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ABSTRACT

The rail having a chemical composition containing C: 0.70 - 1.00
mass%, Si: 0.50 - 1.60 mass%, Mn: 0.20 - 1.00 mass%, P: < 0.035 mass%, S:
<0.012 mass%, Cr: 0.40 - 1.30 mass%, where Ceq defined by the formula (1)
is 1.04 - 1.25,

Ceq = [%C] + ([%Si)/11) + ([%Mn]/7) + ([%Cr])/5.8) (1)

where [%M] is the content in mass% of the element M,
the balance being Fe and inevitable impurities, where Ceq(max) is < 1.40,
where the Ceq(max) is determined by the formula (2) using maximum contents
of C, Si, Mn, and Cr obtained by subjecting a region between specified
positions to EPMA line analysis,; and a pearlite area ratio in the region is 95
% or more,

Ceq(max) = [%C(max)] + ([%Si(max)]/11) + ([%Mn(max)]/7) +
([%Cr(max)]/5.8) (2)

where [%0M(max)] is the maximum content of the element M.
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RAIL AND METHOD FOR MANUFACTURING SAME

TECHNICAL FIELD
[0001] This disclosure relates to a rail, particularly a rail having both
improved wear resistance and improved fatigue damage resistance, and to a
method of manufacturing a rail with which the rail can be advantageously

manufactured.

BACKGROUND

[0002] In heavy haul railways mainly built to transport ore, the load applied
to the axle of a freight car is much higher than that in passenger cars, and rails
are used in increasingly harsh environments. Conventionally, steels having a
pearlite microstructure have been mainly used for the rails used under such
circumstances from the viewpoint of the importance of wear resistance. In
recent years, however, in order to improve the efficiency of transportation by
railways, the loading weight on freight cars is becoming larger and larger, and
consequently, there is a need for further improvement of wear resistance and
fatigue damage resistance. Note that heavy haul railways are railways where
trains and freight cars haul large loads (loading weight is about 150 tons or
more, for example).

[0003] In order to further improve the wear resistance of the rail, for example,
it has been proposed to increase the C content to increase the cementite
fraction, thereby improving the wear resistance, such as increasing the C

content to more than 0.85 mass% and 1.20 mass% or less, like JP H08-109439
A (PTL 1) and JP H08-144016 A (PTL 2), or increasing the C content to more

than 0.85 mass% and 1.20 mass% or less and subjecting a rail head to heat
treatment, like JP H08-246100 A (PTL 3) and JP H08-246101 A (PTL 4).

[0004] On the other hand, because the rails in a curved section of heavy haul
railways are applied with rolling contact loading caused by wheels and sliding
force caused by centrifugal force, wear of the rails is more severe than other
sections, and fatigue damage occurs due to sliding. If it is simply setting the
C content to more than 0.85 mass% and 1.20 mass% or less as proposed above,
a pro-eutectoid cementite microstructure is formed depending on heat

treatment conditions, and the number of cementite layers of a brittle pearlite
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lamellar microstructure is increased. As a result, the fatigue damage
resistance cannot be improved.

[0005] Therefore, JP 2002-69585 A (PTL 5) proposes a technique of adding
Al and Si to suppress the formation of pro-eutectoid cementite, thereby
improving the fatigue damage resistance. However, it is difficult to satisfy
both the wear resistance and the fatigue damage resistance in a steel rail
having a pearlite microstructure, because the addition of Al leads to the
formation of oxides that are the initiation point of fatigue damage.

[0006] JP H10-195601 A (PTL 6) improves the service life of the rail by
setting the Vickers hardness of a region of at least 20 mm deep from the
surface of a head corner and a head top of a rail to 370 HV or more. JP
2003-293086 A (PTL 7) controls pearlite block size to obtain a hardness in a
region of at least 20 mm deep from the surface of a head corner and a head top
of a rail within a range of 300 HV or more and 500 HV or less, thereby

improving the service life of the rail.

CITATION LIST

Patent Literature

[0007] PTL 1: JP H08-109439 A
PTL 2: JP H08-144016 A
PTL 3: JP H08-246100 A
PTL 4: JP H08-246101 A
PTL 5: JP 2002-69585 A
PTL 6: JP H10-195601 A
PTL 7: JP 2003-293086 A

SUMMARY
(Technical Problem)
[0008] However, the rails are used in increasingly harsh environments, and in
order to improve the service life of the rail, it has been a problem to further
increase the hardness and expand the range of the hardening depth. It could
thus be helpful to provide a rail having both excellent wear resistance and
excellent fatigue damage resistance as well as a method of manufacturing the

same.
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(Solution to Problem)
[0009] In order to solve the problem, we prepared rails having different C, Si,
Mn, and Cr contents, and intensely investigated their microstructure, wear
resistance, and fatigue damage resistance. As a result, we discovered that,
by optimizing a local equivalent carbon content (hereinafter referred to as
Ceq(max)) caused by microsegregation, suppressing the formation of
martensite and bainite microstructures in the local area, and increasing the
hardness at least in a region between a position where a depth from a surface
of a rail head is 1 mm and the position where the depth is 25 mm (hereinafter,
also referred to as surface layer region), it is possible to improve both the
wear resistance and the fatigue damage resistance compared to conventional
rail materials. Specifically, we discovered that the effect of improving the
wear resistance and the fatigue damage resistance can be stably maintained by
making a Ceq calculated from the content of each component of C, Si, Mn and
Cr within the range of 1.04 or more and 1.25 or less, subjecting a region
between a position where a depth from a surface of a rail head is 1 mm and a
position where the depth is 25 mm to line analysis with EPMA, and
controlling a Ceq(max) determined from the maximum content of each
component of C, Si, Mn and Cr in this region to 1.40 or less.
[0010] The present disclosure is based on the above discoveries and primary
features thereof are as follows.
1. A rail comprising a chemical composition containing

