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(54) HIGH-STRENGTH STEEL SHEET AND METHOD FOR MANUFACTURING SAME

(57) To provide a high-strength steel sheet with high
tensile strength, press formability, and bendability, and
a method for manufacturing the high-strength steel sheet.

The high-strength steel sheet has a predetermined
chemical composition and has a microstructure contain-
ing a specific microstructure in a surface layer region
extending from a surface of the steel sheet to a position
of one-tenth of the thickness of the steel sheet and in an
inner region extending from a position of one-tenth to a
position of three-tenths of the thickness of the steel sheet.
The surface layer region extending from the surface of
the steel sheet to the position of one-tenth of the thick-

ness of the steel sheet has an average grain size of 6
pm or less. A difference (HV2 - HV1) between a hardness
(HV1) of the surface layer region extending from the sur-
face of the steel sheet to the position of one-tenth of the
thickness of the steel sheet and a hardness (HV2) of the
inner region extending from the position of one-tenth to
the position of three-tenths of the thickness of the steel
sheet is 5% or more and 15% or less of [0.3 x tensile
strength (MPa)], and the steel sheet has a tensile strength
of 980 MPa or more, a uniform elongation of 6% or more,
and a ratio R/t of a critical bending radius R to a thickness
t of 1.5 or less.
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Description

Technical Field

[0001] The present invention relates to a high-strength steel sheet and a method for manufacturing the high-strength
steel sheet. In particular, the present invention relates to a high-strength steel sheet that has a tensile strength of 980
MPa or more, a uniform elongation of 6% or more, and high bendability, and that is suitable as a material for a frame,
a suspension component, or the like of a truck or a passenger car, and a method for manufacturing the high-strength
steel sheet.

Background Art

[0002] Against the background of automobile exhaust emission control aimed at global warming mitigation, there is a
need for lighter vehicles. To reduce the vehicle weight, it is effective to reduce the amount of material used for an
automotive part by increasing the strength and reducing the thickness of the material used for the automotive part. Thus,
high-strength steel sheets have been increasingly used year by year. In particular, high-strength steel sheets with a
tensile strength of 980 MPa or more are expected as materials that can dramatically improve the mileage of automobiles
through weight reduction.
[0003] However, steel sheets with higher tensile strength have lower ductility and press formability. Automotive parts,
particularly chassis parts, such as suspension components, need to have complex shapes to ensure rigidity. Thus,
materials for automotive parts require high press formability or ductility.
[0004] Furthermore, steel sheets with increased tensile strength tend to have a crack during bending. A crack in a
bent portion may become a fatigue crack initiation point and may result in parts with lower durability than assumed in
the design. Thus, materials for automotive parts and the like require high bendability.
[0005] Various techniques for improving the ductility and bendability of steel sheets while increasing the tensile strength
of the steel sheets have been proposed.

Citation List

Patent Literature

[0006]

PTL 1: Japanese Unexamined Patent Application Publication No. 2012-012701
PTL 2: International Publication No. WO 2016/010004
PTL 3: Japanese Unexamined Patent Application Publication No. 2013-117068
PTL 4: Japanese Unexamined Patent Application Publication No. 2017-115191
PTL 5: International Publication No. WO 2020/110855
PTL 6: International Publication No. WO 2020/110843

Summary of Invention

Technical Problem

[0007] However, the related art as described in Patent Literature 1 to Patent Literature 6 has problems as described
below.
[0008] The techniques described in Patent Literature 1 and Patent Literature 2 cannot achieve a tensile strength of
980 MPa or more. Although it is argued in Patent Literature 1 and Patent Literature 2 that hot-rolled steel sheets have
high workability, "elongation" is used as a measure of workability. This "elongation", which is also referred to as the total
elongation (El), represents the elongation at the point in time when a test specimen breaks in a tensile test. In practice,
however, necking (constriction) occurs before breakage. Necking locally reduces the thickness of the sheet and results
in a defective product during press forming. Thus, high total elongation is not sufficient for high press formability. Fur-
thermore, Patent Literature 1 and Patent Literature 2 do not describe bendability.
[0009] Although it is argued that a high-strength steel sheet with high bendability can be manufactured by the techniques
described in Patent Literature 3 to Patent Literature 5, attention is given only to a crack formed outside the bend. A crack
formed during bending, whether outside or inside the bend, may become a fatigue crack initiation point and decrease
the durability of the component. Thus, it cannot be said that the bendability is sufficiently ensured unless cracks inside
the bend are reduced.
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[0010] Although it is argued that a high-strength steel sheet with high bendability can be manufactured by the technique
described in Patent Literature 6, attention is given only to a crack formed inside the bend. A crack formed during bending,
whether outside or inside the bend, may become a fatigue crack initiation point and decrease the durability of the
component. Thus, the performance of the component cannot be ensured unless cracks are reduced both inside and
outside the bend.
[0011] Thus, a technique for manufacturing a high-strength steel sheet with a high level of tensile strength, press
formability, and bendability has not yet been established.
[0012] The present invention has been made in view of such situations and aims to provide a high-strength steel sheet
with high tensile strength, press formability, and bendability, and a method for manufacturing the high-strength steel sheet.

Solution to Problem

[0013] To solve the above problems, the present inventors made hypothetical stress-strain curves of steel sheets with
a tensile strength of 980 MPa or more and with various yield stresses and uniform elongations, and performed a press
forming simulation of a suspension component using the stress-strain curves. The characteristics of a steel sheet required
for high press formability were examined on the basis of the results of the simulation.
[0014] As a result, it was found that, having a uniform elongation of 6% or more, a steel sheet with a tensile strength
of 980 MPa or more can have the minimum thickness reduction during press forming and is less likely to have press
forming defects.
[0015] The present inventors have also studied an optimum steel sheet microstructure to achieve a tensile strength
of 980 MPa or more and a uniform elongation of 6% or more. As a result, it was found that a microstructure that contains
upper bainite as a main phase and contains an appropriate amount of hard second phase containing fresh martensite
and/or retained austenite can achieve both a high strength of 980 MPa or more and a uniform elongation of 6% or more.
[0016] The term "upper bainite", as used herein, refers to an aggregate of lath ferrite with an orientation difference of
less than 15 degrees and refers to a microstructure with Fe-based carbide and/or retained austenite between lath ferrites
(including a microstructure without Fe-based carbide and/or retained austenite between lath ferrites). Unlike lamellar
(layered) ferrite or polygonal ferrite in pearlite, lath ferrite has a lath shape and has a relatively high dislocation density
inside, so that they can be distinguished with a scanning electron microscope (SEM) or a transmission electron microscope
(TEM). In the presence of retained austenite between laths, only a lath ferrite portion is regarded as upper bainite and
is distinguished from the retained austenite. The fresh martensite refers to martensite without Fe-based carbide. Fresh
martensite and retained austenite have a similar contrast in SEM but can be distinguished by an electron backscatter
diffraction patterns (EBSD) method.
[0017] Next, the present inventors examined the bendability of a high-strength steel sheet with a tensile strength of
980 MPa or more and a uniform elongation of 6% or more. More specifically, steel sheets with a tensile strength of 980
MPa or more and a uniform elongation of 6% or more manufactured by different manufacturing methods were subjected
to a 90-degree V bending test, and a fracture surface of a flex crack and the microstructure near the crack were observed.
On the outside of the bend, a crack fracture surface was a ductile fracture surface, and many voids were observed in
the microstructure near the crack, indicating that cracking outside the bend was ductile fracture. On the other hand, on
the inside of the bend, a crack fracture surface was a brittle fracture surface, and no voids were observed in the micro-
structure near the crack. Thus, it was found that cracking inside the bend was brittle fracture due to strong compression.
Thus, the improvement of ductility can reduce cracking outside the bend, and the improvement of compression embrit-
tlement resistance characteristics can reduce cracking inside the bend. Thus, it was also found that the microstructure
should be controlled in a surface layer region where a flex crack can be formed and in the vicinity thereof.
[0018] The present invention has been made by further examination based on these findings and has the following gist.

[1] A high-strength steel sheet which comprises:

a chemical composition containing, in mass%:

C: 0.05% to 0.20%,
Si: 0.5% to 1.2%,
Mn: 1.5% to 4.0%,
P: 0.10% or less,
S: 0.03% or less,
Al: 0.001% to 2.0%,
N: 0.01% or less,
O: 0.01% or less,
B: 0.0005% to 0.010%, and the remainder being Fe and incidental impurities;



EP 4 282 993 A1

4

5

10

15

20

25

30

35

40

45

50

55

a microstructure in a surface layer region extending from a surface of the steel sheet to a position of one-tenth
of a thickness of the steel sheet containing 80% by area or more of upper bainite and 2% by area or more of
fresh martensite and/or retained austenite in total,; and
a microstructure in an inner region extending from the position of one-tenth to a position of three-tenths of the
thickness of the steel sheet containing 70% by area or more of upper bainite and 3% by area or more of fresh
martensite and/or retained austenite in total,
wherein:

the surface layer region extending from the surface of the steel sheet to the position of one-tenth of the
thickness of the steel sheet has an average grain size of 6 pm or less;
a difference (HV2 - HV1) between a hardness (HV1) of the surface layer region extending from the surface
of the steel sheet to the position of one-tenth of the thickness of the steel sheet and a hardness (HV2) of
the inner region extending from the position of one-tenth to the position of three-tenths of the thickness of
the steel sheet is 5% or more and 15% or less of [0.3 x tensile strength (MPa)] ; and
the steel sheet has a tensile strength of 980 MPa or more, a uniform elongation of 6% or more, and a ratio
R/t of a critical bending radius R to a thickness t of 1.5 or less.

[2] The high-strength steel sheet according to [1], wherein the chemical composition further contains, in mass%, at
least one of

Cr: 1.0% or less and
Mo: 1.0% or less.

