluminum
(Al) may be in the range of, in detail, 0.02 to 0.035% and, in more detail, 0.02 to 0.03%.

Niobium (Nb): 0.015 to 0.03%

[0032] Niobium (Nb)is an element suppressing recrystallization during rolling or cooling by precipitating a carbonitride
to refine a structure and to increase structure. In the present disclosure, a lower limit of the content of niobium (Nb) is
limited to 0.015% to achieve such an effect. However, when niobium (Nb) is added excessively, concentration of carbon
(C) is caused by affinity of niobium (Nb) to carbon (C) to promote the formation of the MA phase, and thus, toughness
and fracture characteristics at a low temperature may be deteriorated. For this reason, in the present disclosure, an
upper limit of the content of niobium (Nb) may be limited to 0.03%. Therefore, the content of niobium (Nb) may be in the
range of 0.015 to 0.03%. The content of niobium (Nb) may be in the range of, in detail, 0.018 to 0.03% and, in more
detail, 0.018 to 0.025%.

Titanium (Ti): 0.001 to 0.02%

[0033] Titanium (Ti) binds to oxygen (O)or nitrogen (N) to form a precipitate, and the precipitate suppresses coarseness
of a structure to contribute to refinement and to serve to improve toughness. In the present disclosure, a lower limit of
the content of titanium (Ti) may be limited to 0.001% to achieve such an effect. However, when titanium (Ti) is added
excessively, a Ti-based precipitate may be coarsened to provide a cause of steel fracture. For this reason, in the present
disclosure, an upper limit of the content of titanium (Ti) may be limited to 0.02%. Therefore, the content of titanium (Ti)
may be in the range of 0.001 to 0.02%. The content of titanium (Ti) may be in the range of, in detail, 0.005 to 0.02%
and, in more detail, 0.005 to 0.015%.

Nickel (Ni): 0.1 to 0.2%

[0034] Nickel (Ni) is an element effective in improving strength without deterioration of impact toughness. In addition,
nickel (Ni) is also an element promoting formation of acicular ferrite. In the present disclosure, a lower limit of the content
of nickel (Ni) may be limited to 0.1% to achieve such an effect. However, when nickel (Ni) is added excessively, an Ary
temperature is decreased to form bainite. For this reason, in the present disclosure, an upper limit of the content of nickel
(Ni) may be limited to 0.2%. This is because when bainite is formed, impact toughness may be deteriorated in an ultra-
thick steel plate. Therefore, the content of nickel (Ni) may be in the range of 0.1 to 0.2%. The content of nickel (Ni) may
be in the range of, in detail, 0.11 to 0.2% and, in more detail, 0.11 to 0.19%.

Nitrogen (N): 0.002 to 0.006%

[0035] Nitrogen (N) is an element useful for improving strength and toughness by forming a precipitate, together with
titanium (Ti), niobium (Nb), and aluminum (Al) to refine an austenite structure during reheating. In the present disclosure,
a lower limit of the content of nitrogen (N) may be limited to 0.002% to achieve such an effect. However, when nitrogen
(N) is added excessively, surface cracking may occur at a high temperature and residual nitrogen (N) is present in an
atomic state to reduce the toughness. For this reason, in the present disclosure, the content of nitrogen (N) may be
limited to 0.006%. Therefore, the content of nitrogen (N) may be in the range of 0.002 to 0.006%. The content of nitrogen
(N) may be in the range of, in detail, 0.003 to 0.006% and, in more detail, 0.003 to 0.005%.
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Phosphorus (P): 0.01% or less (excluding 0%)

[0036] Phosphorus (P) is an element causing steel to be embrittled by grain boundary segregation. Therefore, in the
present disclosure, an upper limit of the content of phosphorus (P) may be limited to 0.01%. However, phosphorus (P)
is a representative impurity element introduced in a steelmaking process, and complete removal of phosphorus (P) in
the steel is not preferable in terms of costs and time. Therefore, 0% may be excluded from a lower limit of the content
of phosphorus (P) .

Sulfur (S): 0.003% or less (excluding 0%)

[0037] Sulfur (S) mainly binds to manganese (Mn) to form an MnS inclusion deteriorating low-temperature toughness.
Therefore, in the present disclosure, an upper limit of the content of sulfur (S) may be limited to 0.003% to secure low-
temperature toughness and low-temperature fatigue characteristics. However, sulfur (S) is also a representative impurity
element introduced in the steelmaking process, and complete removal of sulfur (S) in the steel is not preferable in terms
of costs and time. Therefore, 0% may be excluded from a lower limit of the content of sulfur (S).