C: 0.70 mass% or more and 1.00 mass% or less,

Si: 0.50 mass% or more and 1.60 mass% or less,

Mn: 0.20 mass% or more and 1.00 mass% or less,

P: 0.035 mass% or less,

S: 0.012 mass% or less, and

Cr: 0.40 mass% or more and 1.30 mass% or less,

where a Ceq value defined by the following formula (1) is in a range
of 1.04 or more and 1.25 or less,

Ceq =[%C] + (J%Si]/11) + (|%Mn]/7) + ([%Cr]/5.8) (1)
where [%C], [%Si], [%Mn] or [%Cr] is the content in mass%

of the element C, Si, Mn or Cr,

the balance being Fe and inevitable impurities, wherein

Vickers hardness of a region between a position where a depth from a

Date Regue/Date Received 2022-01-11
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surface of a rail head is 1 mm and a position where the depth is 25 mm is 370
HV or more and less than 520 HV; a Ceq(max) is 1.40 or less, where the
Ceq(max) is determined by the following formula (2) using a maximum
content of each component of C, Si, Mn, and Cr, which are obtained by
subjecting the region to line analysis with EPMA; and a pearlite area ratio in
the region is 95 % or more,
Ceq(max) = [%C(max)] + ([%Si(max)]/11) + ([%Mn(max)]/7)
+ ([%Cr(max)]/5.8) (2)
where [%C(max)], [%Si(max)], [Y%eMn(max)] or [%Cr(max)] is

the maximum content of the element C, Si, Mn or Cr obtained by line analysis
with EPMA.
[0011] 2. The rail according to (1), wherein the chemical composition
further contains at least one selected from the group consisting of

V: 0.30 mass% or less,

Cu: 1.0 mass% or less,

Ni: 1.0 mass% or less,

Nb: 0.05 mass% or less, and

Mo: 0.5 mass% or less.
[0012] 3. The rail according to (1) or (2), wherein the chemical
composition further contains at least one selected from the group consisting of

Al: 0.07 mass% or less,

W: 1.0 mass% or less,

B: 0.005 mass% or less,

Ti: less than 0.010 mass%, and

Sb: 0.05 mass% or less.
[0013] 4. A method of manufacturing a rail, comprising heating a steel
material having the chemical composition according to any one of (1) to (3) to
a temperature range of higher than 1150 °C and 1350 °C or lower, holding the
steel material in the temperature range for a holding time of A in seconds
defined by the following formula (3) or longer, and then subjecting the steel
material to hot rolling where a rolling finish temperature is 850 °C or higher
and 950 °C or lower, and then to cooling where a cooling start temperature is
equal to or higher than a pearlite transformation start temperature, a cooling
stop temperature is 400 °C or higher and 600 °C or lower, and a cooling rate is

1°C/s or higher and 5°C/s or lower,

Date Regue/Date Received 2022-01-11
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A (s) = exp{(6000/T) + (1.2 x [%C]) + (0.5 x [%Si]) + (2 x [%Mn]) +
(1.4 x [%Cr]D}  (3)

where T is a heating temperature [°C], and [%C], [%Si], [%Mn] or
[%Cr] is the content in mass% of the element C, Si, Mn or Cr.
(Advantageous Effect)
[0014] According to the present disclosure, it is possible to stably
manufacture a rail with high internal hardness having far superior wear
resistance and fatigue damage resistance as compared with conventional rails.
It contributes to a long service life of rails for heavy haul railways and

prevention of railway accidents, which is beneficial in industrial terms.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] In the accompanying drawings:

FIG. 1 is a cross-sectional view of a rail head indicating the
measurement position of EPMA line analysis.;

FIG. 2A is a plan view illustrating a Nishihara type wear test piece for
evaluating wear resistance;

FIG. 2B is a side view illustrating the Nishihara type wear test piece
for evaluating wear resistance;

FIG. 3 is a cross-sectional view of a rail head indicating the collecting
positions of Nishihara type wear test pieces;

FIG. 4A is a plan view illustrating a Nishihara type wear test piece for
evaluating fatigue damage resistance; and

FIG. 4B is a side view illustrating the Nishihara type wear test piece

for evaluating fatigue damage resistance.

DETAILED DESCRIPTION
[0016] The following describes the present disclosure in detail. The reasons
why the present disclosure limits the chemical composition of the rail steel to
the above ranges are described first.
[0017] C: 0.70 mass% or more and 1.00 mass% or less
C is an essential element for forming cementite in a pearlite

microstructure and ensuring wear resistance, and the wear resistance improves

Date Regue/Date Received 2022-01-11
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as the content of C increases. However, when the C content is less than 0.70
mass%, it is difficult to obtain excellent wear resistance as compared with a
conventional heat-treated pearlite steel rail. In addition, when the C content
exceeds 1.00 mass%, pro-eutectoid cementite is formed at austenite grain
boundaries at the time of transformation after the hot rolling, and the fatigue
damage resistance is remarkably decreased. Therefore, the C content is 0.70
mass% or more and 1.00 mass% or less. The C content is preferably 0.75
mass% or more and 0.85 mass% or less.
[0018] Si: 0.50 mass% or more and 1.60 mass% or less

Si is a deoxidizer and an element that strengthens a pearlite
microstructure. Therefore, it should be contained at a content of 0.50 mass%
or more. However, when the content exceeds 1.60 mass%, the weldability is
deteriorated due to the high bonding strength between Si and oxygen.
Further, Si highly improves the hardenability of the steel, so that a martensite
microstructure is likely to be formed in the surface layer of the rail.
Therefore, the Si content is 0.50 mass% or more and 1.60 mass% or less.
The Si content is preferably 0.50 mass% or more and 1.20 mass% or less.
[0019] Mn: 0.20 mass% or more and 1.00 mass% or less

