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Description
Technical Field

[0001] The present invention relates to a high-carbon hot-rolled steel sheet having high cold workability and high
hardenability (immersion-quench hardenability and carburizing hardenability) and a method for manufacturing the high-
carbon hot-rolled steel sheet.

Background Art

[0002] Currently, automotive parts such as transmissions and sheet recliners are often produced by processing hot-
rolled steel sheets (high-carbon hot-rolled steel sheets) which are carbon steels for machine structural use specified in
JIS G4051 and alloy steels for machine structural use into desired shapes through cold working and then subjecting the
resultants to quenching treatment to ensure the desired hardness. Thus, the hot-rolled steel sheets used as materials
are required to have high cold workability and high hardenability, and various steel sheets have previously been proposed.
[0003] For example, Patent Literature 1 discloses a high-carbon steel sheet for fine blanking. The steel sheet has a
chemical composition containing, by wt%, C: 0.15% to 0.9%, Si: 0.4% or less, Mn: 0.3% to 1.0%, P: 0.03% or less, T.
Al: 0.10% or less, and one or more of Cr: 1.2% or less, Mo: 0.3% or less, Cu: 0.3% or less, and Ni: 2.0% or less, or Ti:
0.01% to 0.05%, B: 0.0005% to 0.005%, and N: 0.01% or less and has a microstructure in which carbide grains having
a spheroidization ratio of 80% or more and an average grain size of 0.4 to 1.0 um are dispersed in ferrite.

[0004] PatentLiterature 2 discloses a high-carbon steel sheet with improved workability. The steel sheet has a chemical
composition containing, by mass%, C: 0.2% or more, Ti: 0.01% to 0.05%, and B: 0.0003% to 0.005% and has an average
carbide grain size of 1.0 um or less, with the proportion of carbide grains having a grain size of 0.3 um or less being
20% or less.

[0005] Patent Literature 3 discloses a B-alloyed steel that contains, by mass%, C: 0.20% or more and 0.45% or less,
Si: 0.05% or more and 0.8% or less, Mn: 0.5% or more and 2.0% or less, P: 0.001% or more and 0.04% or less, S:
0.0001% or more and 0.006% or less, Al: 0.005% or more and 0.1% or less, Ti: 0.005% or more and 0.2% or less, B:
0.001% ormore and 0.01% orless, and N: 0.0001% or more and 0.01% or less, and, furthermore, one or more components
selected from Cr: 0.05% or more and 0.35% or less, Ni: 0.01% or more and 1.0% or less, Cu: 0.05% or more and 0.5%
or less, Mo: 0.01% or more and 1.0% or less, Nb: 0.01% or more and 0.5% or less, V: 0.01% or more and 0.5% or less,
Ta: 0.01% or more and 0.5% or less, W: 0.01% or more and 0.5% or less, Sn: 0.003% or more and 0.03% or less, Sb:
0.003% or more and 0.03% or less, and As: 0.003% or more and 0.03% or less.

[0006] Patent Literature 4 discloses a steel for machine structural use with improved cold workability and improved
low decarbonization properties. The steel has a chemical composition containing, by mass%, C: 0.10% to 1.2%, Si:
0.01% to 2.5%, Mn: 0.1% to 1.5%, P: 0.04% or less, S: 0.0005% to 0.05%, Al: 0.2% or less, Te: 0.0005% to 0.05%, and
N: 0.0005% to 0.03%, furthermore, Sb: 0.001% to 0.05%, and, in addition, one or more of Cr: 0.2% to 2.0%, Mo: 0.1%
to 1.0%, Ni: 0.3% to 1.5%, Cu: 1.0% or less, and B: 0.005% or less, and has a microstructure composed mainly of ferrite
and pearlite, with the ferrite grain size number being 11 or more.

[0007] Patent Literature 5 discloses a high-carbon hot-rolled steel sheet with improved hardenability and improved
workability. The steel sheet contains, by mass%, C: 0.20% to 0.40%, Si: 0.10% or less, Mn: 0.50% or less, P: 0.03% or
less, S: 0.010% or less, sol. Al: 0.10% or less, N: 0.005% or less, and B: 0.0005% to 0.0050%, further contains one or
more of Sb, Sn, Bi, Ge, Te, and Se in an amount of 0.002% to 0.03% in total, has a microstructure composed of ferrite
and cementite, with the density of cementite in ferrite grains being 0.10/um?2 or less, and has a hardness of 75 or less
in terms of HRB and a total elongation of 38% or more.

[0008] Patent Literature 6 discloses a high-carbon hot-rolled steel sheet with improved hardenability and improved
workability. The steel sheet contains, by mass%, C: 0.20% to 0.48%, Si: 0.10% or less, Mn: 0.50% or less, P: 0.03% or
less, S: 0.010% or less, sol. Al: 0.10% or less, N: 0.005% or less, and B: 0.0005% to 0.0050%, further contains one or
more of Sb, Sn, Bi, Ge, Te, and Se in an amount of 0.002% to 0.03% in total, has a microstructure composed of ferrite
and cementite, with the density of cementite in ferrite grains being 0.10/um?2 or less, and has a hardness of 65 or less
in terms of HRB and a total elongation of 40% or more.

[0009] Patent Literature 7 discloses a high-carbon hot-rolled steel sheet that contains, by mass%, C: 0.20% to 0.40%,
Si: 0.10% or less, Mn: 0.50% or less, P: 0.03% or less, S: 0.010% or less, sol. Al: 0.10% or less, N: 0.005% or less, and
B: 0.0005% to 0.0050%, further contains one or more of Sb, Sn, Bi, Ge, Te, and Se in an amount of 0.002% to 0.03%
in total, with the proportion of the amount of solute B to the B content being 70% or more, has a microstructure composed
of ferrite and cementite, with the density of cementite in ferrite grains being 0.08/um? or less, and has a hardness of 73
or less in terms of HRB and a total elongation of 39% or more.

[0010] Patent Literature 8 discloses a high-carbon hot-rolled steel sheet that has a composition containing, by mass%,
C:0.15% 10 0.37%, Si: 1% or less, Mn: 2.5% or less, P: 0.1% or less, S: 0.03% or less, sol. Al: 0.10% or less, N: 0.0005%



10

15

20

25

30

35

40

45

50

55

EP 3 901 303 A1

to 0.0050%, B: 0.0010% to 0.0050%, and at least one of Sb and Sn in an amount of 0.003% to 0.10% in total and
satisfying the relationship 0.50 < (14[B])/(10.8[N]), with the balance being Fe and unavoidable impurities, has a micro-
structure composed of a ferrite phase and cementite, with the average grain size of the ferrite phase being 10 um or
less, the spheroidization ratio of cementite being 90% or more, and has a total elongation of 37% or more.

Citation List
Patent Literature
[0011]

PTL 1: Japanese Unexamined Patent ApplicationPublication No. 2009-299189
PTL 2: Japanese Unexamined Patent ApplicationPublication No. 2005-344194
PTL 3: Japanese Patent No. 4012475

PTL 4: Japanese Patent No. 4782243

PTL 5: Japanese Unexamined Patent ApplicationPublication No. 2015-017283
PTL 6: Japanese Unexamined Patent ApplicationPublication No. 2015-017284
PTL 7: International Publication No. 2015/146173

PTL 8: Japanese Patent No. 5458649

Summary of Invention
Technical Problem

[0012] The technique described in Patent Literature 1 relates to fine blanking properties, and the influence of the
dispersion morphology of carbide on the fine blanking properties and hardenability is described. Specifically, Patent
Literature 1 states that a steel sheet with improved fine blanking properties and improved hardenability can be obtained
by controlling the average carbide grain size to 0.4 to 1.0 wm and the spheroidization ratio to 80% or more. However,
Patent Literature 1 does not discuss cold workability and does not describe carburizing hardenability.

[0013] The technique described in Patent Literature 2 focuses on the fact that not only the average carbide grain size
but fine carbide grains having a size of 0.3 um or less have an influence on workability, and controls the average carbide
grain size to 1.0 um or less and also controls the proportion of carbide grains having a size of 0.3 wm or less to 20% or
less. Patent Literature 2 states that this control provides a steel sheet with improved workability and discloses a steel
sheet further containing Ti and B and having high hardenability. However, Patent Literature 2 does not describe, for
example, solute B which influences hardenability and does not state that the quenching hardness is determined in what
area of the steel sheet.

[0014] According to the technique described in Patent Literature 3, a steel with improved cold workability and improved
decarbonization resistance can be obtained by adjusting the chemical composition. However, Patent Literature 3 does
not describe immersion-quench hardenability or carburizing hardenability.

[0015] According to the technique described in Patent Literature 4, the incorporation of B and one or more components
selected from Cr, Ni, Cu, Mo, Nb, V, Ta, W, Sn, Sb, and As and the presence of a predetermined amount of solute B in
a surface layer provide a steel that achieves high hardenability. However, Patent Literature 4 specifies the hydrogen
concentration in an atmosphere in the annealing step as 95% or more and does not describe whether nitrogen absorption
can be suppressed to ensure solute B in an annealing step in a nitrogen atmosphere.