Copper (Cu), chromium (Cr), and molybdenum (Mo)

[0038] Copper (Cu) is a component which does not significantly deteriorate impact characteristics but does not sig-
nificantly contribute to an improvement in strength of steel. In addition, when copper (Cu) is added excessively, surface
cracking of the steel sheet may occur due to thermal impact. Therefore, the addition of copper (Cu) may be excluded
for a low-cost component system.

[0039] Chromium (Cr) and molybdenum (Mo) are components allowing strength to be easily improved by forming
carbide. However, in ultra-thick steel material, chromium (Cr) and molybdenum (Mo) may form coarse carbide depending
on a cooling rate of a plate to deteriorate impact toughness. Therefore, the addition of chromium (Cr) and molybdenum
(Mo) may be excluded in the present disclosure.

Relational Expression 1:
0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components.

[0040] When a value calculated by Relational Expression 1 is less than 0.23, yield strength of the steel is less than
350 MPa. When the value calculated by Relational Expression 1 is greater than 0.61, the formation of MA may be
promoted to have an MA fraction of several percent, and thus, impact characteristics may be deteriorated. Therefore,
relative content ranges of carbon (C), silicon (Si), and aluminum (Al) may be adjusted such that the value calculated by
Relational Expression 1 satisfies the range of 0.23 to 0.61.

Relational Expression 2:
1.355[Mn]+2* [Ni]+10* [Nb]<L2.7

where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.

[0041] Relational Expression 2 relates to securing a fraction of acicular ferrite useful for securing strength. For example,
to secure 30 to 50 area% of the acicular ferrite, relative content ranges of manganese (Mn), nickel (Ni), and niobium
(Nb) may be adjusted such that a value calculated by Relational Expression 2 satisfies a range of 1.35 to 2.7.

[0042] In addition to the above-described steel composition, iron (Fe) and other inevitable impurities may be included
as a remainder. The inevitable impurities may be unintentionally incorporated in a common steel manufacturing process,
and cannot be entirely excluded. The meanings of the inevitable impurities will be readily understood by those skilled
in the art of steel manufacturing. Moreover, addition of another composition, other than the above-described steel
composition, may not be completely excluded.

[0043] Hereinafter, a microstructure of the present disclosure will be described in more detail.

[0044] A thick steel plate having excellent low-temperature toughness according to an aspect of the present disclosure
may include 50 to 70% of polygonal ferrite and 30 to 50% of cyclic circular ferrite as a microstructure.

[0045] To implement central impact toughness at a temperature of -50°C and fatigue characteristics at a temperature
of -60°C in the thick steel plate of the present disclosure, a grain size, dislocation density, and the like, of ferrite are
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important, and it is important to significantly reduce MA and cementite. Since fine polygonal ferrite improves impact
toughness absorption energy and acicular ferrite increases strength, a combination of two microstructures is an important
factor in securing impact toughness and strength.

[0046] When a fraction of the polygonal ferrite is less than 50 area%, it may be difficult to secure impact toughness
at a temperature of -50°C due to an increase in fractions of acicular ferrite and a hard secondary phase. When the
fraction of the polygonal ferrite is greater than 70 area%, the securing of strength may be insufficient due to a decrease
in the fraction of the acicular ferrite.

[0047] When the fraction of the polygonal ferrite is less than 30 area%, it may be difficult to secure a desired level of
strength. When the fraction of the acicular ferrite is greater than 50 area%, a desired level of low-temperature toughness
may not be secured.

[0048] A fraction of one or two of cementite and MA phases is may be 5% or less (including 0%) by area fraction.
Since the cementite and MA phases are not preferable to secure low-temperature impact toughness, formation of the
cementite and MA phases may be actively suppressed. The fraction of one or two of the cementite and MA phases may
be, in detail, 3% or less (including 0%) by area fraction and, more detail, 1% or less (including 0%) by area fraction.
[0049] An average grain size of the ferrite may be 20 uwm or less. This is because when the average grain size of
ferrite is greater than 20 um, strength and low-temperature toughness may be simultaneously decreased due to grain
growth.

[0050] A thick steel plate having excellent low-temperature toughness according to an aspect of the present disclosure
may have a thickness of 20 to 120 mm. In addition, the thick steel plate having excellent low-temperature toughness
according to an aspect of the present disclosure may have yield strength of 355 MPa or more and impact toughness of
100 J or more at a temperature of -50°C, and may have tensile strength of 450 MPa or more.