Mn lowers the pearlite transformation temperature and refines the
lamellar spacing, thereby increasing the strength and the ductility of the rail
with high internal hardness. However, when Mn is excessively contained in
the steel, the equilibrium transformation temperature of pearlite is lowered,
and as a result, the degree of supercooling is reduced and the lamellar spacing
is coarsened. When the Mn content is less than 0.20 mass%, the effect of
increasing the strength and the ductility cannot be sufficiently obtained. On
the other hand, when the Mn content exceeds 1.00 mass%, a martensite
microstructure is likely to be formed, and the material is likely to be
deteriorated due to hardening and brittleness occurred during the heat
treatment and welding of the rail. Further, the equilibrium transformation
temperature is lowered even if a pearlite microstructure is formed, which
coarsens the lamellar spacing. Therefore, the Mn content is 0.20 mass% or
more and 1.00 mass% or less. The Mn content is preferably 0.20 mass% or
more and 0.80 mass% or less.
[0020] P: 0.035 mass% or less
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When t\he P content exceeds 0.035 mass%, the ductility is deteriorated.
Therefore, the P content is 0.035 mass% or less. The P content is preferably
0.020 mass% or less. On the other hand, the lower limit of the P content is
not particularly limited and may be 0 mass%. However, it is generally more
than 0 mass% industrially. Because excessive reduction of P content causes
an increase in refining cost, the P content is preferably 0.001 mass% or more
from the viewpoint of economic efficiency.

[0021] S: 0.012 mass% or less

S is mainly present in the steel in the form of A type inclusions.
When the S content exceeds 0.012 mass%, the amount of the inclusions is
significantly increased, and at the same time coarse inclusions are formed.
As a result, the cleanliness of the steel is deteriorated. Therefore, the S
content is 0.012 mass% or less. The S content is preferably 0.010 mass% or
less. The S content is more preferably 0.008 mass% or less. On the other
hand, the lower limit of the S content is not particularly limited and may be 0
mass%. However, it is generally more than 0 mass% industrially. Because
excessive reduction of S content causes an increase in refining cost, the S
content is preferably 0.0005 mass% or more from the viewpoint of economic
efficiency.

[0022] Cr: 0.40 mass% or more and 1.30 mass% or less

Cr raises the pearlite equilibrium transformation temperature and
contributes to the refinement of the lamellar spacing, and at the same time,
further improves the strength by solid solution strengthening. However,
when the Cr content is less than 0.40 mass%, enough internal hardness cannot
be obtained. On the other hand, when the Cr content is more than 1.30
mass%, the hardenability of the steel is increased, and martensite is likely to
be formed. When the manufacture is performed under conditions where no
martensite is formed, pro-eutectoid cementite is formed at prior austenite
grain boundaries. As a result, the wear resistance and the fatigue damage
resistance are decreased. Therefore, the Cr content is 0.40 mass% or more
and 1.30 mass% or less. The Cr content is preferably 0.60 mass% or more
and 1.20 mass% or less.

[0023] Ceq: 1.04 or more and 1.25 or less

The Ceq value is a value calculated by the following formula (1),
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where the content (mass%) of the element M in the steel is expressed as [%M].
That is, the Ceq value can be calculated with the C content being [%C]
(mass%), the Si content being [%Si] (mass%), the Mn content being [%Mn]
(mass%), and the Cr content being [%Cr] (mass%) in the following formula
D).

Ceq = [%C] + ([%Si]/11) + ([%Mn]/7) + ([%Cr]/5.8) (1)
[0024] The Ceq value is used to estimate the maximum hardness and
weldability that can be obtained from the mix proportion of alloy components.
In the present disclosure, the Ceq value is used as an index for suppressing the
formation of martensite and bainite in the surface layer region of the rail, and
it is necessary to maintain the Ceq value in an appropriate range. That is,
when the Ceq value is less than 1.04, the internal hardness is insufficient, and
the wear resistance and the fatigue damage resistance cannot be further
improved. Further, when the Ceq value exceeds 1.25, the hardenability of
the rail is increased, and martensite and bainite are likely to be formed in the
surface layer region of the rail head. Therefore, the Ceq value is 1.04 or
more and 1.25 or less. It is more preferably 1.04 or more and 1.20 or less.
[0025] The chemical composition of the rail of the present disclosure may
optionally contain, in addition to the above-described components, either or
both of at least one selected from the following Group A and at least one
selected from the following Group B.
Group A: V: 0.30 mass% or less, Cu: 1.0 mass% or less, Ni: 1.0 mass% or less,
Nb: 0.05 mass% or less, and Mo: 0.5 mass% or less
Group B: Al: 0.07 mass% or less, W: 1.0 mass% or less, B: 0.005 mass% or
less, Ti: less than 0.010 mass%, and Sb: 0.05 mass% or less
[0026] The following describes the reasons for specifying the contents of the
elements of the above Group A and Group B.
{Group A]
V: 0.30 mass% or less

V forms carbonitrides in the steel and disperses and precipitates in the
matrix, thereby improving the wear resistance of the steel. However, when
the V content exceeds 0.30 mass%, the workability deteriorates and the
manufacturing cost increases. In addition, when the V content exceeds 0.30

mass%, the alloy cost increases. As a result, the cost of the rail with high
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internal hardness increases. Therefore, V may be contained with the upper
limit being 0.30 mass%. Note that the V content is preferably 0.001 mass%
or more in order to exhibit the effect of improving the wear resistance. The
V content is more preferably in the range of 0.001 mass% or more and 0.150
mass% or less.

[0027] Cu: 1.0 mass% or less

Cu is an element capable of further strengthening the steel by solid
solution strengthening, as with Cr. However, when the Cu content exceeds
1.0 mass%, Cu cracking is likely to occur. Therefore, when the chemical
composition contains Cu, the Cu content is preferably 1.0 mass% or less.
The Cu content is more preferably 0.005 mass% or more and 0.500 mass% or
less.

[0028] Ni: 1.0 mass% or less.

Ni is an element that can increase the strength of the steel without
deteriorating the ductility. In addition, in the case where the chemical
composition contains Cu, it is preferable to add Ni because Cu cracking can
be suppressed by the addition of Ni in combination with Cu. However, when
the Ni content exceeds 1.0 mass%, the hardenability of the steel is further
increased, the amount of martensite and bainite formed is increased, and the
wear resistance and the fatigue damage resistance tend to be decreased.
Therefore, when Ni is contained, the Ni content is preferably 1.0 mass% or
less. The Ni content is more preferably 0.005 mass% or more and 0.500
mass% or less.

