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ABSTRACT

A high carbon content and high strength heat-treated steel rail including by weight
0.80-1.20% carbon, 0.20-1.20% silicon, 0.20-1.60% manganese, 0.15-1.20%
chromium, 0.01-0.20% vanadium, 0.002-0.050% titanium, less than or equal to
0.030% phosphorus, less than or equal to 0.030% sulfur, less than or equal to 0.010%
aluminum, less than or equal to 0.0100% nitrogen, and iron. The steel rail has excellent
wear resistance and plasticity and can satisfy the requirement for overloading. A
method for producing the steal rail by heating a bloom to a heating temperature,
multi-pass rolling, and accelerated cooling, wherein a maximum heating temperature
(°C) of the bloom is equal to 1,400 minus 100[%C], [%C] representing the carbon

content (wt.%) of the bloom multiplied by 100
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HIGH CARBON CONTENT AND HIGH STRENGTH HEAT-TREATED STEEL RAIL
AND METHOD FOR PRODUCING THE SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] Pursuant to the Paris Convention Treaty, this application claims the benefit of Chinese
Patent Application No. 201010148333.0 filed Apr. 16, 2010, the contents of which are

incorporated herein by reference.

BACKGROUND OF THE INVENTION
[0002] Field of the Invention

[0003] The invention relates to the metallurgical field and, more particularly, to a high carbon
content and high strength heat-treated steel rail with excellent wear resistance and plasticity as

well as a method for producing the same.
[0004] Description of the Related Art

[0005] One of the effective methods for prolonging the service life of steel rails is to improve
the strength thereof. Pearlite, tempered martensite, and bainite are common structures for
producing steel rails, among which pearlite structures are widely used due to good wear
resistance, a simple production process, their low cost, and stable properties. However, for a
pure pearlitic steel rail, the strength thereof hardly exceeds 1,330 MPa and the surface
hardness hardly exceeds 380 HB. That is to say, the rail strength has very limited room for

improvement.

[0006] Carbon is an effective element for improving the wear resistance of steel rails.
Improvements in the cementite content of lamellar pearlite can improve the wear resistance. It
is well described in metallurgic sciences that when the carbon content of a steel exceeds
0.77%, a proeutectoid cementite (secondary cementite) first forms under equilibrium.
However, if the cooling rate is accelerated during the transformation of steel from austenite

structures to pearlite structures, even if the carbon content exceeds
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0.77%, a pseudo-eutectoid pearlite forms rather than the proeutectoid cementite. With
the acceleration of the cooling rate, the upper limit of the carbon content of the
pseudo-eutectoid pearlite increases. In use, railheads generally wear to a depth of 20
mm. To ensure safe use of the rails, the carbon content of the steel rails must be
enhanced so that the pearlite structures are distributed to a depth of at least 25 mm

from the railhead surface.

[0007] Conventional methods for producing high strength heat-treated steel rails
employ eutectoid steel with a carbon content of 0.60-0.82%. The high strength is
achieved by generating fine pearlite structures. However, if the rails have a low carbon
content, the density of the cementite structures in the steel is low, and the tensile
strength is low, generally less than 1,330 MPa. Thus, the rails have a poor wear

resistance and short service life.

[0008] In the prior art, methods for producing steel rails with good wear resistance
make use of hypereutectoid steel with a carbon content of 0.85-1.40%. The good wear
resistance is achieved by generating fine pearlite structures and increasing the
cementite density in the pearlite lamella. However, the methods have the following
disadvantages. First, the obtained steel rails still have a low strength, generally less
than HB 380, and the tensile strength is generally less than 1,330 MPa. Second,
because the pearlite structures are distributed to a depth of only 20 mm from the
surface, phase segregation occurs. The proeutectoid cementite structures, therefore,
precipitate, which deteriorates the rail properties and provides a source for fatigue
cracks and brittle fractures. Third, conventional cooling rates are generally less than
10°C/s, usually 2-5°C/s. To improve the rail strength, a high cooling rate (5-15°C/s) is
required, which would require the existing production lines to be updated, incurring a
high investment. Finally, nitrogen is harmful for rail properties, but conventional

methods have no way of reducing this harm.

[0009] As the carbon content increases, the plasticity and toughness of the rails
decrease. Thus, compared with common pure pearlite structures, the hypereutectoid

rails have a much lower plasticity and toughness, which means the rails may break
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when use in cold:regions with 1lemperatures below zero: Although the prior arl discloses that.
plasticity and toughness-may be enhanced by cooling different;portions of the rdils with

different modes, the operation s complicated and has a high cost.

10010] Thus, it is yrgent to devclop a high carbon content and high strength hot rolling stccl

tail with good wear resistance and plasticity and a method for producing the same.