[0016] According to the techniques described in Patent Literatures 5 to 7, the incorporation of B and one or more of
Sb, Sn, Bi, Ge, Te, and Se in an amount of 0.002% to 0.03% in total is highly effective in preventing nitrogen infiltration,
and, for example, even when annealing is performed in a nitrogen atmosphere, nitrogen infiltration is prevented, and a
predetermined amount of solute B is maintained, thus enhancing hardenability. However, none of Patent Literatures 5
to 7 describe the quenching hardness in a surface layer.

[0017] According to the technique described in Patent Literature 8, a steel that contains C: 0.15% to 0.37%, B, and
at least one of Sb and Sn and hence has high hardenability is proposed. However, Patent Literature 8 does not discuss
higher hardenability, such as carburizing hardenability.

[0018] The present invention has been made in view of the foregoing problems, and it is an object of the present
invention to provide a high-carbon hot-rolled steel sheet having high cold workability and high hardenability (immersion-
quench hardenability and carburizing hardenability) and a method for manufacturing the high-carbon hot-rolled steel
sheet.
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Solution to Problem

[0019] To achieve the above object, the presentinventors have conducted intensive studies on the relationship among
conditions for the production of a high-carbon hot-rolled steel sheet having a steel chemical composition containing B
and one or two selected from Sn and Sb, cold workability, and hardenability (immersion-quench hardenability and
carburizing hardenability) and obtained the following findings.

[0020]

i) When annealing is performed in a nitrogen atmosphere, nitrogen in the atmosphere is infiltrated and concentrated
into a steel sheet and binds to B and Al in the steel sheet to form boron nitride and aluminum nitride in a surface
layer. This may reduce the amount of solute B in the steel sheet, or the presence of aluminum nitride may decrease
the austenite grain size during heating in the austenite range before quenching, thus resulting in insufficient quench-
ing. Thus, in the present invention, when annealing is performed in a nitrogen atmosphere, at least one of Sb and
Sn is added in a predetermined amount into a steel sheet required to have higher hardenability (high carburizing
hardenability). In addition, in the annealing, heating is performed at a predetermined heating rate in a temperature
range from 450°C to 600°C, whereby the amount of nitrogen infiltration from the atmosphere into the steel can be
reduced to a predetermined amount. As a result, the above nitrogen infiltration is prevented, and a decrease in the
amount of solute B and an increase in aluminum nitride are suppressed, so that higher hardenability (high carburizing
hardenability) can be ensured.

ii) The cold workability, and the degree of hardness (hardness) and the total elongation (hereinafter also referred
to simply as elongation) of a high-carbon hot-rolled steel sheet before quenching are greatly influenced by cementite
grains having an equivalent circle diameter of 0.1 um or less. When the proportion of the number of cementite grains
having an equivalent circle diameter of 0.1 um or less to the total number of cementite grains is 20% or less, a
tensile strength of 480 MPa or less and a total elongation (EI) of 33% or more can be achieved.

iii) The degree of hardness (hardness) and the total elongation of a high-carbon hot-rolled steel sheet before quench-
ing are greatly influenced by cementite grains having an equivalent circle diameter of 0.1 wm or less. When the
proportion of the number of cementite grains having an equivalent circle diameter of 0.1 um or less to the total
number of cementite grains is 10% or less, a tensile strength of 440 MPa or less and a total elongation (El) of 36%
or more can be achieved.

iv) A desired microstructure can be ensured as follows: after hot rough rolling, finish rolling is performed at a finishing
temperature equal to or higher than an Ar; transformation temperature, and then cooling is performed to 650°C to
750°C at an average cooling rate of 20°C/sec to 100°C/sec; coiling is performed at a coiling temperature of 500°C
to 700°C, and the coil is cooled to normal temperature to obtain a hot-rolled steel sheet; the hot-rolled steel sheet
is then heated between 450°C and 600°C at an average heating rate of 15°C/h or more; and annealing that involves
holding at an annealing temperature lower than an Ac, transformation temperature for 1.0 h or more is performed.
v) Alternatively, the desired microstructure can be ensured as follows: after hot rough rolling, finish rolling is performed
at a finishing temperature equal to or higher than an Ar; transformation temperature, and then cooling is performed
to 650°C to 750°C at an average cooling rate of 20°C/sec to 100°C/sec; coiling is performed at a coiling temperature
of 500°C to 700°C, and the coil is cooled to normal temperature to obtain a hot-rolled steel sheet; the hot-rolled
steel sheet is then heated between 450°C and 600°C at an average heating rate of 15°C/h or more; and two-stage
annealing that involves holding at a temperature equal to or higher than an Ac, transformation temperature and
equal to or lower than an Ac, transformation temperature for 0.5 h or more, followed by cooling to a temperature
lower than an Ar, transformation temperature at an average cooling rate of 1°C/h to 20°C/h, and holding at a
temperature lower than the Ar, transformation temperature for 20 h or more is performed.

[0021] The present invention is based on these findings, and the gist of the present invention is as follows.

[1] A high-carbon hot-rolled steel sheet has a chemical composition containing, by mass%, C: 0.20% or more and
0.50% or less, Si: 0.8% or less, Mn: 0.10% or more and 0.80% or less, P: 0.03% or less, S: 0.010% or less, sol. Al:
0.10% orless, N: 0.01% or less, Cr: 1.0% or less, B: 0.0005% or more and 0.005% or less, and one or two selected
from Sb and Sn in an amount of 0.002% or more and 0.1% or less in total, with the balance being Fe and unavoidable
impurities. The steel sheet has a microstructure including ferrite, cementite, and pearlite that accounts for 6.5% or
less of the entire microstructure by area fraction. Regarding the cementite, the proportion of the number of cementite
grains having an equivalent circle diameter of 0.1 um or less to the total number of cementite grains is 20% or less,
the average cementite grain size is 2.5 um or less, and the cementite accounts for 3.5% or more and 10.0% or less
of the entire microstructure by area fraction. The average concentration of solute B in a region extending from a
surface layer to a depth of 100 um is 10 mass ppm or more. The average concentration of N present as AIN in the
region extending from the surface layer to the depth of 100 um is 70 mass ppm or less.
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[2] The high-carbon hot-rolled steel sheet according to [1] has a tensile strength of 480 MPa or less and a total
elongation of 33% or more.

[3]1In the high-carbon hot-rolled steel sheet according to [1] or [2], the ferrite has an average grain size of 4 to 25 um.
[4] In the high-carbon hot-rolled steel sheet according to any one of [1] to [3], the chemical composition further
contains, by mass%, one or two groups selected from Group A and Group B.

Group A: Ti: 0.06% or less
Group B: one or two or more selected from Nb, Mo, Ta, Ni, Cu, V, and W each in an amount of 0.0005% or
more and 0.1% or less

[5] A method for manufacturing the high-carbon hot-rolled steel sheet according to any one of [1] to [4] includes
subjecting a steel having the chemical composition to hot rough rolling and then performing finish rolling at a finishing
temperature equal to or higher than an Ar, transformation temperature; then performing cooling to 650°C to 750°C
at an average cooling rate of 20°C/sec to 100°C/sec; performing coiling at a coiling temperature of 500°C to 700°C
to obtain a hot-rolled steel sheet; then heating the hot-rolled steel sheet in a temperature range from 450°C to 600°C
at an average heating rate of 15°C/h or more; and performing annealing that involves holding at an annealing
temperature lower than an Ac, transformation temperature for 1.0 h or more.

[6] A method for manufacturing the high-carbon hot-rolled steel sheet according to any one of [1] to [4] includes
subjecting a steel having the chemical composition to hot rough rolling and then performing finish rolling at a finishing
temperature equal to or higher than an Ar; transformation temperature; then performing cooling to 650°C to 750°C
at an average cooling rate of 20°C/sec to 100°C/sec; performing coiling at a coiling temperature of 500°C to 700°C
to obtain a hot-rolled steel sheet; then heating the hot-rolled steel sheet to a temperature range from 450°C to 600°C
at an average heating rate of 15°C/h or more; and performing annealing that involves holding at a temperature equal
to or higher than an Ac, transformation temperature and equal to or lower than an Ac, transformation temperature
for 0.5 h or more, followed by cooling to a temperature lower than an Ar, transformation temperature at an average
cooling rate of 1°C/h to 20°C/h, and holding at a temperature lower than the Ar, transformation temperature for 20
h or more. Advantageous Effects of Invention

[0022] According to the present invention, a high-carbon hot-rolled steel sheet having high cold workability and high
hardenability (immersion-quench hardenability and carburizing hardenability) is provided. The use of the high-carbon
hot-rolled steel sheet manufactured by the present invention as a material steel sheet required to have cold workability
for automotive parts such as sheet recliners, door latches, and driving systems can contribute significantly to the pro-
duction of automotive parts required to have stable quality, thus producing industrially excellent effects.

Description of Embodiments

[0023] Hereinafter, a high-carbon hot-rolled steel sheet according to the present invention and a method for manu-
facturing the high-carbon hot-rolled steel sheet will be described in detail. The present invention is not limited to the
following embodiments.

1) Chemical composition

[0024] The chemical composition of the high-carbon hot-rolled steel sheet according to the present invention and the
reason for the limitation will be described. Unless otherwise specified, "%", which is a unit of the content in the following
chemical composition, means "mass%".

