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ABSTRACT

Provided is a steel wire rod for wire drawing containing, in terms of % by mass,
C: from 0.90 to 1.20%, Si: from 0.10 to 1.30%, Mn: from 0.20 to 1.00%, Cr: from 0.20
to 1.30%, Al: from 0.005 to 0.050%, and the balance being composed of Fe and
impurities, wherein a content of each N, P, and S, which are contained as the impurities,
is N: from 0.0070% or less, P: from 0.030% or less, S: from 0.010% or less, and the steel
wire rod having a metallographic structure of which 95% or more by volume ratio 1s a
lamellar pearlite structure, wherein the lamellar pearlite structure has an average lamellar
spacing of from 50 to 75 nm, an average length of cementites in the lamellar pearlite
structure is 1.0 to 4.0 um, and a percentage of a number of cementites having a length of

0.5 um or less among the cementites in the lamellar pearlite structure is 20% or less.
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DESCRIPTION

STEEL WIRE ROD FOR WIRE DRAWING

Technical Field

[0001] The present disclosure relates to a steel wire rod for wire drawing.

Background Art

[0002] In order to meet demands for weight reduction and shortening of construction
period, it is strongly desired to increase the strength of a variety of wire ropes such as
power transmission cables and suspension bridge cables. As the strength of a wire rope
increases, a demand for increasing the strength of a steel wire used as a material of the
wire rope 1s increasing.

Steel wires are generally manufactured by subjecting a steel wire rod to a
patenting process and then drawing the steel wire rod. A plurality of the thus obtained
steel wires are twisted together by stranding to form a wire rope.

[0003] The largest problem in increasing the strength of a steel wire is to secure
ductility and suppress a crack (delamination) occurring in the longitudinal direction of
the steel wire at the time of twisting such as stranding.

Examples of conventional techniques for suppressing delamination include the
techniques described in Patent Document 1 and Patent Document 2.

Patent Document 1 describes a PC steel wire which achieves both high strength
and longitudinal crack (delamination) prevention by appropriately controlling the
residual stress and yield ratio of the surtace.

Patent Document 2 describes a technique of preventing sticking of N atoms to
the dislocation in the structure of a steel wire as much as possible, improving the
ductility of the steel wire, and preventing occurrence of delamination.

[0004] In addition, Patent Document 3 describes high-strength wire rod excellent in
delayed fracture resistance which is composed of a steel containing C: 0.5 to 1.0%
(meaning % by mass, the same applies hereinafter), in which the area ratio of the pearlite
structure is 80% or more by suppressing the generation of one or more structures of pro-

eutectoid ferrite, pro-eutectoid cementite, bainite, and martensite, and which has a
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strength of 1,200 N/mm? or more and excellent delayed fracture resistance by strong
wire drawing.

Patent Document 4 describes a wire rod in which an area of 97% or more of the
cross section perpendicular to the longitudinal direction of the wire rod is occupied by
the pearlite structure, and an area of 0.5% or less of a central region of the cross section
and an area of 0.5% or less of the first surface layer region of the cross section are
occupied by a pro-eutectoid cementite structure.

Patent Document 5 describes a wire rod in which the main phase of the structure
is pearlite, the AIN content is 0.005% or more, and in a maximum extreme value
distribution of the diameter dGM of AIN represented by the geometric mean (ab)1/2 of a
length a and a thickness b, the percentage of AIN with a dGM of from 10 to 20 pm 1s
50% or more based on the number.

[0005] Patent Document 1: Japanese Patent Application Laid-Open (JP-A) No. 2005-
232549

Patent Document 2: JP-A No. 2005-126765

Patent Document 3: JP-A No. H11-315347

Patent Document 4: W0O2011/089782

Patent Document 5: Japanese Patent 58334385

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention
[0006] However, a conventional steel wire having a high strength has insufticient
twisting characteristics and can not sufficiently prevent occurrence of delamination at the
time of twisting.

According to a conventional technique, in some cases, a steel wire rod breaks
during a wire drawing, and wire drawing can not be stably performed.
[0007] One aspect of the disclosure has been made in view of the above circumstances,
and an object of the disclosure is to provide a steel wire rod for wire drawing which can
stably manufacture a steel wire having high strength and excellent twisting

characteristics suitable as a material of a wire rope or the like while suppressing a wire

break during drawing.
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Means for Solving the Problems

[0008] In order to solve the above problem, the inventors of the present invention
conducted investigations and studies on the influence of chemical composition and
microstructure (metallographic structure) of a steel wire rod for wire drawing on a wire
break during wire drawing and tensile strength and twisting characteristics of a steel wire
obtained after wire drawing. The results were examined finely and analyzed to obtain
the following findings (a) to (e).

[0009] (a) A steel wire of high strength can be obtained by sufficiently containing Cr,
Si, and Mn in a steel wire rod for wire drawing. However, along with the increase in
strength of a steel wire, delamination in a twisting test tends to occur.

[0010] (b) When the contents of Cr, Si, and Mn in a steel wire rod for wire drawing are
increased, the length of a cementite in a lamellar pearlite structure of the steel wire rod
for wire drawing tends to be short, and the number of cementites having a shape close to
a granular shape with a length of 0.5 um or less tends to increase. When the length of
cementite in the lamellar pearlite structure of a steel wire rod for wire drawing is short
and the number of cementites having a shape close to a granular shape with a length of
0.5 um or less is large, delamination in a twisting test is likely to occur in steel wires
obtained after wire drawing.

[0011] (c) However, even in cases where Cr, Si, and Mn are sufticiently contained 1n a
steel wire rod for wire drawing, when the pearlite transformation temperature is slightly
increased, the length of a cementite does not become too short, and the number of
cementites having a shape close to a granular shape with a length of 0.5 pm or less does

not increase too much. For this reason, a steel wire obtained after wire drawing 1s less

likely to cause delamination in a twisting test.

[0012] (d) On the other hand, when the pearlite transformation temperature is raised,

the lamellar spacing of the lamellar pearlite structure of a steel wire rod for wire drawing

increases and the strength decreases.

