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(57) A technique for achieving high surface tough-
ness and high strength and toughness of the inner part
of a steel plate is provided.

A thick-walled high-toughness high-strength steel
plate is manufactured from steel having a particular com-
position and casted under conditions where the cooling

rate of a surface during solidification is 1°C/s or less. The
surface of the steel plate has a toughness (vE-40) of 70
J or more, and the steel plate has a thickness of 100 mm
or more. The surface of the steel plate has high tough-
ness, and the inner part of the steel plate has high
strength and toughness.
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Description

Technical Field

[0001] The present invention relates to a thick-walled high-toughness high-strength steel plate for use in steel structures
in construction, bridges, shipbuilding, offshore structures, construction and industrial machinery, tanks, penstocks, and
the like and to a method for manufacturing the thick-walled high-toughness high-strength steel plate. In particular, the
surface of the steel plate has high toughness, and the inner part of the steel plate has high strength and toughness. The
steel plate has a thickness of 100 mm or more and a yield strength of 620 MPa or more.

Background Art

[0002] In general, steel for use in construction, bridges, shipbuilding, offshore structures, construction and industrial
machinery, tanks, penstocks, and other fields is welded to have a desired shape. In recent years, with significantly
increasing in size of steel structures, the strength and thickness of steel to be used have also been greatly increased.
[0003] Despite trying to manufacture a thick-walled high-strength steel plate having a thickness of 100 mm or more
and having high strength and toughness in a half-thickness portion (the central portion in the thickness direction), a
structure having relatively low strength, such as ferrite, tends to be formed in the half-thickness portion due to a decreased
cooling rate. Thus, the addition of large amounts of alloying elements is required to reduce the formation of such a structure.
[0004] In particular, in order to achieve high strength and toughness of a half-thickness portion of a thick-walled material
(a thick-walled steel plate having a thickness of 100 mm or more), it is important to form bainite or a mixed structure of
bainite and martensite in the half-thickness portion during quenching. This requires the addition of large amounts of
alloying elements, such as Mn, Ni, Cr, and/or Mo.
[0005] The cooling rate is higher on the surface of a steel plate than in the half-thickness portion. Thus, a martensite
structure having low toughness is formed on the surface of the steel plate. Thus, a high-strength steel plate having a
thickness of 100 mm or more rarely has both high surface toughness and high strength and toughness of the inner part
thereof.
[0006] A steel plate related to the present invention is described in the following two pieces of non-patent literature,
for example. Non Patent Literature 1 describes a material having a thickness of 210 mm, and Non Patent Literature 2
describes a material having a thickness of 180 mm.

Citation List

Non Patent Literature

[0007]

NPL 1: Nippon Steel Technical Report, 348 (1993), 10-16
NPL 2: Nippon Kokan Technical Report, 107 (1985), 21-30

Summary of Invention

Technical Problem

[0008] These pieces of non-patent literature describe high strength and toughness of the half-thickness portion. How-
ever, these pieces of non-patent literature do not describe the toughness (Charpy impact characteristics) of the surface
of a steel plate. In general, thick-walled materials are manufactured by a quenching and tempering process. The formation
of a martensite structure on the surface of a steel plate, on which the cooling rate is higher than in the half-thickness
portion, deteriorates the toughness (Charpy impact characteristics) of the surface of the steel plate. However, these
pieces of non-patent literature do not describe the manufacture of a steel plate consistently having a tough surface.
[0009] The present invention has been made to solve such problems and aims to provide a thick-walled high-toughness
high-strength steel plate that has high surface toughness and high strength and toughness of the inner part thereof and
a method for manufacturing the thick-walled high-toughness high-strength steel plate.

Solution to Problem

[0010] In order to solve the problems, the present inventors have extensively studied the microstructure control factors
that satisfy high toughness of the surface of a thick-walled steel plate having a yield strength of 620 MPa or more and
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a thickness of 100 mm or more and also satisfy high strength and toughness of the half-thickness portion of the thick-
walled steel plate, and have found the following.
[0011]

