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Description
[Technical Field of the Invention]

[0001] The present invention relates to a steel wire rod used as a material for an overhead power transmission line
and various ropes, and a manufacturing method thereof.

[Related Art]

[0002] Aluminum conductor steel-reinforced cable (hereinafter, "ACSR") is an electric wire having a configuration in
which a zinc-coated steel wire is disposed at the center and hard aluminum wires are concentrically stranded around
the steel wire, with each layer having alternating lays. In the related art, the steel wire for ACSR use has been mainly
playing a role as a tension member for aluminum wires. As the steel wire for ACSR use, a steel wire obtained by drawing
a pearlitic steel and performing zinc coating thereon, an aluminum-clad steel wire obtained by drawing a steel wire rod
having an aluminum layer formed as the surface layer to improve corrosion resistance, and the like have been used in
the related art.

[0003] From the viewpoint of improving the power transmission efficiency, in order to reduce the specific gravity of the
whole electric wire and increase the area of aluminum, an increase in the strength and a reduction in the diameter of
the steel core of the steel wire for ACSR use are required.

[0004] For example, as a method for improving the power transmission efficiency of the ACSR, there are reducing the
weight of the ACSR, increasing the cross-sectional area of aluminum, reducing the electric resistance of the steel wire,
and the like. For example, from the viewpoint of reducing the weight of the ACSR, Patent Document 1 discloses a method
of reducing the specific gravity of an ACSR by using carbon fiber as the core wire of the ACSR. In addition, from the
viewpoint of reducing the electric resistance of the steel wire, Patent Document 2 discloses a method of improving the
electric conductivity of a steel wire by specifying the amounts of C, Si, and Mn of the steel wire to small amounts.
[0005] Inaddition,in IEC 61232 published by the International Electrotechnical Commission, the torsional performance
required for an aluminum-clad steel wire is defined as 20 or more times. Therefore, an increase in ductility in addition
to an increase in strength and a reduction in diameter is required for the aluminum-clad steel wire. From the viewpoint
of improving the torsional performance, Patent Document 3 discloses a method of refining the pearlite block size and
lamellar spacing of a steel wire by adding a small amount of Ni to the steel wire, thereby improving the value of a reduction
in area and the strength of the steel wire.

[0006] However,the ACSR obtained by the technique disclosed in Patent Document 1 described above uses expensive
carbon fiber as its core wire, so that a higher cost is incurred compared to an ACSR using a steel wire as its core wire.
In addition, in the technique disclosed in Patent Document 2, since the amounts of the alloying elements of the steel
wire are reduced, itis difficult to secure the strength as the tension member of the steel core of the steel wire. Furthermore,
in the technique disclosed in Patent Document 3, N is solid soluted into lamellar ferrite by adding Ni and the electric
resistance of the steel wire is increased, and thus, which is not preferable from the viewpoint of reducing the electric
resistance.

[0007] Moreover, in general, there is a tendency that the tensile strength of a steel wire rod and the electric resistivity
of the steel wire rod have a proportional relationship, so that it is difficult to manufacture a steel wire rod having both
high tensile strength and high electric conductivity. Recently, in order to reduce the specific gravity of an electric wire,
a steel wire rod having a tensile strength of preferably 1050 MPa or more, and more preferably 1100 MPa or more is
required. However, it has been difficult in the related art to impart sufficient electric conductivity to the steel wire rod
having such a tensile strength for the above mentioned applications.

[Prior Art Documents]
[Patent Documents]
[0008]
[Patent Document 1] Japanese Unexamined Patent Application, First Publication No. 2001-176333

[Patent Document 2] Japanese Unexamined Patent Application, First Publication No. 2003-226938
[Patent Document 3] PCT International Publication No. WO2012/124679
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[Disclosure of the Invention]
[Problems to be Solved by the Invention]

[0009] The present invention has been made taking the foregoing circumstances into consideration, and an object
thereof is to provide a steel wire rod which has a high tensile strength and a relatively low electric resistivity with respect
to the tensile strength, and furthermore enables a steel wire having excellent torsional properties to be manufactured,
and a manufacturing method thereof. Particularly, an object of the present invention is to provide a steel wire rod having
a relatively high electric conductivity (that is, low electric resistivity) with respect to a high tensile strength, and a man-
ufacturing method thereof.

[0010] As described above, in general, there is a tendency that the tensile strength of a steel wire and the electric
resistivity of a steel wire rod have a proportional relationship. The inventors investigated the relationship between the
tensile strength TS (MPa) and the electric resistivity p (nQ-cm) of a steel wire rod in the related art, and as a result,
found that the electric resistivity of a steel wire rod for ACSR use in the related art is practically in the following range.
[0011] In a case where the Si content is 0.100 mass% or more, p > 0.0155 X TS + 1.25

[0012] In a case where the Si content is less than 0.100 mass%, p > 0.0155 X TS - 0.95

[0013] Therefore, in a case where the tensile strength TS and the electric resistivity p of the steel wire rod satisfy
Formula (1) in a case where the Si content is 0.100 mass% or more, and in a case where Formula (2) is satisfied in a
case where the Si content is less than 0.100 mass%, the electric resistivity of the steel wire rod is improved from the
level in the related art.

p<0.0155 x TS + 1.25 ... Formula (1)

p<0.0155x TS - 0.95 ... Formula (2)

[0014] In addition, there may be cases where the value obtained by substituting the tensile strength into the right side
of Formula (1) or Formula (2) is referred to as an electric resistivity threshold. In the present invention, "a steel wire rod
having high electric conductivity" means a steel wire rod having an electric resistivity equal to or less than the electric
resistivity threshold obtained based on Formula (1) or Formula (2).

[Means for Solving the Problem]
[0015] The gist of the present invention is as follows.

(1) According to an aspect of the present invention, a steel wire rod includes, as a chemical composition, by unit
mass%: C: 0.60% to 1.10%; Si: 0.005% to 0.350%; Mn: 0.10% to 0.90%; Cr: 0.010% to 0.300%; N: 0.0100% or
less; P: 0.030% or less; S: 0.030% or less; Al: 0% to 0.070%; Ti: 0% to 0.030%; V: 0% to 0.100%; Nb: 0% to 0.050%;
Mo: 0% to 0.20%; B: 0% to 0.0030%; and a remainder including Fe and impurities; in which, when a distance from
a circumferential surface to a central axis of the steel wire rod is defined as r in units of mm, a structure in a central
part which is a region from the central axis to r X 0.5 includes 80 area% to 100 area% of pearlite and a total of 0
area% or more and less than 20 area% of proeutectoid ferrite, proeutectoid cementite, martensite, and bainite; an
average lamellar spacing of the pearlite in the central partis 50 nm to 100 nm; an average length of lamellar cementite
in the central part is 1.9 um or less; an average pearlite block size in the central part is 15.0 pm to 30.0 um; a
structure in a surface part which is a region from the circumferential surface to r X 0.1 includes 70 area% to 100
area% of the pearlite; and an average pearlite block size in the surface part is 0.40 times or more and 0.87 times
or less the average pearlite block size in the central part.

(2) The steel wire rod according to (1) may include, as the chemical composition, by unit mass%: Si: 0.100% to
0.350%; in which the average pearlite block size in the surface part may be 17.0 um or less, and a relationship
between a tensile strength TS [MPa] and an electric resistivity p [.Q-cm] of the steel wire rod may satisfy Formula (i).

p <0.0155 x TS + 1.25...Formula (i)

(3) The steel wire rod according to (1) may include, as the chemical composition, by unit mass%: Si: 0.005% or
more and less than 0.100%; in which the average pearlite block size in the surface part may be 0.80 times or less
the average pearlite block size in the central part, and a relationship between a tensile strength TS [MPa] and an
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electric resistivity p [nQ:cm] of the steel wire rod may satisfy Formula (ii).

p <0.0155 x TS - 0.95 ... Formula (ii)

(4) The steel wire rod according to any one of (1) to (3) may include, as the chemical composition, by unit mass%:
at least one or more selected from the group consisting of Al: 0.001 % to 0.070%, Ti: 0.002% to 0.030%, V: more
than 0% and 0.100% or less, Nb: more than 0% and 0.050% or less, Mo: more than 0% and 0.20% or less, and B:
0.0003% to 0.0030%.