Therefore, in order to realize a steel wire having high strength and excellent
twisting characteristics, the pearlite transformation temperature needs to be adjusted
within an appropriate range. The pearlite transformation temperature can be controlled

by the lead bath temperature during a patenting process or the temperature of a fluidized

bed furnace.
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[0013] (e) Granulation of cementite progresses when a steel wire rod having undergone
a pearlite transformation is kept at 550°C or more, which is a temperature range where
iron atoms can diffuse over a long distance. For this reason, the temperature of a steel
wire rod which has undergone a pearlite transformation also needs to be controlled.
[0014] Based on the findings (a) to (e), the inventors conducted further detailed
experiments and studies. As a result, it was found that the chemical composition of a
steel wire rod for wire drawing, the volume ratio of the lamellar pearlite structure, the
average lamellar spacing of the lamellar pearlite structure, the average length of
cementites in the lamellar pearlite structure, and the percentage of the number of
cementites having a length of 0.5 um or less in the lamellar pearlite structure are each
appropriately adjusted. It is then confirmed that, according to a steel wire rod for wire
drawing in which these items are within an appropriate range, it 1s possible to solve the
above-described problems and to stably manufacture a steel wire having high strength
and excellent twisting characteristics suitable as a material for a wire rope or the like
While suppressing a wire break during drawing, thereby arriving at the disclosure.
[0015] The summary of the disclosure is as follows.
[0016] (1) A steel wire rod for wire drawing containing, in terms of % by mass,

C: from 0.90 to 1.20%,

Si: from 0.10 to 1.30%,

Mn: from 0.20 to 1.00%,

Cr: from 0.20 to 1.30%,

Al: from 0.005 to 0.050%, and

the balance being composed of Fe and impurities, wherein a content of each N,
P, and S, which are contained as the impurities, 1S

N: from 0.0070% or less,

P: from 0.030% or less, and

S: from 0.010% or less, and

the steel wire rod having a metallographic structure of which 95% or more by
volume ratio is a lamellar pearlite structure, wherein the lamellar pearlite structure has an
average lamellar spacing of from 50 to 75 nm, an average length of cementites in the
lamellar pearlite structure is 1.0 to 4.0 pm, and a percentage of a number of cementites
having a length of 0.5 um or less among the cementites in the lamellar pearlite structure

1s 20% or less.
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[0017] (2) The steel wire rod for wire drawing according to (1), further containing, n

terms of % by mass,

Mo: from 0.02 to 0.20%.
[0018] (3) The steel wire rod for wire drawing according to (1) or (2), further
containing, in terms of % by mass, one or more of

V: from 0.02 to 0.15%,

Ti: from 0.002 to 0.050%, and

Nb: from 0.002 to 0.050%.
[0019] (4) The steel wire rod for wire drawing according to any one of (1) to (3),
further containing, in terms of % by mass,

B: from 0.0003 to 0.0030%.
[0020] (5) The steel wire rod for wire drawing according to (1), turther containing, in
terms of % by mass, one or more of

Mo: from 0.02 to 0.20%,

V: from 0.02 to 0.15%,

Ti: from 0.002 to 0.050%,

Nb: from 0.002 to 0.050%, and

B: from 0.0003 to 0.0030%.
[0021] (6) The steel wire rod for wire drawing according to any one of (1) to (5),
wherein a content of the Al is from 0.005 to 0.035% in terms of % by mass.
Effects of the Invention
[0022] According to the steel wire rod for wire drawing of one embodiment of the
present disclosure, it is possible to stably manufacture a steel wire having high strength
and excellent twisting characteristics suitable as material for wire ropes or the like by

suppressing a wire break during wire drawing, which is extremely usetul industrially.
BRIEF DESCRIPTION OF DRAWINGS

[0023] Fig. | is a diagram for explaining a method of measuring an average lamellar
spacing of a lamellar pearlite structure.

Fig. 2 is a diagram for explaining a method of measuring an average length of

cementites in a lamellar pearlite structure.
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DESCRIPTION OF EMBODIMENTS

[0024] Hereinafter, an embodiment which is an example of the steel wire rod for wire
drawing of the disclosure will be described in detail.

In the specification, a numerical range expressed by using "to" means a range
including numerical values described before and after "to" as a lower limit value and an
upper limit value.

[0025] The steel wire rod for wire drawing of the present embodiment is a steel wire
rod for wire drawing by which a steel wire suitable as a material for a variety of wire
ropes or the like such as power transmission cables or suspension bridge cables is
obtained by wire drawing.

A steel wire used for material of a wire rope preferably has a tensile strength ot
2300 MPa or more, more preferably 2400 MPa or more, and still more preferably 2500
MPa or more. A steel wire used for material of a wire rope preferably has a diameter of
from 1.3 to 3.0 mm. It is preferable that a steel wire used for material of a wire rope
does not generate delamination even once when 10 twisting tests to be described later are
performed.

[0026] Next, the chemical composition and the microstructure (metallographic
structure) of the steel wire rod for wire drawing of the embodiment (hereinatter,
abbreviated as "steel wire material" in some cases) will be described in detail. "%" of
the content of each element means "% by mass".

[0027] < Chemical Composition >

First, the chemical composition of the steel wire rod of the embodiment will be

described.

The chemical composition of the steel wire rod of the embodiment is, in terms

of % by mass, C: from 0.90 to 1.20%, Si: from 0.10 to 1.30%, Mn: from 0.20 to 1.00%,
Cr: from 0.20 to 1.30%, Al: from 0.005 to 0.050%, and the balance being composed of

Fe and impurities, wherein the content of each N, P, and S, which are contained as the

impurities, is N: from 0.0070% or less, P: from 0.030% or less, and S: from 0.010% or

less.
0028] C: from 0.90 to 1.20%
C is an effective component for increasing the tensile strength of a steel wire

rod. However, when the C content 1s less than 0.90%, the tensile strength is insufficient.