1. When the cooling rate during the solidification of a raw material steel exceeds 1°C/s, microsegregation competes
with the solidification reaction. This reduces microsegregation. In the manufacture of a large piece of steel, the
cooling rate during the solidification of the steel decreases to 1°C/s or less, and consequently microsegregation
becomes noticeable. Even in such a case, in order to achieve high toughness of the surface of a steel plate, on
which a martensite structure is formed during quenching, it is important to reduce the P content and microsegregation
during solidification. When primary crystals during solidification form a δ phase, and the percentage of the δ phase
at the beginning of the formation of a γ phase is 30% or more, this results in reduced microsegregation and improved
toughness. The percentage % described above refers to % by volume.
2. In order to achieve high strength and toughness of the half-thickness portion, in which the cooling rate is much
lower than on the surface of a steel plate during cooling after hot working, it is important to appropriately select the
steel composition (components) so as to form a martensite and/or bainite microstructure even at a low cooling rate.
To this end, the alloy components should be appropriately selected, and in particular the carbon equivalent (Ceq)
should be 0.65% or more. In addition to the appropriate component design, it is also important to form the desired
structure by hot working and heat treatment.
3. Refinement of prior γ grain size is effective in improving toughness. Refinement of prior γ grain size before heat
treatment, that is, refinement of prior γ grain size just after hot working is important for refinement of prior γ grain
size after heat treatment. Thus, it is important to select appropriate hot working conditions and rolling conditions.

[0012] As a result of further investigation of these findings, the present invention provides the following.

[1] A thick-walled high-toughness high-strength steel plate having a thickness of 100 mm or more, containing, on a
mass percent basis, C: 0.08% to 0.20%, Si: 0.40% or less, Mn: 0.5% to 5.0%, P: 0.010% or less, S: 0.0050% or
less, Cr: 3.0% or less, Ni: 0.1% to 5.0%, Al: 0.010% to 0.080%, N: 0.0070% or less, and O: 0.0025% or less, formulae
(1) and (2) being satisfied, the remainder being Fe and incidental impurities, a surface of the steel plate having a
toughness (vE-40) of 70 J or more, 

wherein CL is defined by the following formula:

wherein element symbols in the formulae denote the respective alloy component contents (% by mass), and, in the
absence of an element, the element symbol is denoted by 0.
The surface of the steel plate has high toughness, and the inner part of the steel plate has high strength and toughness.
[2] The thick-walled high-toughness high-strength steel plate according to [1], further containing, on a mass percent
basis, one or two or more of Cu: 0.50% or less, Mo: 1.50% or less, V: 0.400% or less, Nb: 0.100% or less, and Ti:
0.005% to 0.020%.
[3] The thick-walled high-toughness high-strength steel plate according to [1] or [2], further containing, on a mass
percent basis, one or two of Mg: 0.0001% to 0.0050%, Ta: 0.01% to 0.20%, Zr: 0.005% to 0.1%, Y: 0.001% to
0.01%, B: 0.0030% or less, Ca: 0.0005% to 0.0050%, and REM: 0.0005% to 0.0100%.
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[4] The thick-walled high-toughness high-strength steel plate according to any one of [1] to [3], wherein the thick-
walled high-toughness high-strength steel plate has a yield strength of 620 MPa or more.
[5] The thick-walled high-toughness high-strength steel plate according to any one of [1] to [4], wherein the reduction
of area in the thickness direction at half the thickness of the plate is 40% or more.
[6] The method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of
[1] to [5],
heating steel to 1200°C to 1350°C, hot-forging the steel at a cumulative rolling reduction of 25% or more, heating
the steel to an Ac3 temperature or more and 1200°C or less, hot-rolling the steel at a cumulative rolling reduction
of 40% or more, leaving the steel to cool, reheating the steel to the Ac3 temperature or more and 1050°C or less,
rapidly cooling the steel from the Ac3 temperature or more to a lower temperature selected from 350°C or less and
an Ar3 temperature or less, and tempering the steel at a temperature in the range of 450°C to 700°C.
[7] The method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of
[1] to [5],
heating steel to 1200°C to 1350°C, hot-forging the steel at a cumulative rolling reduction of 25% or more, heating
the steel to an Ac3 temperature or more and 1200°C or less, hot-rolling the steel at a cumulative rolling reduction
of 40% or more, rapidly cooling the steel from the Ar3 temperature or more to a lower temperature selected from
350°C or less and an Ar3 temperature or less, and tempering the steel at a temperature in the range of 450°C to 700°C.
[8] The method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of
[1] to [5],
heating steel to 1200°C to 1350°C, slabbing the steel at a cumulative rolling reduction of 40% or more, heating the
steel to an Ac3 temperature or more and 1200°C or less, hot-rolling the steel at a cumulative rolling reduction of
40% or more, leaving the steel to cool, reheating the steel to the Ac3 temperature or more and 1050°C or less,
rapidly cooling the steel from the Ac3 temperature or more to a lower temperature selected from 350°C or less and
an Ar3 temperature or less, and tempering the steel at a temperature in the range of 450°C to 700°C.
[9] The method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of
[1] to [5],
heating steel to 1200°C to 1350°C, slabbing the steel at a cumulative rolling reduction of 40% or more, heating the
steel to an Ac3 temperature or more and 1200°C or less, hot-rolling the steel at a cumulative rolling reduction of
40% or more, rapidly cooling the steel from the Ar3 temperature or more to a lower temperature selected from 350°C
or less and an Ar3 temperature or less, and tempering the steel at a temperature in the range of 450°C to 700°C.