(5) According to another aspect of the present invention, a manufacturing method of a steel wire rod includes: casting
a bloom containing, as a chemical composition, by unit mass%, C: 0.60% to 1.10%, Si: 0.005% to 0.350%, Mn:
0.10% t0 0.90%, Cr: 0.010% to 0.300%, N: 0.0100% or less, P: 0.030% or less, S: 0.030% or less, Al: 0% to 0.070%,
Ti: 0% to 0.030%, V: 0% to 0.100%, Nb: 0% to 0.050%, Mo: 0% to 0.20%, B: 0% to 0.0030%, and a remainder
including Fe and impurities; heating the bloom to a heating temperature in a temperature range of 1150°C or higher
and 1250°C or lower; retaining a temperature of the bloom at the heating temperature for 600 seconds to 7200
seconds; hot rolling the bloom after the retaining so that a finishing temperature is 950°C or higher and 1050°C or
lower to obtain a hot rolled steel; water cooling the hot rolled steel to a temperature range of 780°C or higher and
840°C or lower; winding the hot rolled steel after the water cooling in the temperature range of 780°C or higher and
840°C or lower; patenting the hot rolled steel after the winding by immersing the hot rolled steel in a molten salt at
a temperature of 450°C or higher and T1°C or lower defined by Formula (iii) for 20 seconds to 200 seconds, within
9 seconds to 25 seconds after the winding; and tempering the hot rolled steel after the patenting to obtain the steel
wire rod by heating the hot rolled steel to a tempering temperature in a temperature range of 540°C to 600°C,
retaining the hot rolled steel at the tempering temperature for 30 seconds to 600 seconds, and cooling the hot rolled
steel to room temperature,

T1 {°C] = -r" [mm] x 16 + 580 ... Formula (iii)

where r’ is a distance from a circumferential surface to a central axis of the hot rolled steel in units of mm.

(6) In the manufacturing method of a steel wire rod according to (5), the steel wire rod may include, as the chemical
composition, by unit mass%, at least one or more selected from the group consisting of Al: 0.001 % to 0.070%, Ti:
0.002% to 0.030%, V: more than 0% and 0.100% or less, Nb: more than 0% and 0.050% or less, Mo: more than
0% and 0.20% or less, and B: 0.0003% to 0.0030%.

[Effects of the Invention]

[0016] According to the present invention, it is possible to provide a steel wire rod which has a high tensile strength
and a relatively low electric resistivity with respect to the tensile strength, and furthermore enables a steel wire having
excellent torsional properties to be manufactured, and a manufacturing method thereof.

[Brief Description of the Drawings]
[0017]

FIG. 1 is a C-sectional view of a steel wire rod according to an embodiment.

FIG. 2 is a view showing an L-section of the steel wire rod according to the embodiment, and measurement points
of the average length of lamellar cementite in a pearlite structure.

FIG. 3 is a diagram showing the relationship between the ratio (PBS ratio) between the average pearlite block grain
size in a surface part and a central part of a steel wire rod having a Si content of less than 0.100%, and the number
of torsion of a wire obtained from the steel wire rod.

FIG. 4 is a diagram showing the relationship between the average pearlite block size (surface PBS) in a surface
part of a steel wire rod having a Si content of 0.100% to 0.350% and the number of torsion of a wire.

FIG. 5 is a flowchart showing a manufacturing method of the steel wire rod according to the embodiment.

[Embodiments of the Invention]

[0018] A steel wire rod according to an embodiment of the present invention and a manufacturing method thereof will
be described below.
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[0019] A steel wire rod of this embodiment shown in FIG. 1 has a predetermined chemical composition, and the
structure in a central part 11, which is a region from the central axis of the steel wire rod 1 to r X 0.5 and the structure
in a surface part 12, which is a region from the circumferential surface of the steel wire rod to r X 0.1 are controlled to
predetermined morphologies. Here, r is the distance from the circumferential surface of the steel wire rod 1 to the central
axis of the steel wire rod 1.

[0020] First, the chemical composition of the steel wire rod according to this embodiment will be described. The unit
of the chemical composition is mass%.

(C:0.60% to 1.10%)

[0021] C has an effect of increasing the strength of the steel wire rod by increasing the cementite fraction of a pearlite
structure in the steel and refining the lamellar spacing of the pearlite structure. In a case where the C content is less
than 0.60%, it becomes difficult to obtain an amount of the pearlite structure specified by this embodiment, so that the
strength of the steel wire rod is decreased. In order to set the amount of the pearlite structure to be in the specified
range, the C content is set to 0.60% or more. The C content is preferably 0.65% or more, and more preferably 0.70%
or more. On the other hand, in a case where the C content exceeds 1.10%, the conductivity of the steel wire rod is
decreased, and the ductility of the steel wire rod is decreased by forming proeutectoid cementite. Therefore, the upper
limit of the C content is set to 1.10%. In order to improve the ductility of the steel wire, it is effective to reduce the amount
of the proeutectoid cementite, so that the C content is preferably 1.05% or less, more preferably 1.00% or less, and
even more preferably 0.95% or less.

(Si: 0.005% to 0.350%)

[0022] Siis an element that improves the hardenability of the steel wire rod, is an element effective for suppressing
the formation of proeutectoid cementite during patenting, and is an element effective for solid solution strengthening
and deoxidation of the steel wire rod. However, in a case where the Si content is less than 0.005%, it becomes difficult
to control the pearlite structure to a predetermined configuration, and in a case where the C content is large, it becomes
difficult to suppress the formation of proeutectoid cementite. Therefore, the lower limit of the Si content is set to 0.005%.
On the other hand, Si segregates in the ferrite of the pearlite structure and increases the electric resistivity of the steel
wire rod. When Si is contained in an amount exceeding 0.350%, the electric resistivity of the steel wire rod is significantly
increased. Therefore, the Si content is defined as 0.005% to 0.350%.

[0023] As the Sicontent increases, the tensile strength of the steel wire rod is increased, and the conductivity of the
steel wire rod is decreased. In a case where a steel wire rod with further increased strength is required, the Si content
of the steel wire rod may be set to 0.100% to 0.350%. In this case, as will be described later, it is desirable that the
tensile strength TS (MPa) and the electric resistivity p (nQ-cm) of the steel wire rod satisfy Formula (1).

p <0.0155 x TS + 1.25 ... Formula (1)

[0024] Onthe other hand, in a case where a steel wire rod with further increased conductivity is required, the Si content
of the steel wire rod may be set 0.005% or more and less than 0.100%. In this case, as will be described later, it is
desirable that the tensile strength TS (MPa) and the electric resistivity p (nQ-cm) of the steel wire rod satisfy Formula (2).

p<0.0155xTS -0.95 ... Formula (2)

[0025] By increasing the Si content, controlling the structure to a predetermined configuration is facilitated, so that the
yield is improved. Therefore, the Si content may set to preferably 0.010% or more, and more preferably 0.030% or more.
In order to obtain a steel wire rod and a steel wire having further reduced electric resistivity, the Si content may be set
to preferably 0.250% or less, more preferably 0.200% or less, and even more preferably 0.150% or less.

(Mn: 0.10% to 0.90%)

[0026] Mn is a deoxidizing element, and is an element that has an action of suppressing red brittleness by fixing S in
the steel as MnS and suppresses a decrease in conductivity due to solid solute S. In addition, Mn reduces the area ratio
of the proeutectoid ferrite structure of the steel wire rod by improving the hardenability of the steel wire rod during
patenting, and has an effect of increasing the strength of the steel wire rod. However, in a case where the Mn content
is less than 0.10%, the effect of the above action cannot be sufficiently obtained. Therefore, the lower limit of the Mn
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content is set to 0.10%. On the other hand, Mn lowers the conductivity of steel. Therefore, the upper limit of the Mn
content is set to 0.90%. In addition, in order to sufficiently secure the hardenability of steel and also secure conductivity,
the upper limit of the Mn content is set to preferably 0.80% or less, and more preferably 0.60% or less.