[3] The high-strength steel sheet according to [1] or [2], wherein the chemical composition further contains, in mass%,
at least one of

Cu: 2.0% or less,
Ni: 2.0% or less,
Ti: 0.3% or less,
Nb: 0.3% or less, and
V: 0.3% or less.

[4] The high-strength steel sheet according to any one of [1] to [3], wherein the chemical composition further contains,
in mass%,
Sb: 0.005% to 0.020%.
[5] The high-strength steel sheet according to any one of [1] to [4], wherein the chemical composition further contains,
in mass%, at least one of

Ca: 0.01% or less,
Mg: 0.01% or less, and
REM: 0.01% or less.

[6] A method for manufacturing the high-strength steel sheet according to any one of [1] to [5], which comprises:

heating a steel material having the chemical composition to a heating temperature of 1150°C or more;
then rough rolling the steel material, and then hot rolling the steel material into a hot-rolled steel sheet under
conditions of a finishing temperature: (RC2 - 50°C) or more and (RC2 + 120°C) or less and a total rolling
reduction of 25% or more and 80% or less at a temperature of RC1 or less;
cooling the hot-rolled steel sheet under conditions of a time from completion of the hot rolling to start of cooling:
2.0 seconds or less, an average cooling rate at the position of three-tenths of the thickness of the steel sheet:
15°C/s or more, and a cooling stop temperature: Trs or more and (Trs + 250°C) or less;
coiling the hot-rolled steel sheet after the cooling at a coiling temperature: Trs or more and (Trs + 250°C) or
less; and
cooling the hot-rolled steel sheet to 100°C or less at an average cooling rate of 20°C/s or less,
wherein RC1, RC2, and Trs are represented by the following formulae (1), (2), and (3), respectively, 
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where each element symbol in the formulae (1), (2), and (3) denotes a corresponding element content (% by
mass) and is 0 in the absence of the element.

[7] The method for manufacturing the high-strength steel sheet according to [6], wherein in the cooling after completion
of the hot rolling, an average cooling rate of the surface layer and the average cooling rate at the position of three-
tenths of the thickness of the steel sheet satisfy the formula (4): 

Advantageous Effects of Invention

[0019] The present invention can provide a high-strength steel sheet with a tensile strength of 980 MPa or more, high
press formability, and high bendability. A high-strength steel sheet according to the present invention has high press
formability in spite of high tensile strength and can be press-formed without a forming defect, such as necking or cracking.
The application of a high-strength steel sheet according to the present invention to a member of a truck or a passenger
car can reduce the amount of steel material used while ensuring safety, and reduce the weight of the automobile body,
thus contributing to reducing the effects on the environment.
[0020] The phrase "high press formability", as used herein, refers to a uniform elongation of 6% or more. The phrase
"high bendability" means that the ratio R/t of the critical bending radius R at which no crack with a depth of 50 pm or
more is formed both outside and inside the bend in a 90-degree V bending test to the thickness t of a steel sheet is 1.5
or less.
[0021] The present invention is specifically described below. The following description shows an example of a preferred
embodiment of the present invention, and the present invention is not limited to this.

Description of Embodiments

[Chemical Composition]

[0022] First, the reasons for limiting the chemical composition of a high-strength steel sheet according to the present
invention are described below. Unless otherwise specified, "%" as a unit of the content refers to "% by mass".

C: 0.05% to 0.20%

[0023] C is an element with the effect of improving the strength of steel. C improves hardenability, thereby promotes
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the formation of bainite, and contributes to increase the strength. C increases the strength of martensite and also
contributes to increase the strength. To achieve a tensile strength of 980 MPa or more, the C content should be 0.05%
or more. Thus, the C content is 0.05% or more, preferably 0.06% or more. On the other hand, a C content of more than
0.20% results in martensite with excessively increased strength, a larger difference in strength between upper bainite
serving as a main phase and fresh martensite and/or retained austenite, and consequently lower uniform elongation.
Thus, the C content is 0.20% or less, preferably 0.18% or less.

Si: 0.5% to 1.2%

[0024] Si has the effect of reducing the formation of Fe-based carbide and reduces the precipitation of cementite
during upper bainite transformation. This distributes C to non-transformed austenite, and cooling after coiling in a hot-
rolling process transforms the non-transformed austenite into fresh martensite and/or retained austenite, thereby forming
the desired fresh martensite and/or retained austenite. These effects require a Si content of 0.5% or more, preferably
0.6% or more. On the other hand, a Si content of more than 1.2% may result in the formation of fresh martensite and/or
retained austenite in an amount larger than the desired area ratio, consequently an undesired area ratio of upper bainite,
and lower bendability. Thus, the Si content is 1.2% or less, preferably 1.1% or less.

Mn: 1.5% to 4.0%

[0025] Mn stabilizes austenite and contributes to the formation of fresh martensite and/or retained austenite. Such
effects require a Mn content of 1.5% or more. Thus, the Mn content is 1.5% or more, preferably 1.7% or more. On the
other hand, a Mn content of more than 4.0% results in excessive formation of fresh martensite and/or retained austenite,
consequently an undesired area ratio of upper bainite, and lower bendability. Thus, the Mn content is 4.0% or less,
preferably 3.8% or less.

P: 0.10% or less

[0026] P is an element that contributes to an increase in the strength of steel through solid solution. However, P is
also an element that segregates at an austenite grain boundary during hot rolling and thereby causes slab cracking
during the hot rolling. P also segregates at a grain boundary and reduces the uniform elongation. Thus, the P content
is preferably minimized and may be 0.10% or less. Thus, the P content is 0.10% or less. Although the lower limit is not
particularly limited, the P content is preferably 0.0002% or more because a P content of less than 0.0002% causes a
decrease in production efficiency.

S: 0.03% or less

[0027] S binds to Ti or Mn and forms a coarse sulfide, which accelerates the formation of a void and reduces the
uniform elongation. Thus, the S content is preferably minimized and may be 0.03% or less. Thus, the S content is 0.03%
or less. Although the lower limit is not particularly limited, the S content is preferably 0.0002% or more because a S
content of less than 0.0002% causes a decrease in production efficiency.

Al: 0.001% to 2.0%

[0028] Al is an element that acts as a deoxidizing agent and is effective in improving the cleanliness of steel. This
effect is insufficient at an Al content of less than 0.001%. Thus, the Al content is 0.001% or more, preferably 0.005% or
more, more preferably 0.010% or more. Like Si, Al is effective in reducing the formation of Fe-based carbide and reduces
the precipitation of cementite during upper bainite transformation. This contributes to the formation of fresh martensite
and/or retained austenite during cooling after coiling. On the other hand, an excessively high Al content results in an
increased number of oxide inclusions and lower uniform elongation. Thus, the Al content is 2.0% or less, preferably
1.0% or less, more preferably 0.1% or less.

N: 0.01% or less

[0029] N binds to a nitride-forming element, thereby precipitates as a nitride, and generally contributes to grain refine-
ment. However, N binds to Ti at high temperatures and forms a coarse nitride. Thus, a N content of more than 0.01%
results in lower uniform elongation. Thus, the N content is 0.01% or less. Although the lower limit is not particularly
limited, the N content is preferably 0.0002% or more because a N content of less than 0.0002% causes a decrease in
production efficiency.
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O: 0.01% or less

[0030] O generates an oxide and reduces formability. Thus, the O content should be reduced. In particular, this
tendency is remarkable at an O content of more than 0.01%. Thus, the O content is 0.01% or less, preferably 0.005%,
more preferably 0.003%. Although the lower limit is not particularly specified, the O content is preferably 0.00005% or
more because the production efficiency may be significantly lowered at an O content of less than 0.00005%.

B: 0.0005% to 0.010%

[0031] B is an element that segregates in a prior-austenite grain boundary, reduces the formation of ferrite, thereby
promotes the formation of upper bainite, and contributes to improving the strength of a steel sheet. These effects require
a B content of 0.0005% or more. Thus, the B content is 0.0005% or more, preferably 0.0006%, more preferably 0.0007%.
On the other hand, these effects are saturated at a B content of more than 0.010%. Thus, the B content is 0.010% or
less, preferably 0.009% or less, more preferably 0.008% or less.
[0032] The remainder is composed of Fe and incidental impurities. Examples of the incidental impurities include Zr,
Co, Sn, Zn, and W. When the chemical composition contains at least one of Zr, Co, Sn, Zn, and W as incidental impurities,
the total amount of the element(s) is preferably 0.5% or less.
[0033] The chemical composition of a high-strength steel sheet according to the present invention may optionally
contain at least one of the following elements.

Cr: 1.0% or less

[0034] Cr is a carbide-forming element and has the effect of reducing driving force for bainite transformation by seg-
regating at an interface between upper bainite and non-transformed austenite during upper bainite transformation after
coiling, thereby stopping the upper bainite transformation. Non-transformed austenite remained due to the stopped upper
bainite transformation becomes fresh martensite and/or retained austenite by cooling after coiling. Thus, Cr, if added,
also contributes to the formation of a desired area ratio of fresh martensite and/or retained austenite. This effect is
preferably produced at a Cr content of 0.1% or more. However, a Cr content of more than 1.0% results in excessive
formation of fresh martensite and/or retained austenite, consequently an undesired area ratio of upper bainite, and lower
bendability. When Cr is added, the Cr content is 1.0% or less, preferably 0.9% or less, more preferably 0.8% or less.

Mo: 1.0% or less

[0035] Mo promotes the formation of bainite through the improvement of hardenability and contributes to improving
the strength of a steel sheet. Like Cr, Mo is a carbide-forming element, segregates at an interface between upper bainite
and non-transformed austenite during upper bainite transformation after coiling, thereby reduces transformation driving
force for bainite, and contributes to the formation of fresh martensite and/or retained austenite after coiling and cooling.
However, a Mo content of more than 1.0% results in excessive formation of fresh martensite and/or retained austenite,
consequently an undesired area ratio of upper bainite, and lower uniform elongation. This effect is preferably produced
at a Mo content of 0.1% or more. Thus, when Mo is added, the Mo content is 1.0% or less, preferably 0.9% or less, more
preferably 0.8% or less.
[0036] The chemical composition of a high-strength steel sheet according to the present invention may optionally
contain at least one of the following elements.