Advantageous Effects of Invention

[0013] The present invention provides a thick-walled high-toughness high-strength steel plate having a thickness of
100 mm or more and having a yield strength of 620 MPa or more and high toughness. The thick-walled high-toughness
high-strength steel plate can be used to manufacture steel structures having high safety.

Description of Embodiments

[0014] Embodiments of the present invention will be described below. The present invention is not limited to these
embodiments.

<Thick-Walled High-Toughness High-Strength Steel Plate>

[0015] A thick-walled high-toughness high-strength steel plate according to the present invention has a composition
containing, on a mass percent basis, C: 0.08% to 0.20%, Si: 0.40% or less (including 0%), Mn: 0.5% to 5.0%, P: 0.010%
or less (including 0%), S: 0.0050% or less (including 0%), Cr: 3.0% or less (including 0%), Ni: 0.1% to 5.0%, Al: 0.010%
to 0.080%, N: 0.0070% or less (including 0%), and O: 0.0025% or less (including 0%). Each of the components will be
described below. The symbol "%" in the component content refers to "% by mass".

C: 0.08% to 0.20%

[0016] C is an element useful for achieving the strength necessary for structural steel at low cost. This effect requires
a C content of 0.08% or more. In a steel structure manufactured from a thick-walled high-toughness high-strength steel
plate by welding, however, a C content of more than 0.20% significantly deteriorates toughness of the base metal and
weld. Thus, the C content has an upper limit of 0.20%. The C content preferably ranges from 0.08% to 0.14%.
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Si: 0.40% or less

[0017] Si is added for deoxidation. When another element is added for deoxidation, however, a steel plate according
to the present invention does not necessarily contain Si. In a steel structure manufactured from a thick-walled high-
toughness high-strength steel plate by welding, a Si content of more than 0.40% significantly deteriorates toughness of
the base metal and heat-affected zone. Thus, the Si content is 0.40% or less, preferably 0.05% to 0.3%, more preferably
0.1% to 0.3%.

Mn: 0.5% to 5.0%

[0018] Mn is added to ensure high strength of the base metal. This effect is insufficient at a Mn content of less than
0.5%. A Mn content of more than 5.0% promotes center segregation, results in a larger casting defect of the slab, and
deteriorates mechanical properties of the base metal in a steel structure manufactured from a thick-walled high-toughness
high-strength steel plate by welding. Thus, the Mn content has an upper limit of 5.0%. The Mn content preferably ranges
from 0.6% to 2%, more preferably 0.6% to 1.6%.

P: 0.010% or less

[0019] In a steel structure manufactured from a thick-walled high-toughness high-strength steel plate by welding, a P
content of more than 0.010% significantly deteriorates toughness of the base metal and heat-affected zone. Thus, the
P content is preferably minimized (may be zero) and is limited to 0.010% or less.

S: 0.0050% or less

[0020] In a steel structure manufactured from a thick-walled high-toughness high-strength steel plate by welding, a S
content of more than 0.0050% significantly deteriorates toughness of the base metal and heat-affected zone. Thus, the
S content is preferably minimized (may be zero) and is 0.0050% or less.

Cr: 3.0% or less

[0021] Cr is an element effective in strengthening the base metal. However, an excessively high Cr content deteriorates
weldability. Thus, the Cr content is 3.0% or less, preferably 0.1% to 2%, more preferably 0.7% to 1.7%. The Cr content
may be 0%.

Ni: 0.1% to 5.0%

[0022] Ni is an element useful for improving the strength of steel and the toughness of the heat-affected zone. This
effect requires a Ni content of 0.1% or more. However, a Ni content of more than 5.0% significantly deteriorates economic
efficiency. Thus, the Ni content has an upper limit of 5.0%. The Ni content preferably ranges from 0.4% to 4%, more
preferably 0.8% to 3.8%.

Al: 0.010% to 0.080%

[0023] Al is added for sufficient deoxidation of molten steel. An Al content of less than 0.010% is insufficient for the
effect. On the other hand, an Al content of more than 0.080% deteriorates toughness of the base metal due to an
increased dissolved Al content in the base metal in a steel structure manufactured from a thick-walled high-toughness
high-strength steel plate by welding. Thus, the Al content is 0.080% or less, preferably 0.030% to 0.080%, more preferably
0.030% to 0.070%.