(Cr: 0.010% to 0.300% or Less)

[0027] Cris an element that improves hardenability, and is an element that increases the tensile strength of the steel
wire rod by decreasing the lamellar spacing of the pearlite. In order to obtain this effect, it is necessary to set the Cr
content to 0.010% or more. The Cr content is more preferably 0.020% or more. On the other hand, in a case where a
steel wire rod is manufactured under patenting conditions in which distribution of Cr hardly occurs, Cr sometimes de-
creases the conductivity. In order to prevent the decrease in conductivity, the upper limit of the Cr content is set to
0.300%. The Cr content is more preferably 0.250% or less.

[0028] Furthermore, in the steel wire rod according to this embodiment, the amounts of N, P, and S are limited as
follows. Since N, P, and S are not necessary for the steel wire rod according to this embodiment, the lower limits of the
amounts of N, P, and S are 0%.

(N: 0.0100% or Less)

[0029] N decreases the ductility of steel due to strain aging during cold working. In particular, in a case where the N
contentexceeds 0.0100%, the ductility of the steel wire rod is decreased and the conductivity is also decreased. Therefore,
the N content is limited to 0.0100% or less. The N content is preferably 0.0080% or less, and more preferably 0.0050%
or less.

(P: 0.030% or Less)

[0030] P contributes to solid solution strengthening of ferrite, but significantly reduces the ductility of the steel wire
rod. In particular, in a case where the P content exceeds 0.030%, the deterioration in drawability during drawing of a
steel wire rod into a steel wire becomes significant. Therefore, the P content is limited to 0.030% or less. The P content
is preferably 0.012% or less.

(S: 0.030% or Less)

[0031] S is an element that causes red brittleness and further reduces the ductility of steel. In a case where the S
content exceeds 0.030%, the ductility of the steel wire rod is significantly decreased, so that the S content is limited to
0.030% or less. The S content is preferably 0.010% or less.

[0032] The steel wire rod according to this embodiment may contain one or more elements selected from the group
consisting of Al, Ti, V, Nb, Mo, and B, in addition to the above mentioned elements. However, since the steel wire rod
according to this embodiment can exhibit excellent properties without containing Al, Ti, V, Nb, Mo, and B, the lower limits
of the amounts of Al, Ti, V, Nb, Mo, and B are 0%.

(Al: 0% to 0.070%)

[0033] Alis an element which is a deoxidizing element, and can fix N and refine the austenite grain size by forming
nitrides. In order to obtain this effect, the Al content may be set to 0.001 % or more. In addition, in a case where Al is
not fixed as a nitride but present as free Al in lamellar ferrite, the conductivity of the steel wire rod is decreased. Therefore,
the upper limit of the Al content is set to 0.070%. The Al content is preferably 0.060% or less, and more preferably
0.050% or less.

(Ti: 0% to 0.030%)

[0034] Tiis an element which is a deoxidizing element and can refine the austenite grain size by forming carbonitrides.
In order to obtain this effect, the Ti content may be set to 0.002% or more. On the other hand, in a case where the Ti
content exceeds 0.030%, there may be cases where coarse nitrides are incorporated during steelmaking, carbides
precipitate during the patenting treatment of a hot rolled steel, and the ductility of the steel wire rod is decreased.
Therefore, the upper limit of the Ti content is set to 0.030%. The Ti content is preferably less than 0.025%.
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(V: 0% to 0.100%)

[0035] V is an element that improves hardenability, and improves the tensile strength of the steel by precipitating as
carbonitrides. In order to obtain this effect, the V content may be set to be more than 0%, or 0.002% or more. On the
other hand, in a case where the V content is excessive, the time to complete transformation during patenting is increased,
and the ductility and toughness of the steel wire rod are decreased due to precipitation of coarse carbonitrides. Therefore,
the upper limit of the V content is set to 0.100%. The V content is preferably 0.080% or less.

(Nb: 0% to 0.050%)

[0036] Nb is an element that improves hardenability, and is an element that can refine the austenite grain size by
precipitating as carbides. In order to obtain this effect, the Nb content may be set to be more than 0%, or 0.002% or
more. On the other hand, in a case where the Nb content exceeds 0.050%, the time to complete transformation during
patenting is increased. Therefore, the Nb content s setto 0.050% or less. The Nb content is preferably 0.002% to 0.020%.

(Mo: 0% to 0.20%)

[0037] Mo is an element that improves hardenability and reduces the amount of proeutectoid ferrite. In order to obtain
this effect, the Mo content may be set to be more than 0%, or 0.02% or more. However, in a case where the Mo content
is excessive, the time to complete transformation during patenting of the steel wire rod is increased. Therefore, the upper
limit of the Mo content is set to 0.20%. The Mo content is preferably 0.10% or less.

(B: 0% to 0.0030%)

[0038] B is an element that improves hardenability, and is an element that improves the amount of pearlite by sup-
pressing the formation of proeutectoid ferrite. In order to obtain this effect, the B content may be set to 0.0003% or more.
On the other hand, in a case where the B content exceeds 0.0030%, M,3(C,B)g precipitates on the austenite grain
boundaries in a supercooled state during patenting of the steel wire rod, so that the ductility of the wire is impaired.
Therefore, the B content is preferably setto 0.0003% to 0.0030%. The B content is more preferably setto 0.0020% or less.
[0039] The remainder of the chemical composition of the steel wire rod according to this embodiment contains iron
and impurities. The impurities are elements that are incorporated from raw materials or a steel manufacturing process,
and mean elements that are acceptable in a range in which the steel wire rod according to this embodiment is not
adversely affected.

[0040] Next, the structure of the steel wire rod according to this embodiment will be described. The target value of the
tensile strength of the steel wire rod according to this embodiment is preferably 1050 MPa or more, and more preferably
1100 MPa or more. In order to obtain a steel wire rod having such tensile strength, high conductivity, and ductility, the
central part 11 and the surface part 12 of the steel wire rod 1 according to this embodiment needs to have the following
structures. There is no need to separately control the configuration of the transition region between the central part 11
and the surface part 12 as long as the configurations in the central part 11 and the surface part 12 are appropriately
controlled. Therefore, the configuration of the transition region of the steel wire rod according to this embodiment is not
particularly limited. The tensile strength of the steel wire rod according to this embodiment is not limited to the above
mentioned target value, and may be set depending on the application.

(Structure in Central Part Includes 80 area% to 100 area% of Pearlite and Total of 0 area% or More and Less than 20
area% of Proeutectoid Ferrite, Bainite, Proeutectoid Cementite, Martensite, and the like)

[0041] The structure in the central part includes 80 area% to 100 area% of the pearlite structure, and 0 area% or more
and less than 20 area% of a structure other than pearlite, such as proeutectoid ferrite, a bainite structure, proeutectoid
cementite, martensite, and the like. When the amount of the pearlite structure in the central part becomes less than 80
area% and the amount of the structure other than pearlite becomes 20 area% or more, sufficient tensile strength is not
obtained. In order to further improve the tensile strength, the lower limit of the amount of pearlite in the central part of
the steel wire rod according to this embodiment may be set to 82 area%, 85 area%, 87 area%, 90 area%, or 92 area%,
and the upper limit of the amount of the structure other than pearlite may be set to 18 area%, 15 area%, 13 area%, 10
area%, or 8 area%. Since the structure in the central part of the steel wire rod according to this embodiment does not
require the structure other than pearlite, the upper limit value of the amount of pearlite in the central part of the steel
wire rod according to this embodiment is 100 area%, and the lower limit of the amount of the structure other than pearlite
is 0 area%. However, in order to improve the yield, the upper limit of the amount of pearlite in the central part of the steel
wire rod according to this embodiment may be set to 99 area%, 98 area%, or 97 area%, and the lower limit of the amount
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of the structure other than pearlite may be set to 1 area%, 2 area%, or 3 area%.
(Structure in Surface Part Includes 70 area% to 100 area% of Pearlite)