{0010A] The discussion of documerits, acts, materials, devices, articles and the like is included
in this sp;ociﬁcat‘imm solely: [or the-purpose of providing a context for the presentinvention. It
is'not suggested or répresented that any or all of these mattets formed part. of the prior art base
or were common general kiowledge in the ficld relevant o the present invention as it cxisted
‘before the priority date 6f each claim of this application.

[0010B] Where the terms "comprise”, "comprises”, "comprised™ or "comprising” are used in
this specification (including the claims) they are to be interpreied as specifying the presence of
he stated features, integers, steps or components; but.not precluding the presence of onc or

more other features, integers, steps of components, or. group therecf.

SUMMARY OF TIIE INVENTION
[0011] In.view of the above-described problems, it is.one aspect of the invention to provide a
high carbon coritent and. high strenpth heat-trcated steel rail featuring excellent wear resistance

and plasticity.

1001 2’-]"[-11‘3 anuther uspect oL the invention Lo provide a method for producing a high carbon

-content and high strength. beat-treated Steel rail featuring cxccllent wear resisiagnice and

plasticity.

[0013] To achieve the above aspects in-accordance with one embodiment of the invention,
there is provided a higl cavbon content and high strength heat-treated steel rail, the steel rail
comprising by weight 0.80:1.20% carben, 0.20~1.20% silicon, 0.20-1.60% manganese, 0.15-
1.20% chromium; 0.01-0.20% vanadium; 0.002-0.050% titaniun, less than ot equal1o 0.030%
phosptiorus, less than or equal to 0.030% sulfur, less thart or equal to 0.010% aluminum, Jess
than or cqual to 0.0100% nitrogen, iron, and impurities. The sicel rat} has excellent-wear

tesistance and plasticity. The tensile strength of the siccl rail head is-grealer than or equal to

RECEIVED TIME 2. APR. 17:16
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8 1,330 MP4, the ¢longation percentage of the steel rail head is greater than or equal to 9%, thé
“ ‘hardness of the steel tail head is greater than or equal to H3 380, the depth of the hardened
Q-1 R - . < N . .

<ﬁ layer 1s greater than or equal to.25 mm, and the thickness of the fine pearlite structures of the

g stéel rail head is greater than or equal (o a depth of 25 mun.

5 [0014] In 4 class of this embodiment, the stoel rail comprises by weight 0.80-1.20% carbon,
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0.01-0.15% vanadium, 0.002-0.030% titanium, less than or equal to 0.030%
phosphorus, less than or equal to 0.030% sulfur, less than or equal to 0.010%
aluminum, less than or equal to 0.0100% nitrogen, iron, and impurities. The steel rail

has excellent wear resistance and plasticity.

[0015] In a class of this embodiment, the steel rail further comprises by weight
0.01-0.50% molybdenum, 0.002-0.050% niobium, 0.10-1.00% nickel, 0.05-0.50%
copper, and 0.002-0.050% rare earth metal, 0.0001-0.1000% zirconium, or a mixture

thereof.

[0016] In a class of this embodiment, a total weight percent of Cr + 1.5Mn + 6Mo +

4Nb in the steel rail is 1.0-2.5%.

[0017] In a class of this embodiment, when the nitrogen content of the steel rail is less
than or equal to 0.0070%, the titanium content is 0.002-0.020%; when the nitrogen
content of the steel rail exceeds 0.0071% but is less than or equal to 0.010%, the

titanium content 1s 0.010-0.050%.

[0018] In accordance with another embodiment of the invention, there is provided a
method for producing a high carbon content and high strength heat-treated steel rail
comprising heating of a bloom, applying multi-pass rolling, and applying accelerated
cooling, wherein the maximum heating temperature (Tmax, °C) of the bloom is equal
to 1,400 minus 100[%C], wherein [%C] represents the carbon content (wt.%) of the

bloom multiplied by 100.

[0019] In a class of this embodiment, the heating temperature of the bloom is greater
than or equal to 1,050°C, and the maximum holding time (Hmax) (min) for the
temperature is equal to 700 minus 260[%C], wherein [%C] represents the carbon

content (wt.%) of the bloom multiplied by 100.

[0020] In a class of this embodiment, during the process of multi-pass rolling, the
reduction of the area during the final pass is 5-13%, and the finishing temperature is

850-980°C.
[0021] In a class of this embodiment, the residual heat temperature of hot-rolled steel

5
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rail is 680-900°C, and during cooling, the railhead and rail base are cooled, by
spraying or by compressed air, to 400-500°C with a cooling rate of 1.5-10°C/s,

followed by cooling in ambient air.