CA 03001966 2018-04-13

For this reason, it is difficult to stably give a high strength of, for example, a tensile
strength of 2300 MPa or more to a steel wire obtained by wire drawing a steel wire rod.
In order to obtain a steel wire having a tensile strength of 2,400 MPa or more, 1t 1s
desirable to set the C content of the steel wire rod to 1.00% or more. On the other hand,
when the C content of a steel wire rod is too large, the steel wire rod becomes hard and
the twisting characteristics of the steel wire obtained after wire drawing deteriorates.
When the C content of the steel wire rod exceeds 1.20%, it 1s industrially difficult to
suppress formation of pro-eutectoid cementite (cementite precipitated along a tormer
austenite grain boundary). Therefore, the C content of a steel wire rod was set within the
range of from 0.90 to 1.20%. The C content of a steel wire rod is desirably from 0.95%
to 1.10%.
[0029] Si: from 0.10 to 1.30%

Si is an effective component for increasing the strength of a steel wire rod. St 1s
a necessary component also as a deoxidizing agent. However, when the Si content of a
steel wire rod is less than 0.10%, an effect due to containing Si can not be sufticiently
obtained. On the other hand, when the Si content of a steel wire rod exceeds 1.30%, the
twisting characteristics of the steel wire obtained after wire drawing deteriorates.
Therefore, the Si content of a steel wire rod is set within the range of from 0.10 to
1.30%. Siis an element which also affects the hardenability of steel materials and the
generation of pro-eutectoid cementite. Accordingly, in order to stably obtain a steel wire
rod having a desired microstructure, it is preferable to adjust the Si content of the steel
wire rod within the range of from 0.10 to 1.00%, and more preferably within the range of
from 0.20 to 0.50%.
[0030] Mn: from 0.20 to 1.00%

Mn increases the strength of a steel wire rod. Mn is a component having an
action of fixing S in a steel as MnS and preventing hot embrittlement. However, when
the Mn content of a steel wire rod is less than 0.20%, an effect of containing Mn can not
be sufficiently obtained. On the other hand, Mn is an element which easily segregates.
When Mn is contained in a steel wire rod in an amount exceeding 1.00%, Mn
concentrates particularly in a central portion of the steel wire rod, martensite and bainite
are generated in the central portion, and the wire drawing processability deteriorates.
Therefore, the Mn content of a steel wire rod was set within the range of from 0.20 to

1.00%. Mn is an element which affects the hardenability of a steel and formation of pro-
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eutectoid cementite. Accordingly, in order to obtain a steel wire rod having a desired
microstructure in a stable manner, it is desirable to adjust the Mn content of the steel
wire rod within the range of from 0.30 to 0.50%.

[0031] Cr: from 0.20 to 1.30%

Cr has an effect of reducing the lamellar spacing of a lamellar pearlite structure
of a steel wire rod and increasing the strength of the steel wire obtained after wire
drawing. In order to stably obtain a steel wire having a tensile strength of 2300 MPa or
more, a Cr content of 0.20% or more is needed. However, when the Cr content of a steel
wire rod exceeds 1.30%, the wire drawing processability and the twisting characteristics
of the steel wire obtained after wire drawing are deteriorated. Therefore, the Cr content
of a steel wire rod was set within the range of from 0.20 to 1.30%. The Cr content 1s
desirably from 0.30 to 0.80%.

[0032] Al: from 0.005 to 0.050%

Al is an element which has a deoxidizing action, and is necessary for reducing

the amount of oxygen in a steel wire rod. However, when the Al content of a steel wire
rod is less than 0.005%, it is difficult to obtain an effect by containing Al. On the other
hand, Al is an element which is likely to form rigid oxide inclusions. When the Al
content of a steel wire rod exceeds 0.050%, coarse oxide inclusions tend to be
remarkably formed and the wire drawing processability becomes remarkable. Theretore,
the content of Al in a steel wire rod is set to from 0.005 to 0.050%. A preferable lower
limit of the Al content is 0.010%, and a more preferable lower limit thereot 1s 0.020%.
A preferable upper limit of the Al content is 0.040%, a more preferable upper limit
thereof is 0.035%, and a more preferable upper limit thereot 1s 0.030%.
[0033] The balance with respect to each of the above elements (C, Si, Mn, Cr, Al) 1s
impurities and Fe. In the steel wire rod of the embodiment, the content of each N, P, and
S , which are contained as impurities, is limited as follows.

The impurities mean components contained in a raw material or components

mixed in a manufacturing process and not intentionally contained.

[0034] N: 0.0070% or less

N is an element which adheres to the dislocation during cold wire drawing and
increases the strength of a steel wire rod, and on the contrary, decreases the wire drawing
processability. When the N content of a steel wire rod exceeds 0.0070%, the wire

drawing processability becomes remarkable. Therefore, the N content of a steel wire rod
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was limited to 0.0070% or less. A preferable upper limit of the N content 1s 0.0040%.
The lower limit of the N content 1s 0.0000%.
In other words, N does not have to be contained in a steel wire rod. However, from the
viewpoint of the cost of removal of N and productivity, the lower limit of the N content
1s preferably set to 0.0010%.
[0035] P:0.030% or less

P is an element which segregates at a grain boundary of a steel wire rod and
deteriorates the wire drawing processability. When the P content of a steel wire rod
exceeds 0.030%, deterioration of the wire drawing processability becomes remarkable.
Therefore, the P content of a steel wire rod is limited to 0.030% or less. The upper limit
of the P content is preferably 0.025%. The lower limit of the P content 1s 0.000%. In
other words, P does not have to be contained in a steel wire rod. However, from the
viewpoint of cost of removal of P and productivity, the lower limit of the P content 1s
preferably 0.001%.
[0036] S:0.010% or less

S is an element which reduces wire drawing processability. When the S content
of a steel wire rod exceeds 0.010%, deterioration of the wire drawing processability
becomes remarkable. Accordingly, the S content of a steel wire rod was limited to
0.010% or less. A preferable upper limit of the S content is 0.007%. The lower limit of
the S content is 0.000%. In other words, S does not have to be contained in a steel wire
rod. However, from the viewpoint of the cost of removing S and productivity, the lower
limit of the S content is preferably 0.001%.

[0037] Further, in a steel wire rod of the embodiment, in addition to the above-
described components, Mo: from 0.02 to 0.20% may be contained.