[0042] The structure in the surface part includes 70 area% to 100 area% of pearlite. The surface part and the central
part of the steel wire rod differ in processing and thermal history in a manufacturing stage and a heat treatment stage
of the steel wire rod, and the actual transformation temperature at the surface part is lower than at the central part.
Therefore, the amount of pearlite in the surface part of the steel wire rod is typically smaller than the amount of pearlite
in the central part of the steel wire rod. However, in a case where the amount of pearlite in the surface part of the steel
wire rod is less than 70%, the ductility of the surface part of the steel wire rod becomes insufficient, so that the torsional
performance of the steel wire rod is deteriorated. Therefore, the amount of pearlite in the surface part of the steel wire
rod according to this embodiment is set to 70 area% or more. The lower limit of the amount of pearlite in the surface
part of the steel wire rod may be set to 72 area%, 75 area%, or 80 area%. Since the structure in the surface part of the
steel wire rod according to this embodiment does not require a structure other than pearlite, the upper limit of the amount
of pearlite in the surface part of the steel wire rod according to this embodiment is 100 area%, and the lower limit of the
amount of the structure other than pearlite is 0 area%. However, in order to improve the yield, the upper limit of the
amount of pearlite in the surface part of the steel wire rod according to this embodiment may be set to 99 area%, 98
area%, or 97 area%, and the lower limit of the amount of the structure other than pearlite may be set to 1 area%, 2
area%, or 3 area%. As the structure other than pearlite included in the surface part of the steel wire rod, as in the central
part of the steel wire rod, proeutectoid ferrite, a bainite structure, proeutectoid cementite, martensite, and the like are
exemplified. However, since the surface part of the steel wire rod undergoes large processing deformation, the surface
part of the steel wire rod may include a structure of which the kind cannot be identified due to severe deformation. The
amount of pearlite in the surface part of the steel wire rod is a value that does not include the amount of the structure
of which the kind cannot be identified.

[0043] Pearlite has alamellar structure having ferrite and cementite alternatingin a layered manner. Inthis embodiment,
lamellar ferrite (ferrite constituting pearlite) and lamellar cementite (cementite constituting pearlite) are distinguished
from the proeutectoid ferrite and proeutectoid cementite described above.

(Average Lamellar Spacing of Pearlite in Central Part: 50 nm to 100 nm)

[0044] The average lamellar spacing of the pearlite structure in the central part of the steel wire rod according to this
embodiment is in a range of 50 nm to 100 nm. In a case where the distribution of alloying elements into the lamellar
ferrite is the same, the conductivity is increased as the lamellar spacing is decreased. Therefore, the average lamellar
spacing of the pearlite structure in the central part of the steel wire rod is set to 100 nm or less. The upper limit of the
average lamellar spacing of the pearlite structure in the central part of the steel wire rod is preferably 98 nm, 95 nm, 93
nm, or 90 nm. On the other hand, in a case of composition and heat treatment conditions under which the average
lamellar spacing of the pearlite structure in the central part is less than 50 nm, the amount of the alloying elements is
large and it is difficult to distribute the alloying elements. Therefore, the lower limit thereof is set to 50 nm.

(Average Length of Lamellar Cementite in Central Part: 1.9 um or Less)

[0045] The present inventors found that the average length of the lamellar cementite in the pearlite in the central part
of the steel wire rod according to this embodiment is correlated with the conductivity of the steel wire rod, and as the
lamellar cementite is divided and thus the average length of the lamellar cementite is decreased, the conductivity of the
steel wire rod is increased. In a case where the average length of the lamellar cementite in the central part of the steel
wire rod exceeds 1.9 um, the conductivity of the steel wire rod is not sufficiently improved. Therefore, the average length
of the lamellar cementite in the pearlite in the central part of the steel wire rod according to this embodiment is set to
1.9 pm or less. The average length of the lamellar cementite in the pearlite in the central part is preferably 1.8 um or
less, 1.6 um or less, 1.5 um or less, 1.4 pum or less, or 1.3 wm or less. In order to set the average length of the lamellar
cementite in the central part of the steel wire rod to be 1.9 um or less by dividing the lamellar cementite, as will be
described later, it is necessary to set the average pearlite block grain size in the central part of the steel wire rod to 15
pm or more and to include tempering in the manufacturing method of the steel wire rod.

(Average Pearlite Block Size in Central Part: 15.0 pm to 30.0 pm)
[0046] As described above, the average length of the lamellar cementite in the pearlite in the central part of the steel

wire rod according to this embodiment needs to be 1.9 um or less. In order to obtain a steel wire rod having such lamellar
cementite, as will be described later, it is necessary to divide the lamellar cementite by performing tempering on hot
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rolled steel, which is an intermediate material of the steel wire rod, under a predetermined condition after patenting to
form pearlite. The present inventors found that as the average pearlite block size in the central part decreases, the
lamellar cementite is less likely to be divided during tempering.

[0047] As understood by the present inventors, in a case where the average pearlite block size in the central part is
less than 15.0 um, it is extremely difficult to set the average length of the lamellar cementite in the pearlite in the central
part to be 1.9 um or less. Therefore, the average pearlite block size in the central part of the steel wire rod according to
this embodiment needs to be 15.0 wm or more. The average pearlite block size in the central part of the steel wire rod
may be defined as 17.0 wm or more, 18.0 wm or more, or 20.0 wm or more.

[0048] On the other hand, as the average pearlite block size in the central part increases, the ductility of the steel wire
rod is decreased. Due to the feature in which only the average pearlite block size in the surface part of the steel wire
rod is reduced, which will be described later, the ductility of the steel wire rod can be secured without hindering the
division of the lamellar cementite of the steel wire rod. However, in a case where the average pearlite block size in the
central part exceeds 30.0 um, the ductility of the steel wire rod cannot be preferably maintained even if this feature is
utilized. Therefore, the average pearlite block size in the central part needs to be 30.0 um or less. The average pearlite
block size in the central part may be defined as 27.0 wm or less, 25.0 pum or less, or 20.0 uwm or less.

(Average Pearlite Block Size in Surface part: 0.40 Times or More and 0.87 Times or Less Average Pearlite Block Size
in Central Part)

[0049] The structure in the surface part of the steel wire rod affects the ductility of a wire (steel wire) obtained by
drawing the steel wire rod, against torsional deformation. By refining the pearlite block size in the surface part of the
steel wire rod, the nonuniformity of the structure is suppressed, so that the ductility of the wire obtained by drawing the
steel wire rod can be improved. However, as described above, when the pearlite block size of the entire steel wire rod
is refined, the division of the lamellar cementite is impeded. Therefore, it is necessary to refine the pearlite blocks in the
surface part so as to set the ratio (hereinafter, sometimes abbreviated to "PBS ratio") of the average pearlite block size
in the central part to the average pearlite block size in the surface part to be 0.87 or less. Accordingly, it is possible to
secure the ductility of the steel wire rod (and the ductility of the wire obtained by drawing the steel wire rod) without
impeding the division of the lamellar cementite. The PBS ratio is more preferably set to 0.85 or less. Although the lower
limit of the PBS ratio is not particularly limited, it is difficult to set the PBS ratio to be less than 0.40 in consideration of
facility capability and the like, so that the lower limit of the PBS ratio may be set to 0.40, 0.50, or 0.60.

[0050] In a steel wire rod having a Si content in a range of 0.005% or more and less than 0.100% (hereinafter,
abbreviated to "low Si steel wire rod"), the PBS ratio thereof is preferably 0.80 or less. FIG. 3 is a graph showing the
relationship between the PBS ratios of low Si steel wire rods and the number of torsions of wires obtained from these
low Si steel wire rods. The present inventors prepared various low Si steel wire rods and measured the PBS ratios of
these low Si steel wire rods and the number of torsions of wires obtained from these low Si steel wire rods. As a result,
as shown in FIG. 3, it could be seen that as the PBS ratio of the low Si steel wire rod decreases, the number of torsion
of the wire is increased, and particularly in a case where the PBS ratio is 0.80 or less, the number of torsion of the wire
is significantly increased. When the Si content is less than 0.10%, the pearlite block growth rate becomes faster and the
pearlite block size tends to become coarse. Therefore, in comparison to the structure in the central part, the PBS ratio
is more suitable as an index indicating the ductility of the structure in the surface layer, than the absolute value of the
PBS. Delamination had occurred in a wire obtained from a low Si steel wire rod having a PBS ratio of more than 0.87
during a test.

