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(57) The present invention relates to a high-strength
structural steel sheet having excellent heat treatment re-
sistance, comprising in percentage by weight: 0.03 to
0.07% of C; 0.05 to 0.2% of Si; 1.6 to 2.3% of Mn; 0.008%
or less of P; 0.002% of less of S; 0.025% of less of Al;
0.1 to 0.4% of Cu; 1.4 to 2.3% of Ni; 0.08 to 0.2% of Mo;
0.01 to 0.025% of Nb; 0.008 to 0.02% of Ti; 0.001 to
0.008% of N; and the remainder being Fe and unavoid-
able impurities, wherein a microstructure within 10 mm
or less from a surface comprises, by volume fraction,
80% or more of acicular ferrite and 20% or less of polyg-
onal ferrite.
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Description

[Technical Field]

[0001] The present disclosure relates to a high-strength structural steel sheet having excellent heat treatment resistance
and a manufacturing method thereof.

[Background Art]

[0002] The exteriors of ships and marine and architectural structures have both planar and curved surfaces.
[0003] Since planar processing is determined during a plate material forming process, the exterior is formed without
performing a separate process when ships or marine structures are constructed, but in the case of a curved surface
forming process, a plate material is processed. In order to perform this process, linear heating, an operation of heating
a surface of steel sheet, is performed.
[0004] Bending work, based on linear heating, utilizes properties in which a heated portion is deformed due to constraint
from a non-heated region around the heated portion when the heated portion contracts due to cooling after being heat-
expanded.
[0005] In order to apply such linear heating, a surface of the steel sheet is heated to a temperature of about 600 to
900°C or water-cooled after heating, and thus, after the linear heating, physical properties of the steel sheet may be
lowered. When a steel material is heated to an austenite start transformation temperature, if the steel material is heated
to above the transformation temperature or a recrystallization temperature due to annealing of dislocations, or the like,
the material is mainly deteriorated due to the growth of a crystal grain.
[0006] Further, the steel sheet may be embrittled due to a heat cycle of heating and cooling of the surface of the steel
sheet, resulting in deterioration of toughness.
[0007] Therefore, development of a high-strength structural steel sheet having excellent heat treatment resistance,
which has excellent yield strength, tensile strength, and impact toughness even after linear heating, and a manufacturing
method thereof are required.

[Disclosure]

[Technical Problem]

[0008] An aspect of the present disclosure is to provide a high-strength structural steel sheet having excellent heat
treatment resistance, which has excellent yield strength, tensile strength, and impact toughness, even after linear heating,
and a manufacturing method thereof are required.
[0009] Meanwhile, the object of the present disclosure is not limited to the above description. It will be understood by
a person skilled in the art to which the present disclosure pertains that there is no difficulty in understanding additional
problems of the present disclosure.

[Technical Solution]

[0010] According to an aspect of the present disclosure, a high-strength structural steel sheet having excellent heat
treatment resistance includes: by weight percent (wt%), 0.03 to 0.07% of C, 0.05 to 0.2% of Si, 1.6 to 2.3% of Mn, 0.008%
or less of P, 0.002% or less of S, 0.025% or less of Al, 0.1 to 0.4% of Cu, 1.4 to 2.3% of Ni, 0.08 to 0.2% of Mo, 0.01 to
0.025% of Nb, 0.008 to 0.02% of Ti, 0.001 to 0.008% of N, the remainder being Fe, and unavoidable impurities, wherein
a microstructure within 10 mm of the surface contains 80% or more of acicular ferrite and 20% or less of polygonal ferrite.
[0011] According to an aspect of the present disclosure, a method of manufacturing a high-strength structural steel
sheet having excellent heat treatment resistance includes: reheating a slab including, by weight percent (wt%), 0.03 to
0.07% of C, 0.05 to 0.2% of Si, 1.6 to 2.3% of Mn, 0.008% or less of P, 0.002% or less of S, 0.025% or less of Al, 0.1
to 0.4% of Cu, 1.4 to 2.3% of Ni, 0.08 to 0.2% of Mo, 0.01 to 0.025% of Nb, 0.008 to 0.02% of Ti, 0.001 to 0.008% of N,
the remainder being Fe, and unavoidable impurities; performing non-recrystallization region rolling on the reheated slab
at 750 to 850°C; and performing cooling to a cooling end temperature of 380 to 440°C at a cooling rate of 10°C/sec. or
faster after the non-recrystallization region rolling.
[0012] The foregoing technical solutions do not fully enumerate all of the features of the present disclosure. The
foregoing and other objects, features, aspects and advantages of the present disclosure will become more apparent
from the following detailed description of the present disclosure when taken in conjunction with the accompanying
drawings.
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[Advantageous Effects]