Cu: 2.0% or less

[0037] Cu is an element that contributes to an increase in the strength of steel through solid solution. Cu promotes
the formation of bainite through the improvement of hardenability and contributes to improving the strength. This effect
is preferably produced at a Cu content of 0.01% or more. However, a Cu content of more than 2.0% results in a high-
strength steel sheet with lower surface quality and bendability. Thus, when Cu is added, the Cu content is 2.0% or less,
preferably 1.9% or less, more preferably 1.8% or less.

Ni: 2.0% or less

[0038] Ni is an element that contributes to an increase in the strength of steel through solid solution. Ni promotes the
formation of bainite through the improvement of hardenability and contributes to improving the strength. This effect is
preferably produced at a Ni content of 0.01% or more. However, a Ni content of more than 2.0% results in an excessive
increase of fresh martensite and/or retained austenite, consequently an undesired area ratio of upper bainite, and a
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high-strength steel sheet with lower ductility. Thus, when Ni is added, the Ni content is 2.0% or less, preferably 1.9% or
less, more preferably 1.8% or less.

Ti: 0.3% or less

[0039] Ti is an element with the effect of improving the strength of a steel sheet by precipitation strengthening or solid-
solution strengthening. Ti forms a nitride in a hightemperature region of austenite. This reduces the precipitation of BN
and results in B in a solid solution state. Thus, Ti, if added, also contributes to ensuring hardenability necessary for the
formation of upper bainite and improves the strength. This effect is preferably produced at a Ti content of 0.01% or more.
However, a Ti content of more than 0.3% results in a large amount of Ti nitride and lower uniform elongation. Thus,
when Ti is added, the Ti content is 0.3% or less, preferably 0.28% or less, more preferably 0.25% or less.

Nb: 0.3% or less

[0040] Nb is an element with the effect of improving the strength of a steel sheet by precipitation strengthening or
solid-solution strengthening. Like Ti, Nb increases the recrystallization temperature of austenite during hot rolling, thereby
enables rolling in an austenite nonrecrystallization temperature range, and contributes to decreasing the grain size of
upper bainite and increasing the area ratio of fresh martensite and/or retained austenite. Like Cr, Nb is a carbide-forming
element and is an element that segregates at an interface between upper bainite and non-transformed austenite during
upper bainite transformation after coiling and thereby has the effect of reducing transformation driving force for bainite
and stopping the upper bainite transformation while leaving the non-transformed austenite. The non-transformed austen-
ite becomes fresh martensite and/or retained austenite by cooling thereafter. Thus, Nb, if added, also contributes to the
formation of a desired area ratio of fresh martensite and/or retained austenite. This effect is preferably produced at a
Nb content of 0.01% or more. However, a Nb content of more than 0.3% results in an excessive increase of fresh
martensite and/or retained austenite, consequently an undesired area ratio of upper bainite, and lower uniform elongation.
Thus, when Nb is added, the Nb content is 0.3% or less, preferably 0.28% or less, more preferably 0.25% or less.

V: 0.3% or less

[0041] V is an element with the effect of improving the strength of a steel sheet by precipitation strengthening and
solid-solution strengthening. Like Ti, V increases the recrystallization temperature of austenite during hot rolling, thereby
enables rolling in an austenite nonrecrystallization temperature range, and contributes to decreasing the grain size of
upper bainite. Like Cr, V is a carbide-forming element and is an element that segregates at an interface between upper
bainite and non-transformed austenite during upper bainite transformation after coiling and thereby has the effect of
reducing transformation driving force for bainite and stopping the upper bainite transformation while leaving the non-
transformed austenite. The non-transformed austenite becomes fresh martensite and/or retained austenite by cooling
thereafter. Thus, V, if added, also contributes to the formation of a desired area ratio of fresh martensite and/or retained
austenite. This effect is preferably produced at a V content of 0.01% or more. However, a V content of more than 0.3%
results in an excessive increase of fresh martensite and/or retained austenite, consequently an undesired area ratio of
upper bainite, and lower uniform elongation. Thus, when V is added, the V content is 0.3% or less, preferably 0.28% or
less, more preferably 0.25% or less.
[0042] The chemical composition of a high-strength steel sheet according to the present invention may further optionally
contain the following elements.

Sb: 0.005% to 0.020%

[0043] Sb is an element with the effect of reducing nitriding of the surface of a steel material (slab) when the steel
material is heated. The addition of Sb can reduce the precipitation of BN in a surface layer portion of a steel material.
As a result, remaining solid solution B contributes to ensuring hardenability necessary for the formation of bainite and
thereby improving the strength of a steel sheet. When Sb is added, the Sb content is 0.005% or more, preferably 0.006%
or more, more preferably 0.007% or more, to produce the effects. On the other hand, an Sb content of more than 0.020%
results in steel with lower toughness and may cause slab cracking and hot-rolling cracking. Thus, when Sb is added,
the Sb content is 0.020% or less, preferably 0.019% or less, more preferably 0.018% or less.
[0044] The chemical composition of a high-strength steel sheet according to the present invention may optionally
contain at least one of the following elements. The following elements contribute to further improvement of press form-
ability or other characteristics.
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Ca: 0.01% or less

[0045] Ca controls the shape of an oxide or sulfide inclusion and contributes to reducing cracking of a sheared end
face of a steel sheet and further improving the bendability of a steel sheet. This effect is preferably produced at a Ca
content of 0.001% or more. However, a Ca content of more than 0.01% may result in an increase of a Ca-based inclusion
and steel with lower cleanliness and rather result in sheared end face cracking or bending cracking. Thus, when Ca is
added, the Ca content is 0.01% or less.

Mg: 0.01% or less

[0046] Like Ca, Mg controls the shape of an oxide or sulfide inclusion and contributes to reducing cracking of a sheared
end face of a steel sheet and further improving the bendability of a steel sheet. This effect is preferably produced at a
Mg content of 0.001% or more. However, a Mg content of more than 0.01% may result in steel with lower cleanliness
and rather result in sheared end face cracking or bending cracking. Thus, when Mg is added, the Mg content is 0.01%
or less.

REM: 0.01% or less

[0047] Like Ca, a rare-earth metal (REM) controls the shape of an oxide or sulfide inclusion and contributes to reducing
cracking of a sheared end face of a steel sheet and further improving the bendability of a steel sheet. This effect is
preferably produced at a REM content of 0.001% or more. However, a REM content of more than 0.01% may result in
steel with lower cleanliness and rather result in sheared end face cracking or bending cracking. Thus, when REM is
added, the REM content is 0.01% or less.

[Microstructure]

[0048] Next, the reasons for limiting the microstructure of a high-strength steel sheet according to the present invention
are described below.
[0049] A high-strength steel sheet according to the present invention has a microstructure containing 80% by area or
more of upper bainite and 2% by area or more of fresh martensite and/or retained austenite in total in a surface layer
region extending from a surface of the steel sheet to a position of one-tenth of the thickness of the steel sheet and 70%
by area or more of upper bainite and 3% by area or more of fresh martensite and/or retained austenite in total in an
inner region extending from a position of one-tenth to a position of three-tenths of the thickness of the steel sheet. The
surface layer region extending from the surface of the steel sheet to the position of one-tenth of the thickness of the
steel sheet has an average grain size of 6 pm or less. A difference (HV2 - HV1) between a hardness (HV1) of the surface
layer region extending from the surface of the steel sheet to the position of one-tenth of the thickness of the steel sheet
and a hardness (HV2) of the inner region extending from the position of one-tenth to the position of three-tenths of the
thickness of the steel sheet is 5% or more and 15% or less of [0.3 x tensile strength (MPa)].

Upper bainite: 80% or more and fresh martensite and/or retained austenite: 2% by area or more in total in surface layer 
region extending from surface of steel sheet to position of one-tenth of thickness of steel sheet

[0050] In a high-strength steel sheet according to the present invention, hard fresh martensite and/or retained austenite
can be finely dispersed in soft upper bainite to improve ductility and reduce cracking outside the bend. To produce this
effect, in a surface layer, the area fraction of upper bainite is 80% or more, and the area ratio of fresh martensite and/or
retained austenite is 2% or more. Preferably, the area ratio of upper bainite is 85% or more, and the area ratio of fresh
martensite and/or retained austenite is 3% or more. On the other hand, the bendability may be lowered when the total
area ratio of fresh martensite and/or retained austenite is 20% or more. The total area ratio of fresh martensite and/or
retained austenite is therefore preferably 20% or less, more preferably 18% or less, still more preferably 15% or less.
[0051] In a surface layer region of the steel sheet, due to a high cooling rate, bainite transformation proceeds rapidly,
and carbon concentrating for forming fresh martensite and/or retained austenite is lower than that in the inside of the
steel sheet. Lower carbon concentrating reduces martensite transformation. This results in a smaller area ratio of fresh
martensite and/or retained austenite in the surface layer region than in the inside of the steel sheet.