[0022] Advantages of the invention are summarized below. The tensile strength of the
steel rail head is greater than or equal to 1,330 MPa, the elongation percentage of the
steel rail head is greater than or equal to 9%, the hardness of the steel rail head is
greater than or equal to HB 380, the depth of the hardened layer is greater than or equal
to 25 mm, and the thickness of the fine pearlite structures of the steel rail head is
greater than or equal to a depth of 25 mm from the surface. The steel rail has excellent
wear resistance and plasticity and meets the requirements for overloading, conveying
excellent potential. The elemental content, the temperature ranges, and the order of
production steps are critical to obtaining these characteristics. The method of the
invention is simple and easy to practice, and can be achieved using conventional
production lines with simple adjustments to the heating temperature, temperature

holding time, and finishing temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The invention is described hereinbelow with reference to the accompanying

drawings, in which:

[0024] FIG. 1 is a full cross-sectional view of the Rockwell hardness distribution of a

steel rail according to an exemplary embodiment of the invention,;

[0025] FIG. 2 is a full sectional view of the Brinell hardness distribution of a steel rail

according to an exemplary embodiment of the invention;

[0026] FIG. 3 is a schematic diagram of a cooling mode of a steel rail head and a steel

rail base according to one embodiment of the invention; and

[0027] FIG. 4 1s a schematic diagram of a wear test carried out on an M-200 abrasion

tester according to one embodiment of the invention, wherein 1 represents an upper
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sample collected from a steel rail head and 2 represents a lower sample for abrasion.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0028] To further illustrate the invention, experiments detailing the high carbon
content and high strength heat-treated steel rail with excellent wear resistance and
plasticity as well as a method for producing the same are described below. It should be
noted that the following examples are intended to describe and not to limit the

invention.

[0029] A high carbon content and high strength heat-treated steel rail is produced by
accelerated cooling. The steel rail has excellent wear resistance and plasticity,
comprising by weight 0.80-1.20% carbon, 0.20-1.20% silicon, 0.20-1.60% manganese,
0.15-1.20% chromium, 0.01-0.20% vanadium, 0.002-0.050% titanium, less than or
equal to 0.030% phosphorus, less than or equal to 0.030% sulfur, less than or equal to
0.010% aluminum, less than or equal to 0.0100% nitrogen, iron, and irremovable

impurities.

[0030] C is an element that is effective for accelerating the pearlitic transformation and
for securing wear resistance. Furthermore, it is the most effective and economic
element for improving the strength, hardness, and wear resistance of steel rails. The
carbon content of a steel rail is reported by weight, i.e., 0.80-1.20%. If the content is
0.80% or less, the density of the cementite phases in the pearlite structures may be
insufficient to improve the wear resistance. Thus, the wear resistance of such steel rails
cannot be enhanced greatly. If the carbon content exceeds 1.20%, even if heat
treatment is adopted, the precipitation of pro-eutectoid cementite structures, from the
surface of the steel rail to a depth of 25 mm, cannot be prevented. The toughness and
plasticity of such a steel rail will deteriorate, or fatigue sources will form, both of
which significantly reduce the service life of the steel rail. For these reasons, the

carbon content is limited to within the range from 0.80 to 1.20%.

[0031] Si 1s an element that induces formation of ferrite. In pearlite structures, Si does




01 Dec 2010

2010246552

not dissolve in the cementite, although all phases dissolve in the ferrite matrix. During
the transformation from austenite to pearlite, during nucleation and growth of the
cementite, Si is excluded. That is to say, Si inhibits formation of the cementite,
promotes generation of the ferrite, and improves the upper limit of the C content in a
steel rail while inhibiting pro-eutectoid cementite structure formation. Si is a solid that
dissolves in the ferrite phase. The solid solution strengthening effects enhance the rail
hardness. However, if the Si content is less than 0.20%, such effects are not expected.
On the other hand, if the Si content exceeds 1.20%, a large fraction of surface defects
form during the hot rolling process. In that case, the steel rail becomes brittle, crack
growth is accelerated, and the solderability thereof decreases. For these reasons, the Si

content is limited to within the range from 0.20 to 1.20%.

[0032] Mn is a solid solution strengthening element that improves the hardness and
strength of the rail, decreases the pearlite transformation temperature, and decreases
the pearlite lamellar spacing. Thus, Mn indirectly improves the toughness and
plasticity of rails. Furthermore, it prevents formation of the pro-eutectoid cementite
and reacts with S to yield MnS, thereby reducing the damage caused by S. However, if
the Mn content is less than 0.20%, these effects are not expected. On the other hand, if
the Mn content exceeds 1.60%, the toughness of the rail is damaged, the critical
cooling rate for producing martensite structures is significantly decreased, and,
together with phase segregation effects during the production process, abnormal
structures, such as martensite and bainite, form, which easily cause the rail to break.

For these reasons, the amount of Mn is limited to within the range from 0.20 to 1.60%.