N: 0.0070% or less

[0024] N, together with Ti, forms a nitride and thereby performs refinement of the structure and improves the toughness
of the base metal and heat-affected zone in a steel structure manufactured from a thick-walled high-toughness high-
strength steel plate by welding. The toughness can be improved by a constituent other than N. Thus, a steel plate
according to the present invention does not necessarily contain N. When trying to produce this effect with N, the N
content is preferably 0.0015% or more. In a steel structure manufactured from a thick-walled high-toughness high-
strength steel plate by welding, however, a N content of more than 0.0070% deteriorates toughness of the base metal
due to an increased dissolved N content in the base metal and deteriorates toughness of the heat-affected zone due to
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the formation of coarse carbonitride. Thus, the N content is 0.0070% or less, preferably 0.006% or less, more preferably
0.005% or less.

O: 0.0025% or less

[0025] An O content of more than 0.0025% significantly deteriorates toughness due to the formation of a hard oxide
in steel. Thus, the O content is preferably minimized (may be zero) and is 0.0025% or less.
[0026] In addition to these elements, a thick-walled high-toughness high-strength steel plate according to the present
invention can contain at least one of Cu, Mo, V, Nb, and Ti in order to further improve strength and/or toughness.

Cu: 0.50% or less

[0027] Cu can improve the strength of steel without reducing toughness. A Cu content of more than 0.50% may cause
a crack on the surface of a steel plate during hot working. Thus, the Cu content, if any, is 0.50% or less.

Mo: 1.50% or less

[0028] Mo contributes to high strength of the base metal in a steel structure manufactured from a thick-walled high-
toughness high-strength steel plate by welding. However, a Mo content of more than 1.50% results in increased hardness
and deteriorates toughness due to the precipitation of alloy carbide. Thus, the Mo content, if any, has an upper limit of
1.50%. The Mo content preferably ranges from 0.2% to 0.8%.

V: 0.400% or less

[0029] V contributes to improved strength and toughness of the base metal in a steel structure manufactured from a
thick-walled high-toughness high-strength steel plate by welding. V precipitates as VN and is effective in decreasing the
amount of dissolved N. However, a V content of more than 0.400% deteriorates toughness due to the precipitation of
hard VC. Thus, the V content, if any, is preferably 0.400% or less, more preferably 0.01% to 0.1%.

Nb: 0.100% or less

[0030] Nb is effective in improving the strength of the base metal. A Nb content of more than 0.100% deteriorates
toughness of the base metal. Thus, the Nb content has an upper limit of 0.100%. The Nb content is preferably 0.025%
or less.

Ti: 0.005% to 0.020%

[0031] Ti forms TiN during heating and effectively suppresses the coarsening of austenite. In a steel structure manu-
factured from a thick-walled high-toughness high-strength steel plate by welding, Ti improves the toughness of the base
metal and heat-affected zone. However, a Ti content of more than 0.020% results in coarsening of Ti nitride and dete-
riorates toughness of the base metal. Thus, the Ti content, if any, ranges from 0.005% to 0.020%, preferably 0.008%
to 0.015%.
[0032] In addition to these components, a thick-walled high-toughness high-strength steel plate according to the
present invention can further contain at least one of Mg, Ta, Zr, Y, B, Ca, and REM to improve the material quality.

Mg: 0.0001% to 0.0050%

[0033] Mg forms a stable oxide at high temperatures, effectively suppresses the coarsening of prior γ grains in the
heat-affected zone, and is effective in improving the toughness of the weld. These effects require a Mg content of
0.0001% or more. However, a Mg content of more than 0.0050% results in an increased number of inclusions and
deteriorates toughness. Thus, the Mg content, if any, is preferably 0.0050% or less, more preferably 0.0001% to 0.015%.

Ta: 0.01% to 0.20%

[0034] The addition of an adequate amount of Ta is effective in improving strength. More specifically, a Ta content of
0.01% or more is effective. However, a Ta content of more than 0.20% deteriorates toughness due to formation of
precipitates. Thus, the Ta content, if any, ranges from 0.01% to 0.20%.



EP 3 246 426 A1

7

5

10

15

20

25

30

35

40

45

50

55

Zr: 0.005% to 0.1%

[0035] Zr is an element effective in improving strength. A Zr content of 0.005% or more is effective in producing this
effect. However, a Zr content of more than 0.1% deteriorates toughness due to the formation of a coarse precipitate.
Thus, the Zr content, if any, ranges from 0.005% to 0.1%.