{0029] Nb: 0.05 mass% or less

Nb precipitates as carbides by combining with C in the steel during
and after the hot rolling for shaping the steel into a rail, which effectively
reduces the size of pearlite colony. As a result, the wear resistance, the
fatigue damage resistance, and the ductility are greatly improved, which
greatly extends the service life of the rail with high internal hardness.
However, when the Nb content exceeds 0.05 mass%, the effect of improving
the wear resistance and the fatigue damage resistance is saturated, and the
effect does not increase as the content increases. Therefore, Nb may be
contained with the upper limit being 0.05 mass%. When the Nb content is

less than 0.001 mass%, it is difficult to obtain a sufficient effect of extending
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the service life of the rail. Therefore, when Nb is contained, the Nb content
is preferably 0.001 mass% or more. The Nb content is more preferably 0.001
mass% or more and 0.030 mass% or less. '
[0030] Mo: 0.5 mass% or less

Mo is an element capable of further strengthening the steel by solid
solution strengthening. However, when the Mo content exceeds 0.5 mass%,
the amount of bainite formed in the steel is increased, and the wear resistance
is decreased. Therefore, when the chemical composition of the rail contains
Mo, the Mo content is preferably 0.5 mass% or less. The Mo content is more
preferably 0.005 mass% or more and 0.300 mass% or less.
[0031] [Group B]
Al: 0.07 mass% or less

Al is an element that can be added as a deoxidizer. However, when
the Al content exceeds 0.07 mass%, a large amount of oxide-based inclusions
is formed in the steel due to the high bonding strength between Al and oxygen.
As a result, the ductility of the steel is decreased. Therefore, the Al content
is preferably 0.07 mass% or less. On the other hand, the lower limit of the
Al content is not particularly limited. However, it is preferably 0.001 mass%
or more for deoxidation. The Al content is more preferably 0.001 mass% or
more and 0.030 mass% or less.

[0032] W: 1.0 mass% or less

W precipitates as carbides during and after the hot rolling for shaping
the steel into a rail shape, and improves the strength and the ductility of the
rail by precipitation strengthening. However, when the W content exceeds
1.0 mass%, martensite is formed in the steel. As a result, the ductility is
decreased. Therefore, when W is added, the W content is preferably 1.0
mass% or less. On the other hand, the lower limit of the W content is not
particularly limited, yet the W content is preferably 0.001 mass% or more in
order to exert the effect of improving the strength and the ductility. The W
content is more preferably 0.005 mass% or more and 0.500 mass% or less.
[0033] B: 0.005 mass% or less

B precipitates as nitrides in the steel during and after the hot rolling
for shaping the steel into a rail shape, and improves the strength and the

ductility of the steel by precipitation strengthening. However, when the B
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content exceeds 0.005 mass%, martensite is formed. As a result, the
ductility of the steel is decreased. Therefore, when B is contained, the B
content is preferably 0.005 mass% or less. On the other hand, the lower limit
of the B content is not particularly limited, yet the B content is preferably
0.001 mass% or more in order to exert the effect of improving the strength and
the ductility. The B content is more preferably 0.001 mass% or more and
0.003 mass% or less.

[0034] Ti: less than 0.010 mass%

Ti precipitates as carbides, nitrides, or carbonitrides in the steel
during and after the hot rolling for shaping the steel into a rail shape, and
improves the strength and the ductility of the steel by precipitation
strengthening. However, when the Ti content is 0.010 mass% or more,
coarse carbides, nitrides or carbonitrides are formed. As a result, the fatigue
damage resistance is decreased. Therefore, when Ti is contained, the Ti
content is preferably less than 0.010 mass%. On the other hand, the lower
limit of the Ti content is not particularly limited, yet the Ti content is
preferably 0.001 mass% or more in order to exert the effect of improving the
strength and the ductility. The Ti content is more preferably 0.005 mass% or
more and 0.009 mass% or less.

[0035] Sb: 0.05 mass% or less

Sb has a remarkable effect of preventing the decarburization of the
steel when reheating the rail steel material in a heating furnace before the hot
rolling. However, when the Sb content exceeds 0.05 mass%, the ductility
and the toughness of the steel are adversely affected. Therefore, when Sb is
contained, the Sb content is preferably 0.05 mass% or less. On the other
hand, the lower limit of the Sb content is not particularly limited, yet the Sb
content is preferably 0.001 mass% or more in order to exert the effect of
reducing a decarburized layer. The Sb content is more preferably 0.005
mass% or more and 0.030 mass% or less.

[0036] The chemical composition of the steel as the material of the rail of the
present disclosure contains the above components and Fe and inevitable
impurities as the balance. The balance preferably consists of Fe and
inevitable impurities. The present disclosure also includes rails that contain

other trace elements within a range that does not substantially affect the



10

15

20

25

30

CA 03094798 2020-09-22

- 12 -

effects of the present disclosure instead of a part of the balance Fe in the
chemical composition of the present disclosure. As used herein, examples of
the inevitable impurities include P, N, O, and the like. As described above, a
P content up to 0.035 mass% is allowable. In addition, a N content up to
0.008 mass% is allowable, and an O content up to 0.004 mass% is allowable.
[0037] In addition to using a steel having the above chemical composition as
the rail material, it is also important that, for a surface layer region of a rail
head, that is, a region between a position where a depth from a surface of the
rail head is 1 mm and a position where the depth is 25 mm, the Vickers
hardness be controlled within a specific range, the segregation of C, Si, Mn,
and Cr be suppressed, and the area ratio of pearlite in the steel microstructure
of the surface layer region be high, which will be described below.
[0038] Vickers hardness in surface layer region: 370 HV or more and less
than 520 HV