70% by area or more of upper bainite and 3% by area or more of fresh martensite and/or retained austenite in total in 
inner region extending from position of one-tenth to position of three-tenths of thickness of steel sheet

[0052] In the present invention, an inner region extending from a position of one-tenth to a position of three-tenths of
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the thickness of a steel sheet contains upper bainite as a main phase. When the upper bainite has an area ratio of less
than 70%, a tensile strength of 980 MPa or more and a uniform elongation of 6% or more cannot be achieved. Thus,
the upper bainite has an area ratio of 70% or more, preferably 80% or more. In the present invention, an inner region
extending from a position of one-tenth to a position of three-tenths of the thickness of a steel sheet contains fresh
martensite and/or retained austenite. Fresh martensite has the effect of promoting work hardening, delaying the onset
of plastic instability, and thereby improving the uniform elongation. Retained austenite can improve the uniform elongation
by the transformation induced plasticity (TRIP) effect. To produce these effects, the total area ratio of fresh martensite
and/or retained austenite is 3% or more, preferably 4% or more. In the present invention, in the microstructure extending
from a position of three-tenths of the thickness to the vicinity of the center of the thickness of a steel sheet, the area ratio
of upper bainite is preferably 60% or more from the perspective of ductility, although the effect on bendability is small.
40% or less of fresh martensite/tempered martensite/retained austenite and the like may be contained due to Mn seg-
regation at half the thickness of a steel sheet.

Average grain size in surface layer region extending from surface of steel sheet to position of one-tenth of thickness of 
steel sheet: 6 mm or less

[0053] Cracking inside the bend is brittle fracture due to strong compression. Thus, compression embrittlement re-
sistance characteristics can be improved to reduce cracking inside the bend. Grain refinement can reduce compression
embrittlement. To produce this effect, the average grain size in a surface layer region is 6 pm or less, preferably 5 pm
or less. Although compression embrittlement resistance is improved as the average grain size decreases, an excessively
small average grain size may result in higher strength and lower elongation and cracking in outer bending. Thus, the
average grain size in the surface layer region is preferably 2 pm or more.
[0054] Thus, a tensile strength of 980 MPa or more, a uniform elongation of 6% or more, and high bendability can be
achieved only by combining the uniform elongation improving effect of fresh martensite and/or retained austenite with
the flex cracking suppressive effect by controlling a surface layer microstructure.

Difference (HV2 - HV1) between hardness (HV1) of surface layer region extending from surface of steel sheet to a 
position of one-tenth of thickness of steel sheet and hardness (HV2) of inner region extending from a position of one-
tenth to a position of three-tenths of thickness of steel sheet is 5% or more and 15% or less of [0.3 x tensile strength (MPa)]

[0055] In a high-strength steel sheet according to the present invention, a soft surface layer reduces cracking outside
the bend, and a hard inner portion adjacent to the surface layer reduces the growth of a flex crack in the thickness
direction of the steel sheet. To produce the effects of reducing the occurrence and growth of a flex crack, the difference
(HV2 - HV1) between the hardness (HV1) of the surface layer region and the hardness (HV2) of the inner region is 5%
or more, preferably 6% or more, more preferably 7% or more, with respect to 0.3 x tensile strength (MPa). On the other
hand, a large difference between the hardness of the surface layer region and the hardness of the inner region results
in strain mismatch between the surface layer and the inner portion in a tensile test, thus failing to achieve target tensile
properties. Thus, the difference between the hardness of the surface layer region and the hardness of the inner region
is 15% or less, preferably 14% or less, more preferably 13% or less, with respect to 0.3 x tensile strength (MPa). The
above effects can be produced by controlling the cooling rate on the surface of the steel sheet and in the inside of the
steel sheet.
[0056] The microstructure may further contain a microstructure other than upper bainite, fresh martensite, and retained
austenite (hereinafter referred to as "another microstructure"). From the perspective of enhancing the effect of micro-
structure control, another microstructure preferably has a total area ratio of 3% or less. In other words, the upper bainite,
fresh martensite, and retained austenite in the microstructure preferably have a total area ratio of 97% or more. Examples
of the other microstructure include cementite, polygonal ferrite, pearlite, tempered martensite, and lower bainite.

[Mechanical Properties]

[0057] A high-strength steel sheet according to the present invention has a tensile strength of 980 MPa or more, a
uniform elongation of 6% or more, and an R/t (the ratio of the critical bending radius R at which no crack with a depth
of 50 pm or more is formed both outside and inside the bend to the thickness t of the steel sheet) of 1.5 or less. Thus,
a high-strength steel sheet according to the present invention has high press formability in spite of its high tensile strength,
can be press-formed without a forming defect, such as necking or cracking, and can ensure the durability of a component
without forming a large crack outside and inside a bent portion. Thus, a high-strength steel sheet according to the present
invention applied to a member of a truck or a passenger car can ensure safety.
[0058] The microstructure, hardness, and mechanical properties in the present invention can be determined by meas-
urement methods described below in Examples.
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[Manufacturing Method]

[0059] Next, a method for manufacturing a high-strength steel sheet according to an embodiment of the present
invention is described. Unless otherwise specified, the temperature in the following description represents the surface
temperature of an object (a steel material or a steel sheet).
[0060] A high-strength steel sheet according to the present invention can be manufactured by sequentially subjecting
a steel material to the following treatments (1) to (5). Each of the steps is described below.

(1) Heating
(2) Hot rolling
(3) Cooling (first cooling)
(4) Coiling
(5) Cooling (second cooling)

[0061] The steel material may be any material with the chemical composition described above. The chemical compo-
sition of the final high-strength steel sheet is the same as the chemical composition of the steel material used. The steel
material can be a steel slab, for example. The steel material may be manufactured by any method. For example, a
molten steel with the chemical composition described above can be obtained by steelmaking by a known method using
a converter or the like, and a steel material can be manufactured by a casting method, such as continuous casting. It is
also possible to use a method other than the continuous casting method, such as an ingot casting and blooming method.
Scrap may also be used as a raw material. The steel material manufactured by the continuous casting method or the
like may be directly subjected to the next heating step or may be cooled and subjected as a hot piece or a cold piece to
the heating step.

(1) Heating

[0062] First, the steel material is heated to a heating temperature of 1150°C or more. In general, carbonitrideforming
elements, such as Ti, are mostly present as coarse carbonitrides in steel materials. The presence of the coarse and
nonuniform precipitates causes degradation of various characteristics generally required for high-strength steel sheets
for truck and passenger car components (for example, sheared edge cracking resistance, bendability, burring formability,
and the like). Thus, the steel material should be heated before hot rolling to dissolve coarse precipitates. More specifically,
the heating temperature of the steel material should be 1150°C or more to sufficiently dissolve coarse precipitates. On
the other hand, an excessively high heating temperature of the steel material results in the occurrence of a slab defect
and a decrease in yield due to scaling off. Thus, from the perspective of improving the yield, the heating temperature of
the steel material is preferably 1350°C or less. The lower limit of the heating temperature of the steel material is more
preferably 1180°C or more, still more preferably 1200°C or more or less. The upper limit of the heating temperature of
the steel material is more preferably 1300°C or less, still more preferably 1280°C or less.
[0063] In the heating, from the perspective of uniformizing the temperature of the steel material, the temperature of
the steel material is preferably increased to the heating temperature and is then maintained at the heating temperature.
The holding time at the heating temperature is preferably, but not limited to, 1800 seconds or more from the perspective
of improving the temperature uniformity of the steel material. On the other hand, a holding time of more than 10,000
seconds results in an increased amount of scales. This often causes scale biting or the like in the subsequent hot rolling
and decreases the yield due to defective surface flaws. Thus, the holding time is preferably 10,000 seconds or less,
more preferably 8000 seconds or less.

(2) Hot Rolling

[0064] The heated steel material is then hot-rolled to form a hot-rolled steel sheet. The hot rolling may include rough
rolling and finish rolling. The rough rolling may be performed under any conditions. After the rough rolling, descaling is
preferably performed to remove surface scales before the finish rolling. In the finish rolling, descaling may be performed
between stands.
[0065] Next, in the present invention, in the finish rolling, when the temperature RC1 and the temperature RC2 are
defined by the following formulae (1) and (2), the total rolling reduction at a temperature of RC1 or less is 25% or more
and 80% or less, and the finishing temperature is (RC2 - 50°C) or more and (RC2 + 120°C) or less.
[0066] RC1 denotes the austenite 50% recrystallization temperature estimated from the chemical composition, and
RC2 denotes the austenite recrystallization lower limit temperature estimated from the chemical composition. When the
total rolling reduction at RC1 or less is less than 25%, the average grain size increases, and high bendability cannot be
achieved. On the other hand, when the total rolling reduction at a temperature of RC1 or less is more than 80%, austenite
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has a high dislocation density, a bainite microstructure transformed from the austenite with a high dislocation density
has low ductility, and the uniform elongation of 6% or more cannot be achieved. Thus, the total rolling reduction at a
temperature of RC1 or less is 25% or more and 80% or less.
[0067] The hot rolling is performed under the condition of finishing temperature: (RC2 - 50°C) or more and (RC2 +
120°C) or less. At a finishing temperature below (RC2 - 50°C), bainite transformation occurs from austenite with a high
dislocation density. Upper bainite transformed from austenite with a high dislocation density has a high dislocation density
and low ductility, resulting in a decrease in the uniform elongation. The uniform elongation also decreases when the
finish rolling temperature is low and the rolling is performed at a two-phase temperature of ferrite + austenite. Thus, the
finishing temperature is (RC2 - 50°C) or more. On the other hand, at a finishing temperature above (RC2 + 120°C),
austenite grains coarsen, and the average grain size of upper bainite increases, resulting in a decrease in the strength.
Furthermore, fresh martensite and/or retained austenite also coarsens, and the uniform elongation decreases. Thus,
the finishing temperature is (RC2 + 120°C) or less. RC1 and RC2 are defined by the following formulae (1) and (2): 

wherein each element symbol in the formulae (1) and (2) denotes a corresponding element content (% by mass) and is
0 in the absence of the element.