Y: 0.001% to 0.01%

[0036] Y forms a stable oxide at high temperatures, effectively suppresses the coarsening of prior γ grains in the heat-
affected zone, and is effective in improving the toughness of the weld. An Y content of 0.001% or more is effective in
producing these effects. However, an Y content of more than 0.01% results in an increased number of inclusions and
deteriorates toughness. Thus, the Y content, if any, ranges from 0.001% to 0.01%.

B: 0.0030% or less

[0037] B segregates at austenite grain boundaries, suppresses ferrite transformation from the grain boundaries, and
improves hardenability. However, a B content of more than 0.0030% deteriorates hardenability and toughness due to
the precipitation of B as a carbonitride. Thus, the B content is 0.0030% or less. The B content, if any, preferably ranges
from 0.0003% to 0.0030%, more preferably 0.0005% to 0.002%.

Ca: 0.0005% to 0.0050%

[0038] Ca is an element useful for the morphology control of a sulfide inclusion. This effect requires a Ca content of
0.0005% or more. However, a Ca content of more than 0.0050% deteriorates cleanliness and toughness. Thus, the Ca
content, if any, is preferably 0.0050% or less, more preferably 0.0005% to 0.0025%.

REM: 0.0005% to 0.0100%

[0039] Like Ca, REM forms an oxide and a sulfide in steel and is effective in improving the material quality. This effect
requires a REM content of 0.0005% or more. However, the effect levels off at a REM content of 0.0100% or more. Thus,
the REM content, if any, is 0.0100% or less, preferably 0.0005% to 0.005%.
[0040] These optional elements in amounts below the lower limits do not reduce the advantages of the present invention.
Thus, the optional elements in amounts below the lower limits are considered to be contained as incidental impurities.

CeqIIW ≥ 0.65%

[0041] In the present invention, an appropriate alloy component needs to be added to ensure that a half-thickness
portion of a thick-walled high-toughness high-strength steel plate having a thickness of 100 mm or more has a yield
strength of 620 MPa or more and high toughness. More specifically, as represented by the following formula (1), alloying
element contents need to be adjusted such that the carbon equivalent (CeqIIW) is 0.65% or more. 

[0042] The element symbols in the formula denote the corresponding element contents (% by mass). In the absence
of an element, the element symbol is denoted by 0.

[0043] As described later, the present invention provides a steel plate having desirable characteristics even when the
steel plate is manufactured from steel casted under conditions where the cooling rate of a slab surface during solidification
is 1°C/s or less. In the present invention, microsegregation needs to be reduced to achieve high toughness (vE-40 ≥ 70
J) of the surface of a thick-walled high-toughness high-strength steel plate having a thickness of 100 mm or more,
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particularly manufactured from steel casted under conditions where the cooling rate of a slab surface during solidification
is 1°C/s or less. To this end, primary crystals during solidification need to form a δ phase, and the percentage ((CL -
C)/CL x 100) of the δ phase at the beginning of the formation of a γ phase needs to be 30% or more. 

[0044] In the formula (3), the element symbols denote the respective alloy component contents (% by mass), and in
the absence of an element, the element symbol is denoted by 0.
[0045] In order to form a δ phase, the C content needs to be specified depending on each component other than C,
such as Si or Mn. The effects of an alloying element on the C solid solubility limit (CL) of the δ phase were calculated
using thermodynamic calculation software "Thermo-Calc". The result was used to determine the factor. For example,
the factor "-0.1" for "Si" means that 1% Si decreases the C solid solubility limit of the δ phase by 0.1%, and the C content
of the base metal needs to be decreased to achieve the required percentage of the δ phase. In the present invention,
the calculation of CL was based on the component of C: 0.12%, Si: 0.2%, Mn: 1.1%, Cu: 0.2%, Cr: 1.2%, Ni: 3%, Mo:
0.5%, V: 0.04% and Al: 0.06%, and the factors for the calculation of CL were determined by calculating a variation from
the dissolved C content caused by a variation in each alloying element content. When the percentage (CL - C)/CL x 100
of C to be added relative to the C solid solubility limit in the δ phase thus calculated is 30% or more, the percentage of
the δ phase at the beginning of the formation of the γ phase can be 30% or more.
[0046] In the present invention, in order to ensure the safety of steel during use, the reduction of area in the thickness
direction at half the thickness of the plate is preferably 40% or more when measured by a method described in the example.