C: 0.20% or more and 0.50% or less

[0025] C isan elementimportantto provide the strength after quenching. If the C content is less than 0.20%, a desired
hardness is not provided by heat treatment after forming, and thus the C content needs to be 0.20% or more. However,
a C content of more than 0.50% causes hardening, leading to deterioration of toughness and cold workability. Thus, the
C contentis 0.20% or more and 0.50% or less. When the steel sheet is used for cold working of a part having a complex
shape and difficult to form by pressing, the C content is preferably 0.45% or less, more preferably 0.40% or less.

Si: 0.8% or less

[0026] Siis an element that increases strength through solid-solution strengthening. A higher Si content results in a
higher hardness to deteriorate cold workability, and thus the Si content is 0.8% or less, preferably 0.65% or less, more
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preferably 0.50% or less. When even higher cold workability is required in difficult-to-form part applications, the Si content
is preferably 0.30% or less.

To ensure desired softening resistance in the tempering step after quenching, the Si content is preferably 0.1% or more,
more preferably 0.2% or more.

Mn: 0.10% or more and 0.80% or less

[0027] Mn is an element that improves hardenability and increases strength through solid-solution strengthening. If
the Mn content is less than 0.10%, both immersion-quench hardenability and carburizing hardenability begin to deteri-
orate, and thus the Mn content is 0.10% or more. When the inner portion of a thick material or the like is to be reliably
quenched, the Mn content is preferably 0.25% or more, more preferably 0.30% or more. If the Mn content exceeds
0.80%, a banded structure due to Mn segregation develops, resulting in an inhomogeneous microstructure, and the
steel becomes hard through solid-solution strengthening, resulting in low cold workability. Thus, the Mn content is 0.80%
or less. In the case of a material for a part required to have formability, a certain level of cold workability is necessary,
and thus the Mn content is preferably 0.65% or less, more preferably 0.55% or less.

P: 0.03% or less

[0028] P is an element that increases strength through solid-solution strengthening. If the P content exceeds 0.03%,
grain boundary embrittlement is caused to deteriorate the toughness after quenching. The cold workability is also reduced.
Thus, the P content is 0.03% or less. To provide high toughness after quenching, the P content is preferably 0.02% or
less. Since P reduces the cold workability and the toughness after quenching, the P content is preferably as low as
possible. However, an excessive reduction in P leads to an increase in refining cost, and thus the P content is preferably
0.005% or more, more preferably 0.007% or more.

S: 0.010% or less

[0029] S is an element that needs to be minimized because S forms sulfides and reduces the cold workability and the
toughness after quenching of the high-carbon hot-rolled steel sheet. If the S content exceeds 0.010%, the cold workability
and the toughness after quenching of the high-carbon hot-rolled steel sheet deteriorate significantly. Thus, the S content
is 0.010% or less. To provide high cold workability and high toughness after quenching, the S content is preferably
0.005% or less. Since S reduces the cold workability and the toughness after quenching, the S content is preferably as
low as possible. However, an excessive reduction in S leads to an increase in refining cost, and thus the S content is
preferably 0.0005% or more.

sol. Al: 0.10% or less

[0030] Ifthe sol. Alcontentexceeds0.10%, AIN is formed during heating in quenching treatment, resulting in excessively
fine austenite grains. This promotes the formation of a ferrite phase during cooling to form a microstructure composed
of ferrite and martensite, resulting in low hardness after quenching. Thus, the sol. Al content is 0.10% or less, preferably
0.06% or less. sol. Al has a deoxidation effect, and to achieve sufficient deoxidation, the sol. Al content is preferably
0.005% or more.

N: 0.01% or less

[0031] Ifthe N content exceeds 0.01%, the formation of AIN leads to the formation of excessively fine austenite grains
during heating in quenching treatment, which promotes the formation of a ferrite phase during cooling, resulting in low
hardness after quenching. Thus, the N content is 0.01% or less, preferably 0.0065% or less, more preferably 0.0050%
orless. Nis an element that forms AIN, Cr-based nitride, and B nitride and thus moderately inhibits the growth of austenite
grains during heating in quenching treatment to improve the toughness after quenching. Thus, the N content is preferably
0.0005% or more, more preferably 0.0010% or more.

Cr:1.0% or less

[0032] In the present invention, Cr is an important element that enhances hardenability. If the Cr content in the steel
is 0%, ferrite is readily formed in a surface layer particularly during carburizing and quenching, and a completely quenched
microstructure is not obtained, which may increase the likelihood of a decrease in hardness.

Thus, when the steel sheet is used in applications where hardenability is important, the Cr content is preferably 0.05%
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or more, more preferably 0.10% or more, still more preferably 0.20% or more. If the Cr content exceeds 1.0%, the steel
sheet before quenching becomes hard to have impaired cold workability. Thus, the Cr content is 1.0% or less. When a
part difficult to form by pressing and requiring high workability is processed, even higher cold workability is required,
and thus the Cr content is preferably 0.7% or less, more preferably 0.5% or less.

B: 0.0005% or more and 0.005% or less

[0033] In the present invention, B is an important element that enhances hardenability. If the B content is less than
0.0005%, the effect is not sufficiently produced. Thus, the B content needs to be 0.0005% or more, and is preferably
0.0010% or more. If the B content exceeds 0.005%, the recrystallization of austenite after finish rolling is retarded to
develop a texture of the hot-rolled steel sheet, resulting in high anisotropy after annealing to increase the likelihood that
an earing occurs in drawing. Thus, the B content is 0.005% or less, preferably 0.004% or less.

Total content of one or two selected from Sn and Sb: 0.002% or more and 0.1% or less

[0034] Sb and Sn are elements effective in suppressing nitrogen infiltration through the steel sheet surface layer. If
the total content of one or more of these elements is less than 0.002%, the effect is not sufficiently produced. Thus, the
total content of one or more of these elements is 0.002% or more, more preferably 0.005% or more. If one or more of
these elements are contained in an amount of more than 0.1% in total, the nitrogen infiltration prevention effect plateaus.
In addition, these elements tend to segregate at grain boundaries, and thus if these elements are contained in an amount
of more than 0.1% in total, grain boundary embrittlement may occur due to the excessively high content. Thus, the total
content of one or two selected from Sb and Snis 0.1% or less, preferably 0.03% or less, still more preferably 0.02% or less.
[0035] In the present invention, since one or two selected from Sb and Sn is contained in an amount of 0.002% or
more and 0.1% or less in total, nitrogen infiltration through the steel sheet surface layer is suppressed even when
annealing is performed in a nitrogen atmosphere, and an increase in nitrogen concentration in the steel sheet surface
layer is suppressed. Thus, according to the present invention, nitrogen infiltration through the steel sheet surface layer
can be suppressed; therefore, even when annealing is performed in a nitrogen atmosphere, the amount of solute B in
a region extending from the steel sheet surface layer to a depth of 100 wm after annealing can be appropriately ensured,
and the formation of aluminum nitride (AIN) in the region extending from the steel sheet surface layer to the depth of
100 pm can be suppressed to allow austenite grains to grow during heating before quenching. As a result, the formation
of ferrite and pearlite can be hindered during cooling, thus providing high hardenability.

[0036] In the present invention, the balance is Fe and unavoidable impurities.

[0037] The above-described essential elements provide the high-carbon hot-rolled steel sheet according to the present
invention with the desired properties. To further improve, for example, hardenability, the high-carbon hot-rolled steel
sheet according to the present invention may optionally contain the following elements.

Ti: 0.06% or less

[0038] Tiis an element effective in enhancing hardenability. When sufficient hardenability is not provided by the
incorporation of B alone, the hardenability can be improved by the incorporation of Ti. This effect is not produced when
the Ticontentis less than 0.005%, and thus if Ti is contained, the Ti content is preferably 0.005% or more, more preferably
0.007% or more. When the Ti content exceeds 0.06%, the steel sheet before quenching becomes hard to have impaired
cold workability, and thus if Ti is contained, the Ti content is 0.06% or less, preferably 0.04% or less.

[0039] Furthermore, to stabilize the mechanical properties and hardenability of the present invention, one or two or
more selected from Nb, Mo, Ta, Ni, Cu, V, and W may be added each in a required amount.

Nb: 0.0005% or more and 0.1% or less

[0040] Nbisanelementthatforms acarbonitride and is effective in preventing exaggerated grain growth during heating
before quenching, improving toughness, and improving temper softening resistance. When the Nb content is less than
0.0005%, the effect of addition is not sufficiently produced. Thus, if Nb is contained, the lower limit is preferably 0.0005%,
more preferably 0.0010% or more. When the Nb content exceeds 0.1%, the effect of addition plateaus, and, in addition,
a niobium carbide increases the tensile strength of the base metal to decrease elongation. Thus, if Nb is contained, the
upper limit is preferably 0.1%, more preferably 0.05% or less, still more preferably less than 0.03%.