(3) Cooling (First Cooling)

[0068] Next, the hot-rolled steel sheet thus manufactured is cooled (first cooling). The time from completion of the hot
rolling (completion of the finish rolling) to the start of the cooling (cooling start time) is 2.0 seconds or less. A cooling
start time of more than 2.0 seconds results in the growth of austenite grains, thus failing to achieve a tensile strength of
980 MPa or more. The cooling start time is preferably 1.5 seconds or less.
[0069] The average cooling rate at a position of three-tenths of the thickness of the steel sheet is 15°C/s or more. In
the present invention, the surface layer is cooled more rapidly than the inside to form a microstructure that differs between
the surface layer and the inside. The rapid cooling of the surface layer advances the bainite transformation start in the
surface layer and forms a smaller amount of martensite and retained austenite due to carbon concentrating in the surface
layer than in the inside. When the average cooling rate of the cooling is less than 15°C/s, the surface layer is not
sufficiently rapidly cooled, and the surface layer microstructure containing 80% by area or more of upper bainite and
2% by area or more of fresh martensite and/or retained austenite in total cannot be formed. Thus, the average cooling
rate is 15°C/s or more, preferably 20°C/s or more, more preferably 50°C/s or more. On the other hand, although the
average cooling rate may have any upper limit, an excessively high average cooling rate makes it difficult to control the
cooling stop temperature. Thus, the average cooling rate is preferably 200°C/s or less. The average cooling rate is
specified on the basis of the average cooling rate at the surface of the steel sheet.
[0070] In the present invention, when the average cooling rate of the surface layer - the average cooling rate at a
position of three-tenths of the thickness of the steel sheet is 10°C/s or more, the formation of martensite or retained
austenite due to carbon concentrating in the surface layer is less than that at the position of three-tenths of the thickness
of the steel sheet. Consequently, a soft surface layer microstructure can be formed. On the other hand, in the inside of
the steel sheet, the cooling rate is lower than that in the surface layer, and the progress of the bainite transformation is
slower than that in the surface layer, so that the formation of martensite or retained austenite due to carbon concentrating
is more than in the inside, and an internal microstructure with high hardness can be formed. Thus, a difference in hardness
between the surface layer and the inside can be realized. When the average cooling rate of the surface layer at a position
of three-tenths of the thickness - the average cooling rate at a position of three-tenths of the thickness of the steel sheet
is less than 10°C/s, the above effects are not recognized. Thus, the average cooling rate of the surface layer - the
average cooling rate at the position of three-tenths of the thickness of the steel sheet is 10°C/s or more. The average
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cooling rate is determined by (temperature at the start of cooling - temperature at the end of cooling)/cooling time. The
temperature of the surface layer is actually measured with a thermometer. The temperature at the position of three-
tenths of the thickness of the steel sheet is determined by calculating the temperature distribution in a cross section of
the steel sheet by heat transfer analysis and correcting the result by the actual temperature of the surface of the steel sheet.
[0071] In the cooling, forced cooling may be performed at the average cooling rate. The cooling method is preferably,
but not limited to, water cooling, for example.
[0072] The cooling stop temperature is Trs or more and (Trs + 250°C) or less. At a cooling stop temperature below
Trs, the microstructure becomes tempered martensite or lower bainite. Both tempered martensite and lower bainite have
a high-strength microstructure but have significantly low uniform elongation. Thus, the cooling stop temperature is Trs
or more. On the other hand, at a cooling stop temperature above (Trs + 250°C), ferrite is formed, and the tensile strength
of 980 MPa cannot be achieved. Thus, the cooling stop temperature is (Trs + 250°C) or less.
[0073] Trs is defined by the formula (3): 

wherein each element symbol in the formula (3) denotes a corresponding element content (% by mass) and is 0 in the
absence of the element.

(4) Coiling

[0074] Next, the hot-rolled steel sheet after the cooling is coiled under the condition of a coiling temperature: Trs or
more and (Trs + 250°C) or less. When the coiling temperature is below Trs, martensite transformation or lower bainite
transformation proceeds after the coiling, and the desired fresh martensite and/or retained austenite cannot be formed.
Thus, the coiling temperature is Trs or more. On the other hand, at a coiling temperature above (Trs + 250°C), ferrite is
formed, and the tensile strength of 980 MPa cannot be achieved. Thus, the coiling temperature is (Trs + 250°C) or less.

(5) Cooling (Second Cooling)

[0075] After the coiling, cooling to 100°C or less is further performed at an average cooling rate of 20°C/s or less
(second cooling). The average cooling rate has an influence on the formation of fresh martensite and/or retained austenite.
At an average cooling rate of more than 20°C/s, most of the non-transformed austenite undergoes martensite transfor-
mation, the desired retained austenite cannot be formed, and the uniform elongation decreases. Thus, the average
cooling rate is 20°C/s or less, preferably 2°C/s or less, more preferably 0.02°C/s or less. On the other hand, the lower
limit of the average cooling rate is preferably, but not limited to, 0.0001°C/s or more.
[0076] The cooling can be performed to any temperature of 100°C or less, preferably in the range of approximately
10°C to 30°C (for example, room temperature). The cooling may be performed in any form, for example, in the state of
a coil.
[0077] A high-strength steel sheet according to the present invention can be manufactured in accordance with the
procedure described above. The coiling and the subsequent cooling may be followed by routine procedures. For example,
temper rolling may be performed, or pickling may be performed to remove scales formed on the surface.

EXAMPLES

[0078] A molten steel with the composition shown in Table 1 was obtained by steelmaking in a converter, and a steel
slab as a steel material was manufactured by a continuous casting method. The steel material was heated to the heating
temperature shown in Table 2, and the steel material after the heating was then subjected to hot rolling including rough
rolling and finish rolling to manufacture a hot-rolled steel sheet. The finishing temperature in the hot rolling was shown
in Table 2.
[0079] Next, the hot-rolled steel sheet was cooled under the conditions of the average cooling rate and the cooling
stop temperature shown in Table 2 (first cooling). The hot-rolled steel sheet after the cooling was coiled at the coiling
temperature shown in Table 2, and the coiled steel sheet was cooled at the average cooling rate shown in Table 2
(second cooling) to manufacture a high-strength steel sheet. The cooling was followed by skin pass rolling and pickling
as post-treatment. The pickling was performed at a temperature of 85°C using aqueous hydrochloric acid with a con-
centration of 10% by mass.
[0080] A test specimen was taken from the high-strength steel sheet, and the microstructure, surface roughness, and
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mechanical properties were evaluated in accordance with the following procedures.

(Microstructure)

[0081] A test specimen for microstructure observation was taken from the high-strength steel sheet such that a thickness
cross section parallel to the rolling direction was an observation surface. The surface of the test specimen was polished
and was corroded with a corrosive liquid (3% by volume nital solution) to expose the microstructure.
[0082] A surface layer region extending from the surface of the test specimen to a position of one-tenth of the thickness
of the steel sheet and an inner region extending from the position of one-tenth to a position of three-tenths of the thickness
of the steel sheet were then photographed with a scanning electron microscope (SEM) at a magnification of 5000 times
in 10 visual fields to acquire a SEM image of the microstructure. The SEM image was analyzed by image processing to
quantify the area ratios of upper bainite (UB), polygonal ferrite (F), and tempered martensite (TM). Fresh martensite (M)
and retained austenite (γ) were difficult to distinguish with the SEM and were therefore identified by an electron backscatter
diffraction patterns (EBSD) method, and the area ratio and the average grain size of each were determined. Table 3
shows the area ratio of each microstructure and the average grain size of the surface layer microstructure thus measured.
Table 3 also shows the total area ratio (M + γ) of fresh martensite and retained austenite.

(Measurement of Hardness)

[0083] A sample for hardness measurement was taken from the high-strength steel sheet such that a thickness cross
section parallel to the rolling direction was a hardness measurement cross section. The hardness was measured in a
surface layer region extending from the surface of the steel sheet to a position of one-tenth of the thickness of the steel
sheet and in an inner region extending from the position of one-tenth to a position of three-tenths of the thickness of the
steel sheet. The hardness of the surface layer region extending from the surface of the steel sheet to the position of
one-tenth of the thickness of the steel sheet was measured at an indentation distance of 250 pm at a position away from
the surface by 50 pm. The hardness of the inner region extending from the position of one-tenth to the position of three-
tenths of the thickness of the steel sheet was measured at an indentation distance of 250 pm at a position of one-fifth
of the thickness of the steel sheet. The hardness measurement conditions included a load of 100 g, a holding time of
10 seconds, and averaging at five points of measurement.

(Tensile Test)

[0084] A JIS No. 5 test specimen (gauge length (GL): 50 mm) was taken from the high-strength steel sheet such that
the tensile direction was perpendicular to the rolling direction. The test specimen was subjected to a tensile test in
accordance with JIS Z 2241 to determine the yield strength (yield point, YP), tensile strength (TS), yield ratio (YR), total
elongation (El), and uniform elongation (u-El). The tensile test of each high-strength steel sheet was performed twice,
and the average of the measured values is shown in Table 3 as the mechanical characteristics of the high-strength steel
sheet. In the present invention, a TS of 980 MPa or more was rated as high strength. A uniform elongation of 6% or
more was rated as high press formability.

(90-Degree V Bending Test)

[0085] A bending test was performed in accordance with JIS Z 2248 (2014) (a V block 90-degree V bending test) on
a test specimen with a rectangular shape of 100 mm x 35 mm, which was taken from the hot-rolled steel sheet at a 1/2
position in the width direction such that the longitudinal direction of the test specimen was perpendicular to the rolling
direction. The bending punch radius R ranged in 0.5 mm increments from 0.5 mm to 2.0 times or more of the thickness
of the steel sheet t. To determine the presence and depth of a flex crack, the test specimen after the bending test was
cut at three positions of a quarter, half, and three quarters of the width of the test specimen in a plane parallel to the
longitudinal direction of the test specimen and perpendicular to the surface of the test specimen. The cross-sections
were mirror-polished, and a crack outside and inside the bend of the test specimen was observed with an optical
microscope to measure the maximum crack depth outside and inside the bend in the three cross-sections, thereby
determining the critical bending radius (minimum bending radius) at which the crack depth outside and inside the bend
was less than 50 mm. R/t of 1.5 or less was judged to be acceptable. A crack of 50 pm or more outside or inside the
bend at a critical bending radius of 2.0 times or more of the thickness t is considered to indicate low bendability, and the
critical bending radius R is not determined.