[0051] Furthermore, in a steel wire rod having a Si content in a range of 0.100% to 0.350% (hereinafter, abbreviated
to "high Si steel wire rod"), the average pearlite block size in the surface part of the steel wire rod (surface PBS) is set
to preferably 17.0 um or less, and more preferably 16.0 wm or less. FIG. 4 is a graph showing the relationship between
the surface PBSs of high Si steel wire rods and the number of torsions of wires obtained from these steel wire rods. The
present inventors prepared various high Si steel wire rods and measured the surface PBSs of these high Si steel wire
rods and the number of torsions of wires obtained from these low Si steel wire rods. As a result, as shown in FIG. 4, it
could be seen that as the surface PBS of the high Si steel wire rod decreases, the number of torsion of the wire is
increased, and particularly in a case where the surface PBS is 17.0 um or less, the number of torsion of the wire is
significantly increased.

[0052] In the steel wire rod according to this embodiment, from the viewpoint of increasing both the strength and
conductivity of the steel wire rod as an ACSR, it is preferable that the relationship between the tensile strength TS (MPa)
and the electric resistivity p (nQ-cm) of the steel wire rod is defined using Formula (1) for the case of high Si steel wire
rods and Formula (2) for low Si steel wire rods.

p<0.0155x TS + 1.25 ... Formula (1)
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p<0.0155x TS - 0.95 ... Formula (2)

[0053] A high Si steel wire rod is used for a product which is not strictly restricted in terms of conductivity but requires
high tensile strength. A low Si steel wire rod is used for a product which is not strictly restricted in terms of tensile strength
but requires high conductivity. In consideration of such a difference in application, it is preferable to define the relationship
between the tensile strength and the electric resistivity using different formulas for the high Si steel wire rod and the low
Si steel wire rod. The steel wire rod according to this embodiment has the above described features and thus has the
tensile strength and electric resistivity satisfying Formula (1) or Formula (2).

[0054] Next, a method of specifying the structure of the steel wire rod according to this embodiment will be described.
Hereinafter, a section which is parallel to the longitudinal direction of the steel wire rod and includes the central axis of
the steel wire rod is referred to as an L-section, and a section perpendicular to the longitudinal direction of the steel wire
rod is referred to as a C-section.

[0055] The average lamellar spacing of the pearlite in the central part 11 is obtained by performing mirror polishing
on the L-section of the steel wire rod, performing picral etching thereon, observing the structure with a field emission
scanning electron microscopy (FE-SEM), and analyzing the observation result of the structure. The observation of the
structure is performed at nine observation points 13 shown in FIG. 2. The observation points 13 in the L-section of the
steel wire rod 1 are disposed at the vertices, the center, and the midpoints of the four sides of a rectangular region in
which the length of the four sides is the same as the radius r of the steel wire rod 1, two sides are parallel to the longitudinal
direction of the steel wire rod, and the center is on a central axis 14 of the steel wire rod 1. At each of the observation
points 13, the surface of a section excluding a region, in which 30% or more of the region is point-like cementite having
an aspect ratio of 3 or less, is photographed with the FE-SEM at a magnification of 10,000-fold. An electronic image of
the photographed region is analyzed to binarize the part of lamellar cementite and is subjected to line segmentation with
no thickness. Furthermore, vertical and horizontal lines are drawn for each pixel of the electronic image, and 1/2 of the
average value of the lengths of the segments partitioned by the cementite is taken as the average lamellar spacing. The
average lamellar spacing is based on the principle described in "Quantitative Microscopy" (Makishima et al., issued on
July 30, 1972, by Uchida Rokakuho Publishing Co., Ltd.) p. 115 to p. 117. The average value of the average lamellar
spacings in the nine FE-SEM images for the nine observation points 13 can be regarded as the average lamellar spacing
in the central part of the steel wire rod.

[0056] Furthermore, the average length of the lamellar cementite in the pearlite structure in the central part 11 is
obtained by the following procedure. In the photographed FE-SEM images, the part of the lamellar cementite is binarized
in the above described manner, and image analysis is performed thereon, whereby the average length of the lamellar
cementite of the pearlite include in the FE-SEM images is calculated. In addition, the average value of the average
lamellar cementite lengths in the nine FE-SEM images for the nine observation points 13 can be regarded as the average
length of the lamellar cementite in the central part.

[0057] Furthermore, the fraction of the pearlite structure in the central part is obtained by the following procedure.
Metallographic structure photographs of the nine observation points 13 with the average lamellar spacing on the cut
surface of the steel wire rod are taken at a magnification of 2,000-fold. In each of the photographs, a structure part other
than pearlite is marked and enclosed, and the area ratio thereof is measured by image analysis. The difference of the
area ratio of the structure part other than pearlite from the whole is the area ratio of pearlite in each of the photographs.
The average value of the area ratios of pearlite in the photographs can be regarded as the fraction of the pearlite structure
in the central part.

[0058] The fraction of the pearlite structure in the surface part, which is a region from the circumferential surface of
the steel wire rod to r X 0.1 is obtained by the following procedure. Metallographic structure photographs centered on
a depth of r X 0.05 from the circumferential surface of the steel wire rod are taken at least at four points in the C-section
of the steel wire rod (the section perpendicular to the rolled surface) at a magnification of 2,000-fold. It is preferable that
the photographed points are uniformly arranged along the outer circumference of the C-section, and for example, in a
case where the number of photographed points is four, it is preferable that the photographed points are arranged every
90° along the outer circumference of the C-section. The area ratio of pearlite in the metallographic structure photographs
may be obtained by the same method as the method of measuring the fraction of the pearlite structure in the central
part. The average value of the area ratios of pearlite in the photographs can be regarded as the fraction of the pearlite
structure in the surface part.

[0059] The average pearlite block sizes in the central part and the surface part of the steel wire rod are obtained by
an electron back scattered diffraction pattern (EBSD) method. The average pearlite block size in the central part is
obtained by measuring, for the nine observation points 13 shown in FIG. 2 in the L-section of the steel wire rod, the
average pearlite block size in each visual field with a visual field size of 250 pm X 250 um using the EBSD method,
and thereafter calculating the average value of the average pearlite block sizes of the visual fields. In the measurement,
a region surrounded by boundaries with an orientation difference of 9° or more is regarded as one pearlite block grain,
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and is analyzed using the Johnson-Saltykov measurement method. The average pearlite block size in the surface part
is obtained by performing measurement on at least four observation points uniformly arranged along the outer circum-
ference of the C-section in the C-section of the steel wire rod, in the same manner as for the central part. The center of
the measurement visual field is set to a depth of r X 0.05 from the circumferential surface of the steel wire rod.

[0060] The electric resistance of the steel wire rod is measured by the following procedure. After removing the scale
on the surface layer of the steel wire rod and correcting the steel wire rod into a straight bar, the electric resistance
thereof is measured by the four-terminal method. The length and current value to be measured are selected according
to the facility within a range in which the temperature of the steel wire rod is not changed by energization, and are
measured up to the third digit of the significant digits.

[0061] Next, a manufacturing method of the steel wire rod according to this embodiment will be described. As shown
in FIG. 5, the manufacturing method of the steel wire rod of this embodiment includes: S1 of casting a bloom; S2 of
heating the bloom; S3 of retaining the temperature of the bloom; S4 of hot rolling the bloom after the retaining to obtain
a hot rolled steel; S5 of water cooling the hot rolled steel; S6 of winding the hot rolled steel after the water cooling; S7
of patenting the hot rolled steel after the winding; and S8 of tempering the hot rolled steel after the patenting to obtain
a steel wire rod. The manufacturing conditions are described in detail below.