Mo: 0.0005% or more and 0.1% or less

[0041] Mo is an element effective in improving hardenability and temper softening resistance. When the Mo content
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is less than 0.0005%, the effect of addition is small. Thus, if Mo is contained, the lower limit is preferably 0.0005%, more
preferably 0.0010% or more. When the Mo content exceeds 0.1%, the effect of addition plateaus, and the cost increases.
Thus, if Mo is contained, the upper limit is preferably 0.1%, more preferably 0.05% or less, still more preferably less than
0.03%.

Ta: 0.0005% or more and 0.1% or less

[0042] Tais anelementthatforms a carbonitride similarly to Nb and is effective in preventing exaggerated grain growth
during heating before quenching, preventing coarsening of grains, and improving temper softening resistance. When
the Ta content is less than 0.0005%, the effect of addition is small. Thus, if Ta is contained, the lower limit is preferably
0.0005%, more preferably 0.0010% or more. When the Ta content exceeds 0.1%, the effect of addition plateaus, the
quenching hardness decreases due to excessive carbide formation, and the cost increases. Thus, if Ta is contained,
the upper limit is preferably 0.1%, more preferably 0.05% or less, still more preferably less than 0.03%.

Ni: 0.0005% or more and 0.1% or less

[0043] Niis an element highly effective in improving toughness and hardenability. When the Ni content is less than
0.0005%, the effect of addition is not produced. Thus, if Ni is contained, the lower limit is preferably 0.0005%, more
preferably 0.0010% or more. When the Ni content exceeds 0.1%, the effect of addition plateaus, and, in addition, the
cost increases. Thus, if Ni is contained, the upper limit is preferably 0.1%, more preferably 0.05% or less.

Cu: 0.0005% or more and 0.1% or less

[0044] Cu is an element effective in ensuring hardenability. When the Cu content is less than 0.0005%, the effect of
addition is not sufficiently produced. Thus, if Cu is contained, the lower limit is preferably 0.0005%, more preferably
0.0010% or more. When the Cu content exceeds 0.1%, flaws are likely to occur during hot rolling, resulting in lower
manufacturability, such as lower yields. Thus, if Cu is contained, the upper limit is preferably 0.1%, more preferably
0.05% or less.

V: 0.0005% or more and 0.1% or less

[0045] Vs an elementthat forms a carbonitride similarly to Nb and Ta and is effective in preventing exaggerated grain
growth during heating before quenching, improving toughness, and improving temper softening resistance. When the
V content is less than 0.0005%, the effect of addition is not sufficiently produced. Thus, if V is contained, the lower limit
is preferably 0.0005%, more preferably 0.0010% or more. When the V content exceeds 0.1%, the effect of addition
plateaus, and, in addition, a niobium carbide increases the tensile strength of the base metal to decrease elongation.
Thus, if V is contained, the upper limit is preferably 0.1%, more preferably 0.05% or less, still more preferably less than
0.03%.

W: 0.0005% or more and 0.1% or less

[0046] W is an element that forms a carbonitride similarly to Nb and V and is effective in preventing exaggerated
growth of austenite grains during heating before quenching and improving tempering softening resistance. When the W
content is less than 0.0005%, the effect of addition is small. Thus, if W is contained, the lower limit is preferably 0.0005%,
more preferably 0.0010% or more. When the W content is more than 0.1%, the effect of addition plateaus, the quenching
hardness decreases due to excessive carbide formation, and the cost increases. Thus, if W is contained, the upper limit
is preferably 0.1%, more preferably 0.05% or less, still more preferably less than 0.03%.

[0047] In the presentinvention, when two or more selected from Nb, Mo, Ta, Ni, Cu, V, and W are contained, the total
content thereof is preferably 0.001% or more and 0.1% or less.

2) Microstructure

[0048] The reason for the limitation of the microstructure of the high-carbon hot-rolled steel sheet according to the
present invention will be described.

[0049] In the present invention, the microstructure includes ferrite and cementite. Regarding the cementite, the pro-
portion of the number of cementite grains having an equivalent circle diameter of 0.1 uwm or less to the total number of
cementite grains is 20% or less, the average cementite grain size is 2.5 um or less, and the cementite accounts for 3.5%
or more and 10.0% or less of the entire microstructure by area fraction. The average concentration of solute B in a region
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extending from a surface layer to a depth of 100 wm is 10 mass ppm or more. The average concentration of N present
as AN in the region extending from the surface layer to the depth of 100 wm is 70 mass ppm or less.

[0050] In the presentinvention, the average grain size of the ferrite is preferably 4 to 25 uwm, more preferably 5 um or
more.

2-1) Ferrite and cementite

[0051] The microstructure of the high-carbon hot-rolled steel sheet according to the present invention includes ferrite
and cementite. In the present invention, the area fraction of the ferrite is preferably 90% or more. A ferrite area fraction
of less than 90% may reduce formability, thus making it difficult to perform cold working in the case of a part requiring
high workability. Thus, the ferrite area fraction is preferably 90% or more, more preferably 92% or more.

[0052] In the microstructure of the high-carbon hot-rolled steel sheet according to the present invention, pearlite may
be formed in addition to the ferrite and cementite described above. Pearlite may be contained as long as the area fraction
thereof in the entire microstructure is 6.5% or less because pearlite in such an amount does not impair the advantageous
effects of the present invention.

2-2) Proportion of number of cementite grains having equivalent circle diameter of 0.1 um or less to total number of
cementite grains: 20% or less

[0053] If the number of cementite grains having an equivalent circle diameter of 0.1 wm or less is large, the hardness
increases through dispersion strengthening to decrease elongation. To provide cold workability, in the present invention,
the proportion of the number of cementite grains having an equivalent circle diameter of 0.1 um or less to the total
number of cementite grains is 20% or less. This can further achieve a tensile strength of 480 MPa or less and a total
elongation (El) of 33% or more.

[0054] When the high-carbon hot-rolled steel sheet is used for a difficult-to-form part, high cold workability is required,
and in this case, the proportion of the number of cementite grains having an equivalent circle diameter of 0.1 um or less
to the total number of cementite grains is preferably 10% or less. When the proportion the number of cementite grains
having an equivalent circle diameter of 0.1 wm or less to the total number of cementite grains is 10% or less, a tensile
strength of 440 MPa or less and a total elongation (El) of 36% or more can be achieved. The reason why the proportion
of cementite grains having an equivalent circle diameter of 0.1 um or less is specified is that cementite grains of 0.1 um
or less have a dispersion strengthening ability, and an increase in the number of cementite grains having such a size
impairs cold workability.

[0055] To suppress exaggerated growth of ferrite grains during annealing, the proportion of the number of cementite
grains having an equivalent circle diameter of 0.1 um or less to the total number of cementite grains is preferably 3%
or more.

[0056] Cementite grains present before quenching have an equivalent circle diameter of about 0.07 to 3.0 um. Thus,
the dispersion state of cementite grains before quenching having an equivalent circle diameter of more than 0.1 pm,
which is a size not affecting precipitation strengthening much, is not particularly specified in the present invention.

2-3) Average cementite grain size: 2.5 um or less

[0057] In quenching, the cementite needs to be wholly dissolved to ensure a desired amount of solute C in the ferrite.
If the average cementite grain size exceeds 2.5 pum, the cementite cannot be completely dissolved during holding in the
austenite range, and thus the average cementite grain size is 2.5 um or less, more preferably 2.0 um or less. If the
cementite is excessively fine, precipitation strengthening of the cementite reduces cold workability, and thus the average
cementite grain size is preferably 0.1 um or more, more preferably 0.15 wm or more.

[0058] In the present invention, the term "cementite grain size" refers to an equivalent circle diameter of a cementite
grain, and the equivalent circle diameter of a cementite grain is a value obtained by measuring the major axis and the
minor axis of the cementite grain and converting them into an equivalent circle diameter. The term "average cementite
grain size" refers to a value determined by dividing the sum of equivalent circle diameters of all cementite grains by the
total number of cementite grains.

2-4) Proportion (area fraction) of cementite relative to entire microstructure: 3.5% or more and 10.0% or less

[0059] If the proportion of the cementite to the entire microstructure exceeds 10.0%, the number of cementite grains
of 0.1 um or less contributing to precipitation strengthening is also increased, and the steel becomes hard. Thus, the
proportion of the cementite is 10.0% or less, preferably 9.5% or less. On the other hand, if this proportion is less than
3.5%, the substantial C content does not reach 0.20%, and a desired hardness cannot be provided after heat treatment.
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Thus, the proportion is 3.5% or more, more preferably 4.0% or more.
2-5) Average grain size of ferrite: 4 to 25 um (suitable condition)

[0060] If the average grain size of the ferrite is less than 4 um, the strength before cold working may increase to
deteriorate press formability, and thus the average grain size of the ferrite is preferably 4 uwm or more. If the average
grain size of the ferrite exceeds 25 um, the strength of the base metal may decrease. In the field where the steel sheet
is formed into an intended product shape and then used without quenching, the base metal needs to have some degree
of strength. Thus, the average grain size of the ferrite is preferably 25 um or less. The average grain size of the ferrite
is more preferably 5 wm or more, still more preferably 6 um or more, and more preferably 20 um or less, still more
preferably 18 um or less.