<Method for Manufacturing Thick-Walled High-Toughness High-Strength Steel Plate>

[0047] The manufacturing conditions in the present invention will be described below. In the description, the temperature
"°C" refers to the temperature in the half-thickness portion except for the quenching temperature in the case of quenching
without leaving to cool after rolling. The quenching temperature in the case of quenching without leaving to cool after
rolling is the surface temperature of the steel plate. This is because the temperature distribution of the steel plate in the
thickness direction increases during rolling, and a decrease in the surface temperature of the steel plate needs to be
considered. The temperature of the half-thickness portion is determined, for example, by simulation calculation from the
thickness, surface temperature, and cooling conditions. For example, the temperature of the half-thickness portion is
determined by calculating the temperature distribution in the thickness direction using finite difference methods.

Steel

[0048] A molten steel having the composition described above is produced by a conventional method, such as with
a converter, an electric furnace, or a vacuum melting furnace, and is formed into a piece of steel, such as a slab or billet,
by a conventional casting method, such as a continuous casting process or an ingot casting process. The cooling rate
during solidification is determined by direct measurement with a thermocouple or by simulation calculation, such as heat-
transfer calculation. As described above, in the present invention, steel manufactured under conditions where the cooling
rate of a surface during solidification is 1°C/s or less can preferably be used.
[0049] When the loads of a forging machine and a rolling mill and so on are restricted, the thickness of the material
may be reduced by slabbing.

Hot-Forging Conditions for Steel

[0050] A cast bloom or steel bloom having the composition described above is heated to a temperature in the range
of 1200°C to 1350°C. A reheating temperature of less than 1200°C results in not only an insufficient rolling reduction
due to an increased load to achieve a predetermined cumulative rolling reduction in hot working but also low production
efficiency due to additional heating as required during working. Thus, the reheating temperature is 1200°C or more. A
large amount of additive alloying element as steel having a carbon equivalent of 0.65% or more according to the present
invention results in a casting defect such as a center porosity or porous shrinkage cavity, having a much increased size
in steel. In order to make them harmless by pressure bonding, the cumulative rolling reduction needs to be 25% or more.
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On the other hand, a reheating temperature of more than 1350°C results in excessive energy consumption, increased
likelihood of occurrence of surface flaws due to scales during heating, and increased repair load after hot forging. Thus,
the upper limit is 1350°C.

Slabbing Conditions for Steel

[0051] A cast bloom or steel bloom having the composition described above is heated to a temperature in the range
of 1200°C to 1350°C. A reheating temperature of less than 1200°C results in not only an insufficient rolling reduction
due to an increased load to achieve a predetermined cumulative rolling reduction in hot working but also low production
efficiency due to additional heating as required during working. Thus, the reheating temperature is 1200°C or more. In
order to make casting defects harmless by pressure bonding and to provide the advantages of the present invention,
the cumulative rolling reduction is 30% or more, preferably 40% or more in terms of good reduction of area (RA). On
the other hand, a reheating temperature of more than 1350°C results in excessive energy consumption, increased
likelihood of surface flaws due to scales during heating, and increased repair load after hot forging. Thus, the upper limit
is 1350°C.

Reheating of Steel after Forging or after Slabbing

[0052] Steel after forging is heated to an Ac3 transformation temperature or more and 1200°C or less in order that the
steel may have a uniform austenite structure alone. The heating temperature preferably ranges from 1000°C to 1200°C.
[0053] The Ac3 transformation temperature is calculated using the following formula (4). 

[0054] The element symbols in the formula (4) denote the respective alloy component contents (% by mass).

Hot Rolling Conditions

[0055] Steel is hot-rolled to form a plate having a desired thickness. In order to ensure desirable mechanical properties
of a half-thickness portion of a thick-walled steel plate having a thickness of 100 mm or more, it is necessary to adjust
the steel in the rolling step in order to sufficiently elicit an effect of adjusting and refining of the prior γ grain size. More
specifically, rolling at a cumulative rolling reduction of 40% or more can adjust the grain size in the rolling step even in
the half-thickness portion in which recrystallization rarely occurs in processing.

