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Description
Technical Field
[0001] The present disclosure relates to a high-strength steel wire.
Background Art

[0002] Steel wires have been applied to, for example, civil engineering and building structure applications such as
wires for ropes and wires for bridges. The wires for ropes and the wires for bridges have been produced using, for
example, a steel wire obtained by performing patenting treatment of a piano wire rod to have a pearlite structure, followed
by wire drawing and aging treatment of the piano wire.

[0003] Patent Document 1 proposes a high-strength steel wire in which the average aspect ratio of plate-shaped
cementite in pearlite is set to 30 or less in a region having a depth of at least 1/10 d of the surface layer of the steel wire
(d represents the radius of the steel wire).

[0004] Patent Document 2 proposes a high-strength steel wire in which the hardness of a region from a surface to 0.1
D is set to not more than 1.1 times internal hardness assuming that the wire diameter of the steel wire is D.

[0005]

Patent Document 1: Japanese Patent Application Laid-Open (JP-A) No. 2004-360005
Patent Document 2: JP-A No. 2009-280836

SUMMARY OF INVENTION
Technical Problem

[0006] In recent years, for example, high-strength steel wires having a tensile strength of 1,800 MPa or more have
been demanded for the purpose of, e.g., reducing construction costs and reducing the weights of structures in the case
of applying the steel wires to civil engineering and building structure applications.

[0007] However, the hydrogen embrittlement resistance of a steel wire may be deteriorated with increasing the strength
of the steel wire. Accordingly, further improvement in the hydrogen embrittlement resistance of high-strength steel wires
has been demanded.

[0008] An object of the present disclosure is to provide a high-strength steel wire having high strength and excellent
hydrogen embrittlement resistance.

Solution to Problem
[0009] Means for solving the problem described above includes the following aspects.

(1) A high-strength steel wire including a chemical composition including, in terms of % by mass: C : from 0.70 to
1.20%, Si : from 0.10 to 2.00%, Mn : from 0.20 to 1.00%, P : 0.030% or less, S : 0.030% or less, N : from 0.0010 to
0.0100%, Al : from 0 to 0.100%, Cr : from 0 to 2.00%, V : from 0 to 0.30%, B : from 0 to 0.0050%, Ti: from O to
0.050%, Nb : from 0 to 0.050%, Zr : from 0 to 0.050%, Ni : from 0 to 2.00%, Cu : from 0 to 1.00%, Sn : from O to
0.50%, Mg : from 0 to 0.010%, and Ca : from 0 to 0.010%, the balance being Fe and impurities, wherein: a metal-
lographic microstructure includes a pearlite structure having an area ratio of 95% or more, an average aspect ratio
R of a pearlite block, measured in a surface layer in a cross section in an axial direction including an axis of the
steel wire, is 2.0 or more, assuming that a diameter of the steel wire is D, a ratio of an average aspect ratio of pearlite
block, measured in the surface layer, to an average aspect ratio of pearlite block, measured at a position of 0.25D,
is 1.1 or more in the cross section in the axial direction including the axis of the steel wire, and a tensile strength of
the steel wire is 1,800 MPa or more.

(2) The high-strength steel wire according to the above (1), wherein the chemical composition includes, in terms of
% by mass, one or more of: Al : from 0.005 to 0.100%, Cr : from 0.01 to 2.00%, V : from 0.01 to 0.30%, B : from
0.0001 to 0.0050%, Ti : from 0.001 to 0.050%, Nb : from 0.001 to 0.050%, Zr : from 0.001 to 0.050%, or Ni : from
0.01 to 2.00%.

(3) The high-strength steel wire according to the above (1) or (2), wherein a content of Al in the chemical composition
is, in terms of % by mass, from more than 0.005 to 0.100%.

(4) The high-strength steel wire according to any one of the above (1) to (3), wherein the steel wire has a diameter
of from 2.5 mm to 9.5 mm.
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Advantageous Effects of Invention

[0010] According to the present disclosure, a high-strength steel wire having high strength and excellent hydrogen
embrittlement resistance can be provided.

BRIEF DESCRIPTION OF DRAWINGS
[0011]

Fig. 1 is a schematic view illustrating a cross section orthogonal to the direction of an axis including the axis of a
steel wire which is a high-strength steel wire of the present disclosure.

Fig. 2 is a schematic view illustrating a cross section in the direction of an axis including the axis of a steel wire
which is a high-strength steel wire of the present disclosure.

DESCRIPTION OF EMBODIMENTS

[0012] For suppressing the deterioration of the hydrogen embrittiement resistance of a high-strength steel wire having
a tensile strength of 1,800 MPa or more, it is effective to allow the metallographic microstructure of the steel wire to be
a pearlite structure in which a pearlite block extends along the direction of the axis of the steel wire (the longitudinal
direction of the steel wire). The pearlite structure includes a layer structure of a cementite phase and a ferrite phase.
The layer structure forms hydrogen intrusion resistance to the growth of a crack (hydrogen embrittlement resistance).
In a case in which the pearlite block extends along the direction of the axis of the steel wire, the orientation of the layer
structure of the pearlite structure becomes uniform, and therefore, the deterioration of the hydrogen embrittlement
resistance is suppressed.