Mo: from 0.02 to 0.20%

The addition of Mo is optional. Mo exhibits an effect of improving a balance
between the tensile strength and the twisting characteristics of a steel wire obtained by
wire drawing of a steel wire rod. In order to obtain this effect, it is preferable to set the
Mo content of a steel wire rod to 0.02% or more. From the viewpoint of obtaining a
balance between the tensile strength and the twisting characteristics of a steel wire
obtained after wire drawing, it is more preferable to set the Mo content of a steel wire
rod to 0.04% or more. However, when the Mo content of a steel wire rod exceeds

0.20%, a martensitic structure tends to be formed, and the wire drawing processability
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may be deteriorated. Therefore, when Mo is positively added to a steel wire rod, the Mo
content is preferably in the range of from 0.02 to 0.20%. More preferable Mo content is
0.10% or less.

[0038] Further, in the steel wire rod of the present embodiment, one or more of V: from
0.02 to 0.15%, Ti: from 0.002 to 0.05%, and Nb: from 0.002 to 0.05% may be contained
in addition to the above-described components.

[0039] V: from 0.02 to 0.15%

The addition of V is optional. V forms carbides or carbonitrides in a steel wire
rod to reduce the pearlite block size and to improve the wire drawing processability. In
order to obtain this effect, it is preferable to set the V content of a steel wire rod to
0.02% or more. From the viewpoint of stably improving wire drawing processability, 1t
is more preferable to set the V content of a steel wire rod to 0.05% or more. However,
when the V content of a steel wire rod exceeds 0.15%, coarse carbides or carbonitrides
tend to be formed and wire drawing processability may be deteriorated. Therefore, the V
content of a steel wire rod is preferably from 0.02 to 0.15%. More preferable V content
1s 0.08% or less.

[0040] Ti: from 0.002 to 0.050%

The addition of Ti is optional. Ti forms carbides or carbonitrides in a steel wire
rod to reduce the pearlite block size and to improve wire drawing processability. In
order to obtain this effect, it is preferable to set the Ti content of a steel wire rod to
0.002% or more. From the viewpoint of stably improving wire drawing processability, 1t
is more preferable to set the Ti content of a steel wire rod to 0.005% or more. However,
when the Ti content of a steel wire rod exceeds 0.050%, coarse carbides or carbonitrides

tend to be formed and wire drawing processability may be deteriorated. Therefore, it 1s

preferable to set the Ti content of a steel wire rod to from 0.002 to 0.050%. A more
preferable Ti content is from 0.010% to 0.030%.
[0041] Nb: from 0.002 to 0.050%

The addition of Nb is optional. Nb forms carbides or carbonitrides in a steel
wire rod to reduce the pearlite block size and to improve wire drawing processability. In
order to obtain this effect, it is preferable to set the Nb content of a steel wire rod to
0.002% or more. From the viewpoint of stably improving the wire drawing
processability, it is more preferable to set the Nb content of a steel wire rod to 0.005% or

more. However, when the Nb content of a steel wire rod exceeds 0.050%, coarse

10
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carbides or carbonitrides tend to be formed and the wire drawing processability may be
deteriorated. Therefore, the Nb content of a steel wire rod is preferably from 0.002 to
0.050%. A more preferable Nb content is 0.020% or less.

[0042] Furthermore, in the steel wire rod of the embodiment, B: from 0.0003 to
0.0030% may be contained in addition to the above-described components.

B: from 0.0003 to 0.0030%

The addition of B is optional. B bonds with N dissolved in a steel wire rod to
form BN, reduces solid solution N, and improves the wire drawing processability. In
order to obtain this effect, it is preferable to set the B content of a steel wire rod to
0.0003% or more. From the viewpoint of stably improving the wire drawing
processability, it is more preferable that the B content of a steel wire rod is 0.0007% or
more. However, when the B content of a steel wire rod exceeds 0.0030%, coarse
carbides tend to be formed, and the wire drawing processability may be deteriorated.
Therefore, the B content of a steel wire rod is preferably from 0.0003 to 0.0030%. The
more preferable B content is 0.0020% or less.

[0043] < Microstructure (Metallographic Structure) >

Next, the metallographic structure of a steel wire rod of the embodiment will be
described.

The steel wire rod of the embodiment has a metallographic structure of which
95% or more by volume ratio is a lamellar pearlite structure (hereinafter, also simply
referred to as "pearlite structure"), wherein the pearlite structure has an average lamellar
spacing of from 50 to 75 nm, the average length of cementites in the pearlite structure 1s
1.0 to 4.0 um, and the percentage of the number of cementites having a length of 0.5 pm
or less among the cementites in the pearlite structure 1s 20% or less.

[0044] < Volume Ratio of Pearlite Structure >

A steel wire rod needs to have a metallographic structure whose pearlite
structure is 95% or more in volume ratio. Since a steel wire rod having such a
metallographic structure has a large work hardening ability and can be strengthened with
a small processing amount by wire drawing, a steel wire having excellent twisting
characteristics at a tensile strength of 2,300 MPa or more after drawing 1s obtained.
When the volume ratio of the pearlite structure of a steel wire rod 1s 95% or more, an
excellent wire drawing processability can be obtained. The volume ratio of the pearlite

structure of a steel wire rod is preferably 98% or more. In the metallographic structure

11
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of a steel wire rod, the remaining structure except for the pearlite structure 1s one or more
of cementite, ferrite, and bainite. In the steel wire rod of the embodiment, pseudo perlite
having cementite in a shape close to granular is included in the pearlite structure.
[0045] < Average Lamellar Spacing of Pearlite Structure >

The pearlite structure of a steel wire rod needs to have an average lamellar
spacing of from 50 to 75 nm. By having such a metallographic structure in the steel WIre
rod, a steel wire excellent in twisting characteristics with a tensile strength of 2,300 MPa
or more after drawing is stably obtained. When the average lamellar spacing in the |
pearlite structure of a steel wire rod exceeds 75 nm, the tensile strength or twisting
characteristics of the steel wire obtained after wire drawing may be insufficient. When
the average lamellar spacing of the pearlite structure is less than 50 nm, the twisting
characteristics of a steel wire obtained after wire drawing deteriorates, and occurrence of
delamination in a twisting test can not be sufficiently suppressed in some cases.
Therefore, the average lamellar spacing in the pearlite structure is set in the range of
from 50 to 75 nm, preferably within the range of from 55 to 70 nm.
[0046] < Average Length of Cementite in Pearlite Structure >