When the Vickers hardness of the surface layer region, that is, a region
between a position where a depth from a surface of the rail head is 1 mm and a
position where the depth is 25 mm, is less than 370 HV, the wear resistance of
the steel is decreased, and the service life of the steel rail with high internal
hardness is shortened. On the other hand, when the Vickers hardness is 520
HYV or more, the fatigue damage resistance of the steel is decreased due to the
formation of martensite. Therefore, the Vickers hardness of the
above-described region of the rail head is 370 HV or more and less than 520
HV. The Vickers hardness of the surface layer region of the rail head is
specified because the performance of the surface layer region of the rail head
controls the performance of the rail. The Vickers hardness of the surface
layer region is preferably 400 HV or more and less than 480 HV.
[0039] With regard to segregation, because the degree of segregation can be
evaluated by Ceq(max) described below, the range of the Ceq(max) in the
present disclosure is specified as follows.
Ceq(max): 1.40 or less

Ceq(max) is a value determined by the following formula (2) from the
maximum content of each component of C, Si, Mn, and Cr obtained by
subjecting the surface layer region of the rail head to line analysis with EPMA.

Generally, a steel ingot after continuous casting has a segregated portion of
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alloying elements generated in a solidification process. Since the
hardenability is improved in the segregated portion because of the
concentration of the alloy components, martensite and bainite are more likely
to be formed in the segregated portion than in surrounding non-segregated
portions. Pearlite, martensite, and bainite microstructures that are usually
observed in rail materials can be identified by optical microscope observation.
However, when martensite and bainite microstructures are formed in minute
areas due to microsegregation, it was extremely difficult to accurately
quantify them by optical microscope observation. With this respect, it has
been found that, by controlling the value of the macroscopic Ceq calculated
from the content of each alloying element described above and the value of
the microscopic Ceq(max) determined from the maximum value of each
component obtained by subjecting the surface layer region of the rail head to
line analysis with EPMA, it is possible to suppress martensite and bainite
microstructures in minute areas, which is extremely difficult to identify by
microstructure observation under an ordinary optical microscope.
Specifically, when the Ceq(max) value exceeds 1.40, martensite and bainite
are locally formed, and the wear resistance and the fatigue damage resistance
cannot be improved. Therefore, the Ceq(max) value is 1.40 or less. It is
preferably 1.30 or less. On the other hand, the lower limit of the Ceq(max)
value is not particularly limited. However, the Ceq(max) value is preferably
1.10 or more in order to secure excellent wear resistance and fatigue damage
resistance by increasing the hardness of a pearlite microstructure.

Ceq(max) = [%C(max)] + ([%Si(max)]/11) + ([%Mn(max)]/7) +
([%Cr(max)}/5.8) (2)
where [%M(max)] is the maximum content of the element M obtained by line
analysis with EPMA.
[0040] Pearlite area ratio in surface layer region: 95 % or more

Further, the area fraction of pearlite in the microstructure of the
surface layer region of the rail head should be 95 % or more. The wear
resistance and the fatigue damage resistance of the steel vary greatly
depending on the microstructure, among which a pearlite microstructure has
superior wear resistance and fatigue damage resistance compared to a

martensitic microstructure and a bainite microstructure of the same hardness.
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In order to stably improve these properties required for the rail material, it is
necessary to secure a pearlite microstructure having an area ratio of 95 % or
more in the surface layer region described above. It is more preferably 98 %
or more and may be 100 %. As used herein, the pearlite area ratio is a
pearlite area ratio obtained by observing the microstructure under an ordinary
optical microscope.

[0041] Next, a method of manufacturing the above-described rail of the
present disclosure will be described.

That is, the rail of the present disclosure can be manufactured by
heating a steel material having the chemical composition described above to a
temperature range of higher than 1150 °C and 1350 °C or lower, holding the
steel material in the temperature range for a holding time of A (s) defined by
the following formula (3) or longer, and then subjecting the steel material to
hot rolling where a rolling finish temperature is 850 °C or higher and 950 °C
or lower, and then to cooling where a cooling start temperature is equal to or
higher than a pearlite transformation start temperature, a cooling stop
temperature is 400 °C or higher and 600 °C or lower, and a cooling rate is
1°C/s or higher and 5°C/s or lower,

A (s) = exp{(6000/T) + ((1.2 x [%C]) + (0.5 x [%Si]) + (2 x [%Mn]) +
(1.4 x [%Cr]))}y  (3)
where T is the heating temperature [°C], and [%M] is the content (mass%) of
the element M.

The following describes the manufacturing conditions.
[0042] Heating temperature: higher than 1150 °C and 1350 °C or lower

When the heating temperature prior to the hot rolling is 1150 °C or
lower, the deformation resistance during the rolling cannot be sufficiently
reduced. On the other hand, when the heating temperature is higher than
1350 °C, the steel material partially melts, which may cause defects inside the
rail. Therefore, the heating temperature before the rail rolling is higher than
1150 °C and 1350 °C or lower. It is preferably 1200 °C or higher and 1300
°C or lower.