[0013] In other words, even when the strength of the steel wire is 1,800 MPa or more, the steel wire can have excellent
hydrogen embrittlement resistance in a case in which the metallographic microstructure satisfies all of the following
conditions.

1) The metallographic microstructure is a pearlite structure having an areal ratio of 95% or more.

2) The average aspect ratio R of the pearlite block, measured in a surface layer in a cross section in the direction
of an axis including the axis of the steel wire, is 2.0 or more.

3) Assuming that the diameter of the steel wire is D, (average aspect ratio of pearlite block, measured in surface
layer)/(average aspect ratio of pearlite block, measured at a position of 0.25D) in the cross section in the direction
of the axis including the axis of the steel wire is 1.1 or more.

[0014] Accordingly, the high-strength steel wire of the present disclosure is a steel wire having high strength and
excellent hydrogen embrittlement resistance, and is therefore useful in, for example, applications such as wires for ropes
and wires for bridges, used in civil engineering and building structures.

[0015] Herein, "cross section in direction of axis including axis of steel wire" refers to a cross section that is cut along
the direction of the axis (the longitudinal direction, i.e., the wire drawing direction) of a steel wire, including the central
axis of the steel wire, and that is parallel to the direction of the central axis.

[0016] Herein, "central axis"refers toanimaginary line that passes through the center point of a cross section orthogonal
to the direction of the axis (the longitudinal direction) of a steel wire, and that extends in the direction of the axis.
[0017] Referring now to Fig. 2, Fig. 2 is a schematic view illustrating a cross section in the direction of an axis including
the axis of a steel wire. In Fig. 2, S represents a surface layer, Q represents a central axis, and D represents the diameter
of the steel wire. As illustrated in Fig. 2, the cross section in the direction of the axis including the axis of the steel wire
refers to a plane cut along a plane parallel to the central axis Q along the central axis Q of the steel wire in the direction
of the central axis Q.

[0018] Herein, "surface layer" refers to a region from the surface of a steel wire to a depth of 100 pm toward a central
axis (toward a radial direction).

[0019] Herein, "0.25D" refers to a position at a depth that is 0.25 times a diameter D from the surface of a steel wire
toward a central axis (toward a radial direction) assuming that the diameter of the steel wire is D.

[0020] Referring now to Fig. 1, Fig. 1 is a schematic view illustrating a cross section orthogonal to the direction of the
axis of a steel wire. In Fig. 1, S represents a surface layer, D represents the diameter of the steel wire, and 0.25D
represents a position of 0.25D. As illustrated in Fig. 1, the surface layer S refers to a region from the surface of the steel
wire to a depth of 100 um toward a central axis. 0.25D refers to a position at a depth that is 0.25 times the diameter D
from the surface of the steel wire toward the central axis.

[0021] A numerical range expressed by "x to y" herein includes the values of x and y in the range as the minimum and
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maximum values, respectively. A numerical range in a case in which "more than" or "less than" is attached to the numerical
value of x ory in the numerical range expressed by "x to y" means a range excluding the numerical value as the minimum
or maximum value.

[0022] The content of a component (element) expressed by "%" herein means "% by mass".

[0023] The contentof C (carbon) may be herein occasionally expressed as "C content". The content of another element
may be expressed similarly.

[0024] The term "step" herein encompasses not only an independent step but also a step of which the desired object
is achieved even in a case in which the step is incapable of being definitely distinguished from another step.

[0025] First, the reason why the ranges of elements contained in the high-strength steel wire in the present disclosure
are limited will be described.

[0026] The chemical composition of the high-strength steel wire of the present disclosure includes a chemical com-
position including, in terms of % by mass: C : from 0.70 to 1.20%, Si : from 0.10 to 2.00%, Mn : from 0.20 to 1.00%, P :
0.030% or less, S: 0.030% or less, N : from 0.0010 to 0.0100%, Al from 0 to 0.100%, Cr : from 0 to 2.00%, V : from 0
t0 0.30%, B : from 0 to 0.0050%, Ti : from 0 to 0.050%, Nb : from 0 to 0.050%, Zr : from 0 to 0.050%, Ni: from 0 to 2.00%,
Cu : from 0 to 1.00%, Sn : from 0 to 0.50%, Mg : from 0 to 0.010%, and Ca : from 0 to 0.010%, the balance being Fe
and impurities.

[0027] C is added to secure the tensile strength of the steel wire. A C content of less than 0.70% results in generation
of pro-eutectoid ferrite, thereby precluding security of a predetermined tensile strength. In contrast, a C content of more
than 1.20% results in an increase in the amount of pro-eutectoid cementite, thereby deteriorating wire drawability.
Therefore, the C content was set at from 0.70 to 1.20%. In view of achieving both high strength and wire drawability,
the preferred range of the C content is from 0.80 to 1.15%, and the more preferred range of the C content is from 0.90
to 1.10%.