The average length of cementites in the pearlite structure in a steel wire rod 1S
from 1.0 to 4.0 um. When the average length of cementites in the pearlite structure 1S
less than 1.0 um, even when other requirements are satisfied, the continuity of cementite
in the pearlite structure becomes small, and therefore, a steel wire excellent in twisting
characteristics after wire drawing can not be obtained. When the average length of
cementites exceeds 4.0 um, the wire drawing processability or the twisting
characteristics of a steel wire rod is remarkably deteriorated. Therefore, the average
length of cementites in the pearlite structure in a steel wire rod 1s set in the range of from
1.0 to 4.0 um, and preferably from 1.2 to 3.0 pm.
[0047] < Percentage of the Number of Cementites Having Length of 0.5 pum or Less
among Cementites in Pearlite Structure >

In a steel wire rod, the percentage of the number of cementites having a length
of 0.5 um or less among the cementites in the pearlite structure 1s 20% or less. When the
percentage of the number of cementites exceeds 20%, even when the other requirements
are satisfied, the number of cementites in the pearlite structure which is close to granular

increases, and therefore, a steel wire excellent in the twisting characteristics and tensile

strength after wire drawing can not be obtained. Therefore, the percentage of the
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number of cementites having a length of 0.5 um or less among the cementites in the
pearlite structure is set to 20% or less, and preferably 15% or less. The lower limit of the
percentage of the number of cementites is not particularly limited, and from the
viewpoint of industrially stable production, it is desirable to set the percentage to 2% or
more.

[0048] < Measurement Method of Metallographic Structure Condition >

Next, the measurement method of each condition of the metallographic structure
specified in the steel wire rod of the embodiment will be described.
[0049] (Volume Ratio of Pearlite Structure)

A cross section (in other words, a cross section perpendicular to the length
direction of a steel wire rod) of the steel wire rod is mirror polished, and then corroded
by picral, and ten points at arbitrary positions are magnified 5,000 times using a tield
emission type scanning electron microscope (FE-SEM) and photographed. The area per
field of view is 4.32 x 10 mm?* (length 18 um, width 24 um). Next, a transparent sheet
(for example, an over head projector (OHP) sheet) is superimposed on each obtained
photograph. In this state, color is applied to "a region overlapping with a non-pearlite
structure other than a pearlite structure" in each transparent sheet. Next, the area ratio of
the "area painted with color" in each transparent sheet is obtained from an image analysis
software (a free software Image J ver.1.47s developed by the National Institute of Health
(NIH)), and the average value thereof is calculated as the average value of the area ratio
of the non-pearlite structure. Since the pearlite structure is an isotropic structure, the
area ratio of the structure in the cross section of a steel wire rod is the same as the
volume ratio of the structure of the steel wire rod. Therefore, the value obtained by
subtracting the average value of the area ratio of the non-pearlite structure other than the
pearlite structure from the whole (100%) is taken as the volume ratio of the pearlite
structure.

[0050] (Average Lamellar Spacing of Pearlite Structure)

A cross section of the steel wire rod is mirror polished, and then corroded by
picral, and ten points at arbitrary positions are magnified 10,000 times using a field
emission type scanning electron microscope (FE-SEM) and photographed. The area per
field of view is 1.08 x 10 mm? (length 9 pm, width 12 pm). Next, for each photograph
obtained, a place where the lamellar spacing is the smallest and a place where the

lamellar spacing is the second smallest, where lamellae of the pearlite structure are
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aligned and where measurement of five lamellar intervals can be performed are
specified. Subsequently, a straight line is drawn perpendicularly to the extending
direction of a lamella at a place where the lamellar spacing is the smallest and a place
where the lamellar spacing is the second smallest in each picture, and the lamellar
spacing on the straight line is measured for five lamellar intervals (see Fig. 1: where LP
is a pearlite structure, FE is ferrite, CE is cementite, L 1s a straight line drawn
perpendicular to the extending direction of a lamella, and R is the length of five lamellar
intervals). Divide the numerical value of the lamellar interval of the obtained five
lamellar interval by five to obtain lamellar intervals of the place with the smallest
lamellar spacing and the place with the second smallest lamellar spacing. Next, the
average value of the lamellar spacing at ten places in a steel wire rod thus obtained (two
places per field of view (total of 20 places)) is calculated to be the average lamellar
spacing of the pearlite structure of the steel wire rod.

[0051] (Average Length of Cementite in Pearlite Structure)

As illustrated in Fig. 2, a straight line is drawn at intervals of 2 pm along two
orthogonal directions on each photograph used for measuring the area ratio of the non-
pearlite structure. The length of cementite on the intersection of straight lines (cementite
closest to the intersection in case there is no cementite on the intersection) is measured.
The length of cementite is the length from one end to the other along the shape of
cementite. At this time, when cementite is long and extends off the field of view of
photograph, measurement is not considered and measurement 1s not performed. For each
photograph, the lengths of more than 70 cementite are measured, and the average value
of the lengths of cementite of the two photographs in the steel wire rod, in other words,
the cementite length of two fields of view (at least 70 places per field of view, maximum
108 places (total from 140 to 216 places)) is calculated, which is defined as the average
length of cementite in the pearlite structure of a steel wire rod. However, when the
length of 70 or more cementite can not be measured, another field of view is measured.

In Fig. 2, LP represents a pearlite structure, FE represents ferrite, CE represents
cementite, and CL represents a straight line drawn every 2 um along two orthogonal
directions.

[0052] (Percentage of the Number of Cementites Having Length of 0.5 Mm or Less

among Cementites in Pearlite Structure)
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In a total of 140 to 216 points of cementites measured at the time of calculating
the average length of the above-described cementite, the number of cementites having a
length of 0.5 um or less is obtained, and the percentage of cementites having a length of
0.5 um or less is calculated to determine the percentage of the number of cementites
having a length of 0.5 um or less among cementites in the pearlite structure.

[0053] < Manufacturing Method >

Next, an example of the method of manufacturing a steel wire rod for wire
drawing of the embodiment will be described. It is a matter of course that the method of
manufacturing a steel wire rod of the embodiment is not limited to the method described
below.

When the steel wire rod of the embodiment is manufactured, conditions in each
manufacturing process are set according to a chemical composition, a target
performance, a wire diameter, or the like in such a manner that each condition of the
chemical composition and the microstructure (metallographic structure) can be surely
satisfied.