(Casting S1)

[0062] In the manufacturing method of the steel wire rod according to this embodiment, first, steel is melted, and
thereafter, a bloom having the chemical composition of the steel wire rod according to this embodiment is manufactured
by continuous casting or the like. A billet may also be obtained by blooming the bloom before the hotrolling described later.

(Heating S2: Heating Temperature 1150°C or Higher and 1250°C or Lower)
(Retaining S3: Retention Time 600 Seconds to 7200 Seconds at the Above Heating Temperature)

[0063] The bloom is heated to a heating temperature at which the average temperature of the cross section is in a
range of 1150°C to 1250°C before hot rolling, and is then retained at the heating temperature for 600 seconds or longer.
In addition, the maximum temperature of the bloom in the heating S2 is referred to as the heating temperature. In a case
where heating and retaining are not performed under such conditions, carbonitrides contained in the bloom are insuffi-
ciently solutionized, and the average pearlite block size in the central part is outside of the defined range described
above. As described above, when the average pearlite block size in the central part is not in the defined range, the
division of the lamellar cementite does not proceed. Therefore, in a case where heating and retaining are not performed
under such conditions, the average cementite length of the lamellar cementite in the central part also falls outside the
above described range, and the conductivity of the steel wire rod is impaired. The retention time is preferably 7200
seconds or shorter from the viewpoint of suppressing decarburization.

(Hot Rolling S4: Finishing Temperature 950°C or Higher and 1050°C or Lower)

[0064] The billet obtained by cooling the bloom once after the rolling and performing heating and retaining thereon is
hot rolled into a hot rolled steel. In the hot rolling, the finishing temperature needs to be 950°C to 1050°C. In a case
where the finishing temperature is inappropriate, the average pearlite block size in the central part falls outside the
defined range. The reason is that when finishing temperature is higher than 1050°C, austenite grains after the hot rolling
are coarsened, and thus pearlite is insufficiently formed in the subsequent cooling, whereby the ductility of the surface
part is not obtained. On the other hand, the reason is that when the finishing temperature of lower than 950°C, it is
difficult for the ratio between the pearlite block sizes in the surface part and the central part to be in the defined range.

(Water Cooling S5: Cooling Stop Temperature 780°C or Higher and 840°C or Lower)
(Winding S6: Winding Temperature 780°C or Higher and 840°C or Lower)

(Patenting S7: Time 9 Seconds to 25 Seconds from End of Winding to Start of Immersion, Molten Salt Temperature
450°C or Higher and T1°C or Lower, and Immersion Time 20 Seconds to 200 Seconds)

[0065] Next, the hot rolled steel after finish rolling is water cooled and wound. The water cooling stop temperature and
the winding temperature are set to be in a range of 780°C to 840°C. Next, the wound hot rolled steel is patented by
being immersed for 20 seconds or longer in a molten salt at a temperature of 450°C or higher and T1°C or lower, within
9 seconds to 25 seconds after the winding. T1 is a value defined by Formula (3) described below. The symbol "r' "
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included in Formula (3) represents the radius of the hot rolled steel (that is, the radius of the hot rolled steel) in units of
mm. The water cooling, winding, and patenting are the most important for controlling the configuration of the pearlite of
the steel wire rod. The immersion time in the molten salt is preferably 200 seconds or shorter from the viewpoint of
productivity.

T1{°C] = -r’ [mm] x 16 + 580 ... Formula (3)

[0066] In acase where the water cooling stop temperature, the winding temperature, and the time from the completion
of the winding to the start of the immersion are outside the above described ranges, the average pearlite block size in
the surface part of the steel wire rod does not become 0.87 times or less the average pearlite block size in the central
part. The reason is that the austenite grain size in the surface part becomes coarse and the pearlite block size also
becomes coarse. The water cooling is started immediately after the completion of the hot rolling. Therefore, the water
cooling start temperature becomes substantially the same as the finishing temperature described above. Itis presumed
that even in a case where the water cooling start temperature is lower than 950°C, there is concern that the configuration
of the pearlite may not be appropriately controlled.

[0067] In a case where the molten salt temperature is outside the above described range, the amount of the pearlite
in the central part of the steel wire rod becomes less than 80 area%, or the average lamellar spacing of the pearlite in
the central part of the steel wire rod exceeds 100 nm. The reason is that, for example, in a case where the molten salt
temperature is lower than 450°C, the formation of the bainite structure becomes dominant and the fraction of the pearlite
structure is decreased. On the other hand, the reason is that, when the molten salt temperature is the temperature T1
or higher, the lamellar spacing is increased and exceeds 100 nm. In addition, in a case where the immersion time is
outside the above range, the subsequent processes are performed while pearlitic transformation is not completed, so
that the pearlite fraction and the lamellar spacing cannot be controlled.

(Tempering S8: Tempering Temperature 540°C to 600°C, and Tempering Time 30 Seconds to 600 Seconds)

[0068] The patented hot rolled steel is heated to a tempering temperature in a temperature range of 540°C or higher,
retained at this tempering temperature for 30 seconds or longer, and then tempered by being cooled to room temperature.
[0069] From the viewpoint of productivity, the tempering time is preferably 600 seconds or shorter. When the tempering
temperature is too high, the strength of the steel wire rod is insufficient due to excessive tempering, so that the tempering
temperature is set to 600°C or lower. The tempering temperature is the maximum heating temperature in tempering S8,
and the tempering time is the time during which the temperature of the hot rolled steel is retained at the tempering
temperature.

[0070] By the tempering under the above described conditions, the lamellar cementite in the central part is divided,
and a steel wire rod in which the average cementite length of the lamellar cementite in the central partis 1.9 um or less
is obtained. In a case where at least one of the tempering temperature and the tempering time is insufficient, the division
of the lamellar cementite does not proceed sufficiently, and the average cementite length of the lamellar cementite in
the central part of the steel wire rod exceeds 1.9 um, so that the conductivity of the steel wire rod is impaired. In a case
where the tempering temperature is too high, the strength is decreased.

[0071] The steel wire rod according to this embodiment has the features in which the central part contains 80 area%
to 100 area% of pearlite, the average lamellar spacing of the pearlite in the central part is 50 nm to 100 nm, and the
average cementite length of lamellar cementite in the central part is 1.9 um or less, and thus has high tensile strength
and conductivity. Such high tensile strength and conductivity obtained by the above features are maintained even after
drawing of the steel wire rod, so that a steel wire obtained by drawing the steel wire rod according to this embodiment
also has high tensile strength and conductivity. Furthermore, the steel wire rod according to this embodiment has the
features in which the average pearlite block size in the surface part is 0.87 times or less the average pearlite block size
in the central part, so that the ductility of the surface part is good. Therefore, the steel wire obtained by drawing the steel
wire rod according to this embodiment has excellent torsional properties. That is, with the steel wire rod according to
this embodiment, a steel wire excellent in all of tensile strength, conductivity, and torsional properties is obtained.

[Examples]

[0072] Next,examples ofthe presentinvention will be described. The conditions inthe examples are condition examples
adopted for confirming the feasibility and effects of the present invention, and the present invention is not limited to the
condition examples. The present invention can adopt various conditions without departing from the gist of the present
invention as long as the object of the present invention is achieved.

[0073] Steels having chemical compositions shown in Tables 1 and 2 were cast to obtain blooms of 300 mm X 500
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mm. In Tables 1 and 2, values that are equal to or less than levels that are typically regarded as impurities are indicated
by the symbol "-". These blooms were bloomed into billets having a 122 mm square cross section.