[0028] Si has the effects of enhancing relaxation characteristics and of enhancing a tensile strength by solid solution
strengthening. A Si content of less than 0.10% causes the effects to be insufficient. In contrast, a Si content of more
than 2.00% results in the saturation of the effects and in the deterioration of hot ductility, thereby deteriorating product-
ability. Therefore, the Si content was set at from 0.10 to 2.00%. The preferred range of the Si content is from 0.20 to
1.80%, and the more preferred range of the Si content is from 0.50 to 1.50%.

[0029] Mn has the effect of enhancing the tensile strength of a steel after pearlite transformation. A Mn content of less
than 0.20% causes the effect to be insufficient. In contrast, a Mn content of more than 1.00% results in the saturation
of the effect. Therefore, the Mn content was set at from 0.20 to 1.00%. The preferred range of the Mn content is from
0.30 to 0.90%, and the more preferred range of the Mn content is from 0.40 to 0.80%.

[0030] P and S are contained as impurities. P and S segregate in crystal grain boundaries, thereby deteriorating
hydrogen embrittlement resistance, and therefore, P and S contents should be reduced. Therefore, each of the upper
limits of the P and S contents was set at 0.030%. Each of the preferred ranges of the P and S contents is 0.020% or
less, and each of the more preferred ranges of the P and S contents is 0.015% or less. The lower limit values of the P
and S contents are not particularly limited, and may be more than 0%. For example, each of the lower limit values may
be 0.0001% or more in view of reducing a dephosphorization cost and a desulfurization cost.

[0031] An excessive N content results in the deterioration of hydrogen embrittlement resistance. Therefore, the N
content was set at 0.0100% or less. In contrast, N has the effect of enhancing relaxation characteristics. N has the effects
of forming a nitride with Al, Ti, Nb, and V and reducing a crystal particle diameter to improve ductility. A N content of
less than 0.0010% precludes the obtainment of the effects. Therefore, the N content was set at from 0.0010 to 0.0100%.
The N content is preferably from 0.0010 to 0.0080%, and more preferably from 0.0010 to 0.0050%.

[0032] The high-strength steel wire of the present disclosure may include one or more elements of Al, Cr, V, B, Ti,
Nb, Zr, or Ni. In a case in which the high-strength steel wire of the present disclosure includes the elements, the steel
wire may include, in terms of % by mass, one or more of: Al :from 0.005 to 0.100%, Cr : from 0.01 to 2.00%, V : from
0.01 to 0.30%, B : from 0.0001 to 0.0050%, Ti : from 0.001 to 0.050%, Nb : form 0.001 to 0.050%, Zr : 0.001 to 0.050%,
or Ni from 0.01 to 2.00%.

[0033] Al is an optional element. Accordingly, an Al content may be 0%.

[0034] Al functions as a deoxidization element. Al has the effect of forming AIN and reducing the diameters of crystal
grains to improve ductility, and the effect of reducing solid solution N to improve hydrogen embrittlement resistance. In
this respect, the Al content may also be more than 0%. An Al content of 0.005% or more is preferred for enabling the
effects to be sufficiently obtained. The Al content is still more preferably more than 0.005%, still more preferably 0.008%
or more, still more preferably 0.010% or more, and still more preferably 0.020% or more. In contrast, an Al content of
more than 0.100% may result in the saturation of the effects and in the deterioration of productability. Therefore, the Al
content is preferably set at 0.100% or less, and preferably set at 0.060 or less. Accordingly, the Al content in the case
of the inclusion of Al is preferably set at from 0.005 to 0.100%, preferably from more than 0.005 to 0.100%, and may be
from 0.008 to 0.060%.

[0035] Cris an optional element. Accordingly, a Cr content may be 0%.
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[0036] Cr has the effect of enhancing the tensile strength of a steel after pearlite transformation. In this respect, the
Cr content may also be more than 0%. A Cr content of 0.01% or more is preferred for enabling the effect to be sufficiently
obtained. In contrast, a Cr content of more than 2.00% results in an increase in alloy cost. In addition, the generation of
a martensite structure may be facilitated, thereby deteriorating wire drawability and hydrogen embrittlement resistance.
Therefore, the Cr content in the case of the inclusion of Cr is preferably set at from 0.01 to 2.00%. The preferred range
thereof is from 0.10 to 0.50%.

[0037] V is an optional element. Accordingly, a V content may be 0%.

[0038] V has the effect of precipitating a carbide VC to enhance a tensile strength and to improve hydrogen embrit-
tlement resistance. In this respect, the V content may also be more than 0%. A V content of 0.01% or more is preferred
for enabling the effect to be sufficiently obtained. In contrast, a V content of more than 0.30% results in an increase in
alloy cost. Therefore, the V content in the case of the inclusion of V is preferably set at from 0.01 to 0.30%. The preferred
range thereof is from 0.02 to 0.10%.

[0039] B is an optional element. Accordingly, a B content may be 0%.

[0040] B has the effects of enhancing a tensile strength after pearlite transformation and of improving hydrogen
embrittlement resistance. In this respect, the B content may also be more than 0%. A B content of 0.0001 % or more is
preferred for enabling the effects to be sufficiently obtained. In contrast, a B content of more than 0.0050% results in
the saturation of the effects. Therefore, the B content in the case of the inclusion of B is preferably set at from 0.0001
to 0.0050%. The preferred range thereof is from 0.0005 to 0.0020%.