[0043] Holding time: A (s) defined by the above formula (3) or longer

During the manufacture of the rail, it is necessary to reduce the degree

of segregation of alloying elements generated during the solidification process.
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During the heating prior to the hot rolling, it is possible to diffuse the
segregation element and reduce the degree of segregation by holding the steel
material in the above heating temperature range, yet the holding time depends
on the contents of C, Si, Mn and Cr. We examined the holding time
according to the contents of these elements and found that the holding time
should be equal to or longer than the A value (s) calculated by the above
formula (3). That is, when the actual heating holding time does not satisfy
the A value calculated from the above formula (3), the effect of reducing
segregation is poor, and the Ceq(max) value is high. As a result, a
martensite or bainite microstructure is locally formed, and it is impossible to
obtain stable and excellent wear resistance and fatigue damage resistance.
Therefore, the heating holding time is equal to or longer than A (s) calculated
by the above formula (3), which is composed of parameters according to the
heating temperature T (°C) and the contents of C, Si, Mn and Cr in the
chemical composition of the steel. On the other hand, the upper limit of the
holding time is not particularly limited. However, it is preferably 1.2 A or
more and 2.0 A or less in order to prevent decrease of fatigue damage
resistance due to coarsening.
[0044] Hot-rolling finish temperature: 850 °C or higher and 950°C or lower
When the finish temperature of the hot rolling (hereinafter also simply
referred to as "rolling finish temperature") is lower than 850 °C, the rolling is
performed to an austenite low temperature range. As a result, not only
processing strain is introduced into austenite crystal grains, but also the
elongation degree of austenite crystal grains becomes remarkable. Although
the introduction of dislocations and an increase in the austenite grain
boundary area increase the number of pearlite nucleation sites and reduce the
size of pearlite colony, the increase in the number of pearlite nucleation sites
raises the pearlite transformation start temperature and coarsens the lamellar
spacing of pearlite.  The coarsening of lamellar spacing of pearlite
significantly decreases the rail wear resistance. On the other hand, if the
rolling finish temperature exceeds 950 °C, the austenite crystal grains are
coarsened, which coarsens the size of finally obtained pearlite colony and
decreases the fatigue damage resistance. Therefore, the rolling finish

temperature is 850 °C or higher and 950 °C or lower. It is preferably 875 °C
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or higher and 925 °C or lower.
[0045] Cooling after hot rolling: cooling start temperature: equal to or high
than a pearlite transformation start temperature; cooling stop temperature: 400
°C or higher and 600 °C or lower; cooling rate: 1 °C/s or higher and 5 °C/s or
lower

By subjecting the steel material after the hot rolling to cooling with
the cooling start temperature being equal to or higher than a pearlite
transformation start temperature, it is possible to obtain a rail having the
hardness and the steel microstructure described above. In the case where the
start temperature of the cooling is below the pearlite transformation start
temperature or the cooling rate during the cooling is lower than 1 °C/s, the
lamellar spacing of the pearlite microstructure is coarsened and the internal
hardness of the rail head is decreased. On the other hand, in the case where
the cooling rate exceeds 5 °C/s, a martensite microstructure or a bainite
microstructure is formed, and the service life of the rail is shortened.
Therefore, the cooling rate is in the range of 1 °C/s or higher and 5 °C/s or
lower. It is preferably 2.5 °C/s or higher and 4.5 °C/s or lower. Although
the pearlite transformation start temperature varies depending on the cooling
rate, it refers to the equilibrium transformation temperature in the present
disclosure. In the composition range of the present disclosure, if a cooling
rate of the above range is adopted as a start when the temperature is 720 °C or
higher, it can sufficiently satisfy to start the cooling at the cooling rate in the
above range and from the temperature of or above the pearlite transformation
start temperature. When the cooling stop temperature at the above cooling
rate is lower than 400 °C, the cooling time in a low temperature range is
increased, which lowers the productivity and increases the cost of the rail.
On the other hand, when the cooling stop temperature at the above cooling
rate exceeds 600 °C, the cooling stops when the temperature inside the rail
head is at a temperature before the pearlite transformation occurs or during
the pearlite transformation, which coarsens the lamellar spacing of the
pearlite microstructure and shortens the service life of the rail. Therefore,
the cooling stop temperature is 400 °C or higher and 600 °C or lower. It is
preferably 450 °C or higher and 550 °C or lower.
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EXAMPLES

[0046] The following describes the structures and function effects of the
present disclosure in more detail, by way of examples. Note that the present
disclosure is not restricted by any means to these examples and may be
changed appropriately within the range conforming to the purpose of the
present disclosure, all of such changes being included within the technical
scope of the present disclosure.

[0047] Steel materials having the chemical compositions listed in Table 1
were subjected to hot rolling and, after the hot rolling, to cooling under the
conditions listed in Table 2 to prepare rail materials. The cooling was
performed only on a rail head, and it was allowed to cool after the cooling.
The rolling finish temperature in Table 2 is a value obtained by measuring the
temperature of the rail head side surface on the entrance side of a final rolling
mill with a radiation thermometer. The cooling stop temperature is a value
obtained by measuring the temperature of the rail head side surface layer with
a radiation thermometer when the cooling stops. The cooling rate (°C/s) is
obtained by converting the temperature change from the start of cooling to the
stop of cooling into a value of per unit time (second). Note that the cooling
start temperature in all examples is 720 °C or higher, which is equal to or

higher than a pearlite transformation start temperature.
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Table 2
Heating temperature: . Holding time Rolling finish Cooling sto Cooling rate
Test No. | Sicel No. gT["Cl} A”ec) [segc] tempe;nafure [°C} lemperatﬁre [EC] [“C/iec]
1 1 1250 3066 4000 500 550 25
2 2 1200 8743 10800 875 525 45
3 3 1300 5148 7200 925 550 28
4 4 1200 6694 9000 900 600 27
5 5 1150 547 10800 %00 550 32
6 6 1225 6734 7200 900 550 31
7 7 1350 2991 5400 950 500 30
8 8 1250 4770 7200 925 525 25
9 9 1200 4808 5000 900 550 28
10 10 1300 3776 3800 900 550 26
11 11 1250 3667 7200 875 500 3.0
12 12 1200 5659 G000 900 550 32
13 13 1250 6124 10800 925 550 30
14 14 1250 6192 9000 950 525 25
15 15 1200 4642 7200 900 500 48
16 16 1150 11400 14400 900 550 29
17 17 1200 4583 9000 850 550 3.0
18 18 1250 4016 7200 875 550 31
19 19 1175 9352 10800 925 525 38
20 20 1225 11316 16200 900 500 36
21 21 1250 11015 14400 900 550 3.0
2 2 1200 5682 7200 900 550 30
23 23 1250 3035 9000 950 550 28
il 24 1250 257 5400 %00 500 35
25 25 1300 13285 14400 925 525 32
2% 2% 1250 199 5400 900 525 3.0
27 n 1200 27255 28800 875 550 36
23 28 1250 4016 14400 925 525 39
29 2 1225 6444 9000 900 550 28
30 30 1250 235 3600 900 500 34
31 3 1250 8193 10800 900 525 29
32 32 1300 2506 5400 900 550 3.0
33 3 1250 2812 7200 950 500 35
k) 34 1200 15631 16200 900 550 3.4
35 35 1250 2510 5400 900 550 32
36 36 1250 27011 28800 925 550 29
37 2 1360 4855 7200 900 550 3.0
38 4 1250 5481 5400 900 550 32
39 10 1250 4541 4000 900 500 24
40 15 1200 4642 3600 900 550 40
41 8 1250 4770 7200 960 525 49
2 9 1200 4808 9000 840 500 30
43 5 1300 2874 5400 850 610 25
4 6 1250 6106 10800 900 550 05
45 7 1250 4268 7200 950 550 5.5