Heat-Treatment Conditions

[0056] In order to achieve high strength and toughness of a half-thickness portion, in the present invention, a steel
plate is left to cool (for example, air cooling) after hot rolling or is rapidly cooled from the Ar3 temperature or more to
350°C or less without leaving to cool after hot rolling. When the steel plate is left to cool, the steel plate is reheated to
the Ac3 temperature to 1050°C and is rapidly cooled from the Ac3 temperature or more to 350°C or less. The reason
for the reheating temperature of 1050°C or less is that reheating at a high temperature of more than 1050°C results in
coarsening of austenite grains and significantly deteriorates toughness of the base metal in a steel structure manufactured
from a thick-walled high-toughness high-strength steel plate by welding. The reheating temperature is the Ac3 temper-
ature or more in order that the steel plate may entirely have an austenite structure. The quenching temperature is the
Ac3 temperature or more because the desirable characteristics are not obtained at a temperature below the Ac3 tem-
perature due to the formation of a nonuniform structure composed of ferrite and austenite. In the case of rapid cooling
without leaving to cool, the quenching temperature is the Ar3 temperature or more for quenching from the austenite
single phase region. The rapid cooling stop temperature is a lower temperature selected from 350°C or less and the Ar3
temperature or less in order to ensure that the steel plate entirely has a transformed structure. The stop temperature
should be the Ar3 temperature or less and 350°C or less.
[0057] The Ar3 transformation temperature is calculated using the following formula (5). 
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[0058] The element symbols in the formula (5) denote the respective alloy component contents (% by mass).
[0059] In general, the rapid cooling method is industrially water cooling. It is desirable that the cooling rate be as high
as possible. Thus, the cooling method is not necessarily water cooling and may be gas cooling, for example.

Tempering Conditions

[0060] The reason for tempering at a temperature in the range of 450°C to 700°C after rapid cooling is described
below. Residual stress is not effectively relieved at less than 450°C. On the other hand, a temperature of more than
700°C results in precipitation of various carbides and coarsens the structure of the base metal and deteriorates strength
and toughness of the base metal in a steel structure manufactured from a thick-walled high-toughness high-strength
steel plate by welding.
[0061] Industrially, quenching is sometimes repeated to strengthen steel. Although quenching may be repeated also
in the present invention, final quenching requires rapid cooling to 350°C or less after heating to the Ac3 temperature to
1050°C and requires subsequent tempering at 450°C to 700°C.

EXAMPLES

[0062] Steel plate samples No. 1 to No. 38 were manufactured by melting and casting steel No. 1 to No. 30 listed in
Table 1 under the conditions listed in Table 2, performing hot forging (except for the samples No. 5, No. 6, and No. 41)
or slabbing (the samples No. 5, No. 6, and No. 41), hot-rolling the steel to form a steel plate having a thickness listed in
Table 2, and subjecting the steel plate to water quenching and tempering. The steel plate samples No. 1 to No. 38 were
subjected to the following tests. In reheating and quenching in this example, the reheating temperature corresponds to
the quenching temperature.
[0063] The percentage of the δ phase is calculated using the formula (2) from CL calculated using the formula (3) with
each base metal component and the C content of the base metal.
[0064] The cooling rate during solidification in the manufacture of steel is determined by heat-transfer calculation from
the mold surface temperature data measured with a radiation thermometer.

Tensile Test

[0065] A round bar tensile test piece (φ12.5 mm, GL 50 mm) was taken from the half-thickness portion of each steel
plate in the direction perpendicular to the rolling direction and was measured in terms of yield strength (YS) and tensile
strength (TS).

Charpy Impact Test

[0066] Three 2-mm V-notched Charpy impact test specimens were taken from each surface and half-thickness portion
of the steel plates. The rolling direction was the longitudinal direction. The absorbed energies of the test specimens were
measured at a test temperature of -40°C in a Charpy impact test and were averaged (the average value for the test
specimens taken from the half-thickness portion and the average value for the test specimens taken from the surface).

Tensile Test in Thickness Direction

[0067] A round bar tensile test piece (φ10 mm) was taken from a region including the half-thickness portion of each
steel plate in the thickness direction and was measured in terms of reduction of area (RA). The reduction of area is the
percentage of the difference between the minimum cross-sectional area after the test specimen was broken and the
original cross-sectional area relative to the original cross-sectional area.
[0068] Table 2 shows the test results. The results showed that the steel plates of the examples having a steel com-
position according to the present invention (samples No. 1 to No. 21 and No. 41) had YS of 620 MPa or more, TS of
720 MPa or more, and toughness (vE-40) of 70 J or more at -40°C in the surface and half-thickness portion of the base
metal, showing high strength and toughness of the base metal. A comparison between Nos. 5 and 6 and No. 41 showed
that reduction of area (RA) was also satisfactory under particular slabbing conditions.
[0069] In contrast, in the steel plates according to comparative examples having a composition outside the scope of
the present invention (samples No. 22 to No. 32), the base metal had at least one of YS of less than 620 MPa, TS of
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less than 720 MPa, and toughness (vE-40) of less than 70 J, thus deteriorating characteristics.
[0070] As in samples No. 33 to No. 40, even if steel plates had a steel composition according to the present invention,
steel plates manufactured under the conditions outside the scope of the present invention had at least one deterioration
in YS, TS, and toughness (vE-40) (No. 41, which had a cumulative rolling reduction of 30% and satisfied the minimum
conditions required to provide the advantages of the present invention, is not outside the scope of the present invention).
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Claims