EP 4 282 993 A1

15

5

10

15

20

25

30

35

40

45

50

55

[T
ab

le
 1

]

Ty
pe

 
of

 s
te

el
C

he
m

ic
al

 c
om

po
si

tio
n 

(%
 b

y 
m

as
s)

 *
R

C
1 

(°
C

)
R

C
2 

(°
C

)
Tr

s 
(°

C
)

R
C

2-
50

 
(°

C
)

R
C

2+
12

0 
(°

C
)

Tr
s+

25
0 

(°
C

)
N

ot
es

C
S

i
M

n
P

S
A

l
N

O
B

O
th

er
s

A
0.

11
4

1.
20

2.
90

0.
01

5
0.

00
10

0.
04

2
0.

00
50

0.
00

13
0.

00
20

-
95

1
80

1
34

7
75

1
92

1
59

7
C

on
fo

rm
in

g 
st

ee
l

B
0.

18
3

0.
90

3.
31

0.
01

0
0.

00
08

0.
04

0
0.

00
41

0.
00

25
0.

00
15

-
95

9
80

9
30

2
75

9
92

9
55

2
C

on
fo

rm
in

g 
st

ee
l

C
0.

14
2

0.
75

3.
11

0.
01

1
0.

00
07

0.
06

1
0.

00
56

0.
00

09
0.

00
15

-
95

3
80

3
32

7
75

3
92

3
57

7
C

on
fo

rm
in

g 
st

ee
l

D
0.

16
1

1.
15

3.
21

0.
01

0
0.

00
09

0.
05

0
0.

00
45

0.
00

20
0.

00
13

S
b

: 
0.

00
7

95
5

80
5

31
5

75
5

92
5

56
5

C
on

fo
rm

in
g 

st
ee

l

E
0.

17
2

1.
03

2.
41

0.
01

5
0.

00
13

0.
03

8
0.

00
35

0.
00

11
0.

00
15

C
r: 

0.
20

, 
C

a:
 

0.
00

35
95

1
80

1
33

5
75

1
92

1
58

5
C

on
fo

rm
in

g 
st

ee
l

F
0.

12
2

0.
73

3.
48

0.
01

5
0.

00
10

0.
04

5
0.

00
45

0.
00

20
0.

00
18

-
95

6
80

6
32

3
75

6
92

6
57

3
C

on
fo

rm
in

g 
st

ee
l

G
0.

13
4

1.
08

2.
77

0.
00

5
0.

00
06

0.
04

0
0.

00
35

0.
00

16
0.

00
25

C
r: 

0.
30

95
7

80
7

33
8

75
7

92
7

58
8

C
on

fo
rm

in
g 

st
ee

l

H
0.

14
4

0.
89

2.
47

0.
00

9
0.

00
17

1.
91

0
0.

00
55

0.
00

12
0.

00
06

C
r: 

0.
60

, 
S

b
: 

0.
01

9
94

9
79

9
34

0
74

9
91

9
59

0
C

on
fo

rm
in

g 
st

ee
l

I
0.

13
9

0.
96

2.
96

0.
01

1
0.

00
09

0.
05

0
0.

00
40

0.
00

09
0.

00
17

M
o

: 
0.

23
96

4
81

4
32

9
76

4
93

4
57

9
C

on
fo

rm
in

g 
st

ee
l

J
0.

14
2

0.
88

2.
55

0.
02

1
0.

00
06

0.
03

7
0.

00
29

0.
00

07
0.

00
20

M
o:

 0
.4

1
97

0
82

0
33

9
77

0
94

0
58

9
C

on
fo

rm
in

g 
st

ee
l

K
0.

11
8

0.
72

2.
43

0.
01

2
0.

00
13

0.
04

8
0.

00
36

0.
00

11
0.

00
32

M
o

: 
0.

34
96

9
81

9
35

5
76

9
93

9
60

5
C

on
fo

rm
in

g 
st

ee
l

L
0.

16
3

1.
06

3.
56

0.
00

8
0.

00
06

0.
04

0
0.

00
28

0.
00

23
0.

00
95

C
u

: 1
.0

2
10

00
85

0
30

2
80

0
97

0
55

2
C

on
fo

rm
in

g 
st

ee
l

M
0.

14
5

0.
99

2.
96

0.
01

4
0.

00
23

0.
04

7
0.

00
38

0.
00

10
0.

00
10

N
i:

 0
.4

8,
 

M
g

: 
0.

00
22

94
9

79
9

32
6

74
9

91
9

57
6

C
on

fo
rm

in
g 

st
ee

l



EP 4 282 993 A1

16

5

10

15

20

25

30

35

40

45

50

55

(c
on

tin
ue

d)

Ty
pe

 
of

 s
te

el
C

he
m

ic
al

 c
om

po
si

tio
n 

(%
 b

y 
m

as
s)

 *
R

C
1 

(°
C

)
R

C
2 

(°
C

)
Tr

s 
(°

C
)

R
C

2-
50

 
(°

C
)

R
C

2+
12

0 
(°

C
)

Tr
s+

25
0 

(°
C

)
N

ot
es

C
S

i
M

n
P

S
A

l
N

O
B

O
th

er
s

N
0.

12
2

1.
15

2.
88

0.
01

3
0.

00
09

0.
04

3
0.

00
40

0.
00

10
0.

00
15

Ti
: 

0.
02

1,
 

R
E

M
: 

0.
00

16

96
4

80
6

34
4

75
6

92
6

59
4

C
on

fo
rm

in
g 

st
ee

l

O
0.

10
8

1.
11

2.
77

0.
01

9
0.

00
18

0.
04

1
0.

00
98

0.
00

13
0.

00
07

Ti
: 

0.
08

2,
 

N
b

: 
0.

03
7

10
74

85
9

35
4

80
9

97
9

60
4

C
on

fo
rm

in
g 

st
ee

l

P
0.

12
5

0.
99

2.
82

0.
03

4
0.

00
08

0.
04

1
0.

00
41

0.
00

12
0.

00
09

Ti
: 

0.
12

5,
 V

: 
0.

01
3

10
35

84
1

34
5

79
1

96
1

59
5

C
on

fo
rm

in
g 

st
ee

l

Q
0.

07
0

0.
69

1.
80

0.
00

18
0.

00
25

0.
04

3
0.

00
52

0.
00

31
0.

00
16

C
r: 

0.
45

, 
Ti

: 0
.1

2
10

22
83

0
39

9
78

0
95

0
64

9
C

on
fo

rm
in

g 
st

ee
l

a
0.

04
3

1.
05

2.
50

0.
02

9
0.

00
12

0.
03

1
0.

00
44

0.
00

21
0.

00
17

-
93

8
78

8
39

3
73

8
90

8
64

3
C

om
pa

ra
tiv

e 
st

ee
l

b
0.

21
2

0.
99

3.
08

0.
01

2
0.

00
39

0.
02

8
0.

00
35

0.
00

24
0.

00
16

-
96

0
81

0
29

7
76

0
93

0
54

7
C

om
pa

ra
tiv

e 
st

ee
l

c
0.

14
5

0.
35

3.
42

0.
02

5
0.

00
31

0.
04

5
0.

00
55

0.
00

11
0.

00
19

-
95

9
80

9
31

5
75

9
92

9
56

5
C

om
pa

ra
tiv

e 
st

ee
l

d
0.

13
4

1.
35

2.
80

0.
01

5
0.

00
05

0.
05

8
0.

00
34

0.
00

15
0.

00
12

-
94

8
79

8
34

2
74

8
91

8
59

2
C

om
pa

ra
tiv

e 
ex

am
pl

e

e
0.

13
8

0.
87

2.
81

0.
01

3
0.

00
12

0.
05

2
0.

00
37

0.
00

12
0.

00
03

-
94

4
79

4
34

0
74

4
91

4
59

0
C

om
pa

ra
tiv

e 
st

ee
l

f
0.

14
2

0.
96

1.
24

0.
02

0
0.

00
15

0.
06

5
0.

00
42

0.
00

25
0.

00
19

C
r: 

0.
80

94
5

79
5

38
1

74
5

91
5

63
1

C
om

pa
ra

tiv
e 

st
ee

l

9
0.

13
3

0.
71

4.
15

0.
01

0
0.

00
15

0.
04

7
0.

00
62

0.
00

11
0.

00
14

-
96

2
81

2
29

5
76

2
93

2
54

5
C

om
pa

ra
tiv

e 
st

ee
l

h
0.

11
8

1.
17

3.
05

0.
00

9
0.

00
09

0.
05

1
0.

00
36

0.
00

17
0.

00
20

C
r:

 1
.1

0
96

4
81

4
32

4
76

4
93

4
57

4
C

om
pa

ra
tiv

e 
st

ee
l



EP 4 282 993 A1

17

5

10

15

20

25

30

35

40

45

50

55

(c
on

tin
ue

d)

Ty
pe

 
of

 s
te

el
C

he
m

ic
al

 c
om

po
si

tio
n 

(%
 b

y 
m

as
s)

 *
R

C
1 

(°
C

)
R

C
2 

(°
C

)
Tr

s 
(°

C
)

R
C

2-
50

 
(°

C
)

R
C

2+
12

0 
(°

C
)

Tr
s+

25
0 

(°
C

)
N

ot
es

C
S

i
M

n
P

S
A

l
N

O
B

O
th

er
s

k
0.

14
0

0.
92

2.
95

0.
01

4
0.

00
14

0.
04

2
0.

00
41

0.
00

21
0.