*] The underline indicates outside the applicable range.
*2 A =exp{(6000/T) + ((1.2 x [%C]) + (0.5 x [%Si]) +(2 x [%Mn]) + (1.4 x [%Cr]))}
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[0050] The rails thus obtained were evaluated in terms of hardness of rail
head, Ceq(max), pearlite areca ratio, wear resistance, and fatigue damage
resistance. The following describes the details of each evaluation.
[0051] Hardness of rail head

The Vickers hardness of the surface layer region (a region between a
position where the depth from the surface of the rail head was 1 mm and a
position where the depth was 25 mm) illustrated in FIG. 1 was measured at a
load of 98 N and a pitch of 0.5 mm in the depth direction, and the maximum
and minimum values of the hardness were obtained.
[0052] Ceq(max)

Line analysis was performed with EPMA for [%C], [%Si], [%Mn] and
[%Cr] in the surface layer region of the rail head illustrated in FIG. 1, and the
maximum value [%C(max)], [%Si(max)], [%Mn(max)], and [%Cr(max)] were
obtained from the analysis results. The Ceq(max) was calculated from the
above formula (2) based on these values. The line analysis was performed
under the conditions of an accelerating voltage of 15 kV and a beam diameter
of 1 pum.
[0053] Pearlite area ratio

With respect to the pearlite area ratio, test pieces were collected at
positions of depths of Imm, 5 mm, 10 mm, 15 mm, 20 mm, and 25 mm from
the surface of the rail head, respectively. Each of the collected test pieces
was corroded with nital after polishing, a cross section of each test piece was
observed under an optical microscope at 400 times to identify the type of
microstructure, and the pearlite area ratio was evaluated by determining the
ratio of the microstructure identified as pearlite to the observed area. That is,
the area ratio of a pearlite microstructure in the surface layer region was
evaluated by determining the ratio (in percentage) of the total area of the
observed pearlite microstructure to the total value of the observed area at each
position.
[0054] Wear resistance

It is most desirable to actually lay the rail to evaluate the wear
resistance, yet this requires a long testing time. Therefore, in the present
disclosure, the wear resistance was evaluated by a comparative test in which

actual contact conditions between a rail and a wheel were simulated using a
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Nishihara type wear test apparatus that enables wear resistance evaluation in a
short period of time. Specifically, a Nishihara type wear test piece 2 having
an outer diameter of 30 mm as illustrated in FIGS. 2A and 2B was collected
from the rail head, and the test piece 2 was brought into contact with a tire test
piece 3 and rotated as illustrated in FIGS. 2A and 2B to conduct the test. The
arrows in FIG. 2A indicate the rotation directions of the Nishihara type wear
test piece 2 and the tire test piece 3, respectively. The tire test piece was
obtained by collecting a round bar having a diameter of 32 mm from the head
of a normal rail according to JIS standard E1101 where the Vickers hardness
(load: 98N) was 390 HV, subjecting the round bar to heat treatment so that the
microstructure turned into a tempered martensite microstructure, and then
processing it into the shape illustrated in FIGS. 2A and 2B. The Nishihara
type wear test pieces 2 were collected from two locations in the rail head 1 as
illustrated in FIG. 3. The one collected at a position where the depth in the
surface layer region of the rail head 1 was 5 mm was a Nishihara type wear
test piece 2a, and the one collected at a position where the depth in the surface
layer region was 25 mm was a Nishihara type wear test piece 2b. That is, the
center in the longitudinal direction of the Nishihara type wear test piece 2a
was located at a depth of 4 mm or more and 6 mm or less (average value: 5
mm) from the upper surface of the rail head 1, and the center in the
longitudinal (axial) direction of the Nishihara type wear test piece 2b is
located at a depth of 24 mm or more and 26 mm or less (average value 25 mm)
from the upper surface of the rail head 1. The test was conducted under dry
ambient conditions, and the amount of wear was measured after 100,000
rotations under conditions of a contact pressure of 1.4 GPa, a slip ratio of —10
%, and a rotational speed of 675 rpm (tire test piece: 750 rpm). A
heat-treated pearlite steel rail was used as a reference steel material when
comparing the amounts of wear, and it was determined that the wear resistance
was improved when the amount of wear was 10 % or more less than that of the
reference steel material. The wear resistance improvement margin was
calculated using the sum of the amounts of wear of the Nishihara type wear
test piece 2a and the Nishihara type wear test piece 2b by

{(amount of wear of reference material — amount of wear of test material) /

(amount of wear of reference material)} x 100.
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[0055] Fatigue damage resistance