[0041] Tiis an optional element. Accordingly, a Ti content may be 0%.

[0042] Tifunctions as a deoxidization element, and has the effects of precipitating a carbide and a nitride to enhance
a tensile strength and of reducing the diameters of crystal grains to improve ductility. In this respect, the Ti content may
also be more than 0%. A Ti content of 0.001 % or more is preferred for enabling the effects to be sufficiently obtained.
In contrast, a Ti content of more than 0.050% results in the saturation of the effects, and may result in the generation of
a coarse oxide, thereby deteriorating wire drawability. Therefore, the Ti content in the case of the inclusion of Ti is
preferably set at from 0.001 to 0.050%. The preferred range thereof is from 0.005 to 0.020%.

[0043] Nb is an optional element. Accordingly, a Nb content may be 0%.

[0044] Nb has the effects of precipitating a carbide and a nitride to enhance a tensile strength and of reducing the
diameters of crystal grains to improve ductility. In this respect, the Nb content may be more than 0%. A Nb content of
0.001 % or more is preferred for enabling the effects to be sufficiently obtained. In contrast, a Nb content of more than
0.050% may result in the saturation of the effects and in the deterioration of twisting characteristics. Therefore, the Nb
content in the case of the inclusion of Nb is preferably set at from 0.001 to 0.050%. The preferred range thereof is from
0.005 to 0.020%.

[0045] Zris an optional element. Accordingly, a Zr content may be 0%.

[0046] Zrfunctions as a deoxidization element. Zr has the effect of forming a sulfide to reduce solid solution S and to
improve hydrogen embrittlement resistance. In this respect, the Zr content may also be more than 0%. A Zr content of
0.001 % or more is preferred for enabling the effect to be sufficiently obtained. In contrast, a Zr content of more than
0.050% may result in the saturation of the effect and in the generation of a coarse oxide, thereby deteriorating wire
drawability. Therefore, the Zr content in the case of the inclusion of Zr is preferably set at from 0.001 to 0.050%. The
preferred range thereof is from 0.002 to 0.020%.

[0047] Niis an optional element. Accordingly, a Ni content may be 0%.

[0048] Ni has the effect of suppressing the intrusion of hydrogen. In this respect, the Ni content may also be more
than 0%. A Ni content of 0.01% or more is preferred for enabling the effect to be sufficiently obtained. In contrast, a Ni
content of more than 2.00% results in an increase in alloy cost. In addition, the generation of a martensite structure may
be facilitated, thereby deteriorating wire drawability and hydrogen embrittlement resistance. Therefore, the Ni content
in the case of the inclusion of Ni is preferably set at from 0.01 to 2.00%. The preferred range thereof is from 0.05 t0 0.50%.
[0049] One or more elements of Cu, Sn, Mg, or Ca may further be included as optional constituents. Accordingly, the
contents of the elements may be, in terms of % by mass, 0%. In a case in which the elements are included, in terms of
% by mass, Cu : from more than 0 to 1.00%, Sn : from more than 0 to 0.50%, Mg : from more than 0 to 0.010%, and
Ca : from more than 0 to 0.010%, are acceptable.

[0050] The balance is Fe and impurities. In the chemical composition of the high-strength steel wire of the present
disclosure, the balance excluding each element described above is Fe and impurities.

[0051] The impurities refer to components which are contained in a raw material or mixed into in a production step,
and which are not intentionally incorporated into a steel.

[0052] Examples of the impurities include O (oxygen).

[0053] In a steel, O is contained as an impurity and present as an oxide of Al, Ti, or the like. A large O content results
in the formation of a coarse oxide, thereby causing disconnection in wire drawing. Therefore, an O content is preferably
reduced to 0.01% or less. The lower limit of the O content is not particularly limited, and may be, for example, more than
0%, and 0.001% or more.



10

15

20

25

30

35

40

45

50

55

EP 3 492 616 A1

[0054] In the high-strength steel wire of the present disclosure, a steel wire having the constituents described above
is allowed to have the specific metallographic microstructure described above. The reason for limiting the metallographic
microstructure will now be described.

[0055] In a case in which the areal ratio of the pearlite structure is less than 95% in the metallographic microstructure
of the steel wire, a strength is decreased, and twisting characteristics are deteriorated. Therefore, the lower limit of the
areal ratio of the pearlite structure was set to 95%. The areal ratio of the pearlite structure may be 96% or more. The
upper limit of the areal ratio of the pearlite structure may be 100% or less, and may be 99% or less.

[0056] In the high-strength steel wire of the present disclosure, a region in which the average aspect ratio R of the
pearlite block is defined is from the surface of the steel wire to a position having a depth of 100 wm (surface layer). In
the high-strength steel wire of the present disclosure, the rate of the average aspect ratio of the pearlite block, measured
in the surface layer, with respect to the average aspect ratio of the pearlite block, measured at a position of 0.25D, is
defined.

[0057] The extension of the pearlite block in the surface layer of the steel wire in a wire drawing direction is effective
for imparting excellent hydrogen embrittlement resistance to the high-strength steel wire having a tensile strength of
1,800 MPa or more.