[0061] In the present invention, the equivalent circle diameter of a cementite grain, the average cementite grain size,
the proportion of the cementite to the entire microstructure, the area fraction of the ferrite, the average grain size of the
ferrite, etc. described above can be measured by methods described in EXAMPLES described later.

2-6) Average concentration of solute B in region extending from surface layer to depth of 100 wm: 10 mass ppm or more

[0062] In the high-carbon hot-rolled steel sheet according to the present invention, to prevent the formation of a
quenched microstructure such as pearlite or sorbite, which is likely to be formed in a surface layer portion when the steel
sheet is quenched, B in a region (portion) extending from the steel sheet surface layer to a 100 pm position in the
thickness direction (surface layer 100 wm portion) needs to be present at an average concentration of 10 mass ppm or
more in the form of solute B that is not nitrided or oxidized. Automotive parts that are subjected to quenching treatment
for use and required to have wear resistance are required to have surface hardness. To provide a desired surface
hardness, it is necessary to form a completely quenched microstructure in the surface layer 100 wm portion after quench-
ing. The average concentration of the solute B is preferably 12 mass ppm or more, more preferably 15 mass ppm or
more. An excessively high concentration of the solute B impedes the development of an aggregation texture of hot-rolled
microstructures, and thus the average concentration of the solute B is 40 mass ppm or less, more preferably 35 mass
ppm or less.

2-7) Average concentration of N present as AIN in region extending from surface layer to depth of 100 um: 70 mass
ppm or less

[0063] When the average concentration of N present as AIN in the region extending from the steel sheet surface layer
to the 100 wm position in the thickness direction is 70 mass ppm or less, the growth of grains is promoted in the austenite
range during heating before quenching. This reduces the likelihood of the formation of a microstructure such as pearlite
or sorbite in the cooling stage and provides the desired surface hardness without causing insufficient quenching. The
average concentration of N present as AIN in the region extending from the surface layer to the depth of 100 pm is
preferably 50 mass ppm or less.

[0064] To inhibit the exaggerated grain growth during heating in the austenite range, the average concentration of N
is preferably 10 mass ppm or more, more preferably 20 mass ppm or more.

[0065] In the presentinvention, it has been found that the amounts of solute B and N present as AIN in the steel sheet
surface layer portion are closely related to the manufacturing conditions in each step including heating conditions, coiling
conditions, and annealing conditions and that these manufacturing conditions need to be optimized. The reasons nec-
essary for achieving the amounts of solute B and N present as AIN in each step will be described later.

3) Mechanical properties

[0066] The high-carbon hot-rolled steel sheet according to the presentinvention is used to form automotive parts such
as gears, transmissions, and sheet recliners by cold pressing and thus is required to have high cold workability. In
addition, it is necessary to impart wear resistance by increasing the hardness through quenching treatment. Thus, the
high-carbon hot-rolled steel sheet according to the present invention has a reduced tensile strength (TS) of 480 MPa or
less and an increased total elongation (El) of 33% or more and hence can achieve both high cold workability and high
hardenability (immersion-quench hardenability and carburizing hardenability). More preferably, the TS is 460 MPa or
less, and the El is 35% or more.

[0067] Inthe case where the steel sheetis used to form a difficult-to-form part required to have cold pressing properties,
the tensile strength of the steel sheet is further reduced to a TS of 440 MPa or less, and the total elongation of the steel
sheet is further increased to an El of 36% or more, whereby both high cold workability and high hardenability (immersion-
quench hardenability and carburizing hardenability) can be achieved. More preferably, the TS is 410 MPa or less, and
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the El is 38% or more.
[0068] The tensile strength (TS) and the total elongation (El) described above can be measured by methods described
in EXAMPLES described later.

4) Manufacturing method

[0069] The high-carbon hot-rolled steel sheet according to the present invention is manufactured in the following
manner using, as a material, a steel having a chemical composition as described above. The material (steel material)
is subjected to hot rough rolling, and then finish rolling is performed at a finishing temperature equal to or higher than
an Arj transformation temperature. Subsequently, cooling is performed to 650°C to 750°C at an average cooling rate
of 20°C/sec to 100°C/sec. Coiling is performed at a coiling temperature of 500°C to 700°C, and the coil is cooled to
normal temperature to obtain a hot-rolled steel sheet. The hot-rolled steel sheet is then heated in a temperature range
from 450°C to 600°C at an average heating rate of 15°C/h or more. Annealing that involves holding at an annealing
temperature lower than an Ac4 transformation temperature for 1.0 h or more is performed.

[0070] Alternatively, the high-carbon hot-rolled steel sheet according to the present invention is manufactured in the
following manner using, as a material, a steel having a chemical composition as described above. The material (steel
material) is subjected to hot rough rolling, and then finish rolling is performed at a finishing temperature equal to or higher
than an Ar, transformation temperature. Subsequently, cooling is performed to 650°C to 750°C at an average cooling
rate of 20°C/sec to 100°C/sec. Coiling is performed at a coiling temperature of 500°C to 700°C, and the coil is cooled
to normal temperature to obtain a hot-rolled steel sheet. The hot-rolled steel sheet is then heated in a temperature range
from 450°C to 600°C at an average heating rate of 15°C/h or more. Two-stage annealing that involves holding at a
temperature equal to or higher than an Ac, transformation temperature and equal to or lower than an Ac; transformation
temperature for 0.5 h or more, followed by cooling to a temperature lower than an Ar, transformation temperature at an
average cooling rate of 1°C/h to 20°C/h, and holding at a temperature lower than the Ar, transformation temperature
for 20 h or more is performed.

[0071] Hereinafter, the reason for the limitation in the method for manufacturing the high-carbon hot-rolled steel sheet
according to the present invention will be described. In the description, the expression "°C" regarding temperature
indicates a temperature at a steel sheet surface or a surface of a steel material.

[0072] Inthe presentinvention, the steel material may be produced by any method. For example, to prepare a molten
high-carbon steel of the present invention, either a converter or an electric furnace can be used. The molten high-carbon
steel prepared by a known method, for example, using a converter is formed into, for example, a slab (steel material)
by ingot making and blooming or continuous casting. Typically, the slab is heated and then subjected to hot rolling (hot
rough rolling and finish rolling).

[0073] For example, in the case of a slab produced by continuous casting, direct rolling in which the slab is rolled as
it is or while being kept hot for the purpose of suppressing temperature drop may be used. When the slab is heated and
subjected to hot rolling, the heating temperature of the slab is preferably 1280°C or lower in order to avoid deterioration
of the surface state due to scales. The lower limit of the heating temperature of the slab is preferably 1100°C, more
preferably 1150°C, still more preferably 1200°C or higher. During the hot rolling, the material to be rolled may be heated
by heating means such as a sheet bar heater in order to ensure the finishing temperature.

[0074] Finish rolling at finishing temperature equal to or higher than Ar; transformation temperature

[0075] If the finishing temperature is lower than the Ar, transformation temperature, coarse ferrite grains are formed
after the hot rolling and after annealing to significantly decrease elongation. Thus, the finishing temperature is equal to
or higher than the Ar; transformation temperature, preferably equal to or higher than (Ar; transformation temperature +
20°C). The upper limit of the finishing temperature need not be particularly specified, and is preferably 1000°C or lower
to smoothly perform the cooling after the finish rolling.

[0076] The Ars transformation temperature described above can be determined by actual measurement such as
thermal expansion measurement or electrical resistance measurement during cooling using, for example, Formaster
testing.

After finish rolling, cooling to 650°C to 750°C at average cooling rate of 20°C/sec to 100°C/sec

[0077] Atfter the finish rolling, the average rate cooling to 650°C to 750°C greatly affects the size of spheroidized
cementite grains after annealing. If the average cooling rate after the finish rolling is less than 20°C/sec, a microstructure
before annealing is composed of an excessive ferrite microstructure and a pearlite microstructure, and thus a desired
cementite dispersion state and a desired cementite size are not provided after annealing. Thus, the cooling needs to be
performed at 20°C/sec or more. The average cooling rate is preferably 25°C/sec or more. If the average cooling rate
exceeds 100°C/sec, cementite grains having a desired size are not readily formed after annealing, and thus the average
cooling rate is 100°C/sec or less, preferably 75°C/sec or less.
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Coiling temperature: 500°C to 700°C

[0078] The hot-rolled steel sheet after the finish rolling is wound into a coil shape. Ifthe coiling temperature is excessively
high, the hot-rolled steel sheet has excessively low strength and may be deformed by its own weight when wound into
a coil shape. This is not preferable from the viewpoint of operation. Thus, the upper limit of the coiling temperature is
700°C, preferably 690°C or lower. If the coiling temperature is excessively low, the hot-rolled steel sheet disadvanta-
geously becomes hard. Thus, the coiling temperature is 500°C, preferably 530°C or higher.

[0079] After being wound into a coil shape, the coil may be cooled to normal temperature and subjected to pickling
treatment. After the pickling treatment, annealing is performed. For the pickling treatment, a known method can be used.
Subsequently, the resulting hot-rolled steel sheet is subjected to the following annealing.