[0051] Hereinafter, the manufacturing method of the present disclosure will be described in more detail.

[0052] A method for manufacturing a thick steel plate having excellent low-temperature toughness according to an
aspect of the present disclosure includes heating a steel slab to a temperature within a range of 1020 to 1100°C, the
steel slab comprising, by weight percentage (wt%), 0.03 to 0.06% of carbon (C), 0.1 to 0.2% of silicon (Si), 1.0 to 2.0%
of manganese (Mn), 0.01 to 0.035% of aluminum (Al), 0.015 to 0.03% of niobium (Nb), 0.001 to 0.02% of titanium (Ti),
0.1 to 0.2% of nickel (Ni), 0.002 to 0.006% of nitrogen (N), 0.01% or less (excluding 0%) of phosphorus (P), 0.003% or
less of sulfur (S), and a balance of iron (Fe) and other inevitable impurities, and satisfying Relational Expressions 1 and
2, hot rolling the heated steel slab to obtain hot-rolled steel, and cooling the hot-rolled steel to a cooling end temperature
within a range of 450°C or less. The hot rolling includes recrystallization region rolling and non-recrystallization region
rolling.

Relational Expression 1:
0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components, and

Relational Expression 2:
1.355[Mn]+2* [Ni]+10* [Nb]<2.7
where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.

Heating Steel Slab

[0053] A steel slab having the above composition is heated to a temperature within a range of 1020 to 1100°C. Since
a slab alloy composition of the present disclosure corresponds to the above-described alloy composition of the thick
steel plate, the description of the slab alloy composition of the present disclosure is replaced with the description of the
above-described alloy composition of the thick steel plate.

[0054] When the heating temperature is too high during heating of the steel slab, grains of austenite are coarsened
to increase hardenability, and thus, a bainite structure may be manifested to deteriorate toughness. When the heating
temperature is too low during heating of the steel slab, titanium (Ti), niobium (Nb), or the like, may be insufficiently solid-
solubilized to decrease strength. Therefore, in the present disclosure, the slab heating temperature may be limited to a
range of 1020 to 1100°C.
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Obtaining Hot-Rolled Steel

[0055] The heated steel slab is hot rolled to obtain hot-rolled steel. The hot rolling includes recrystallization region
rolling and non-recrystallization region rolling.

[0056] The recrystallization region rolling may be performed at a temperature of 900 to 1050°C. In the hot rolling, the
recrystallization region rolling may be performed at a temperature of, in detail, 900°C or higher by setting a reduction
ratio of each of final two passes to, in detail, 15 to 20%. This is aimed at completely recrystallizing austenite and to
suppress refinement and growth of the austenite.

[0057] The non-recrystallization region rolling may start at a temperature of, in detail, 830°C to an Ar; temperature
and may be finished at a temperature higher than the Ar; temperature, in detail, about 750°C or higher. In the non-
recrystallization region rolling, for example, thick steel having a thickness of 100 to 120 mm may have a cumulative
reduction ratio of, in detail, 30 to 40%.

[0058] After the hot rolling, the hot-rolled steel may have a thickness of 20 to 120 mm.

Cooling Hot-Rolled Steel

[0059] As described above, the hot-rolled steel obtained by the hot rolling is cooled to a cooling end temperature within
a range of 450°C or less.

[0060] The hot-rolled steel may be cooled by water cooling to implement strength and a microstructure of final steel.
For example, the hot-rolled steel may be cooled to a cooling end temperature within a range of 450°C or less at a cooling
rate of 1 to 8°C/sec. This is aimed at suppressing a difference in physical properties caused by a difference in cooling
rates between the surface and the center. When the cooling end temperature is higher than 450°C, formation of MA
may be promoted to deteriorate impact toughness. The cooling end temperature may be, in more detail, 300°C or less
and the cooling rate may be, in more detail, 2 to 4°C/sec. The hot-rolled steel may be cooled to a room temperature.
[0061] The thick steel plate manufactured by the manufacturing method according to one aspect of the present dis-
closure may include 50 to 70 area% of polygonal ferrite and 30 to 50 area% of acicular ferrite as a microstructure, and
may further include at least one of 5 area% or less (including 0%) cementite and MA phases. In this case, an average
grain size of ferrite may be 20 um or less.

[0062] The thick steel plate manufactured by the manufacturing method according to an aspect of the presentdisclosure
may have yield strength of 355 MPa or more and impact toughness of 100 J or more at a temperature of -50°C, and
may have tensile strength of 450 MPa or more.