1. A thick-walled high-toughness high-strength steel plate having a thickness of 100 mm or more, comprising, on a
mass percent basis,

C: 0.08% to 0.20%,
Si: 0.40% or less,
Mn: 0.5% to 5.0%,
P: 0.010% or less,
S: 0.0050% or less,
Cr: 3.0% or less,
Ni: 0.1% to 5.0%,
Al: 0.010% to 0.080%,
N: 0.0070% or less, and
O: 0.0025% or less,
following formulae (1) and (2) being satisfied, a remainder being Fe and incidental impurities, and
a surface of the steel plate having a toughness (vE-40) of 70 J or more. 

wherein CL is defined by the following formula: 

 wherein element symbols in the formulae denote the respective alloy component contents (% by mass), and
in the absence of an element the element symbol is denoted by 0.

2. The thick-walled high-toughness high-strength steel plate according to Claim 1, further comprising, on a mass
percent basis, one or two or more of

Cu: 0.50% or less,
Mo: 1.50% or less,
V: 0.400% or less,
Nb: 0.100% or less, and
Ti: 0.005% to 0.020%.

3. The thick-walled high-toughness high-strength steel plate according to Claim 1 or 2, further comprising, on a mass
percent basis, one or two of

Mg: 0.0001% to 0.0050%,
Ta: 0.01% to 0.20%,
Zr: 0.005% to 0.1%,
Y: 0.001% to 0.01%,
B: 0.0030% or less,
Ca: 0.0005% to 0.0050%, and
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REM: 0.0005% to 0.0100%.

4.  The thick-walled high-toughness high-strength steel plate having a yield strength of 620 MPa or more according to
any one of Claims 1 to 3.

5. The thick-walled high-toughness high-strength steel plate according to any one of Claims 1 to 4, wherein a reduction
of area in a thickness direction at half the thickness of the plate is 40% or more.

6. A method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of Claims
1 to 5, comprising:

heating steel to 1200°C to 1350°C,
hot-forging the steel at a cumulative rolling reduction of 25% or more,
heating the steel to an Ac3 temperature or more and 1200°C or less,
hot-rolling the steel at a cumulative rolling reduction of 40% or more,
leaving the steel to cool,
reheating the steel to the Ac3 temperature or more and 1050°C or less,
rapidly cooling the steel from the Ac3 temperature or more to a lower temperature selected from 350°C or less
and an Ar3 temperature or less, and
tempering the steel at a temperature in the range of 450°C to 700°C.

7. A method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of Claims
1 to 5, comprising:

heating steel to 1200°C to 1350°C,
hot-forging the steel at a cumulative rolling reduction of 25% or more,
heating the steel to an Ac3 temperature or more and 1200°C or less,
hot-rolling the steel at a cumulative rolling reduction of 40% or more,
rapidly cooling the steel from the Ar3 temperature or more to a lower temperature selected from 350°C or less
and an Ar3 temperature or less, and
tempering the steel at a temperature in the range of 450°C to 700°C.

8. A method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of Claims
1 to 5, comprising:

heating steel to 1200°C to 1350°C,
slabbing the steel at a cumulative rolling reduction of 40% or more,
heating the steel to an Ac3 temperature or more and 1200°C or less,
hot-rolling the steel at a cumulative rolling reduction of 40% or more, leaving the steel to cool,
reheating the steel to the Ac3 temperature or more and 1050°C or less,
rapidly cooling the steel from the Ac3 temperature or more to a lower temperature selected from 350°C or less
and an Ar3 temperature or less, and
tempering the steel at a temperature in the range of 450°C to 700°C.

9. A method for manufacturing the thick-walled high-toughness high-strength steel plate according to any one of Claims
1 to 5, comprising:

heating steel to 1200°C to 1350°C,
slabbing the steel at a cumulative rolling reduction of 40% or more,
heating the steel to an Ac3 temperature or more and 1200°C or less,
hot-rolling the steel at a cumulative rolling reduction of 40% or more,
rapidly cooling the steel from the Ar3 temperature or more to a lower temperature selected from 350°C or less
and an Ar3 temperature or less, and
tempering the steel at a temperature in the range of 450°C to 700°C.
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