[0013] As set forth above, according to an exemplary embodiment in the present disclosure, the high-strength structural
steel sheet, which has excellent yield strength, tensile strength, and low-temperature impact toughness even after linear
heating by having excellent heat treatment resistance, as well as before the linear heating, and a manufacturing method
thereof may be provided.

[Description of Drawings]

[0014]

FIG. 1 is a schematic view illustrating an example of curved surface forming by linear heating.
FIG. 2 is a photograph of a cross-sectional structure of a steel sheet of Inventive Example 1 at a depth of 10 mm
from a surface thereof.

[Best Mode for invention]

[0015] Hereinafter, exemplary embodiments of the present disclosure will now be described in detail with reference
to the accompanying drawings. The exemplary embodiments may, however, be exemplified in many different forms and
should not be construed as being limited to the specific exemplary embodiments set forth herein. Also, these exemplary
embodiments are provided so that this disclosure will be thorough and complete, and will fully convey the scope of the
inventive concept to those skilled in the art.
[0016] The inventors of the present disclosure have found that when the high-strength structural steel sheet is linearly
heated to be bent to have a curved surface in the appearance of ships, marine structures and building structures, physical
properties of the steel sheet may be lowered after the linear heating.
[0017] Since the surface of the steel sheet is heated to 600 to 900°C during linear heating, a base structure and a
grain boundary are softened, a crystal grain is grown, carbide (Fe3C) is coarsened, causing a phenomenon in which
both strength and toughness are degraded.
[0018] Further, the heating to the austenite start transformation temperature causes deterioration of the material due
to annealing of dislocations, and the like, and when the steel sheet is heated to above the transformation temperature
or above the recrystallization temperature, the material is mainly degraded due to the growth of the crystal grains.
[0019] In order to solve the problems, the inventors of the present disclosure have found that when a microstructure
within 10 mm or less from a surface includes, by volume fraction, 80% or more of acicular ferrite and 20% or less of
polygonal ferrite through low temperature rolling and strong cooling by lowering an Ar3 temperature by adding large
amounts of Mn and Ni, growth of a crystal grain after linear heating may be prevented and growth of a crystal grain and
formation of coarse carbide may be prevented using a grain boundary pinning effect of precipitates of NbC and Mo2C,
whereby, the inventors noticed that, a high-strength structural steel sheet having excellent yield strength, tensile strength,
and impact toughness even after linear heating, as well as before the linear heating, and a manufacturing method thereof
can be provided, thus completing the present disclosure.
[0020] Hereinafter, the high-strength structural steel sheet having excellent heat treatment resistance according to an
aspect of the present disclosure will be described.
[0021] A high-strength structural steel sheet having excellent heat treatment resistance according to an aspect of the
present disclosure includes, by weight percent (wt%), 0.03 to 0.07% of C, 0.05 to 0.2% of Si, 1.6 to 2.3% of Mn, 0.008%
or less of P, 0.002% or less of S, 0.025% or less of Al, 0.1 to 0.4% of Cu, 1.4 to 2.3% of Ni, 0.08 to 0.2% of Mo, 0.01 to
0.025 % of Nb, 0.008 to 0.02% of Ti, 0.001 to 0.008% of N, the remainder being Fe, and unavoidable impurities, and a
microstructure within 10 mm of the surface contains 90% or more of acicular ferrite.

C: 0.03 to 0.07% by weight % (hereinafter, the unit of each element content is wt%)

[0022] C is a very important element for securing strength.
[0023] In order to secure sufficient strength, 0.03% or more of C may be added. If C is excessively added, a coarse
carbide may be formed during cooling after the linear heating to lower impact toughness, and thus, an upper limit of C
is preferably 0.07%.