[0058] The pearlite structure includes a layer structure of a cementite phase and a ferrite phase. The layer structure
forms resistance to the intrusion of hydrogen from the surface layer (hydrogen embrittlement resistance). In a case in
which the pearlite block in the surface layer of the steel wire extends along the wire drawing direction (the longitudinal
direction of the steel wire), the orientation of the layer structure of the pearlite structure in the surface layer of the steel
wire becomes uniform. Therefore, a large number of layers having the pearlite structure are layered, and therefore, the
deterioration of hydrogen embrittlement resistance is suppressed.

[0059] In a case in which the average aspect ratio R of the pearlite block, measured in the surface layer of the steel
wire, in a cross section in the direction of an axis including the axis of the steel wire is less than 2.0, it is impossible to
obtain the effects described above. Therefore, the resistance to the intrusion of hydrogen from the surface is not sufficiently
improved, and therefore, the hydrogen embrittlement resistance is deteriorated. Accordingly, the average aspect ratio
R is set at 2.0 or more. The average aspect ratio R is preferably 2.5 or more, and still more preferably 3.0 or more. The
upper limit of the average aspect ratio R is not particularly limited, and may be for example, 15 or less, 12 or less, and
10 or less in view of productivity.

[0060] The concentration of a strain on the surface layer is effective for efficiently suppressing the deterioration of the
hydrogen embrittlement resistance of the steel wire. An internal strain becomes higher, thereby deteriorating hydrogen
embrittlement resistance, in a case in which the rate of an average aspect ratio, expressed by the following equation,
is less than 1.1, assuming that the diameter of the steel wire is D in a cross section in the direction of an axis including
the axis of the steel wire. The average aspect ratio of the pearlite block, measured in the surface layer, represents the
same meaning as the above-described average aspect ratio R.

[0061] (Equation) Rate of average aspect ratio = (average aspect ratio of pearlite block, measured in surface lay-
er)/(average aspect ratio of pearlite block, measured at position of 0.25D)

[0062] The strain of the surface layer is equivalent to the strain of the interior, or the strain received by the interior is
higher than the strain received by the surface layer in a case in which the rate of the average aspect ratio of the above
equation is low (less than 1.1) in the cross section in the direction of the axis including the axis of the steel wire (i.e., in
a case in which the extension of the pearlite block in the surface layer is equal to or less than that of the pearlite block
in the interior). Therefore, the strain applied to the surface layer is insufficient with respect to the strain applied to the
interior. In the steel wire, ductility is deteriorated, and a crack is prone to be generated, whereby hydrogen embrittlement
resistance is deteriorated, in a case in which the strain is not sufficiently applied to the surface layer, and the strain of
the interior is high. Therefore, a strain is concentrated on the surface layer to set the rate of the average aspect ratio of
the equation described above at 1.1 or more. For example, the total reduction of area in wire drawing is increased in
order to apply high strains to both of the surface layer and interior of the steel wire. As a result, the rate of the average
aspect ratio of the equation described above is less than 1.1, the ductility of the steel wire is deteriorated, and a crack
is prone to be generated.

[0063] The rate of the average aspect ratio expressed by the equation described above is preferably 1.2 or more, and
more preferably 1.3 or more, in view of further suppressing the deterioration of hydrogen embrittlement resistance. The
upper limit of the rate of the average aspect ratio is not particularly limited, and may be, for example, 5 or less, 3 or less,
and 2 or less in view of productivity.

[0064] A method of measuring a metallographic microstructure was as follows.

[0065] The areal ratio of the pearlite structure of the steel wire was determined by the following procedure. First, a
cross section orthogonal to the axis of the steel wire (hereinafter also referred to as "C cross section") is etched using
picral, to allow a metallographic microstructure to appear. Then, metallographic microstructures at the center position
of the surface layer (a position having a depth of 50 um from the surface of the steel wire) and a position having a depth
of 0.25D, assuming that the diameter of the steel wire is D, are observed. The observation of the metallographic micro-



10

15

20

25

30

35

40

45

50

55

EP 3 492 616 A1

structures is performed by photographing nine spots in total of four spots formed by rotating the steel wire every 90°
about the axis of the steel wire and one spot in the center by using an SEM. The metallographic microstructures in a
region of 120 wm in a circumferential direction and 90 wm in a central direction are photographed with the SEM at a
magnification of 1,000 times.

[0066] Referring now to Fig. 1, spots at which the areal ratio of the pearlite structure of the steel wire is measured are
nine spots in total of four spots at the center position of the surface layer S (a position having a depth of 50 wm from the
surface of the steel wire), four spots at a position of 0.25D, and one spot in the center C.

[0067] Non-pearlite structures (each structure of ferrite, bainite, martensite, or pro-eutectoid cementite) in the taken
structure photographs are marked by visual observation, and the areal ratio of each structure is determined by image
analysis. The areal ratio of the pearlite structure is determined by subtracting the areas of the non-pearlite structures
from the whole of an observed visual field. Such areal ratios are measured for two samples, and the average value of
the areal ratios is determined as the pearlite areal ratio of the whole steel wire.