These billets are heated to heating temperatures shown in Tables 3 and 4 and retained at the heating temperature for
a predetermined time. The retention time at the heating temperatures was between 900 seconds to 1200 seconds. After
the heating and temperature retention, hot rolling was performed on the billets at finishing temperatures shown in Tables
3 and 4, thereby forming hot rolled steels having wire diameters (diameters) shown in Tables 3 and 4. The hot rolled
steels were water cooled to winding temperatures shown in Tables 3 and 4 and wound. Thereafter, a patenting treatment
was performed by immersing the hot rolled steels in a salt bath having salt temperatures shown in Tables 3 and 4,
whereby pearlitic transformation was completed, within 9 seconds to 25 seconds after the winding. The immersion time
of the hot rolled steels in the salt bath was set to 30 seconds. Thereafter, tempering was performed on the hot rolled
steels to retain the temperature at tempering temperatures shown in Tables 3 and 4 for a tempering time shown in Tables
3 and 4 and thereafter cool the hot rolled steels to room temperature, whereby steel wire rods were obtained.

[0074] The structures of the obtained steel wire rods are shown in Tables 5 and 6.

[0075] The amount of pearlite contained in the central part of the steel wire rod (the fraction of the pearlite structure
in the central part) was obtained by taking structure photographs of nine observation points shown in FIG. 2 in the L-
section of the steel wire rod using the FE-SEM, specifying a non-pearlite region included in each structure photograph,
obtaining the area ratio of the non-pearlite region of each structure photograph through image analysis, calculating the
area ratio of pearlite of each structure photograph based on the area ratio of the non-pearlite region, and averaging the
area ratios of pearlite of the structure photographs.

[0076] The amount of pearlite contained in the surface part of the steel wire rod (the fraction of the pearlite structure
in the surface part) was obtained by taking structure photographs of four observation points uniformly arranged along
the outer circumference of the C-section in the C-section of the steel wire rod and centered on a depth of r X 0.05 from
the circumferential surface of the steel wire rod, using the FE-SEM, specifying a non-pearlite region included in each
structure photograph, obtaining the area ratio of the non-pearlite region of each structure photograph through image
analysis, calculating the area ratio of pearlite of each structure photograph based on the area ratio of the non-pearlite
region, and averaging the area ratios of pearlite of the structure photographs.

[0077] The average pearlite block size (central PBS) in the central part of the steel wire rod was obtained by measuring,
for the nine observation points 13 shown in FIG. 2 in the L-section of the steel wire rod, the average pearlite block size
of each visual field with a visual field size of 250 um X 250 um using the EBSD method, and thereafter calculating the
average value of the average pearlite block sizes of the visual fields. In the measurement, a region surrounded by
boundaries with an orientation difference of 9° or more was regarded as one pearlite block grain, and was analyzed
using the Johnson-Saltykov measurement method.

[0078] The average pearlite block size (surface PBS)in the surface part of the steel wire rod was obtained by performing
measurement on at least four observation points uniformly arranged along the outer circumference of the C-section in
the C-section of the steel wire rod, in the same manner as for the central part. The center of the measurement visual
field was set to a depth of r X 0.05 from the circumferential surface of the steel wire rod.

[0079] The ratio (surface / central PBS ratio) between the average pearlite block size in the surface part of the steel
wire rod and the average pearlite block size in the central part of the steel wire rod was obtained by dividing the surface
PBS by the central PBS described above.

[0080] For the steel wire rod in which the amount of pearlite deviated from the defined range of the present invention
by 5% or more, the measurement of the average pearlite block size was omitted. Therefore, the surface PBS, and/or
central PBS, and the PBS ratio of the steel wire rod in which the amount of pearlite was outside the defined ranges of
the present invention, are indicated by diagonal lines.

[0081] The average lamellar spacing of the pearlite in the central part of the steel wire rod (average lamellar spacing)
was obtained by taking structure photographs of the nine observation points shown in FIG. 2 in the L-section of the steel
wire rod using the FE-SEM, obtaining the average lamellar spacing of the pearlite included in each structure photograph
through the image analysis described above, and further averaging the average lamellar spacings of the structure
photographs.

[0082] The average length of the lamellar cementite in the central part of the steel wire rod (average cementite length)
was obtained by taking structure photographs of the nine observation points shown in FIG. 2 in the L-section of the steel
wire rod using the FE-SEM, obtaining the average length of the lamellar cementite of the pearlite included in each
structure photograph through the image analysis described above, and further averaging the average lengths of the
lamellar cementite of the structure photographs.

[0083] Tables 7 and 8 show the obtained steel wire rods, and mechanical properties electrical properties of wires
obtained by performing dry drawing with a true strain of ¢ = 2.2 on the steel wire rods.

[0084] The tensile strength TS of the steel wire rod was obtained by a tension test. For each steel wire rod, three
tension test pieces having a length of 350 mm were prepared, the tension test was conducted on each tension test piece
at room temperature at a tension rate of 10 mm/min, and the average of the tensile strengths of the three tension test
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pieces was taken as the tensile strength of the steel wire rod. In this example, it was determined that a steel wire rod
having a tensile strength of 1050 MPa or more has sufficient tensile strength.

[0085] The electric resistivity p of the steel wire rod was obtained by taking a test piece having a grade length of 60
mm from the steel wire rod, and measuring the electric resistivity of the test piece at room temperature according to the
four-terminal method. A steel wire rod in which the electric resistivity was equal to or lower than the electric resistivity
threshold defined by Formula (1) or Formula (2) was determined to have relatively low electric resistivity with respect to
the tensile strength and sufficient electric conductivity. Formula (1) is applied to high Si steel wire rods, and Formula (2)
is applied to low Si steel wire rods. For reference, Tables 7 and 8 show which one of Formula (1) and Formula (2) is the
mathematical formula (threshold calculation formula) applied to each steel wire rod.

[0086] Furthermore, as described above, dry drawing with a true strain of ¢ = 2.2 was performed on the steel wire rod
to obtain a wire, and the wire was evaluated. As for the drawing conditions, the average reduction of area of each pass
was set to 17%. A torsion test with a gauge length of 100 times the wire diameter and a torsion speed of 20 rpom was
conducted on the obtained wire three times, and the average value (number of torsion) of the number of times until
fracture and the presence or absence of longitudinal cracking (delamination) were checked. The number of times was
counted in units of 0.5 times. A steel wire rod which is the material of a wire in which the number of torsion was 24.5 or
more and delamination had not occurred in the torsion test was determined to be a steel wire rod from which a wire
having excellent torsional performance was obtained.
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[Table 5]
Structure of wire rod
Test Classification F;)aeC:ﬁirt]eOf FfeC:ﬁirt]eOf Surface | Central Surface/ | Average Averaqe
No. structurein structure in PBS PBS central Iame!lar cementite
central part surface part (pm) (pm) PB.S spacing length
(%) (%) ratio (nm) (pm)
1 81 72 17.0 20.0 0.85 100 1.1
2 91 80 18.0 25.0 0.72 96 1.1
3 92 75 19.0 25.0 0.76 99 1.0
4 93 82 16.5 20.0 0.83 97 1.0
5 91 85 16.0 20.5 0.78 99 1.2
6 94 88 15.0 20.0 0.75 79 1.8
7 92 90 18.5 23.0 0.80 98 1.0
8 95 89 17.0 22.0 0.77 98 1.1
9 88 75 16.5 26.0 0.63 100 1.9
10 95 90 18.0 24.0 0.75 87 14
11 91 88 16.0 19.5 0.82 98 1.0
12 93 90 15.0 20.0 0.75 98 1.2
13 94 88 18.0 25.0 0.72 97 1.0
14 93 90 20.0 27.0 0.74 95 0.8
15 94 85 14.0 17.0 0.82 90 1.5
Example
16 96 89 15.0 17.5 0.86 93 1.2
17 95 90 15.5 22.0 0.70 80 1.1
18 97 95 14.0 20.0 0.70 81 1.8
19 96 91 15.0 25.0 0.60 96 0.9
20 96 90 16.0 21.0 0.76 98 0.9
21 96 92 15.5 20.0 0.78 97 1.2
22 97 94 14.5 17.5 0.83 84 1.8
23 96 93 16.5 19.5 0.85 98 1.2
24 95 93 135 18.0 0.75 90 1.1
25 97 94 14.5 18.0 0.81 80 1.9
26 95 90 15.0 18.5 0.81 81 1.8
27 97 89 175 20.5 0.85 86 1.6
28 98 93 15.5 19.5 0.79 87 1.3
29 98 94 16.0 20.5 0.78 89 1.0
30 99 96 15.5 18.5 0.84 82 1.1