[0033] Similar to Mn, Cr is also a solid solution strengthening element that improves
the hardness and strength of the rail, decreases the pearlite transformation temperature,
and decreases the pearlite lamellar spacing. Furthermore, Cr replaces the Fe of the
cementite (Fe;C) to yield an alloy cementite. Thus, the cementite is strengthened,
thereby improving the wear resistance of the rail in use. If the content of Cr is less than
0.15%, the strength improvement of the rail is not great. However, if the content of Cr

exceeds 1.20%, the critical cooling rate for producing martensite structures decreases
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significantly, and, thus, abnormal structures, such as martensite and bainite, form,
which easily cause the rail to break. For these reasons, the amount of Cr is limited to

within the range from 0.15 to 1.20%.

[0034] V is a precipitation strengthening element that improves the hardness and
strength of the rail by reacting with C and N during the process of cooling the
hot-rolled rail to yield a V(C+N); precipitate. Upon heating and welding of the rail, V
prevents the growth of austenite grains and makes the grains fine so that the strength,
ductility, toughness, and wear resistance of the rail are greatly enhanced. Upon
transformation from austenite to pearlite, V(C+N), precipitates first, so that the carbon
content of the austenite decreases, thereby accelerating formation of a low-carbon
content ferrite. When V binds to Si, formation of cementite is greatly inhibited. In
particular, a high carbon content prevents the precipitation of detrimental pro-eutectoid
cementite. However, if the V content is less than 0.01%, these effects are not expected.
On the other hand, if the content exceeds 0.20%, the effect is saturated. For these

reasons, the amount of V is limited to within the range from 0.01 to 0.20%.

[0035] Ti is a precipitation strengthening element that binds to C and N to produce a
precipitate that reduces damages to the rail caused by free N. The precipitate has a high
melting point and precipitates during the process of cooling of the liquid steel and hot
rolling of the austenite structures, so that growth of the austenite grains is inhibited and
the grains are fine. The refinement of grains during the process of hot welding greatly
improves the toughness of welded joints. However, if the Ti content is less than
0.002%, these effects are not expected. On the other hand, if the content exceeds
0.050%, the effects are saturated. For these reasons, the amount of Ti is limited to

within the range 0.002-0.050%.

[0036] P is an element that not only strengthens ferrite, improves the hardness of the
pearlite structures, and improves the atmospheric corrosion resistance of the steel rail,
but also improves the low-temperature brittle transition temperature and accelerates
generation of the pro-eutectoid cementite. Thus, P greatly reduces the low-temperature

impact properties of the rail and increases the content of pro-eutectoid cementite. For
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these reasons, the content of P is limited to 0.030% or less.

[0037] S is an element that easily causes phase segregation and mainly binds to Mn to
yield MnS. If the S content exceeds 0.030%, the phase segregation of Mn is greatly

improved, thereby accelerating formation of the pro-eutectoid cementite and reducing
the toughness and plasticity of the rail. For these reasons, the content of S is limited to

0.030% or less.

[0038] Al is an element that inhibits the formation of pro-eutectoid cementite.
Furthermore, it reacts with oxygen to yield Al,Os, which provides a hard inclusion and
generally develops into a fatigue source. To improve the fatigue properties of the rail
and reduce the hard inclusion content, the content of Al should be strictly controlled.

For these reasons, the content of Al is limited to 0.010% or less.

[0039] N is harmful to rail properties, and the harm increases with increasing carbon
content. Thus, the lower the N content, the better the rail properties. N mainly
originates from alloys or air doping during the process of rail production. For high
carbon content hypereutectoid rails, the N content is controlled at 0.0100% or less. To
reduce the harm caused by N, Ti is introduced. If the content of N is less than or equal
to 0.0070%, the Ti content is between 0.002% and 0.020%; if the N content exceeds
0.0070% and is less than or equal to 0.010%, the Ti content is between 0.010% and
0.050%.

[0040] Preferably, the steel rail comprises, by weight, 0.80-1.20% carbon, 0.20-1.20%
silicon, 0.40-1.20% manganese, 0.15-0.60% chromium, 0.01-0.15% vanadium,
0.002-0.030% titanium, less than or equal to 0.030% phosphorus, less than or equal to
0.030% sulfur, less than or equal to 0.010% aluminum, less than or equal to 0.0100%

nitrogen, iron, and impurities.

[0041] Furthermore, the steel rail comprises, by weight, 0.01-0.50% molybdenum,
0.002-0.050% niobium, 0.10-1.00% nickel, 0.05-0.50% copper, 0.002-0.050% rare

earth metal, 0.0001-0.1000% zirconium, or a mixture thereof.