[Best Mode for Invention]

[0063] Hereinafter, embodiments of the present disclosure will be described more specifically through examples.
However, the examples are for clearly explaining the embodiments of the present disclosure and are not intended to
limit the scope of the present invention.

[0064] After preparing molten steel having a component composition of Table 1 and having a component relational
expression of Table 3, a slab was prepared by continuously casting the molten steel. The slab was hot-rolled and then
cooled under manufacturing conditions of Table 2 to manufacture hot-rolled steel.

[0065] In Table 1, a unit of the content of each element is weight percentage (wt%). Inventive Steels A, B, and C are
steels satisfying the component range specified in the present disclosure, and Comparative Steels D, E, F, and G are
steels, not satisfying the component range specified in the present disclosure. In Comparative Steel D, the content of
[C]+[Si]+10*[Al]is less than the component range. In Comparative Steel E, the content of [C]+[Si]+10*[Al] is greater than
the component range. In Comparative Steel F, the content of [Mn]+2*[Ni]+10*[Nb] is less than the component range. In
Comparative Steel G, the content of [Mn]+2*[Ni]+10*[Nb] is greater than the component range.

[0066] Among process conditions, a reduction ratio of final two passes was 19% in recrystallization region rolling at
a temperature of 900°C, and a cumulative reduction ratio was 37% in non-crystallization region rolling. A microstructure
and mechanical physical properties of the hot-rolled steel manufactured as described above were measured, and results
thereof are listed in Table 3. In Inventive Example 1, a microstructure was observed and a result thereof was illustrated
in FIG. 1.
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Table 1
C Si Mn P S Al Ni Ti Nb N

5

-

o

S 0

W 0]

a D

0 n

n

o]

,_'

@]

IS A |0.055]|0.13| 1.56 [0.0077]0.0017]|0.021| 0.13 | 0.012 .023 |0.0036
Is B 0.052 | 0.16 | 1.60 |0.0083|0.0018 .022] 0.15 0.012 .024 .0039
Is C 0.056|0.14 ] 1.58 |0.0065|0.0021 .025] 0.18 0.011 .025 .0036
Cs D 0.035|10.08 | 1.61 |0.0084]0.0018 .007] 0.14 0.010 .022 .0040
Cs E 0.068 | 0.25] 1.54 |10.0081|10.0016 .036 | 0.15 [0.0099% .023 .0041
Cs F 0.056]0.17] 0.9510.0090(0.0021]0.023]0.084] 0.010 | 0.012 |0.003¢
Cs G 0.054] 0.15 2.2 10.0085]0.0018]0.022] 0.24 0.012 0.034 10.003:
IS: Inventive Steel / CS: Comparative Steel
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Table 2
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IE1l A 0.395 2.05 375 471 28 354 34 0.7 18.6
1E2 B 0.432 2.14 382 489 28 361 36 0.6 19.2
IE3 C 0.44¢6 2.19 386 488 27 320 42 0.8 19.6
CEl A 0.395 2.05 445 538 27 354 15 5.6 31.5
CE2 D 0.185 2.11 312 421 32 221 10 1.5 22.1
CE3 E 0.678 2.07 321 493 29 31 22 4.7 23.4
CE4 F 0.456 | 1.238 313 416 29 128 8 0.8 26.4
CES G 0.424 3.02 387 491 25 21 69 1.2 19.4

IE: Inventive Example / CE: Comparative Example

[0067] As can be seen from Tables 1 to 3, Inventive Examples 1 to 3 satisfying both an alloy composition and manu-
facturing conditions proposed in the present disclosure may secure yield strength of 350 MPa and tensile strength of
450 MPa or higher, and may have impact toughness of 100 J or more at a temperature of -50°C. As can be seen from
FIG. 1, in Inventive Example 1, an average grain size was 20 um or less and polygonal ferrite and acicular ferrite were
uniformly distributed at an appropriate ratio, which is important in securing strength and toughness of an ultra-thick plate
to be achieved in the present disclosure.

[0068] Comparative Example 1 had poorimpact characteristics at a temperature of -50°C because it satisfied the alloy
composition proposed in the present disclosure but did not satisfy a cooling end temperature among the manufacturing
conditions, which is determined to result from a large amount of MA production.

[0069] Comparative Examples 2, 3, 4, and 5 did not secure strength characteristics or sufficient impact toughness
because it satisfied the manufacturing conditions proposed in the present disclosure but did not satisfy alloy composition
proposed in the present disclosure.