[0054] As one example of the method of manufacturing a steel wire rod of the
embodiment, a case in which a steel containing C: from 0.90 to 1.20%, Si: from 0.10 to
1.30%, Mn: from 0.20 to 1.00%, Cr: from 0.20 to 1.30%, Al: from 0.005% to 0.050%,
and the balance being composed of Fe and impurities, and containing, as the the
impurities, N: from 0.0070% or less, P: from 0.030% or less, and S: from 0.010% or less
is used will be described.

[0055] A steel piece having the above chemical composition is melted, a cast piece 1S
produced by continuous casting, and the slab is subjected to blooming to obtain a steel
piece.

A steel piece may be produced by the following method. A steel having the
above chemical composition is melted, and an ingot is cast using a mold. Thereafter, the
ingot may be hot forged to produce a steel piece. A hot forged material produced by hot
forging an ingot may be cut, and an obtained cut material may be used as a steel piece.
[0056] Next, hot rolling of a steel piece is performed. In hot rolling of a steel piece, the
steel piece is heated by using a general heating furnace and method, for example, in a
nitrogen atmosphere or an argon atmosphere such that a central portion of the steel piece
is 1,000 to 1,100°C, and a steel wire rod having a finish rolling temperature of from 900

to 1,000°C and a diameter within the range of from 7.5 to 5.0 mm can be obtained. A
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steel wire rod obtained after the finish rolling is primarily cooled to from 700 to 750°C at
an average cooling rate of 50°C/s or more by combining water cooling and air cooling by
the atmosphere.

[0057] Herein, the temperature of a steel piece in a heating furnace used for hot rolling
refers to the surface temperature of a steel piece. The finish rolling temperature herein
refers to the surface temperature of a steel wire rod immediately after finish rolling. The
average cooling rate after finish rolling refers to the surface cooling rate of a steel wire
rod after finish rolling.

[0058] Next, a steel wire rod primarily cooled to from 700 to 750°C is immersed in a
lead bath (patenting process, secondary cooling) in order to subject the steel wire to
pearlite transformation. In the method of manufacturing a steel wire rod of the
embodiment, the temperature of a lead bath in the patenting process (pearlite
transformation temperature) is from 605 to 615°C, and the immersion time is from 30 to
70 seconds, which is slightly higher than the temperature of a lead bath in a conventional
general patenting process. When the temperature of a lead bath is 605°C or higher, the
average length of cementite in the pearlite structure is shortened, and the number of
cementite having a length of 0.5 um or less is prevented from increasing. When the
temperature of the lead bath is 615°C or less, it is prevented that the lamellar spacing of
the pearlite structure becomes too large. When the immersion time is 30 seconds or
more, pearlite transformation is sufficiently completed. When the immersion time 1s
within 70 seconds, a sharp increase in the number of cementites having a length of 0.5
um or less can be suppressed. By setting the temperature of the lead bath to from 605 to
615°C and the immersion time to 30 to 70 seconds, the lamellar spacing of the pearlite
structure, the average length of cementites in the pearlite structure, and the percentage of
the number of cementites having a length of 0.5 um or less to predetermined ranges, and

a pearlite-based metallic structure satisfying the above-described conditions can be

obtained.

[0059] In the method of manufacturing a steel wire rod of the embodiment, the average
cooling rate up to the temperature of a lead bath for a steel wire rod cooled to from 700
to 750°C is not particularly limited, and is preferably from 25 to 60°C/s. When the
cooling rate of a steel wire rod in a lead bath is 25°C/s or more, the volume ratio of the
pearlite structure can be sufficiently secured. When the cooling rate of a steel wire rod

in a lead bath is 60°C/s or less, the volume ratio of the pearlite structure can be
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sufficiently secured, and the average length of cementites in the pearlite structure and the
percentage of the number of cementites having a length of 0.5 um or less are within
predetermined ranges, and a pearlite-based metallographic structure satisfying the above-
described conditions can be surely obtained.

The steel wire rod cooled to from 700 to 750°C 1) may be immersed in a lead
bath immediately after cooling to from 700 to 750°C, or 2) may be immersed in a lead
bath at a certain time (for example, after cooling) after cooling to from 700 to 750°C. In
other words, the average cooling rate to the temperature of a lead bath of a steel wire rod
cooled to from 700 to 750°C is the average cooling rate from when the temperature of
the steel wire rod reaches from 700 to 750°C until when the temperature of the steel wire
reaches the temperature of the iead bath.

[0060] In the method of manufacturing a steel wire rod of the embodiment, 1t 1S
preferable to cool a steel wire rod taken out from a lead bath at from 605 to 615°C to a
temperature lower than 550°C, preferably to 500°C at from 3°C/s to 10°C/s (tertiary
cooling). When a steel wire rod having undergone peatlite transformation 1s held at
550°C or higher, which is a temperature range where iron atoms can diffuse over a long
distance, granulation of cementite proceeds. By cooling at 10°C/s or less, the average
length of cementites in the pearlite structure in a steel wire rod becomes short, the
percentage of the number of cementites having a length of 0.5 pm or less increases, and a
structure satisfying the above conditions is attained. On the other hand, by cooling at
less than 3°C/s, the percentage of the number of cementites having a length of 0.5 pm or
less increases until it exceeds 20%, and therefore, cooling was performed at 3°C/s or
more. As described above, when a steel wire rod taken out from a lead bath at from 605
to 615°C is cooled to a temperature lower than 550°C at 3°C/s to 10°C/s, a pearlite-
based metallic structure satisfying the above-mentioned conditions can be more surely
obtained. After tertiary cooling, the cooling rate to room temperature does not matter.

By performing the above process, a hot rolled wire rod of the embodiment is
obtained.

[0061] According to the method of manufacturing a steel wire rod of the embodiment, a
steel wire rod satisfying conditions of the above-described chemical composition and
microstructure (metallographic structure) is obtained. It is a matter of course that the

optimum patenting processing condition and other process conditions are different
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depending on the chemical composition of a steel wire rod, processing conditions up to a
patenting process, the history of heat treatment, and the like.

[0062] The method of manufacturing a steel wire rod using patenting by a lead bath has
been described as the method of manufacturing a steel wire rod of the embodiment, and
the method of manufacturing a steel wire rod of the embodiment is not limited to this
manufacturing method, and may be a method of manufacturing a steel wire rod using a
patenting process (DLP) with a molten salt bath.