[0042] Mo is an element that decreases the pearlite transformation temperature and

10
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decreases the pearlite lamellar spacing. Thus, Mo improves the hardness, strength, and
wear-resistance of the rail. However, if the content of Mo is less than 0.01%, these
effects are not expected. On the other hand, if the content exceeds 0.50%, the critical
cooling rate for producing martensite structures is significantly decreased and
detnmental martensite structures form. For these reasons, the amount of Mo is limited

to within the range from 0.01 to 0.50%.

[0043] Similar to V, Nb easily forms a carbonitride thereof and, thus, makes the
austenite fine-grained. In contrast with V, Nb prevents the growth of austenite grains
under much higher temperatures, thereby improving the ductility, toughness, and wear
resistance of the rail. Upon heating and welding the rail, V further prevents the growth
of austenite grains and makes the grains fine so that the strength, ductility, toughness,
and wear resistance of the rail can be greatly enhanced. However, if the Nb content is
less than 0.002%, these effects are not expected. On the other hand, if the content
exceeds 0.050%, the effects are saturated. For these reasons, the amount of Nb is

limited to within the range from 0.002 to 0.050%.

[0044] Ni is a solid that dissolves in the rail and improves the hardness, strength, and
toughness of the rail, particularly the low-temperature toughness. Thus, the wear
resistance of the rail and low temperature toughness of the welded joints are enhanced.
However, if the content of Ni is less than 0.10%, these effects are not expected. On the
other hand, if the content exceeds 1.00%, the effects are saturated. For these reasons,

the amount of Ni is limited to within the range from 0.10 to 1.00%.

[0045] Cu is an element that improves the corrosion resistance, hardness, strength, and
wear resistance of the rail. However, if the Cu content is less than 0.05%, these effects
are not expected. On the other hand, if the content exceeds 0.50%, the effects are

saturated, and, upon improper heating, copper brittleness occurs. For these reasons, the

Cu content is limited to within the range from 0.05 to 0.50%.

[0046] Rare earth metal (Re) purifies the rails and improves the wear and corrosion
resistance thereof. Furthermore, Re prevents the accumulation of hydrogen and the
generation of hydrogen-induced cracking (white spots). The addition of Re alters the

11
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distribution of impurities, reduces the damages caused by S, As, Sb, etc., and improves
the fatigue properties of the rail. However, if the Re content is less than 0.002%, these
effects are not expected. On the other hand, if the content exceeds 0.050%, the

impurity content is high and, thus, the rail properties deteriorate. For these reasons, the

Re content is limited to within the range from 0.002 to 0.050%.

[0047] Zirconium oxide (ZrO,) easily forms a nucleation point during the early
solidification stages of high carbon content steel. It improves the equiaxed grain area
of the bloom and reduces the phase segregation of elements in the center thereof.
Furthermore, ZrO, inhibits formation of the pro-eutectoid cementite structures.
However, if the content of Zr is less than 0.0001%, these effects are not expected. On
the other hand, if the content exceeds 0.1000%, a large number of crude impurities
form, which, similar to Al,Os, generally develop into fatigue sources and reduce the
service life of the rail. For these reasons, the amount of Zr is limited to within the range

from 0.0001 to 0. 1000%.

[0048] Studies show that if the total weight percent of Cr + 1.5Mn + 6Mo + 4Nb is less
than 1.0%, the strengthening effects are not good, and the hardness of the resultant
steel rail is not high. If the total weight percent of Cr + 1.5Mn + 6Mo + 4Nb exceeds
2.5%, the critical cooling rate for producing martensite structures decreases
significantly, and the amount of pro-eutectoid cementite structures increases. Thus,
upon heat treatment, detrimental martensite and bainite structures form, and
pro-eutectoid cementite structure generation cannot be absolutely prevented by a later
thickness to a depth of 25 mm from the surface. The toughness and fatigue properties
of the rail are thereby significantly reduced. For these reasons, the amount of Cr +
1.5Mn + 6Mo + 4Nb 1s limited to within the range from 1.0 to 2.5 wt.%. To prevent the
phase segregation of Mn and Cr and the formation of martensite, which is harmful to

the rail, a Si content in excess of 0.20% is added.

[0049] The following explain the reasons why steel rails are treated according to the

method of the invention.

{0050] 1. Reasons for limiting the Maximum Heating Temperature.