Si: 0.05 to 0.2%

[0024] Si is a useful element as a deoxidizing agent, but if the content of C is excessive, toughness may be lowered.
For deoxidation, the Si content is preferably 0.05% or more. However, if the Si content exceeds 0.2%, toughness may
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be lowered. Therefore, the Si content is preferably 0.05 to 0.2%.

Mn: 1.6 to 2.3%

[0025] Mn has an effect of improving strength as a solid solution strengthening element and improving grain refinement
and toughness of a base material. In addition, formation of polygonal ferrite may be minimized by low temperature rolling
and strong cooling by lowering the Ar3 temperature.
[0026] In order to sufficiently exhibit the above effect, Mn may be added in an amount of 1.6% or more. If, however,
Mn is excessively added, a nonmetallic inclusion of MnS is formed at a central portion, and the MnS inclusion may be
stretched after rolling to significantly lower low temperature toughness. Therefore, an upper limit thereof is preferably
2.3%.

P: 0.008% or less

[0027] P is an element advantageous for improving strength and corrosion resistance but since it is an element which
greatly hinders impact toughness, it is advantageous to keep it as low as possible, and therefore, an upper limit thereof
is preferably 0.008%.

S: 0.002% or less

[0028] Since S forms MnS, or the like, to greatly deteriorate impact toughness, it is advantageous to add it as little as
possible, so that the upper limit is preferably 0.002%.

Al: 0.025% or less

[0029] Al, an element for effectively performing deoxidation, is preferably controlled to 0.005 to 0.025%. It is not
necessary to specifically control a lower limit, but Al may be included by 0.005% or more for deoxidation.

Cu: 0.1 to 0.4%

[0030] Cu, a solid solution strengthening and precipitation strengthening element, is an element capable of improving
strength while minimizing a decrease in toughness of the base material. In order to achieve a sufficient strength im-
provement effect, Cu is preferably contained in an amount of 0.1% or more. Meanwhile, the excessive addition of Cu
may cause defects on a surface of the steel due to hot brittleness, so an upper limit thereof is preferably 0.4% or less.

Ni: 1.4 to 2.3%

[0031] Ni is an element capable of simultaneously improving both strength and toughness of a base material. In
addition, formation of polygonal ferrite may be minimized by low temperature rolling and strong cooling by lowering the
Ar3 temperature.
[0032] If the Ni content is less than 1.4%, the above-mentioned effect is insufficient. If the Ni content is more than
2.3%, curability may be increased and impact toughness may be lowered due to formation of bainite. Therefore, the Ni
content is preferably 1.4 to 2.3%.

Mo: 0.08 to 0.2%

[0033] Mo is an element which effectively increases strength by the addition of a small amount, and Mo may be added
in an amount of 0.08% or more in order to form precipitates of fine Mo-C series after linear heating to prevent deterioration
of strength. However, since coarse precipitates may occur due to excessive addition of Mo, an upper limit thereof is
preferably 0.2% or less.

Nb: 0.01 to 0.025%

[0034] Nb dissolved in the steel sheet prior to linear heating is precipitated in the form of NbC or NbCN during the
linear heating to improve strength of the base material. Nb is important to maintain strength after linear heating, and at
least 0.01% must be added in order to effectively demonstrate the addition effect of Nb. However, excessive addition
of Nb may coarsen the precipitates, and therefore, an upper limit thereof is preferably 0.025% or less.
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Ti: 0.008 to 0.02%

[0035] Ti forms a nitride with N to prevent crystal grains from growing at a high temperature. In order to sufficiently
secure such an effect, the Ti content is 0.008% or more. Meanwhile, excessive Ti addition may lower impact toughness
due to coarsening of the Ti precipitates, and thus, an upper limit thereof is preferably 0.02%.