[0068] The average aspect ratio of the pearlite block in the surface layer was determined by the following procedure.
[0069] First, a pearlite block grain boundary in a cross section in the direction of an axis including the axis of the steel
wire (hereinafter also referred to as "L cross section") is detected using an EBSD (electron back scatter diffraction pattern)
device. In this case, the crystal orientation of bcc-Fe at each measurement point is measured at a measurement step
set at 0.3 um, and boundaries having an orientation difference of 9 degrees or more are determined in a region from
the surface of the steel wire to 100 um in the central axis direction (radial direction) of the steel wire and 500 pm in the
longitudinal direction of the steel wire, per L cross section. A region surrounded by the boundaries is regarded as a
pearlite block grain. In an obtained crystal orientation map, 20 pearlite blocks is chosen in the order from the maximum
equivalent circle diameter in the group of pearlite blocks in a measurement region. Then, each aspect ratio of the 20
chosen pearlite blocks (the ratio of the major diameter to the minor diameter of each pearlite block, i.e., major diame-
ter/minor diameter) is determined, and the average value of the aspect ratios of the 20 pearlite blocks is determined.
Four samples in total sampled from two spots in both sides per L cross section and further from other sites in the steel
wire are investigated in the pearlite block, and the average value of the average aspect ratios of eight spots in total is
regarded as the average aspect ratio of the pearlite block in the surface layer.

[0070] Then, the average aspect ratio of the pearlite blocks at eight spots in total is similarly determined in a region
of 100 wm in the direction of a central axis about a position having a depth of 0.25D from the surface of the steel wire,
assuming that the diameter of the steel wire is D, and 500 wm in a longitudinal direction steel wire in the samples in a
similar manner. The rate thereof to the average aspect ratio of the pearlite block in the surface layer (average aspect
ratio of pearlite block, measured in surface layer)/(average aspect ratio of pearlite block, measured at position of 0.25D)
is determined.

[0071] Referring now to Fig. 2, in the surface layer S, the spot at which the aspect ratio is measured is a region of 100
wm in the direction of the central axis of the steel wire and 500 wm in the longitudinal direction of the steel wire from the
surface. In 0.25D, the spot is a region of 100 um in the direction of a central axis about a position having a depth of
0.25D (range of 100 wm of up to 50 wm in a direction from 0.25D to a surface and up to 50pm in a direction from 0.25D
to a central axis about a position having a depth of 0.25D) and 500 um in the longitudinal direction of the steel wire. As
illustrated in Fig. 2, the measurement is performed in the surface layer in both sides and 0.25D in both sides with respect
to the central axis Q in the L cross section.

[0072] The tensile strength of the steel wire according to the embodiment will now be described. In a case in which
the tensile strength of the steel wire is less than 1,800 MPa, the effects of reducing a construction cost and a weight
become small in the case of, for example, application to an application of a civil engineering or building structure.
Therefore, the lower limit of the tensile strength was set at 1,800 MPa in the high-strength steel wire of the present
disclosure.

[0073] The upper limit of the tensile strength is not particularly limited. In a case in which the tensile strength is too
high, ductility may be deteriorated, and a crack may be generated in wire drawing. In this respect, the tensile strength
may be 3,000 MPa or less, and may be 2,800 MPa or less.

[0074] From the viewpoint of producing the steel wire having the metallographic microstructure and tensile strength
described above and the viewpoint of the applications described above, the diameter (wire diameter) of the high-strength
steel wire of the present disclosure is preferably from 2.5 mm to 9.5 mm, may be from 3.0 mm to 9.0 mm, and may be
from 3.5 mm to 8.5 mm.

[0075] The diameter of the steel wire represents the same meaning as the wire diameter of the steel wire.

[0076] An example of a preferred method of producing the high-strength steel wire of the present disclosure will now
be described. The method of producing the high-strength steel wire of the present disclosure is not particularly limited,
and examples of the preferred production method include the following aspects.

[0077] The first aspect includes a step of heating a billet having a specific chemical composition to from 1,000 to
1,150°C, a step of hot-rolling the billet at a finish rolling temperature of from 800 to 950°C, to thereby obtain a wire rod,
a step of directly immersing the wire rod at from 800 to 950°C in a molten salt bath at from 500 to 600°C for 50 seconds
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or more, to thereby perform pearlite transformation treatment of the wire rod, a step of further water-cooling the wire rod
from 400°C or more to 300°C or less, a step of performing wire drawing, at a total reduction of area of from 70 to 95%,
of the wire rod subjected to the pearlite transformation treatment, and a step of performing aging treatment, at 450°C
or less, of the wire rod subjected to the wire drawing.

[0078] The second aspect includes a step of heating a billet having a specific chemical composition to from 1,000 to
1,150°C, a step of hot-rolling the billet at a finish rolling temperature of from 800 to 950°C, to thereby obtain a wire rod,
a step of air-blast-cooling the wire rod at from 800 to 950°C, to thereby perform pearlite transformation treatment of the
wire rod, a step of performing wire drawing, at a total reduction of area of from 70 to 95%, of the wire rod subjected to
the pearlite transformation treatment, and a step of performing aging treatment, at 450°C or less, of the wire rod subjected
to the wire drawing.