12
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[0051] Hypereutectoid rails have a high carbon content, low melting point, and slow
heat conductivity. When the hypereutectoid rails are heated under a heating rate and
maximum heating temperature suitable for common rails, the phase segregation
regions of the solidification structure of the rail surface partially melt, and cracks
propagate during the process of rolling and straightening, thereby producing breaks in
the rails. Statistics show that higher carbon content and higher heating temperatures
facilitate the formation of cracks, and rolled steel includes large austenite grains that
reduce the roughness and plasticity of the rails. Thus, the carbon content and maximum
heating temperature must be strictly controlled. Studies have identified the relationship
between the maximum heating temperature required for melting a bloom and the
carbon content thereof. This relationship can be represented by the following formula:
Tmax = 1400 — 100[%C]. The carbon content represents the carbon content of a bloom
and is calculated by weight. [%C] represents the carbon content (wt.%) of the bloom,
and is multiplied by 100, i.e., if the carbon content is m% (where m represents the
numerical fraction, by weight, of carbon), Tmax = 1,400 — 100 x m. For example, if the

carbon content is 0.9%, the heating temperature Tmax = 1,400 - 100 x 0.9 = 1,310°C.

[0052] Controlling the maximum heating temperature according to the carbon content
of the rail bloom prevents the hypereutectoid rails from melting, the rails do not form
cracks, and the austenite grains are fine. These properties improve the toughness and

plasticity of the rail.
[0053] 2. Reasons for limiting the holding time at the heating temperature.

[0054] Compared with common rails with 0.80% carbon content, hypereutectoid rails
have a high carbon content and, thus, a low toughness and plasticity. Therefore, the
safety of the rails during use may be improved by enhancing the toughness and
plasticity of the hypereutectoid rails. For a rail with certain compositions, a good
method for improving the toughness and plasticity is by reducing the austenite grain
size of the finishing rail. Decreasing the heating temperature and the holding time
thereof during heating of the bloom reduces the initial austenite grain size prior to

rolling, thereby further reducing the austenite grain size of the finishing rail.
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Decreasing the heating time reduces the thickness of the decarburization layer on the
rail surface, thereby increasing the wear resistance and fatigue properties of the rail.
Studies show that at heating temperatures exceeding 1,050°C, the relationship between
the maximum holding time of a heating temperature and the carbon content can be
represented by the following formula: Hmax = 700 — 260[%C]. [%C] represents the
carbon content (wt.%) of the bloom, which is multiplied by 100, i.e., when the carbon
content is m% (where m represents the numerical fraction, by weight, of carbon),
Hmax = 700 — 260 x m. For example, when the carbon content is 0.9%, the holding

time Hmax = 700 — 260 x 0.9 = 466min.

[0055] The formula does not determine a minimum time. To secure a uniform sectional
temperature and a smooth rolling of the hypereutectoid steel bloom, the heating time at

temperatures exceeding 1050°C generally exceeds 120 min.

[0056] 3. Reasons for limiting the finish rolling deformation and finishing

temperature.

[0057] Aside from the heating temperature and the incubation time thereof, the finish
rolling deformation and finishing temperature influence the austenite structures. If the
final reduction of area is less than 5%, the austenite structures cannot be recrystallized,
the austenite grain size is difficult to reduce, and the resultant pearlite structures are
crude and large. If the reduction of area of the finishing rail exceeds 13%, the large
deformations prevent determination of the dimensional accuracy of the rail section.
Thus, to reduce the austenite grain size, improve the toughness and plasticity, and
secure the dimensional accuracy of the rail section, the final reduction of area must be

controlled within 5-13%.

[0058] A finishing temperature for the rail of less than 850°C is conducive to the
formation of fine austenite grain sizes. However, during rolling, the deformation
resistance and roll wear increase, and cracks occur in the rail base. If the finishing
temperature exceeds 980°C, the austenite structures of the finishing rail are crude and
large. The resultant pearlite structures are also large, which reduces the toughness and
plasticity of the rail. Thus, the finishing temperature of the hypereutectoid rail must be
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controlled within 850-980°C.
[0059] 4. Reasons for limiting the heat treatment process.

[0060] For hypereutectoid rails with residual heat, the temperature of transformation
from the austenite structures to the pearlite structures under air cooling conditions is
about 650°C. However, the precipitation temperature of the proeutectoid cementite
structures is 680°C. Thus, if the temperature prior to accelerated cooling is less than
680°C, the proeutectoid cementite precipitates on the rail surface, and, thus the
proeutectoid cementite may be present at the rail surface to a depth of 25 mm. If the
temperature exceeds 900°C, the final temperature after cooling is still high, and, thus,
the railhead core does not undergo a phase transition, or the transition is incomplete.
Consequently, the resultant pearlite lamellar spacing during air cooling is large, and a
large quantity of proeutectoid cementite precipitates. Thus, the thickness of the
hardened layer of the rail decreases, and the proeutectoid cementite may be present
from the rail surface to a depth of 25 mm. For these reasons, the temperature prior to

accelerated cooling must be controlled within 680-900°C.