N: 0.001 to 0.008%

[0036] N is an element which forms a precipitate together with Ti, Nb and Al to improve strength and toughness by
making an austenite structure finer during reheating.
[0037] If the N content is less than 0.001%, the above-mentioned effect may not be sufficiently obtained. Meanwhile,
when the N content exceeds 0.008%, surface cracking may occur at a high temperature and the residual N may exist
in an atomic state to reduce toughness. Therefore, the N content is preferably 0.001 to 0.008%.
[0038] The remainder of the steel sheet of the present disclosure is iron (Fe). However, in the ordinary manufacturing
process, impurities that are not intended may be inevitably mixed from a raw material or a surrounding environment, so
the impurities may not be excluded. These impurities are known to any person skilled in the art of manufacturing, and
thus, are not specifically mentioned in this disclosure.
[0039] Hereinafter, a microstructure of a high-strength structural steel sheet having excellent heat treatment resistance
according to one aspect of the present disclosure will be described.
[0040] According to an aspect of the present disclosure, a microstructure within 10 mm of the surface of the high-
strength structural steel sheet having excellent heat treatment resistance includes 80% or more of an acicular ferrite
and 20% or less of polygonal ferrite, by volume fraction.
[0041] Since crystal grains of the polygonal ferrite are easily grown by heating, if the polygonal ferrite is present in an
amount of more than 20 volume % in the microstructure within 10 mm, crystal grains may grow, a coarse carbide may
be formed, and a base structure may be degraded.
[0042] A thickness of the steel sheet is preferably 40 mm or less. If the thickness of the steel sheet exceeds 40 mm,
it is difficult to apply bending by linear heating. Here, a minimum thickness of the steel sheet may be 12 mm.
[0043] By controlling the alloy composition and microstructure as described above, the steel sheet has yield strength
of 500 MPa or greater, tensile strength of 600 MPa or greater, and impact toughness of 100 J or greater at - 40°C.
Accordingly, the steel sheet may be preferably used in ships, marine and building structures, and the like.
[0044] When the high-strength structural steel sheet having excellent heat treatment resistance having the alloy com-
position and microstructure as described above is subjected to linear heating, one or more of a Mo2C precipitate and a
NbC precipitate is precipitated.
[0045] In an example of curving (bending) by linear heating illustrated in FIG. 1, bending based on linear heating uses
properties that a heated portion is deformed by constraint from a surrounding non-heated region when a heated portion
contracts due to cooling after thermally expanded.
[0046] Also, in the case of linear heating, the surface of the steel sheet is generally heated to 600 to 900°C. Mo
dissolved in the steel sheet at a relatively low temperature of 600 to 800°C is precipitated as Mo2C upon cooling after
the linear heating and Nb dissolved in the steel sheet at a relatively high temperature of 800°C or higher is precipitated
as NbC upon cooling after the linear heating.
[0047] The Mo2C precipitate or NbC precipitate is precipitated to grain boundaries to inhibit growth of crystal grains
(pinning effect) and prevent formation of a coarse carbide. Further, as C is greatly consumed as a precipitate, generation
and coarsening of carbide may be prevented. Here, a size of the Mo2C precipitate and the NbC precipitate is preferably
2 to 20 nm.
[0048] Therefore, although the steel sheet according to the present disclosure is linearly heated to 600 to 900°C and
subjected to curving, the steel sheet has a yield strength of 500 MPa or greater, tensile strength of 600 MPa or greater,
and an impact toughness of 100 J or more at -40°C.
[0049] Hereinafter, a method of manufacturing a high-strength structural steel sheet having excellent heat treatment
resistance, as another aspect of the present disclosure, will be described.
[0050] The method of manufacturing a high-strength structural steel sheet having excellent heat treatment resistance,
as another aspect of the present disclosure, includes: reheating a slab having the above-described alloy composition;
performing non-recrystallization region rolling on the reheated slab at 750 to 850°C; and performing cooling to a cooling
end temperature of 380 to 440°C at a cooling rate of 10°C/sec. or faster after the non-recrystallization region rolling.