[0079] The third aspect includes a step of heating a billet having a specific chemical composition to from 1,000 to
1,150°C, a step of hot-rolling the billet at a finish rolling temperature of from 800 to 950°C, to thereby obtain a wire rod,
a step of cooling the wire rod at from 800 to 950°C and reheating the cooled wire rod in a temperature range of 950°C
or more, a step of immersing the reheated wire rod in a Pb bath or a molten salt bath and maintaining the wire rod at
from 500 to 600°C, to thereby perform pearlite transformation treatment of the wire rod, a step of performing wire drawing,
at a total reduction of area of from 70 to 95%, of the wire rod subjected to the pearlite transformation treatment, and a
step of performing aging treatment, at 450°C or less, of the wire rod subjected to the wire drawing.

[0080] In each of the aspects described above, the wire drawing is performed in the following manner. A strength is
applied at a reduction of area of 12% or less (preferably from 3% to 9%) by using a die having an approach half angle
of 10 degrees or more (preferably 20 degrees or less) in the case of wire drawing in at least a final pass at a total
reduction of area ranging from 70 to 95%. In other words, such conditions may be adopted not only in the final pass but
also in the final pass and plural passes including the final pass.

[0081] In each of the aspects described above, the chemical composition of the billet is similar to the chemical com-
position of the high-strength steel wire described above. The chemical composition of the billet is described below.
[0082] The chemical composition of the billet includes : C : from 0.70 to 1.20%, Si: from 0.10 to 2.00%, Mn : from
0.20to 1.00%, P : 0.030% or less, S : 0.030% or less, N : from 0.0010 to 0.0100%, Al : from 0 to 0.100%, Cr : from O to
2.00%, V : from 0 to 0.30%, B : from 0 to 0.0050%, Ti : from 0 to 0.050%, Nb : from 0 to 0.050%, Zr : from 0 to 0.050%,
Ni : from 0 to 2.00%, Cu : from 0 to 1.00%, Sn : from 0 to 0.50%, Mg : from 0 to 0.010%, and Ca : from 0 to 0.010%, the
balance being Fe and impurities.

[0083] The aspects have been described above as the examples of the preferred method of producing the high-
strength steel wire of the present disclosure. According to the aspects described above, a steel wire having high strength
and excellent hydrogen embrittlement resistance can be easily produced.

EXAMPLES

[0084] Steel types A to L having chemical compositions set forth in Table 1 were heated under conditions set forth in
Table 2, hot-rolled, coiled in a ring shape, and immersed in a molten salt tank in rear of a hot-rolling line at a temperature
set forth in Table 2, to be subjected to patenting treatment and to produce wire rods. Instead of immersing the steel
types in the molten salt tank to be subjected to the patenting treatment, some thereof were air-blast-cooled to thereby
produce wire rods. Then, the wire drawing of the obtained wire rods was performed to achieve wire diameters after the
wire drawing, set forth in Table 3, and the wire rods were heated after the wire drawing and subjected to aging treatment,
to thereby produce steel wires set forth in test numbers 1 to 22.

[0085] The wire rods that had been hot-rolled and then cooled were reheated under conditions set forth in Table 4
and immersed in a Pb bath at a temperature set forth in Table 4, to be subjected to patenting treatment and to produce
wire rods. Then, the wire drawing of the obtained wire rods was performed to achieve wire diameters after the wire
drawing, set forth in Table 5, and the wire rods were heated after the wire drawing and subjected to aging treatment, to
thereby produce steel wires set forth in test numbers 23 to 25.
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[Table 4]
Wire Reheating Patenting Totgl Reduc.:tlo.n of Die approach half
Test Steel . reduction area in final S
diameter | temperature temperature angle in final pass
number | type of area pass
(mm) (°C) °C) (%) (%) ©)
23 E 13.0 950 580 82.1 7.5 12
24 13.5 950 580 83.4 7.5 12
25 | 13.0 950 580 82.1 7.5 12

13
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[0086] The following tests were conducted on the steel wires.

[0087] A tensile strength test was conducted using a specimen No. 9A according to JIS Z 2241: 2011. The results are
set forth in Table 3 and Table 5.

[0088] The areal ratio of a metallographic microstructure, the average aspect ratio R of a pearlite block, measured in
a surface layer, and a rate between the average aspect ratio of the pearlite block, measured in the surface layer, and
an average aspect ratio at a position of 0.25D from the surface layer (average aspect ratio of pearlite block, measured
in surface layer/average aspect ratio of pearlite block, measured at position of 0.25D) were determined as described
above. The results are set forth in Table 3 and Table 5.

[0089] Hydrogenembrittlementresistance was evaluated by an FIP test. Specifically, the steel wires of the test numbers
1to 25 were immersed in a NH,SCN solution having a concentration of 20% at 50°C, a load that was 0.8 times a breaking
load was loaded on the steel wires, and fracture times were evaluated. A ratio of a solution volume to a specimen surface
area (solution volume/specimen surface area) was set at 12 cc/cm2. In the FIP test, 12 wires were evaluated for each
steel wire, and the average value thereof was regarded as a hydrogen embrittlement time. In a case in which the hydrogen
embrittlement time was 10 hours or more, it was determined that hydrogen embrittlement resistance was favorable
(expressed by G in each table). In the case that did not meet the condition described above, it was determined that
hydrogen embrittlement resistance was poor (expressed by NG in each table). The results are set forth in Table 3 and
Table 5.