00
08

Ti
: 

0.
35

0
11

93
92

0
33

4
87

0
10

40
58

4
C

om
pa

ra
tiv

e 
st

ee
l

Th
e 

un
de

rli
ne

s 
ar

e 
ou

ts
id

e 
th

e 
sc

op
e 

of
 th

e 
pr

es
en

t i
nv

en
tio

n.
* 

Th
e 

re
m

ai
nd

er
 is

 c
om

po
se

d 
of

 F
e 

an
d 

in
ci

de
nt

al
 im

pu
rit

ie
s.



EP 4 282 993 A1

18

5

10

15

20

25

30

35

40

45

50

55

[T
ab

le
 2

]

N
o.

Ty
pe

 o
f 

st
ee

l

M
an

uf
ac

tu
rin

g 
co

nd
iti

on
s

N
ot

es

H
ea

tin
g

H
ot

 ro
lli

ng
Fi

rs
t c

oo
lin

g
C

oi
lin

g
S

ec
on

d 
co

ol
in

g

H
ea

tin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

To
ta

l r
ol

lin
g 

re
du

ct
io

n 
at

 
of

 R
C

1 
or

 
le

ss
 (%

)

Fi
ni

sh
in

g 
te

m
-

pe
ra

tu
re

 (°
C

)

Ti
m

e 
fro

m
 

co
m

pl
et

io
n 

of
 

ho
t r

ol
lin

g 
to

 
st

ar
t o

f c
oo

l-
in

g 
(s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

at
 p

os
iti

on
 

of
 th

re
e-

te
nt

hs
 o

f 
th

ic
kn

es
s o

f 
st

ee
l s

he
et

 
(°

C
/s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

of
 s

ur
fa

ce
 

la
ye

r -
 a

ve
r-

ag
e 

co
ol

in
g 

ra
te

 a
t p

os
i-

tio
n 

of
 

th
re

e-
te

nt
hs

 o
f 

th
ic

kn
es

s 
of

 
st

ee
l s

he
et

 
(°

C
/s

)

C
oo

lin
g 

st
op

 
te

m
pe

ra
tu

re
 

(°
C

)

C
oi

lin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 (°

C
/s

)

C
oo

pi
ng

 s
to

p 
te

m
pe

ra
tu

re
 

(°
C

)

1
A

12
50

35
84

0
1.

0
60

15
43

5
44

5
5

50
E

xa
m

pl
e

2
A

12
10

45
92

0
1.

4
45

17
47

0
46

0
8

55
E

xa
m

pl
e

3
A

12
00

30
87

0
0.

5
80

18
36

0
37

5
4

35
E

xa
m

pl
e

4
A

12
40

35
88

0
0.

8
55

16
57

0
55

0
6

80
E

xa
m

pl
e

5
B

12
30

45
87

5
1.

0
75

22
45

5
47

0
11

45
E

xa
m

pl
e

6
C

12
20

35
85

5
1.

6
37

16
53

0
52

0
17

75
E

xa
m

pl
e

7
D

12
20

60
86

5
1.

0
92

21
42

5
44

5
5

40
E

xa
m

pl
e

8
E

12
70

30
84

5
0.

6
75

15
50

0
49

0
7

80
E

xa
m

pl
e

9
F

12
00

45
87

5
0.

8
62

18
36

0
39

0
3

40
E

xa
m

pl
e

10
G

12
50

50
82

0
1.

0
55

19
41

0
42

0
3

50
E

xa
m

pl
e

11
G

12
30

35
91

0
1.

4
38

18
40

5
43

0
7

70
E

xa
m

pl
e

12
G

12
60

45
88

0
0.

5
32

22
35

5
34

5
4

85
E

xa
m

pl
e

13
G

12
40

30
88

5
0.

8
95

21
58

0
57

0
8

75
E

xa
m

pl
e

14
H

12
30

60
86

5
1.

0
47

17
42

0
44

0
6

70
E

xa
m

pl
e

15
I

12
50

40
85

0
1.

6
38

16
47

5
49

0
4

55
E

xa
m

pl
e

16
J

12
40

30
88

0
1.

0
46

15
52

0
51

0
9

70
E

xa
m

pl
e



EP 4 282 993 A1

19

5

10

15

20

25

30

35

40

45

50

55

(c
on

tin
ue

d)

N
o.

Ty
pe

 o
f 

st
ee

l

M
an

uf
ac

tu
rin

g 
co

nd
iti

on
s

N
ot

es

H
ea

tin
g

H
ot

 ro
lli

ng
Fi

rs
t c

oo
lin

g
C

oi
lin

g
S

ec
on

d 
co

ol
in

g

H
ea

tin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

To
ta

l r
ol

lin
g 

re
du

ct
io

n 
at

 
of

 R
C

1 
or

 
le

ss
 (%

)

Fi
ni

sh
in

g 
te

m
-

pe
ra

tu
re

 (°
C

)

Ti
m

e 
fro

m
 

co
m

pl
et

io
n 

of
 

ho
t r

ol
lin

g 
to

 
st

ar
t o

f c
oo

l-
in

g 
(s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

at
 p

os
iti

on
 

of
 th

re
e-

te
nt

hs
 o

f 
th

ic
kn

es
s o

f 
st

ee
l s

he
et

 
(°

C
/s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

of
 s

ur
fa

ce
 

la
ye

r -
 a

ve
r-

ag
e 

co
ol

in
g 

ra
te

 a
t p

os
i-

tio
n 

of
 

th
re

e-
te

nt
hs

 o
f 

th
ic

kn
es

s o
f 

st
ee

l s
he

et
 

(°
C

/s
)

C
oo

lin
g 

st
op

 
te

m
pe

ra
tu

re
 

(°
C

)

C
oi

lin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 (°

C
/s

)

C
oo

pi
ng

 s
to

p 
te

m
pe

ra
tu

re
 

(°
C

)

17
K

12
35

35
86

0
0.

6
58

15
40

5
43

0
5

50
E

xa
m

pl
e

18
L

12
10

50
92

0
0.

8
92

20
38

5
41

0
6

55
E

xa
m

pl
e

19
M

12
35

45
87

0
1.

4
62

15
50

0
49

5
7

80
E

xa
m

pl
e

20
N

12
20

50
86

0
0.

5
38

16
41

0
43

0
7

55
E

xa
m

pl
e

21
O

13
00

60
94

0
0.

8
77

18
52

5
51

0
4

35
E

xa
m

pl
e

22
P

12
70

75
89

0
1.

0
64

20
54

0
53

0
9

75
E

xa
m

pl
e

23
Q

12
40

40
90

0
1.

6
70

16
46

0
44

0
6

70
E

xa
m

pl
e

24
a

12
50

35
90

0
1.

0
88

14
40

0
42

0
10

35
C

om
pa

ra
tiv

e 
ex

am
pl

e

25
b

12
20

40
90

0
0.

6
29

15
45

0
47

0
8

45
C

om
pa

ra
tiv

e 
ex

am
pl

e

26
c

12
10

55
89

0
0.

8
16

17
40

0
43

5
6

50
C

om
pa

ra
tiv

e 
ex

am
pl

e

27
d

12
25

45
91

0
0.

9
60

19
46

0
44

5
7

65
C

om
pa

ra
tiv

e 
ex

am
pl

e

28
e

12
15

40
90

5
1.

0
46

15
39

0
42

5
4

25
C

om
pa

ra
tiv

e 
ex

am
pl

e



EP 4 282 993 A1

20

5

10

15

20

25

30

35

40

45

50

55

(c
on

tin
ue

d)

N
o.

Ty
pe

 o
f 

st
ee

l

M
an

uf
ac

tu
rin

g 
co

nd
iti

on
s

N
ot

es

H
ea

tin
g

H
ot

 ro
lli

ng
Fi

rs
t c

oo
lin

g
C

oi
lin

g
S

ec
on

d 
co

ol
in

g

H
ea

tin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

To
ta

l r
ol

lin
g 

re
du

ct
io

n 
at

 
of

 R
C

1 
or

 
le

ss
 (%

)

Fi
ni

sh
in

g 
te

m
-

pe
ra

tu
re

 (°
C

)

Ti
m

e 
fro

m
 

co
m

pl
et

io
n 

of
 

ho
t r

ol
lin

g 
to

 
st

ar
t o

f c
oo

l-
in

g 
(s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

at
 p

os
iti

on
 

of
 th

re
e-

te
nt

hs
 o

f 
th

ic
kn

es
s o

f 
st

ee
l s

he
et

 
(°

C
/s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

of
 s

ur
fa

ce
 

la
ye

r -
 a

ve
r-

ag
e 

co
ol

in
g 

ra
te

 a
t p

os
i-

tio
n 

of
 

th
re

e-
te

nt
hs

 o
f 

th
ic

kn
es

s o
f 

st
ee

l s
he

et
 

(°
C

/s
)

C
oo

lin
g 

st
op

 
te

m
pe

ra
tu

re
 

(°
C

)

C
oi

lin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 (°

C
/s

)

C
oo

pi
ng

 s
to

p 
te

m
pe

ra
tu

re
 

(°
C

)

29
f

12
30

35
89

5
1.

4
32

16
52

0
51

0
5

50
C

om
pa

ra
tiv

e 
ex

am
pl

e

30
g

12
60

45
90

5
0.

5
67

15
50

0
48

0
3

85
C

om
pa

ra
tiv

e 
ex

am
pl

e

31
h

12
20

35
92

0
0.

8
78

16
40

0
43

0
3

80
C

om
pa

ra
tiv

e 
ex

am
pl

e

32
t

12
90

75
93

0
1.

0
57

21
52

0
51

0
7

50
C

om
pa

ra
tiv

e 
ex

am
pl

e

33
A

12
45

15
90

0
1.