Average heating rate in temperature range from 450°C to 600°C: 15°C/h or more

[0080] The hot-rolled steel sheet obtained as described above is subjected to annealing (spheroidizing annealing of
cementite). In the case of annealing in a nitrogen atmosphere, ammonia gas is likely to occur in a temperature range
from 450°C to 600°C, and nitrogen decomposed from the ammonia gas enters the surface of the steel sheet and binds
to B and Al in the steel to form nitrides. Thus, the heating time in the temperature range from 450°C to 600°C is set to
be as short as possible. The average heating rate in this temperature range is 15°C/h or more. To reduce variation in
temperature in the furnace for the purpose of improvement in productivity, the average heating rate is preferably 100°C/h
or less, more preferably 70°C/h or less.

Holding at annealing temperature lower than Ac, transformation temperature for 1.0 h or more

[0081] If the annealing temperature is not lower than the Ac, transformation temperature, austenite is precipitated,
and a coarse pearlite microstructure is formed during the cooling process after the annealing, resulting in an inhomo-
geneous microstructure. Thus, the annealing temperature is lower than the Ac, transformation temperature, preferably
(Ac transformation temperature - 10°C) or lower. The lower limit of the annealing temperature is not particularly specified,
and to provide a desired cementite dispersion state, the annealing temperature is preferably 600°C or higher, more
preferably 700°C or higher. As an atmospheric gas, any of nitrogen, hydrogen, and a gas mixture of nitrogen and hydrogen
can be used. The holding time at the annealing temperature is 1.0 hour (h) or more. If the holding time at the annealing
temperature is less than 1.0 hour, the effect of annealing is slight, and the target microstructure of the present invention
is not formed, as a result of which the target hardness and elongation of the steel sheet of the present invention are not
provided. Thus, the holding time at the annealing temperature is 1.0 hour or more, preferably 5 hours or more, more
preferably more than 20 hours. If the holding time at the annealing temperature exceeds 40.0 hours, the productivity
decreases, resulting in an excessively high manufacturing cost. Thus, the holding time at the annealing temperature is
preferably 40.0 hours or less, more preferably 35 hours or less.

[0082] In the present invention, the following two-stage annealing may be performed instead of the above-described
annealing. Specifically, the high-carbon hot-rolled steel sheet can also be manufactured as follows: after coiling and
cooling to normal temperature are performed to obtain a hot-rolled steel sheet, the hot-rolled steel sheet is heated in a
temperature range from 450°C to 600°C at an average heating rate of 15°C/h or more, and two-stage annealing that
involves holding at a temperature equal to or higher than the Ac, transformation temperature and equal to or lower than
the Ac, transformation temperature for 0.5 h or more (first-stage annealing), followed by cooling to a temperature lower
than an Ar, transformation temperature at an average cooling rate of 1°C/h to 20°C/h, and holding at a temperature
lower than the Ar, transformation temperature for 20 h or more (second-stage annealing) is performed.

[0083] Inthe presentinvention, the hot-rolled steel sheet is heated in a temperature range from 450°C to 600°C at an
average heating rate of 15°C/h or more, held at a temperature equal to or higher than the Ac transformation temperature
for 0.5 h or more to dissolve relatively fine carbide precipitated in the hot-rolled steel sheet into a y phase, and then
cooled to a temperature lower than the Ar, transformation temperature at an average cooling rate of 1°C/h to 20°C/h
and held at a temperature lower than the Ar; transformation temperature for 20 h or more. This allows solute C to
precipitate with relatively coarse undissolved carbide and the like serving as nuclei to achieve a state in which the
dispersion of carbide (cementite) is controlled such that the proportion of the number of cementite grains having an
equivalent circle diameter of 0.1 um or less to the total number of cementite grains is 20% or less. That is to say, in the
present invention, the dispersion morphology of carbide is controlled by performing the two-stage annealing under the
predetermined conditions, whereby the steel sheet is softened. For the softening of the high-carbon steel sheet of interest
in the present invention, itis important to control the dispersion morphology of carbide after the annealing. In the present
invention, the high-carbon hot-rolled steel sheet is held at a temperature equal to or higher than the Ac, transformation
temperature and equal to or lower than the Ac; transformation temperature (first-stage annealing), whereby fine carbide
is dissolved, and at the same time, C is dissolved in y (austenite). In the subsequent cooling to a temperature lower than
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the Ar, transformation temperature and holding (second-stage annealing), the a/y interface and undissolved carbide
present in a temperature range of the Ac, transformation temperature or higher serve as nucleation sites to precipitate
relatively coarse carbide. The conditions for the two-stage annealing will be described below. As an atmospheric gas
during the annealing, any of nitrogen, hydrogen, and a gas mixture of nitrogen and hydrogen can be used.

Average heating rate in temperature range from 450°C to 600°C: 15°C/h or more

[0084] For the same reasons as above, ammonia gas is likely to occur in a temperature range from 450°C to 600°C,
and nitrogen decomposed from the ammonia gas enters the surface of the steel sheet and binds to B and Al in the steel
to form nitrides. Thus, the heating time in the temperature range from 450°C to 600°C is set to be as short as possible.
The average heating rate in this temperature range is 15°C/h or more, preferably 20°C/h or more. The upper limit of the
average heating rate is preferably 100°C/h, more preferably 90°C/h or less.

[0085] Holding at temperature equal to or higher than Ac, transformation temperature and equal to or lower than Ac,
transformation temperature for 0.5 h or more (first-stage annealing)

[0086] By holding the hot-rolled steel sheet at atemperature equal to or higher than the Ac, transformation temperature,
part of ferrite in the microstructure of the steel sheet is transformed into austenite, so that fine carbide precipitated in
ferrite is dissolved, and C is dissolved in austenite. On the other hand, ferrite remained without being transformed into
austenite is annealed at a high temperature, and as a result, the ferrite has a reduced dislocation density and softens.
Undissolved relatively coarse carbide (undissolved carbide) remains in ferrite and becomes further coarsened through
Ostwald ripening. If the annealing temperature is lower than the Ac, transformation temperature, austenite transformation
does not occur, and thus carbide cannot be dissolved in austenite. If the first-stage annealing temperature is higher than
the Acs transformation temperature, a large number of rod-like cementite grains are formed after the annealing, and the
desired elongation is not provided. Thus, the first-stage annealing temperature is equal to or lower than the Ac, trans-
formation temperature. In the present invention, if the holding time at a temperature equal to or higher than the Ac,
transformation temperature and equal to or lower than the Ac; transformation temperature is less than 0.5 h, fine carbide
cannot be sufficiently dissolved. Thus, in the first-stage annealing, the steel sheet is held at a temperature equal to or
higher than the Ac, transformation temperature and equal to or lower than the Ac; transformation temperature for 0.5
h or more. The holding time is preferably 1.0 h or more. The holding time is preferably 10 h or less. Even when the
annealing is performed while holding the steel sheet at a temperature equal to or higher than the Ac, transformation
temperature and equal to or lower than the Ac, transformation temperature, the heating rate is preferably such that the
average heatingrate in the temperature range from 450°C to 600°C is 15°C/h or more and the upper limitis 100°C/h or less.

Cooling to temperature lower than Ar, transformation temperature at average cooling rate of 1°C/h to 20°C/h

[0087] After the first-stage annealing described above, the steel sheet is cooled to a temperature lower than the Ar
transformation temperature within the temperature range of the second-stage annealing at an average cooling rate of
1°C/h to 20°C/h. During the cooling, C ejected from austenite as a result of transformation from austenite to ferrite is
precipitated in the form of relatively coarse spherical carbide with the a/y interface and undissolved carbide serving as
nucleation sites. In this cooling, the cooling rate needs to be adjusted so as not to form pearlite. If the average cooling
rate after the first-stage annealing and before the second-stage annealing is less than 1°C/h, the production efficiency
is low. Thus, the average cooling rate is 1°C/h or more, preferably 5°C/h or more. If the average cooling rate exceeds
20°C/h, pearlite is precipitated to increase the hardness. Thus, the average cooling rate is 20°C/h or less, preferably
15°C/h or less.

Holding at temperature lower than Ar, transformation temperature for 20 h or more (second-stage annealing)

[0088] After the first-stage annealing described above, the steel sheet is cooled at a predetermined average cooling
rate and held at a temperature lower than the Ar; transformation temperature to cause Ostwald ripening so that the
coarse spherical carbide is further grown and fine carbide disappears. If the holding time at a temperature lower than
the Ar, transformation temperature is less than 20 h, carbide cannot be sufficiently grown, resulting in an excessively
high hardness after the annealing. Thus, in the second-stage annealing, the steel sheet is held at a temperature lower
than the Ar, transformation temperature for 20 h or more. For sufficient growth of carbide, the second-stage annealing
temperature is preferably, but not necessarily, 660°C or higher. From the viewpoint of production efficiency, the holding
time is preferably, but not necessarily, 30 h or less.

[0089] The Acj transformation temperature, the Ac4 transformation temperature, the Ar transformation temperature,
and the Ar, transformation temperature described above can be determined by actual measurement such as thermal
expansion measurement or electrical resistance measurement during heating or cooling using, for example, Formaster
testing.
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[0090] The average heating rates and the average cooling rates described above are determined by measuring tem-
peratures with a thermocouple mounted in the furnace.