With respect to the fatigue damage resistance, a Nishihara type wear
test piece 2 having a diameter of 30 mm whose contact surface was a curved
surface having a radius of curvature of 15 mm was collected from the rail head,
and the test piece 2 was brought into contact with a tire test piece 3 and
rotated as illustrated in FIGS. 4A and 4B to conduct the test. The arrows in
FIG. 4A indicate the rotation directions of the Nishihara type wear test piece 2
and the tire test piece 3, respectively. The Nishihara type wear test pieces 2
were collected from two locations in the rail head 1 as illustrated in FIG. 3.
The Nishihara type wear test pieces 2 and the tire test piece 3 were collected
at the same positions as described above, and thus the description thereof is
omitted. The test was conducted under oil Jubrication conditions, where the
contact pressure was 2.2 GPa, the slip ratio was —20 %, and the rotational
speed was 600 rpm (tire test piece: 750 rpm). The surface of the test piece
was observed every 25,000 rotations, and the number of rotations at the time
when a crack of 0.5 mm or more occurred was taken as the fatigue damage life.
A heat-treated pearlite steel rail was used as a reference steel material when
comparing the length of fatigue damage life, and it was determined that the
fatigue damage resistance was improved when the fatigue damage time was
longer by 10 % or more than that of the reference steel material. The fatigue
damage resistance improvement margin was calculated using the total value of
the numbers of rotations until the occurrence of fatigue damage in the
Nishihara type wear test piece 2a and the Nishihara type wear test piece 2b by
[{(number of rotations until occurrence of fatigue damage in test material) —
(number of rotations until occurrence of fatigue damage in reference
material)} / (number of rotations until occurrence of fatigue damage in
reference material)] x 100
[0056] The results of the investigation are listed in Table 3. The test results
of the rail materials prepared with the manufacturing method within the scope
of the present disclosure (the heating temperature, the holding time, the
rolling finish temperature, the cooling rate, and the cooling stop temperature)
using a conforming steel satisfying the chemical composition of the present
disclosure (Test Nos. 1 to 21 in Table 3) indicate that both the wear resistance

and the fatigue damage resistance were improved by 10 % or more with
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respect to the reference material, and they had had better wear resistance and
fatigue damage resistance than Comparative Examples.

[0057] On the other hand, for Comparative Examples (Test Nos. 22 to 36 and
Test Nos. 36 to 45 in Table 3), where the chemical composition of the rail
material did not satisfy the conditions of the present disclosure or the
manufacturing method within the scope of the present disclosure (the
hot-rolling finish temperature, and the cooling rate and the cooling stop
temperature after the hot rolling) was not used and consequently the examples
did not satisfy the hardness, the Ceq(max), or the pearlite area ratio of the
present disclosure, the improvement margin of at least one of the wear
resistance and the fatigue damage resistance with respect to the reference
material was lower than that of Examples. In Test No. 37, the heating
temperature was too high, so that part of the steel material melted during the
heating. For this reason, it could not be subjected to rolling because of fear

of breakage during the rolling, and the properties could not be evaluated.
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REFERENCE SIGNS LIST
[0059] 1 rail head

2 Nishihara type wear test piece collected from a pearlite steel
rail

2a Nishihara type wear test piece collected from the surface layer
part of the rail head

2b Nishihara type wear test piece collected from the inside of the
rail head

3 tire test piece
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CLAIMS

1. A rail comprising a chemical composition containing
C: 0.70 mass% or more and 1.00 mass% or less,
Si: 0.50 mass% or more and 1.60 mass% or less,
Mn: 0.20 mass% or more and 1.00 mass% or less,
P: 0.035 mass% or less,
S: 0.012 mass% or less, and
Cr: 0.40 mass% or more and 1.30 mass% or less,
where a Ceq value defined by the following formula (1) is in a range
of 1.04 or more and 1.25 or less,
Ceq =[%C] + (|%Si]/11) + (|%Mn]/7) + ([%Cr]/5.8) (1)
where [%C], [%Si], [%Mn] or [%Cr] is the content in mass%
of the element C, Si, Mn or Cr,
the balance being Fe and inevitable impurities, wherein
Vickers hardness of a region between a position where a depth from a
surface of a rail head is 1 mm and a position where the depth is 25 mm is 370
HV or more and less than 520 HV; a Ceq(max) is 1.40 or less, where the
Ceq(max) is determined by the following formula (2) using a maximum
content of each component of C, Si, Mn, and Cr, which are obtained by
subjecting the region to line analysis with EPMA; and a pearlite area ratio in
the region is 95 % or more,
Ceq(max) = [%C(max)] + ([%Si(max)]/11) + (|%Mn(max)]/7)
+ ([%Cr(max)]/5.8) (2)
where [%C(max)], [%Si(max)], [%oMn(max)] or [%Cr(max)] is
the maximum content of the element C, Si, Mn or Cr obtained by line analysis
with EPMA.

2. The rail according to claim 1, wherein the chemical
composition further contains at least one selected from the group consisting of

V: 0.30 mass% or less,

Cu: 1.0 mass% or less,

Ni: 1.0 mass% or less,

Date Regue/Date Received 2022-01-11
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Nb: 0.05 mass% or less, and

Mo: 0.5 mass% or less.

3. The rail according to claim 1 or 2, wherein the chemical
5 composition further contains at least one selected from the group consisting of
Al: 0.07 mass% or less,
W: 1.0 mass% or less,
B: 0.005 mass% or less,
Ti: less than 0.010 mass%, and
10 Sb: 0.05 mass% or less.

4, A method of manufacturing a rail, comprising heating a steel
material having the chemical composition according to any one of claims 1 to
3 to a temperature range of higher than 1150 °C and 1350 °C or lower, holding
15  the steel material in the temperature range for a holding time of A in seconds
defined by the following formula (3) or longer, and then subjecting the steel
material to hot rolling where a rolling finish temperature is 850 °C or higher
and 950 °C or lower, and then to cooling where a cooling start temperature is
equal to or higher than a pearlite transformation start temperature, a cooling
20 stop temperature is 400 °C or higher and 600 °C or lower, and a cooling rate is
1°C/s or higher and 5°C/s or lower,
A (s) = exp{(6000/T) + (1.2 x [%C]) + (0.5 x [%Si]) + (2 x [Y%Mn]) +
(1.4 x [%Cr]D}  (3)
where T is a heating temperature [°C], and [%C], [%Si]. [%Mn] or

25  [%Cr] is the content in mass% of the element C, Si, Mn or Cr.

Date Regue/Date Received 2022-01-11
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FIG. 3
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