23




10

15

20

25

30

35

40

45

50

55

EP 3 527 681 A1

[Table 6]
Structure of wire rod
Test Classification FI;)aeC:ﬁirt]eOf F?::ﬁiTeOf Surface | Central /Surface Average Averaqe
No. structure in structure in PBS PBS central Iame!lar cementite
central part surface part (pm) (pm) PB.S spacing length
(%) (%) ratio (nm) (pm)
31 97 93 19.0 23.0 0.83 90 1.0
32 97 94 17.0 20.0 0.85 85 1.4
33 96 90 16.0 19.0 0.84 85 1.4
34 99 93 16.0 21.0 0.76 93 1.2
35 99 96 18.0 24.5 0.73 87 0.9
36 Example 98 90 17.5 22.0 0.80 83 0.9
37 98 92 17.5 21.0 0.83 81 1.0
38 98 91 18.0 23.5 0.77 80 0.9
39 99 91 15.5 19.0 0.82 79 1.1
40 97 93 16.0 20.0 0.80 93 1.5
41 75 65 107 20
42 94 90 18.5 22.5 0.82 112 1.1
43 93 87 16.5 24.5 0.67 117 1.0
44 96 90 14.5 17.0 0.85 99 1.3
45 93 86 15.5 19.5 0.79 102 1.1
46 97 94 15.0 17.5 0.86 82 1.8
47 95 93 14.5 17.0 0.85 100 1.7
48 96 94 15.5 17.0 0.91 113 2.3
49 96 92 16.5 25.5 0.65 135 3.1
50 62 35 88 0.5
51 | Comparative 96 90 18.0 235 0.77 94 12
Example

52 78 69 13.0 17.5 0.74 71 15
53 98 95 15.0 19.0 0.79 86 2.0
54 99 96 16.5 18.5 0.89 93 1.3
55 99 82 17.5 19.0 0.92 87 1.0
56 86 65 19.5 99 0.8
57 97 93 16.5 21.0 0.79 96 2.0
58 90 90 15.0 19.5 0.77 77 1.2
59 95 90 14.5 19.0 0.76 105 21
60 99 95 20.5 23.0 0.89 95 1.4
61 98 95 19.0 21.5 0.88 92 1.2

Underlined values are outside the ranges of the present invention.
In a case where the amount of pearlite deviated from the defined range of the present invention by 5% or more, PBS
was not measured, and a diagonal line was drawn.
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[0087] In Tables 1 to 6, values outside the range of the present invention were underlined. In a case of Test Nos. 41
to 61 deviated from the conditions defined in the present invention, at least one of the properties described above did
not reach the target value. Contrary to this, in Test Nos. 1 to 40 satisfying the conditions defined in the present invention,
all the properties described above reached the target values.

[Brief Description of the Reference Symbols]
[0088]

1: steel wire rod
11: central part
12: surface part
13: observation point
14: central axis

Claims
1. A steel wire rod comprising, as a chemical composition, by unit mass%:

C: 0.60% to 1.10%;

Si: 0.005% to 0.350%;

Mn: 0.10% to 0.90%;

Cr: 0.010% to 0.300%;

N: 0.0100% or less;

P: 0.030% or less;

S: 0.030% or less;

Al: 0% to 0.070%;

Ti: 0% to 0.030%;

V: 0% to 0.100%;

Nb: 0% to 0.050%;

Mo: 0% to 0.20%;

B: 0% to 0.0030%; and

a remainder including Fe and impurities,

wherein, when a distance from a circumferential surface to a central axis of the steel wire rod is defined as r in
units of mm, a structure in a central part which is a region from the central axis to r X 0.5 includes 80 area% to
100 area% of pearlite and a total of 0 area% or more and less than 20 area% of proeutectoid ferrite, proeutectoid
cementite, martensite, and bainite,

an average lamellar spacing of the pearlite in the central part is 50 nm to 100 nm,

an average length of lamellar cementite in the central part is 1.9 um or less,

an average pearlite block size in the central part is 15.0 wm to 30.0 pm,

a structure in a surface part which is a region from the circumferential surface tor X 0.1 includes 70 area% to
100 area% of the pearlite, and

an average pearlite block size in the surface part is 0.40 times or more and 0.87 times or less the average
pearlite block size in the central part.

2. The steel wire rod according to claim 1 comprising, as the chemical composition, by unit mass%:
Si: 0.100% to 0.350%, wherein
the average pearlite block size in the surface part is 17.0 wm or less, and

a relationship between a tensile strength TS [MPa] and an electric resistivity p [uQ:-cm] of the steel wire rod
satisfies Formula (1).

p<0.0155x TS +1.25 ... Formula (1)

3. The steel wire rod according to claim 1 comprising, as the chemical composition, by unit mass%:
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Si: 0.005% or more and less than 0.100%, wherein

the average pearlite block size in the surface part is 0.80 times or less the average pearlite block size in the
central part, and

a relationship between a tensile strength TS [MPa] and an electric resistivity p [uQ:-cm] of the steel wire rod
satisfies Formula (2).

P <0.0155x TS - 0.95 ... Formula (2)

4. The steel wire rod according to any one of claims 1 to 3 comprising, as the chemical composition, by unit mass%:

at least one or more selected from the group consisting of
Al: 0.001% to 0.070%,

Ti: 0.002% to 0.030%,

V: more than 0% and 0.100% or less,

Nb: more than 0% and 0.050% or less,

Mo: more than 0% and 0.20% or less, and

B: 0.0003% to 0.0030%.

5. A manufacturing method of a steel wire rod, comprising:

casting a bloom including, as a chemical composition, by unit mass%,

C: 0.60% to 1.10%,

Si: 0.005% to 0.350%,
Mn: 0.10% to 0.90%,
Cr: 0.010% to 0.300%,
N: 0.0100% or less,

P: 0.030% or less,
S:0.030% or less,

Al: 0% to 0.070%,

Ti: 0% to 0.030%,

V: 0% to 0.100%,

Nb: 0% to 0.050%,

Mo: 0% to 0.20%,

B: 0% to 0.0030%, and
a remainder including Fe and impurities;

heating the bloom to a heating temperature in a temperature range of 1150°C or higher and 1250°C or lower;
retaining a temperature of the bloom at the heating temperature for 600 seconds to 7200 seconds;

hot rolling the bloom after the retaining so that a finishing temperature is 950°C or higher and 1050°C or lower
to obtain a hot rolled steel;

water cooling the hot rolled steel to a temperature range of 780°C or higher and 840°C or lower;

winding the hotrolled steel after the water cooling in the temperature range of 780°C or higher and 840°C or lower;
patenting the hot rolled steel after the winding by immersing the hot rolled steel in a molten salt at a temperature
of 450°C or higher and T1°C or lower defined by Formula (3) for 20 seconds to 200 seconds, within 9 seconds
to 25 seconds after the winding; and

tempering the hot rolled steel after the patenting to obtain the steel wire rod by heating the hot rolled steel to a
tempering temperature in a temperature range of 540°C to 600°C, retaining the hot rolled steel at the tempering
temperature for 30 seconds to 600 seconds, and cooling the hot rolled steel to room temperature,

T1[°C] = -r’ [mm] x 16 + 580 ... Formula (3)

where r’ is a distance from a circumferential surface to a central axis of the hot rolled steel in units of mm.

6. The manufacturing method of a steel wire rod according to claim 5,
wherein the steel wire rod includes, as the chemical composition, by unit mass%, at least one or more selected from
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the group consisting of

Al: 0.001 % to 0.070%,

Ti: 0.002% to 0.030%,

V: more than 0% and 0.100% or less,

Nb: more than 0% and 0.050% or less,
Mo: more than 0% and 0.20% or less, and
B: 0.0003% to 0.0030%.
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FIG. 1
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FIG. 2
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FIG. 3
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FIG. 5
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