[0063] The steel wire rod of the embodiment has a predetermined chemical
composition and has a metallographic structure of which 95% or more by volume ratio 1s
a pearlite structure, wherein the pearlite structure has an average lamellar spacing of
from 50 to 75 nm, the average length of cementites in the pearlite structure 1s 1.0 to 4.0
um, and the percentage of the number of cementites having a length of 0.5 um or less
among the cementites in the pearlite structure is 20% or less.

Therefore, in the steel wire rod of the embodiment, it 1s possible to suppress a
wire break during wire drawing, and a steel wire can be stably manufactured by wire
drawing. Specifically, for example, even when wire drawing of 50 kg of the steel wire
rod of the embodiment is performed to a diameter of 2.0 mm, the number of wire breaks
can be suppressed to one or less, and wire breaks can be prevented sufficiently. By
using the steel wire rod of the embodiment, it is possible to provide a steel wire rod
having a high tensile strength of 2,300 MPa or more with a diameter of 1.3 to 3.0 mm,
and a steel wire having excellent twisting characteristics which does not cause
delamination even when 10 twisting tests to be described below are carried out 1s
obtained. The thus obtained steel wire is suitable as a material for a wire rope or the

like.

EXAMPLES
[0064] Next, Examples of the disclosure will be described. Conditions of Examples are
examples adopted for confirming the feasibility and effect of the disclosure. The
disclosure is not limited to such a condition example. The disclosure may adopt a
variety of conditions without departing from the gist of the disclosure as long as an
object of the disclosure 1s achieved.
[0065] 50 kg of steels A to R having a chemical composition listed in Table 1 were

melted in a vacuum melting furnace, and cast into ingots. A blank spot of each
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component amount in Table 1 means that the corresponding component is not contained
or the content of the corresponding component is not more than levels considered as
impurities.

Each of the above ingots was heated at 1,250°C for 1 hour, hot forged to a
diameter of 15 mm in such a manner that the finishing temperature was 950°C or higher,
and then allowed to cool to room temperature. The obtained hot forged material was cut

to a diameter of 10 mm, and cut to obtain a cut material having a length of 1,000 mm.
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[0067] Cut materials having the chemical compositions listed in Table 1 were heat
treated under heat treatment conditions a to p listed in Table 2 to obtain steel wire rods of
Test Nos. 1 to 36 listed in Tables 3 to 4.0

Specifically, when heat-treating the cut material with heat treatment conditions
ato 1, p listed in Table 2, a steel wire rod was produced by the following method.

[0068] Each cut material was heated in a nitrogen atmosphere at a temperature ot
1,050°C for 15 minutes, hot rolled in such a manner that the center temperature was
1,000°C or higher and the finish rolling temperature was within the range of from 950°C
to 1,000°C to obtain a steel wire rod having a diameter of 6.2 mm. Thereafter, a steel
wire rod having a temperature of 900°C or higher was primarily cooled to 720°C at an
average cooling rate listed in Table 2 by combining water cooling and air cooling by the
atmosphere. Then, the steel wire rod cooled to 720°C was immersed in a lead bath at the
bath temperature listed in Table 2 in the bath immersion time listed in Table 2, and
subjected to secondary cooling from 720°C to the bath temperature at the average
cooling rate listed in Table 2. The average cooling rate of the secondary cooling was
controlled by changing the lead bath temperature and the time from when the steel wire
rod reached 720°C until when the steel wire rod was immersed in the lead bath.
Thereafter, the steel wire material was taken out of the lead bath, subjected to tertiary
cooling from the bath temperature to 500°C at the average cooling rate listed in Table 2,
and then allowed to cool down to room temperature (30°C) in the air to obtain a steel
wire rod.

The average cooling temperature of a steel wire rod from hot rolling to 720°C,
bath temperature, bath immersion time, average cooling rate of a steel wire rod from
720°C to bath temperature after immersion in a lead bath, and average cooling
temperature of a steel wire rod from the bath temperature to 500°C are listed in Table 2.
[0069] When heat-treating a cut material with heat treatment conditions m to o listed 1n

Table 2, a steel wire rod was produced by the following method.

Each cut material was heated in an argon atmosphere at a temperature ot
1,050°C for 15 minutes, hot rolled in such a manner that the center temperature was
1,000°C or higher and the finish rolling temperature was within the range of from 950°C
to 1,000°C to obtain a steel wire rod having a diameter of 6.2 mm. Thereafter, a steel
wire rod having a temperature of 900°C or higher was primarily cooled to 720°C at an

average cooling rate listed in Table 2 by combining water cooling and air cooling by the
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atmosphere. Then, the steel wire rod cooled to 720°C was cooled to room temperature
by cooling in the air or by air cooling with an electric fan without immersing the steel

wire rod in a lead bath to obtain a steel wire rod. The average cooling rate of a steel wire

rod from 720°C to room temperature is listed in Table 2.
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[0071] For the steel wire rods of Test Nos. 1 to 36 thus obtained, by using the method
described above, the volume ratio of the pearlite structure, the average lamellar spacing
of the pearlite structure, the average length of the cementite in the pearlite structure, and
the percentage of the number of cementites having a length of 0.5 um or less among the
cementites in the pearlite structure were determined. The results are listed in Tables 3

to 4. Values outside the range specified in the disclosure are underlined.
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[0074] Next, a zinc phosphate coating film was formed on the surface of each steel
wire rod by an ordinary method. Thereafter, each wire rod coated with the zinc
phosphate coating was subjected to wire drawing to a diameter of 2.0 mm under a pass
schedule in which the reduction in area at each die was 20% on average to obtain steel
wires of Test Nos. 1 to 36.

For each steel wire rod, wire drawing processability in wire drawing for
obtaining a steel wire was evaluated by the following method. The results are listed in
Tables 3 to 4.

[0075] Drawing was performed on each 50 kg steel wire, and the number of wire
breaks during wire drawing was recorded. When the number of wire breaks was 3 or
more, wire drawing after the third wire break was discontinued. Then, when the number
of wire breaks when drawing 50 kg of steel wire from a diameter of 6.2 mm to a
diameter of 2.0 mm was 0, the wire drawing processability was evaluated as favorable,
and when the number of wire breaks was 1 or more, the wire drawing processability was
evaluated as poor.