Reheating

[0051] The slab having the above-described alloy composition is reheated. A reheating temperature of the slab is not
limited but is preferably 1100 to 1200°C.
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Non-recrystallization region rolling

[0052] The reheated slab is subjected to non-recrystallization region rolling at 750 to 850°C. This is to make crystal
grains finer.
[0053] In order to make the crystal grains finer, the non-recrystallization rolling must be performed at a lowest tem-
perature right above the Ar3 temperature. In the present disclosure, since the Ar3 temperature is sufficiently low by
increasing the content of Mn and Ni, non-recrystallization region rolling is preferably performed at 750°C or higher. If
the non-recrystallization region rolling temperature is higher than 850°C, grain refinement is difficult to weaken toughness.
Therefore, an upper limit of the non-recrystallization region rolling temperature is preferably 850°C, and a more preferable
upper limit is 800°C.

Cooling

[0054] After the non-recrystallization region rolling, the steel sheet is cooled to a cooling end temperature of 380 to
440°C at a cooling rate of 10°C/sec. or faster.
[0055] By controlling the cooling step as described above, the microstructure within 10 mm of the surface of the steel
sheet may include at least 80% or more of acicular ferrite and 20% or less of polygonal ferrite by a volume fraction.
[0056] When the cooling rate is less than 10°C/sec. or a cooling finish temperature is higher than 440°C, cooling is
not sufficiently performed to form a large amount of polygonal ferrite, cause grain growth, and deteriorate the matrix
during linear heating.
[0057] Meanwhile, linear heating the cooled steel sheet at a temperature of 600 to 900°C to perform bending may be
additionally performed.
[0058] By the above-mentioned linear heating, it is possible to bend the steel sheet, and since Mo2C precipitates and
NbC precipitates are precipitated upon cooling after the linear heating, grain growth may be inhibited (pinning effect)
and formation of coarse carbide may be prevented.

[Mode for invention]

[0059] Hereinafter, the present disclosure will be described more specifically by way of examples.
[0060] Molten steel having the alloy composition as illustrated in Table 1 below were prepared, and thereafter, steel
slabs were prepared using continuous casting. Inventive steels A, B, and C are steel sheets satisfying the component
range defined in the present disclosure, and comparative steels D, F, G, and H are steel sheets having a component
range which exceeds or falls short of the component range of the present disclosure. C of comparative steel D is outside
the component range of the present disclosure, Mo of comparative steel E is outside the component range of the present
disclosure, Nb of the comparative steel F is outside the component range of the present disclosure, and Ni and Mn of
comparative steel G are outside the component range of the present disclosure.
[0061] The inventive steels and comparative steels were rolled and cooled under the manufacturing conditions shown
in Table 2 to prepare thick steel sheets. Specifically, rolling end temperatures were 780°C and 880°C, and cooling end
temperatures were 400°C and 600°C. The manufactured steel sheets were cut into a size available for linear heating,
and linear heating for bending was performed under four temperature conditions (600°C, 700°C, 800°C and 900°C).
[0062] Table 3 shows mechanical properties of base materials manufactured under the above-mentioned conditions
and mechanical properties after linear heating.
[0063] Tensile strength of the base material was measured by taking a JIS1B sample from a full thickness of the steel
sheets in a direction perpendicular to a rolling direction and performing a tension test at room temperature. As for low
temperature toughness of the base material, a sample was taken in a direction perpendicular to a rolling direction from
a portion 2mm directly under from a surface portion of the steel sheet to manufacture a V-notch sample, Charpy impact
test was performed on the test sample at -40°C three times and an average value is illustrated in Table 3.
[0064] In addition, the microstructure within 10 mm of the surface of the steel sheet was observed and a volume
fraction of polygonal ferrite is shown in Table 3. A structure other than the polygonal ferrite was acicular ferrite.
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[0065] In Table 2, the unit of temperature is °C, the unit of the cooling rate is °C/sec., the FM start temperature refers
to the non-recrystallization region rolling start temperature, and the FM end temperature refers to the non-recrystallization
region rolling end temperature.
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[0066] In Table 3, the unit of yield strength and tensile strength is MPa, and the unit of impact toughness is J.
[0067] When the mechanical properties of the base material and the mechanical properties after the linear heating
are compared in Table 3, Inventive Examples 1 to 3, which all satisfied the alloy composition and manufacturing conditions
according to the present disclosure, achieve the target yield strength, tensile strength and impact toughness at - 40°C.
[0068] Specifically, Inventive Examples 1 to 3 have the characteristics of yield strength of 500 MPa or greater, tensile
strength of 600 MPa or greater, impact toughness of 100 J or greater at -40°C both before and after linear heating.
[0069] Comparative Example 3 uses comparative steel D in which the C content is excessive. It can be seen that
strength is significantly higher than a target level but impact toughness is significantly reduced. This is considered to be
due to formation of coarse carbide, which causes fracture in the impact test.
[0070] Comparative Example 4 uses comparative steel E in which the Mo component was insufficient and Comparative
Example 5 uses comparative steel F in which the Nb component is insufficient. It can be seen that strength is remarkably
reduced and impact toughness is lowered. This is because the amount of dissolved Mo and Nb is small and the amount
of Mo and Nb is not sufficient to form a precipitate after linear heating. If Mo and Nb are added excessively, toughness
may rather be deteriorated due to coarse precipitates, and thus, Mo and Nb must be added in the control range of the
present disclosure.
[0071] Comparative Example 6 uses comparative steel G in which Mn and Ni components are insufficient. Since a
sufficiently low Ar3 temperature was not secured, a large amount of polygonal ferrite was formed during rolling at a low
temperature, degrading strength and toughness.
[0072] Comparative Example 1 satisfied the alloy composition of the present disclosure, but the rolling temperature
exceeded 850°C to lower impact toughness. Comparative Example 3 satisfied the alloy composition of the present
disclosure, but the cooling conditions were out of the range of the present disclosure, resulting in an increase in a
polygonal ferrite fraction to degrade strength and toughness due to the growth of crystal grain after linear heating.
[0073] While example exemplary embodiments have been shown and described above, 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 disclosure
as defined by the appended claims.