[0061] Accelerated cooling of the rails with a residual temperature of 680-900°C
increases the degree of supercooling during transformation from the austenite
structures to the pearlite structures. Thus, the obtained pearlite structures have a small
lamellar spacing, the precipitate of the proeutectoid cementite is inhibited, and the rails
have a high strength and hardness. If the cooling rate is less than 1.5°C/s, the rail has
low strength, the tensile strength is not guaranteed to be 1,330 MPa or above, and the
proeutectoid cementite may precipitate from the rail surface to a depth of 25 mm. If the
cooling rate exceeds 10°C/s, the rail strength cannot be further enhanced, and
martensite and bainite structures are present at the segregation regions and at the
surface. For these reasons, the accelerated cooling rate is controlled at 1.5-10°C/s, and
cooling is terminated at 400-500°C. Furthermore, studies show that increasing the
carbon content of the rail enhances the accelerated cooling rate. If the carbon content is
less than 0.88% and is cooled at a cooling rate of 1.5°C/s, no proeutectoid cementite

precipitates. If the carbon content exceeds 1.00%, the cooling rate should exceed
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3.0°C/s so that no proeutectoid cementite precipitates from the rail surface to a depth
of 25 mm. The cooling effects are achieved using spraying and compressed air as a

cooling agent by controlling the ratio and flow of the hydrated air.

[0062] During use, rails support train wheels and bend elastically. The railhead and rail
base are the components under maximum stress, and the rail web forms a neutral
component that shoulders small stresses. If the railhead is cooled while the base is not,
a large quantity of proeutectoid cementite precipitates from the base, thereby reducing
the fatigue properties of the base. Cooling of the rail web has no obvious effects on the
performance of the rail system. Thus, the railhead and base should be cooled to

improve the rail properties.

Example

[0063] A steel rail is produced following the chemical compositions described in Table
1 and the method described in Table 2. The steel rails of the invention are numbered

Nos. 1-13, and those for comparison are numbered as Nos. 14-15.
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Table 1
Compositions (wt.%)
Steel rail No. Other | Cr+1.5Mn
C|SiMn P S |Cr| VI Al N Ti elements +6Mo+4Nb
1 10.800.53[0.60:0.01310.0060.17/0.030.005/0.0050:0.007 1.07
2 10.83(0.61{1.2010.015/0.008|0.58(0.06{0.005/0.0051/0.005 2.38
3 10.88/0.78/0.9510.0140.026/0.35(0.0410.007(0.0063(0.009| M0:0.05 2.08
4 0.91]1.10(1.100.0080.006{0.22/0.02/0.004{0.0073/0.01 5|Nb:0.008 1.91
5 10.93{0.63/0.820.018/0.012(0.42/0.05/0.005(0.0065(0.011 1.65
Cu:0.23

6 {0.970.930.77/0.010/0.01410.390.08/0.006/0.0088/0.018 Ni-0.09 1.55
7 0.98/0.450.450.017/0.016{0.41/0.03|0.009(0.0095/0.022|Re:0.021 1.09
8 [1.0310.32/0.61(0.025/0.00410.3010.100.008/0.0081(0.01 4 1.22

Steel rails 9 11.05(0.56/0.75/0.0100.011}0.250.0410.004{0.0085/0.016{Zr:0.0050{ 1.38

of the

invention |1011.090.390.67/0.013/0.01010.17/0.07,0.005/0.0083/0.015 1.18
11 {1.130.47/0.8110.009(0.003]0.23/0.05/0.00410.00890.013 1.45
12 1.1%0.510.630.0060.0050.220.020.0060.00890.016 1.17
1311.1900.53(0.68/0.01110.012(0.2010.04/0.00410.00980.021 1.22

Steel rails | 14 ]0-71/0.26(1.290.0190.016/ O | O | O 0 O 1.94

for
comparison | 5|0 950 550.980.0110.0080.23 0| 0 | O | O 1.70

1
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Table 2

Steel rails

No.

Heating and rolling conditions

Cooling
rate of
railheads
(°C /S)

Finishing

temperature
¢C)

Steel rails
of the
invention

Maximum heating temperature: 1270°C;
Holding time: 170 min;
Finishing temperature: 930°C;
Finishing reduction of area: 8%

1.5

500

Maximum heating temperature: 1310°C;
Holding time: 160 min;
Finishing temperature: 950°C;
Finishing reduction of area: 9%

2.7

450

Maximum heating temperature: 1300°C;
Holding time: 210 min;
Finishing temperature: 970°C;
Finishing reduction of area: 7%

3.1

440

Maximum heating temperature: 1290°C;
Holding time: 180 min;
Finishing temperature: 930°C;
Finishing reduction of area: 9%

4.2

490

Maximum heating temperature: 1290°C;
Holding time: 130 min;
Finishing temperature: 910°C;
Finishing reduction of area: 6%

6.3

460

Maximum heating temperature: 1280°C;
Holding time: 410 min,;
Finishing temperature: 940°C;
Finishing reduction of area: 12%