[0070] Specifically, in Comparative Example 2, the content of [C]+[Si]+10*[Al] was less than the component range,
and thus, a fraction of acicular ferrite was reduced to result in lowered strength. In Comparative Example 3, the content
of [C]+[Si]+10*[Al] was greater than the component range, and thus, formation of MA was promoted and a fraction of
the MA was increased to result in poor impact toughness. In Comparative Examples 4 and 5, the content of
[Mn]+2*[Ni]+10*[Nb] was less or greater than the component range. When the content was less than the component
range, strength was lowered. When the content was greater than the component range, acicular ferrite was increased
to lower impact toughness.

[0071] While example embodiments have been shown and described above, the scope of the present disclosure is
not limited thereto, and it will be apparent to those skilled in the art that modifications and variations could be made
without departing from the scope of the present invention as defined by the appended claims.

1"
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Claims

Athick steel plate having excellentlow-temperature toughness, the thick steel plate comprising, by weight percentage
(Wt%), 0.03 to 0.06% of carbon (C), 0.1 to 0.2% of silicon (Si), 1.0 to 2.0% of manganese (Mn), 0.01 to 0.035% of
aluminum (Al), 0.015 to 0.03% of niobium (Nb), 0.001 to 0.02% of titanium (Ti), 0.1 to 0.2% of nickel (Ni), 0.002 to
0.006% of nitrogen (N), 0.01% or less (excluding 0%) of phosphorus (P), 0.003% or less of sulfur (S), and a balance
of iron (Fe) and other inevitable impurities, and satisfying Relational Expressions 1 and 2,

wherein the thick steel plate has a microstructure comprising, by area fraction, 50 to 70% of polygonal ferrite and
30 to 50% of acicular ferrite, and the polygonal ferrite has an average grain size of 20 wm or less,

Relational Expression 1:

0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components, and

Relational Expression 2:

1.35<[Mn]+2* [Ni]+10* [Nb]<£2.7

where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.
The thick steel plate of claim 1, wherein the microstructure further comprises one or two of cementite and MA phases,
and

a fraction of the one or two of the cementite and MA phases is 5% or less (including 0%) by area fraction.

The thick steel plate of claim 1, wherein yield strength of the thick steel plate is 355 MPa or more, and
impact toughness of the thick steel plate at a temperature of -50°C is 100 J or more.

The thick steel plate of claim 1, wherein tensile strength of the thick steel plate is 450 MPa or more.

A method for manufacturing a thick steel plate having excellent low-temperature toughness, the method comprising:
heating a steel slab to a temperature within a range of 1020 to 1100°C, the steel slab comprising, by weight
percentage (wt%), 0.03 to 0.06% of carbon (C), 0.1 to 0.2% of silicon (Si), 1.0 to 2.0% of manganese (Mn), 0.01
to 0.035% of aluminum (Al), 0.015 to 0.03% of niobium (Nb), 0.001 to 0.02% of titanium (Ti), 0.1 to 0.2% of
nickel (Ni), 0.002 to 0.006% of nitrogen (N), 0.01% or less (excluding 0%) of phosphorus (P), 0.003% or less
of sulfur (S), and a balance of iron (Fe) and other inevitable impurities, and satisfying Relational Expressions
1and 2;
hot rolling the heated steel slab to obtain hot-rolled steel; and

cooling the hot-rolled steel to a cooling end temperature within a range of 450°C or less,
wherein the hot rolling comprises recrystallization region rolling and non-recrystallization region rolling,

Relational Expression 1:

0.23<5[C]+[Si]+10*[A1]L0.61

where [C], [Si], and [Al] refer to contents (wt%) of respective alloy components, and

Relational Expression 2:

1.35<[Mn]+2* [Ni]+10* [Nb]<£2.7

where [Mn], [Ni], and [Nb] refer to contents (wt%) of respective alloy components.

12



10

15

20

25

30

35

40

45

50

55

8.

9.

EP 3 730 640 A1

The method of claim 5, wherein the recrystallization region rolling is performed at a temperature of 900°C or higher
by setting a reduction ratio of each of final two passes to 15 to 20%.

The method of claim 5, wherein the non-recrystallization rolling is finished at a temperature of 750°C or higher.
The method of claim 5, wherein a cumulative reduction ratio of the non-recrystallization rolling is 30 to 40%.

The method of claim 5, wherein the cooling end temperature is 300°C or less.

10. The method of claim 5, wherein a cooling rate of the cooling is 1 to 8°C/sec.

11. The method of claim 10, wherein the cooling rate of the cooling is 2 to 4°C/sec.

13
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