Claims

1. A high-strength structural steel sheet having excellent heat treatment resistance, the high-strength structural steel
sheet comprising:

by weight percent (wt%), 0.03 to 0.07% of C, 0.05 to 0.2% of Si, 1.6 to 2.3% of Mn, 0.008% or less of P, 0.002%
or less of S, 0.025% or less of Al, 0.1 to 0.4% of Cu, 1.4 to 2.3% of Ni, 0.08 to 0.2% of Mo, 0.01 to 0.025% of
Nb, 0.008 to 0.02% of Ti, 0.001 to 0.008% of N, the remainder being Fe, and unavoidable impurities,
wherein a microstructure within 10 mm of the surface contains 80% or more of acicular ferrite and 20% or less
of polygonal ferrite.

2. The high-strength structural steel sheet of claim 1, wherein
a thickness of the steel sheet is 40 mm or less.

3. The high-strength structural steel sheet of claim 1, wherein
the steel sheet has yield strength of 500 MPa or greater, tensile strength of 600 MPa or greater, and impact toughness
of 100 J or greater at -40°C.

4. The high-strength structural steel sheet of claim 1, wherein
after the steel sheet is linearly heated to 600 to 900°C, the steel sheet has yield strength of 500 MPa or greater,
tensile strength of 600 MPa or greater, and impact toughness of 100 J or greater at -40°C.

5. A method of manufacturing a high-strength structural steel sheet having excellent heat treatment resistance, the
method comprising:

reheating a slab including, by weight percent (wt%), 0.03 to 0.07% of C, 0.05 to 0.2% of Si, 1.6 to 2.3% of Mn,
0.008% or less of P, 0.002% or less of S, 0.025% or less of Al, 0.1 to 0.4% of Cu, 1.4 to 2.3% of Ni, 0.08 to
0.2% of Mo, 0.01 to 0.025% of Nb, 0.008 to 0.02% of Ti, 0.001 to 0.008% of N, the remainder being Fe, and
unavoidable impurities;
performing non-recrystallization region rolling on the reheated slab at 750 to 850°C; and
performing cooling to a cooling end temperature of 380 to 440°C at a cooling rate of 10°C/sec. or faster after
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the non-recrystallization region rolling.

6. The method of claim 5, further comprising:

linearly heating the cooled steel sheet to 600 to 900°C and subsequently performing bending.
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