[0090] Each of the steel wires of the test numbers 1 to 11, and 20 to 25, satisfying all the requirements of the high-
strength steel wire of the present disclosure, has a tensile strength of 1,800 MPa or more and favorable hydrogen
embrittlement resistance.

[0091] In contrast, the steel wire of the test number 12 has a low tensile strength although having favorable hydrogen
embrittlement resistance. In addition, the areal ratio of the pearlite structure, the average aspect ratio R of the pearlite
block, measured in the surface layer, and (average aspect ratio of pearlite block, measured in surface layer)/(average
aspect ratio of pearlite block, measured at position of 0.25D) fall outside the scope of the present disclosure.

[0092] In each of the steel wires of the test numbers 13 and 15, the average aspect ratio R of the pearlite block,
measured in the surface layer, is less than the lower limit of the present disclosure, and hydrogen embrittlement resistance
is poor.

[0093] In the steel wire of the test number 14, the areal ratio of the pearlite structure is less than the lower limit of the
present disclosure, and hydrogen embrittlement resistance is poor.

[0094] In the steel wire of the test number 16, the areal ratio of the pearlite structure, and the average aspect ratio R
of the pearlite block, measured in the surface layer, are less than the lower limits of the present disclosure, and hydrogen
embrittiement resistance is poor.

[0095] Inthe steel wire of the test number 17, the average aspectratio R of the pearlite block, measured in the surface
layer, and (average aspect ratio of pearlite block, measured in surface layer)/(average aspect ratio of pearlite block,
measured at position of 0.25D) are less than the lower limits of the present disclosure, and hydrogen embrittlement
resistance is poor.

[0096] In the steel wire of the test number 18, the tensile strength is less than the lower limit of the present disclosure
although hydrogen embrittlement resistance is favorable. In addition, the areal ratio of the pearlite structure, and (average
aspect ratio of pearlite block, measured in surface layer)/(average aspect ratio of pearlite block, measured at position
of 0.25D) are less than the lower limits of the present disclosure.

[0097] In the steel wire of the test number 19, (average aspect ratio of pearlite block, measured in surface layer)/(av-
erage aspect ratio of pearlite block, measured at position of 0.25D) is less than the lower limit of the present disclosure,
and hydrogen embrittlement resistance is poor.

[0098] The entire disclosure of Japanese Patent Application No. 2016-150584 is incorporated herein by reference.
[0099] All documents, patent applications, and technical standards described in this specification are herein incorpo-
rated by reference to the same extent as if each individual document, patent application, or technical standard was
specifically and individually indicated to be incorporated by reference.

Claims
1. A high-strength steel wire comprising a chemical composition comprising, in terms of % by mass:

C : from 0.70 to 1.20%,
Si: from 0.10 to 2.00%,
Mn : from 0.20 to 1.00%,
P :0.030% or less,
S:0.030% or less,
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N : from 0.0010 to 0.0100%,
Al : from 0 to 0.100%,

Cr: from 0 to 2.00%,

V : from 0 to 0.30%,

B : from 0 to 0.0050%,

Ti: from 0 to 0.050%,

Nb : from 0 to 0.050%,

Zr : from 0 to 0.050%,

Ni : from 0 to 2.00%,

Cu : from 0 to 1.00%,

Sn : from 0 to 0.50%,

Mg : from 0 to 0.010%, and
Ca: from 0 to0 0.010%,

the balance being Fe and impurities, wherein:

a metallographic microstructure comprises a pearlite structure having an area ratio of 95% or more,

an average aspect ratio R of a pearlite block, measured in a surface layer in a cross section in an axial direction
including an axis of the steel wire, is 2.0 or more,

assuming that a diameter of the steel wire is D, a ratio of an average aspect ratio of pearlite block, measured
in the surface layer, to an average aspect ratio of pearlite block, measured at a position of 0.25D, is 1.1 or more
in the cross section in the axial direction including the axis of the steel wire, and

a tensile strength of the steel wire is 1,800 MPa or more.

2. The high-strength steel wire according to claim 1,
wherein the chemical composition comprises, in terms of % by mass, one or more of:

Al : from 0.005 to 0.100%,
Cr: from 0.01 to 2.00%,

V : from 0.01 to 0.30%,

B : from 0.0001 to 0.0050%,
Ti : from 0.001 to 0.050%,
Nb : from 0.001 to 0.050%,
Zr : from 0.001 to 0.050%, or
Ni : from 0.01 to 2.00%.

3. The high-strength steel wire according to claim 1 or 2, wherein a content of Al in the chemical composition is, in
terms of % by mass, from more than 0.005 to 0.100%.

4. The high-strength steel wire according to any one of claims 1 to 3, wherein the steel wire has a diameter of from
2.5 mmto 9.5 mm.

16
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FIG.1
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