6
60

15
48

0
46

5
8

60
C

om
pa

ra
tiv

e 
ex

am
pl

e

34
A

12
40

90
87

0
1.

0
55

16
47

0
43

5
5

45
C

om
pa

ra
tiv

e 
ex

am
pl

e

35
A

12
50

45
73

5
1.

4
50

17
43

0
45

0
5

35
C

om
pa

ra
tiv

e 
ex

am
pl

e

36
A

12
30

30
10

20
0.

5
70

15
52

5
51

0
3

45
C

om
pa

ra
tiv

e 
ex

am
pl

e

37
A

12
70

50
91

5
0.

8
4

8
42

0
44

0
3

85
C

om
pa

ra
tiv

e 
ex

am
pl

e



EP 4 282 993 A1

21

5

10

15

20

25

30

35

40

45

50

55

(c
on

tin
ue

d)

N
o.

Ty
pe

 o
f 

st
ee

l

M
an

uf
ac

tu
rin

g 
co

nd
iti

on
s

N
ot

es

H
ea

tin
g

H
ot

 ro
lli

ng
Fi

rs
t c

oo
lin

g
C

oi
lin

g
S

ec
on

d 
co

ol
in

g

H
ea

tin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

To
ta

l r
ol

lin
g 

re
du

ct
io

n 
at

 
of

 R
C

1 
or

 
le

ss
 (%

)

Fi
ni

sh
in

g 
te

m
-

pe
ra

tu
re

 (°
C

)

Ti
m

e 
fro

m
 

co
m

pl
et

io
n 

of
 

ho
t r

ol
lin

g 
to

 
st

ar
t o

f c
oo

l-
in

g 
(s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

at
 p

os
iti

on
 

of
 th

re
e-

te
nt

hs
 o

f 
th

ic
kn

es
s o

f 
st

ee
l s

he
et

 
(°

C
/s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

of
 s

ur
fa

ce
 

la
ye

r -
 a

ve
r-

ag
e 

co
ol

in
g 

ra
te

 a
t p

os
i-

tio
n 

of
 

th
re

e-
te

nt
hs

 o
f 

th
ic

kn
es

s o
f 

st
ee

l s
he

et
 

(°
C

/s
)

C
oo

lin
g 

st
op

 
te

m
pe

ra
tu

re
 

(°
C

)

C
oi

lin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 (°

C
/s

)

C
oo

pi
ng

 s
to

p 
te

m
pe

ra
tu

re
 

(°
C

)

38
A

12
60

40
90

0
1.

0
45

15
31

0
33

0
4

55
C

om
pa

ra
tiv

e 
ex

am
pl

e

39
A

12
40

30
92

0
1.

6
50

9
65

0
63

0
3

75
C

om
pa

ra
tiv

e 
ex

am
pl

e

40
A

12
40

40
89

5
1.

0
37

16
45

0
47

0
25

35
C

om
pa

ra
tiv

e 
ex

am
pl

e

41
B

12
20

40
75

0
0.

6
49

15
43

0
44

0
6

55
C

om
pa

ra
tiv

e 
ex

am
pl

e

42
C

11
90

35
10

40
0.

8
56

15
39

0
41

0
3

50
C

om
pa

ra
tiv

e 
ex

am
pl

e

43
D

12
15

30
92

0
1.

0
3

20
43

0
46

0
2

35
C

om
pa

ra
tiv

e 
ex

am
pl

e

44
E

12
30

40
88

0
1.

4
34

15
28

0
30

0
6

55
C

om
pa

ra
tiv

e 
ex

am
pl

e

45
G

12
50

60
91

5
0.

5
28

17
67

0
63

0
3

65
C

om
pa

ra
tiv

e 
ex

am
pl

e



EP 4 282 993 A1

22

5

10

15

20

25

30

35

40

45

50

55

(c
on

tin
ue

d)

N
o.

Ty
pe

 o
f 

st
ee

l

M
an

uf
ac

tu
rin

g 
co

nd
iti

on
s

N
ot

es

H
ea

tin
g

H
ot

 ro
lli

ng
Fi

rs
t c

oo
lin

g
C

oi
lin

g
S

ec
on

d 
co

ol
in

g

H
ea

tin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

To
ta

l r
ol

lin
g 

re
du

ct
io

n 
at

 
of

 R
C

1 
or

 
le

ss
 (%

)

Fi
ni

sh
in

g 
te

m
-

pe
ra

tu
re

 (°
C

)

Ti
m

e 
fro

m
 

co
m

pl
et

io
n 

of
 

ho
t r

ol
lin

g 
to

 
st

ar
t o

f c
oo

l-
in

g 
(s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

at
 p

os
iti

on
 

of
 th

re
e-

te
nt

hs
 o

f 
th

ic
kn

es
s o

f 
st

ee
l s

he
et

 
(°

C
/s

)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 

of
 s

ur
fa

ce
 

la
ye

r -
 a

ve
r-

ag
e 

co
ol

in
g 

ra
te

 a
t p

os
i-

tio
n 

of
 

th
re

e-
te

nt
hs

 o
f 

th
ic

kn
es

s 
of

 
st

ee
l s

he
et

 
(°

C
/s

)

C
oo

lin
g 

st
op

 
te

m
pe

ra
tu

re
 

(°
C

)

C
oi

lin
g 

te
m

-
pe

ra
tu

re
 (°

C
)

A
ve

ra
ge

 
co

ol
in

g 
ra

te
 (°

C
/s

)

C
oo

pi
ng

 s
to

p 
te

m
pe

ra
tu

re
 

(°
C

)

46
H

12
30

50
90

5
0.

8
67

20
52

5
51

0
35

30
C

om
pa

ra
tiv

e 
ex

am
pl

e

Th
e 

un
de

rli
ne

s 
ar

e 
ou

ts
id

e 
th

e 
sc

op
e 

of
 th

e 
pr

es
en

t i
nv

en
tio

n.



EP 4 282 993 A1

23

5

10

15

20

25

30

35

40

45

50

55



EP 4 282 993 A1

24

5

10

15

20

25

30

35

40

45

50

55

[0086] The results in Table 3 show that all the examples have a tensile strength of 980 MPa or more, high press
formability, and high bendability.

Claims

1. A high-strength steel sheet comprising:

a chemical composition containing, in mass%:

C: 0.05% to 0.20%,
Si: 0.5% to 1.2%,
Mn: 1.5% to 4.0%,
P: 0.10% or less,
S: 0.03% or less,
Al: 0.001% to 2.0%,
N: 0.01% or less,
O: 0.01% or less,
B: 0.0005% to 0.010%, and the remainder being Fe and incidental impurities;

a microstructure in a surface layer region extending from a surface of the steel sheet to a position of one-tenth
of a thickness of the steel sheet containing 80% by area or more of upper bainite and 2% by area or more of
fresh martensite and/or retained austenite in total; and
a microstructure in an inner region extending from the position of one-tenth to a position of three-tenths of the
thickness of the steel sheet containing 70% by area or more of upper bainite and 3% by area or more of fresh
martensite and/or retained austenite in total,
wherein:

the surface layer region extending from the surface of the steel sheet to the position of one-tenth of the
thickness of the steel sheet has an average grain size of 6 pm or less;
a difference (HV2 - HV1) between a hardness (HV1) of the surface layer region extending from the surface
of the steel sheet to the position of one-tenth of the thickness of the steel sheet and a hardness (HV2) of
the inner region extending from the position of one-tenth to the position of three-tenths of the thickness of
the steel sheet is 5% or more and 15% or less of [0.3 x tensile strength (MPa)]; and
the steel sheet has a tensile strength of 980 MPa or more, a uniform elongation of 6% or more, and a ratio
R/t of a critical bending radius R to a thickness t of 1.5 or less.

2. The high-strength steel sheet according to Claim 1, wherein the chemical composition further contains, in mass%,
at least one of

Cr: 1.0% or less and
Mo: 1.0% or less.

3. The high-strength steel sheet according to Claim 1 or 2, wherein the chemical composition further contains, in
mass%, at least one of

Cu: 2.0% or less,
Ni: 2.0% or less,
Ti: 0.3% or less,
Nb: 0.3% or less, and
V: 0.3% or less.

4. The high-strength steel sheet according to any one of Claims 1 to 3, wherein the chemical composition further
contains, in mass%,
Sb: 0.005% to 0.020%.

5. The high-strength steel sheet according to any one of Claims 1 to 4, wherein the chemical composition further
contains, in mass%, at least one of
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Ca: 0.01% or less,
Mg: 0.01% or less, and
REM: 0.01% or less.

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

heating a steel material having the chemical composition to a heating temperature of 1150°C or more;
then rough rolling the steel material, and then hot rolling the steel material into a hot-rolled steel sheet under
conditions of a finishing temperature: (RC2 - 50°C) or more and (RC2 + 120°C) or less and a total rolling
reduction of 25% or more and 80% or less at a temperature of RC1 or less;
cooling the hot-rolled steel sheet under conditions of a time from completion of the hot rolling to start of cooling:
2.0 seconds or less, an average cooling rate at the position of three-tenths of the thickness of the steel sheet:
15°C/s or more, and a cooling stop temperature: Trs or more and (Trs + 250°C) or less;
coiling the hot-rolled steel sheet after the cooling at a coiling temperature: Trs or more and (Trs + 250°C) or
less; and
cooling the hot-rolled steel sheet to 100°C or less at an average cooling rate of 20°C/s or less,
wherein RC1, RC2, and Trs are represented by the following formulae (1), (2), and (3), respectively, 

where each element symbol in the formulae (1), (2), and (3) denotes a corresponding element content (% by
mass) and is 0 in the absence of the element.

7. The method for manufacturing the high-strength steel sheet according to Claim 6, wherein in the cooling after the
hot rolling, an average cooling rate of the surface layer and the average cooling rate at the position of three-tenths
of the thickness of the steel sheet satisfy the formula (4): 
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