EXAMPLES

[0091] Molten steels having chemical compositions of steel Nos. A to T shown in Table 1 were cast into slab, and hot
rolling was then performed under manufacturing conditions shown in Table 2-1 and Table 3-1. Subsequently, pickling
was performed, and annealing (spheroidizing annealing) was performed in a nitrogen atmosphere (atmospheric gas:
nitrogen) at annealing temperatures for annealing times (h) shown in Table 2-1 and Table 3-1 to manufacture hot-rolled
annealed sheets having a thickness of 3.0 mm.

[0092] In Examples of the presentinvention, test pieces were taken from the hot-rolled annealed sheets thus obtained,
and the microstructure, the amount of solute B, the amount of N in AIN, the tensile strength, the total elongation, and
the quenching hardness (hardness of steel sheet after quenching and hardness of steel sheet after carburizing and
quenching) were determined as described below. The Ac; transformation temperature, the Ac4 transformation temper-
ature, the Ary transformation temperature, and the Arj transformation temperature shown in Table 1 were determined
by Formaster testing.

(1) Microstructure

[0093] The microstructure of each annealed steel sheet was determined as follows: a test piece (size: 3 mm thick X
10 mm X 10 mm) taken from a central portion in the width direction was cut, polished, and then subjected to nital etching.
Images were captured with a scanning electron microscope (SEM) at a magnification of 3000 times at five points at 1/4
from a surface layer in the thickness direction. The captured microstructure images were subjected to image processing
to identify phases (e.g., ferrite, cementite, and pearlite). In Table 2-2 and Table 3-2, "pearlite area fraction" is shown as
a microstructure, and steels observed to have a pearlite area fraction of more than 6.5% are represented as Comparative
Examples. Steels including pearlite with an area fraction of 6.5% or less, ferrite, and cementite are represented as
Examples.

[0094] The SEMimages were binarized into ferrite and a non-ferrite region using image analysis software to determine
the area fraction (%) of ferrite. Also for cementite, the SEM images were binarized into cementite and a non-cementite
region using image analysis software to determine the area fraction (%) of cementite. For pearlite, the area fractions
(%) of ferrite and cementite were subtracted from 100 (%) to determine the area fraction (%) of pearlite.

[0095] In the captured microstructure images, the size of each cementite grain was determined. The cementite grain
size was determined by measuring the major axis and the minor axis and converting them into an equivalent circle
diameter. The average cementite grain size was determined by dividing the sum of equivalent circle diameters of all
cementite grains by the total number of cementite grains. The number of cementite grains whose equivalent circle
diameter values were 0.1 um or less was determined and defined as the number of cementite grains having an equivalent
circle diameter of 0.1 wm or less. The number of all cementite grains was determined and defined as the total number
of cementite grains. The proportion of the number of cementite grains having an equivalent circle diameter of 0.1 um
or less to the total number of cementite grains ((the number of cementite grains having an equivalent circle diameter of
0.1 wm or less/the total number of cementite grains) X 100 (%)) was determined. "The proportion of cementite grains
having an equivalent circle diameter of 0.1 um or less" may also be referred to simply as cementite grains having an
equivalent circle diameter of 0.1 um or less.

[0096] In the captured microstructure images, the average grain size of ferrite was determined using a method for
evaluation of crystal grain size (intercept method) specified in JIS G 0551.

(2) Measurement of average concentration of solute B

[0097] The same method as described in the following reference was used. Specifically, ground powder from a region
extending from a surface layer to a depth of 100 um was collected and measured three times, and the average value
was determined as the average concentration of solute B. [Reference] Satoshi Kinoshiro, Tomoharu Ishida, Kunio Inose,
and Kyoko Fujimoto, Tetsu-to-Hagane (Iron and Steel), vol. 99 (2013) No. 5, p. 362-365

(3) Measurement of average concentration of N present as AIN
[0098] Similarly to the above, the average concentration of N present as AIN was determined by the same method as
described in the following reference.

[0099] [Reference] Satoshi Kinoshiro, Tomoharu Ishida, Kunio Inose, and Kyoko Fujimoto, Tetsu-to-Hagane (Iron and
Steel), vol. 99 (2013) No. 5, p. 362-365
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(4) Tensile strength and elongation of steel sheet

[0100] Using a JIS No. 5 tensile test piece cut out from each annealed steel sheet (original sheet) in a direction at 0°
with respect to the rolling direction (L direction), a tensile test was performed at 10 mm/min. A nominal stress-nominal
strain curve was determined, and the maximum stress was used as a tensile strength. The broken samples were butted
against each other to determine the total elongation. The result was used as an elongation (El).

(5) Hardness of steel sheet after quenching (immersion-quench hardenability)

[0101] Aflattest piece (15 mmwide X 40 mm long X 3 mm thick) was taken from a central portion in the width direction
of each annealed steel sheet, and subjected to quenching treatment with oil cooling at 70°C as described below to
determine the quenching hardness (immersion-quench hardenability). The quenching treatment was performed in a
manner that the flat test piece was held at 900°C for 600 s and immediately cooled with oil at 70°C (70°C oil cooling).
The quenching hardness was determined as follows: in a cut surface of the quenching-treated test piece, the hardness
was measured in an inner region 70 wm from the surface layer in the width direction and at 1/4 from the surface layer
in the width direction each at five points with a Vickers hardness tester under a load to 0.2 kgf, and the average hardness
was determined as the quenching hardness (HV). The above-described inner region 70 um from the surface layer in
the thickness direction is expressed as "surface layer" in Table 2-2 and Table 3-2.

(6) Hardness of steel sheet after carburizing and quenching (carburizing hardenability)

[0102] Each annealed steel sheet was subjected to a carburizing and quenching treatment including steel soaking,
carburizing treatment, and diffusion treatment at 930°C for 4 hours in total, held at 850°C for 30 minutes, and then cooled
in oil (oil cooling temperature: 60°C). The hardness was measured under a load of 1 kgf from a position 0.1 mm deep
from the steel sheet surface to a position 1.2 mm deep at intervals of 0.1 mm to determine the hardness (HV) at 0.1 mm
from the surface layer and the effective case depth (mm) after carburizing and quenching. The effective case depth is
defined as a depth at which the hardness measured from the surface after the heat treatment reaches 550 HV or more.
[0103] From the results obtained from the above (5) and (6), the hardenability was evaluated under conditions shown
in Table 4. Table 4 presents acceptance criteria of hardenability depending on the C content, in which the hardenability
can be evaluated as sufficient. When all of the hardness (HV) after 70°C oil cooling, the hardness (HV) at 0.1 mm deep
from the surface layer after carburizing and quenching, and the effective case depth after carburizing and quenching
satisfied the criteria in Table 4, the steel sheet was judged as acceptable (denoted by the symbol O) and evaluated as
having high hardenability. When any of the values did not satisfy the criteria shown in Table 4, the steel sheet was judged
as unacceptable (denoted by the symbol X) and evaluated as having poor hardenability.

[Table 1]
Chemical composition (mass%) Act Art Acs Ars
Steel transformation | transformation | transformation | transformation
No.|Cc|Si|Mn| P | S SK:' N |cr| B Sb, Sn Ti| Nb | Mo Ta Ni Cu vV W | temperature | temperature | temperature | temperature Remarks
(°C) ) 6O} (=0