[0076] For each steel wire obtained after wire drawing, the following tensile test and
twisting test were conducted. The results are listed in Tables 3 to 4.

Three tensile tests in accordance with JIS Z 2241 (2011) were conducted for

each steel wire, and the average value thereof was taken as the tensile strength.

A tensile strength of 2,300 MPa or more was evaluated as favorable.

[0077] In the twisting test, a steel wire having a length 100 times the wire diameter
(diameter) was twisted until a wire break at 15 rpm, and whether or not delamination
occurred was determined by a torque (torsional strength) curve. The determination on
the torque curve was made by a method in which it was judged that delamination
occurred when a torque once decreased before a wire break. The twisting test was

conducted 10 times for each steel wire, and when no delamination occurred, it was
evaluated that the twisting characteristics were favorable.

[0078] As listed in Tables 3 to 4, in Test Nos. 2,4,5,7,9, 11, 12, 15, 17, 20, and 29,
the number of wire breaks was 0 and the wire drawing processability was favorable, the
tensile strength was 2,300 MPa or more, and the number of delaminations was 0 and the
twisting characteristics were favorable.

[0079] On the contrary, in Test Nos. 1, 13, 19, and 22 where the average lamellar

spacing was wide, the tensile strength was less than 2,300 MPa.
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[0080] In Test Nos. 3, 8, 16, and 21 in which the average length of cementites was
short, delamination occurred a plurality of times, and the twisting characteristics were

insutticient.

In Test Nos. 10, 14, 30, and 36 in which the steel wire rods of 900°C or higher
to 720°C after hot rolling were gradually cooled at less than 50°C/s, since the volume

ratio of the pearlite structure decreased due to precipitation of cementite, the number of

wire breaks was large.

In Test No. 6 in which the steel wire rod was air-cooled from 720°C to room
temperature, the volume ratio of the pearlite structure was low, and therefore, the

number of breaks was large.
In Test No. 18 in which the steel wire rod was allowed to cool from 720°C to

room temperature, the average length of cementites was long, and the number ot wire

breaks was large.

In Test No. 31 where the immersion time in the lead bath was short, pearlite
transformation was not completed, and the average length of cementites was short.

In Test No. 32 with a long immersion time in a lead bath and Test No. 34 after
taking out from a lead bath, the percentage of cementites of 0.5 pm or less increased

after pearlite transformation.

In Test No. 33 in which the time from immersion in 720°C to the lead bath
temperature was lengthened, and the average cooling rate until the steel wire rod reached
the lead bath temperature was delayed, non-pearlite structure increased and delamination

occurred.

In Test No. 35 in which the steel wire rod was taken out from the lead bath and

quenched, the cementite average length was long.

[0081] In Test No. 23 with a low C content and Test No. 27 with a low Cr content, the

tensile strength was less than 2,300 MPa.
In Test No. 25 with a low Si content, the tensile strength was less than 2,300

MPa. In Test No. 25 with a low Si content, the volume ratio of the pearlite structure was

low.

In Test No. 24 with large Si content, although the tensile strength was favorable,

the twisting characteristics were insufficient.
In Test No. 26 with large Cr content, both the wire drawing processability and

the twisting characteristics were insufficient.
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In Test No. 28 with a high Mo content, pearlite transformation was not
completed by immersion in a lead bath (patenting process), and the martensite structure
was formed, and therefore, the number of breaks was large.

[0082] While preferred embodiments and examples of the present disclosure have been
described above, these embodiments and examples are merely examples within the scope
of the gist of the disclosure, and additions, omissions, substitutions, and other changes in
the structure are possible without departing from the gist of the present disclosure. In
other words, the disclosure is not limited by the above description, and is limited only by
the description of the scope of the claims, and it goes without saying that 1t can be
changed as appropriate within the scope of the claims.

[0083] The disclosure of Japanese Patent Application No. 2015-208935 1s hereby
incorporated by reference in its entirety.

All Documents, Patent Applications, and technical standards described herein
are incorporated by reference herein to the same extent as if each of the Documents,
Patent Applications, and technical standards had been specifically and individually

indicated to be incorporated by reference.
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CLAIMS

1. A steel wire rod for wire drawing, containing, in terms of % by mass,

C: from 0.90 to 1.20%,

Si: from 0.10 to 1.30%,

Mn: from 0.20 to 1.00%,

Cr: from 0.20 to 1.30%,

Al: from 0.005 to 0.050%, and

the balance being composed of Fe and impurities, wherein a content of each ot
N, P, and S, which are contained as the impurities, 18

N: from 0.0070% or less,

P: from 0.030% or less,

S: from 0.010% or less, and

the steel wire rod having a metallographic structure of which 95% or more by
volume ratio is a lamellar pearlite structure, wherein the lamellar pearlite structure has an
average lamellar spacing of from 50 to 75 nm, an average length of cementites in the
lamellar pearlite structure is 1.0 to 4.0 pm, and a percentage of a number of cementites

having a length of 0.5 um or less among the cementites in the lamellar pearlite structure

1s 20% or less.

2. The steel wire rod for wire drawing according to claim 1, further

containing, in terms of % by mass,

Mo: from 0.02 to 0.20%.

3. The steel wire rod for wire drawing according to claim 1 or 2, further
containing, in terms of % by mass, one or more of

V: from 0.02 to 0.15%,

Ti: from 0.002 to 0.050%, and

Nb: from 0.002 to 0.050%.

4.  The steel wire rod for wire drawing according to any one of claims 1 to 3,

further containing, in terms of % by mass,

B: from 0.0003 to 0.0030%.
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5.  The steel wire rod for wire drawing according to claim 1, further
containing, in terms of % by mass, one or more of

Mo: from 0.02 to 0.20%,

V: from 0.02 to 0.15%,

Ti: from 0.002 to 0.050%,

Nb: from 0.002 to 0.050%, and

B: from 0.0003 to 0.0030%.

6.  The steel wire rod for wire drawing according to any one of claims 1 to 5,

wherein a content of the Al is from 0.005 to 0.035% in terms of % by mass.
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