A 0.20{0.01]0.55{0.02{0.004|0.030(0.00440.50{0.0030 | Sb+Sn:0.010| - - - - - - - - 726 716 836 824 Inventive Steel
B ]0.22|0.03/0.45/0.01/0.003|0.050|0.0041/0.40{0.0030| Sb:0.012 | - | - - - - - - - 726 716 835 825 Inventive Steel
C ]0.28/0.79/0.50|0.02|0.004/0.010|0.0044(0.12{0.0020 Sb:0.025 - - - - - - - - 743 7371 852 840 Inventive Steel
D [0.24/0.64/0.60|0.02|0.004/0.010{0.0044(0.65|0.0015| Sb+8n:0.020| - [0.001| - - - - - - 746 736 842 832 Inventive Steel
E (0.23|0.85(0.40|0.02{0.004|0.010{0.0044]0.50|0.0025| Sb:0.010 - 10001 - - - - - - 752 742 861 851 Comparative Steel
F (0.22|0.15|0.85|0.02{0.004|0.050(0.0050|0.30|0.0035| Sb+Sn:0.010| - - - - - - - - 723 713 829 827 Comparative Steel
G 0.22/0.30/0.40{0.01]0.003|0.006|0.0045/0.02{0.0030| Sbh:0.012 | - | - - - - - - - 728 718 835 825 Inventive Steel
H ]0.23]0.35/0.45|0.01/0.003{0.030|0.0050{0.40({0.0032| Sb:0.008 [0.02| - - - - - - - 735 725 839 829 Inventive Steel
| 0.22]0.01]0.35]0.01]0.003|0.050{0.0050{1.05|0.0020| Sb+8n:0.010| - | - - - - - - - 737 727 832 820 Comparative Steel
J 10.23]0.01]0.45(0.01/0.003|0.030|0.0050{0.40{0.0032 0.000 - - - - - - 725 727 824 814 Comparative Steel
K 10.35/0.01/0.35/0.02|0.004|0.010|0.0044(0.01{0.0020| Sb:0.009 - - |0.0015| - ]0.001| - - - 720 716 810 798 Inventive Steel
L (0.33/0.15{0.31{0.01{0.003|0.120{0.0110|0.10|0.0015| Sb:0.025 [0.01| - - - - - - - 726 716 855 845 Comparative Example
M 0.35{0.05]0.35/0.02{0.004{0.020|0.0044|0.20{0.0001 | Sb+Sn:0.012 - 724 714 811 801 Comparative Stesl
N ]0.36{0.01/0.04/0.02|0.003(0.050{0.0047 0.20(0.0030 | Sb+Sn:0.011 - 0.0150( - - 726 717 830 819 Comparative Steel
O [0.45/0.03]0.35|0.02|0.004 |0.030{0.0050(0.02|0.0026 | Sb+Sn:0.100| - - - |0.0020| - |0.0015| - 720 723 801 790 Inventive Steel
P (0.48]|0.25(0.31]0.01{0.004|0.010{0.0044]0.06|0.0025| Sb:0.009 - - - - [0.025 0.0015 - 728 718 794 782 Inventive Steel
Q [0.48/0.03|0.28|0.01]0.002|0.035|0.0052(0.45/0.0010| Sb+Sn:0.012| - - - - - - - |0.0015 728 716 788 778 Inventive Steel
R ]0.44/0.10/0.32|0.01/0.003{0.040|0.0047 [0.05(0.0048| Sb:0.011 [0.04| - - |0.0015| - - - - 723 713 803 793 Inventive Steel
S 10.18/0.05|0.45/0.01/0.004/0.035]|0.0050{0.40{0.0030| Sb:0.010 |0.04 - 726 715 840 829 Comparative Steel
T 0.55/0.25/0.45|0.01/0.003|0.040{0.0050|0.45{0.0020 | Sb+Sn:0.008| - - 00012 - - - - - 733 722 785 775 Comparative Steel
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[Table 2-1]
Hot rolling conditions Annealing conditions

Sample | Steel Finishing Average coooling Coiling Avgrage heating Anneali.ng

No. No. temperature rate to 650 .C.to temperature rate in temperature (annealing
°C) 750°.C af:er finish C) range fr?m 40150°C to temr.)erat.ure-
rolling (°C/sec) 600°C (°C/h) holding time)

1 A 850 40 550 45 715°C-30 h
2 A 850 55 480 60 715°C-30 h
3 A 850 55 680 15 715°C-30 h
4 A 850 55 620 15 710°C-15h
5 B 845 30 550 30 715°C-30 h
6 B 845 30 550 30 770°C-25 h
7 B 845 30 510 15 715°C-30 h
8 B 845 30 620 5 715°C-30 h
9 C 860 40 620 35 715°C-22 h
10 D 860 60 680 90 710°C-25 h
11 E 880 50 580 20 715°C-30 h
12 F 840 50 620 30 710°C-25 h
13 G 850 50 600 30 680°C-25 h
14 H 850 40 580 50 715°C-30 h
15 H 850 40 510 40 715°C-0.25 h
16 I 840 50 600 40 715°C-30 h
17 J 830 80 700 20 715°C-30 h
18 K 830 60 700 40 715°C-30 h
19 L 860 40 700 50 715°C-30 h
20 M 880 50 680 60 715°C-30 h
21 N 840 50 660 40 715°C-30 h
22 @] 830 50 590 40 715°C-30 h
23 P 830 25 550 40 715°C-30 h
24 Q 830 25 560 30 715°C-30 h
25 R 820 40 650 45 715°C-30 h
26 S 860 40 650 40 715°C-30 h
27 T 810 40 650 40 710°C-25 h
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[Table 4]
Hardness after 70°C oil Hardness at 0.1 mm deep from surface Effectl.v.e case depth afFer
C content . - . carburizing and quenching
cooling (HV) layer after carburizing and quenching (HV) (mm)
C <0.20% > 340 > 600 > 0.60
0.20%<C
<0.30% > 350 > 600 > 0.60
0.30%<C
<0.35% > 400 > 600 > 0.60
0.35%<C
<0.40% > 490 > 600 > 0.60
0.40%<C
<045% > 580 > 600 > 0.60
0.45%<C
<050% > 670 > 600 > 0.60
0.50% < C > 700 > 650 > 0.60

[0104] The results in Table 2-2 and Table 3-2 show that the high-carbon hot-rolled steel sheets of Examples each
have a microstructure including ferrite and cementite, the proportion of the number of cementite grains having an equiv-
alent circle diameter of 0.1 um or less to the total number of cementite grains being 20% or less, the average cementite
grain size being 2.5 um or less, the cementite accounting for 3.5% or more and 10.0% or less of the entire microstructure,
and have both high cold workability and high hardenability. In addition, the high-carbon hot-rolled steel sheets of Examples
were provided with excellent mechanical properties, i.e., a tensile strength of 480 MPa or less and a total elongation
(El) of 33% or more.

[0105] In contrast, in Comparative Examples outside the scope of the present invention, any one or more of the
chemical composition, the microstructure, the amount of solute B, and the amount of N in AIN do not satisfy the scope
of the present invention, and as a result, the target performance described above cannot be satisfied in any one or more
of the cold workability and the hardenability. In some Comparative Examples, the target properties were not satisfied in
one or more of the tensile strength (TS) and the total elongation (El). For example, in Table 2-2 and Table 3-2, Steel S
has a C content lower than the range of the present invention and thus does not satisfy the immersion-quench harden-
ability. Steel T has a C content higher than the range of the present invention and thus does not satisfy the TS and total
elongation of the steel sheet.

Claims
1. A high-carbon hot-rolled steel sheet having a chemical composition comprising, by mass%,

C: 0.20% or more and 0.50% or less,

Si: 0.8% or less,

Mn: 0.10% or more and 0.80% or less,

P: 0.03% or less,

S: 0.010% or less,

sol. Al: 0.10% or less,

N: 0.01% or less,

Cr: 1.0% or less,

B: 0.0005% or more and 0.005% or less, and

one or two selected from Sb and Sn in an amount of 0.002% or more and 0.1% or less in total, with the balance
being Fe and unavoidable impurities,

the steel sheet having a microstructure including ferrite, cementite, and pearlite that accounts for 6.5% or less
of the entire microstructure by area fraction,

wherein regarding the cementite, a proportion of a number of cementite grains having an equivalent circle
diameter of 0.1 wm or less to a total number of cementite grains is 20% or less, an average cementite grain
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sizeis 2.5 um or less, and the cementite accounts for 3.5% or more and 10.0% or less of the entire microstructure
by area fraction,

an average concentration of solute B in a region extending from a surface layer to a depth of 100 wm is 10 mass
ppm or more, and

an average concentration of N present as AIN in the region extending from the surface layer to the depth of 100
pm is 70 mass ppm or less.

The high-carbon hot-rolled steel sheet according to Claim 1, having a tensile strength of 480 MPa or less and a total
elongation of 33% or more.

The high-carbon hot-rolled steel sheet according to Claim 1 or 2, wherein the ferrite has an average grain size of 4
to 25 pm.

The high-carbon hot-rolled steel sheet according to any one of Claims 1 to 3, wherein the chemical composition
further comprises, by mass%, one or two groups selected from Group A and Group B:

Group A: Ti: 0.06% or less, and
Group B: one or two or more selected from Nb, Mo, Ta, Ni, Cu, V, and W each in an amount of 0.0005% or
more and 0.1% or less.

A method for manufacturing the high-carbon hot-rolled steel sheet according to any one of Claims 1 to 4, the method
comprising:

subjecting a steel having the chemical composition to hot rough rolling, then performing finish rolling at a finishing
temperature equal to or higher than an Arj transformation temperature, and then performing cooling to 650°C
to 750°C at an average cooling rate of 20°C/sec to 100°C/sec;

performing coiling at a coiling temperature of 500°C to 700°C to obtain a hot-rolled steel sheet; and

then heating the hot-rolled steel sheet in a temperature range from 450°C to 600°C at an average heating rate
of 15°C/h or more and performing annealing that involves holding at an annealing temperature lower than an
Ac, transformation temperature for 1.0 h or more.

6. A method for manufacturing the high-carbon hot-rolled steel sheet according to any one of Claims 1 to 4, the method

comprising:

subjecting a steel having the chemical composition to hot rough rolling, then performing finish rolling at a finishing
temperature equal to or higher than an Ar, transformation temperature, and then performing cooling to 650°C
to 750°C at an average cooling rate of 20°C/sec to 100°C/sec;

performing coiling at a coiling temperature of 500°C to 700°C to obtain a hot-rolled steel sheet; and

then heating the hot-rolled steel sheet in a temperature range from 450°C to 600°C at an average heating rate
of 15°C/h or more and performing annealing that involves holding at a temperature equal to or higher than an
Ac, transformation temperature and equal to or lower than an Ac, transformation temperature for 0.5 h or more,
followed by cooling to a temperature lower than an Ar, transformation temperature at an average cooling rate
of 1°C/h to 20°C/h, and holding at a temperature lower than the Ar, transformation temperature for 20 h or more.
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