6.5

430

Maximum heating temperature: 1280°C;
Holding time: 280 min;
Finishing temperature: 930°C;
Finishing reduction of area: 11%

7.4

420

Maximum heating temperature: 1270°C;
Holding time: 320 min;
Finishing temperature: 940°C;
Finishing reduction of area: 13%

5.6

450

Maximum heating temperature: 1270°C;
Holding time: 230 min;
Finishing temperature: 900°C;
Finishing reduction of area: 10%

5.4

490

18




01 Dec 2010

2010246552

10

Maximum heating temperature: 1260°C;
Holding time: 200 min;
Finishing temperature: 890°C;
Finishing reduction of area: 11%

2.7

470

11

Maximum heating temperature: 1260°C;
Holding time: 330 min;
Finishing temperature: 900°C;
Finishing reduction of area: 8%

3.1

460

12

Maximum heating temperature: 1250°C;
Holding time: 260 min;
Finishing temperature: 890°C;
Finishing reduction of area: 8%

4.2

480

13

Maximum heating temperature: 1250°C;
Holding time: 250 min;
Finishing temperature: 870°C;
Finishing reduction of area: 8%

6.3

480

Steel rails
for
comparison

14

Maximum heating temperature: 1300°C;
Holding time: 150 min;
Finishing temperature: 920°C;
Finishing reduction of area: 8%

Hot
rolling

15

Maximum heating temperature: 1280°C;
Holding time: 230 min;
Finishing temperature: 1000°C;
Finishing reduction of area: 8%

0.9

480

[0064] FIG. 1 shows a full cross-sectional view of the Rockwell hardness distribution

of the steel rail No. 5.

[0065] FIG. 2 shows a full sectional view of the Brinell hardness distribution of the

steel rail No. 5.

[0066] FIG. 3 shows a cooling mode of the head and base of the steel rail.

[0067] FIG. 4 shows a schematic diagram of a wear test carried out on an M-200

abrasion tester, wherein 1 indicates an upper sample collected from the steel rail head

and 2 represents a lower sample for abrasion testing. The lower samples in all tests are

composed of the same materials. The test parameters are as follows:

[0068] Sample dimension: thickness, 10 mm; diameter, 36 mm, round.

[0069] Test load: 150 kg.
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[0070] Slip: 10%.

[0071] Material of the lower sample for abrasion: U75V hot-rolling rail with a

hardness of 280-310 HB, which is equivalent to that of a train wheel.

[0072] Test environment: in air.

[0073] Rotation rate: 200 rpm.

[0074] Total wear numbers: 200,000.

[0075] After the tests, for each rail, the final austenite grain size (um), tensile strength

(MPa), elongation percentage (%), hardness (HB) of the railhead surface, hardness

(HRC) of the upper round corner (3 mm) of the railhead, thickness (mm) of the

decarburization layer, abrasion loss (g/200,000 times), and structures were measured.

The results are listed in Tables 3 and 4.

Table 3
Final Hardness of an )
austenite] Tensile Elongn'onOl_fl:?E;mcjsd upperround | Thickness of /}(::s(;n
Steel rails |No.| grain |strengthpercentage oomer (3 mm) |decarbunzation 5
) . surface ) 00,000
size |(MPa)| (%) (HB) of railhead layer (mm) fimes)
(um) (HRC)
1 50 |1340 14 381 38.0 0.20 2.63
21 55 [1370 13 390 39.5 0.35 1.54
3] 45 |1380 12 395 40.0 0.25 1.21
41 35 [1400] 11.5 406 40.5 0.20 1.05
S{ 30 |1420 11 412 41.0 0.20 1.03
Steel rails | 6 1 40 [1430] 11 | 417 41.5 0.40 0.94
ofthe L7l 35 [1430] 105 | 415 41.5 0.35 0.98
. . 81 35 |1440{( 10.5 420 420 0.35 0.87
invention
9| 30 [1440| 10.5 426 42.5 0.25 0.81
10| 25 |1400( 10.5 404 41.5 0.15 0.95
11{ 30 |1420(| 10.0 415 41.5 0.25 0.91
12| 30 |1450 9.5 426 42.5 0.20 0.76
13| 30 |1470| 9.5 432 43.0 0.25 0.69
Steel rails [ 14| 65 | 970 13 270 27.0 0.25 5.78
for 15| 70 [1200] 8 373 37.0 0.30 2.87
comparison|
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Table 4

Steel rails

No.

Structures

Steel rails of the
invention

Railhead: Pure pearlite structures
Rail base: Pure pearite structures

Railhead: Pure pearlite structures
Rail base: Pure pearlite structures

Raithead: Pure pearlite structures
Rail base: Pure pearlite structures

Railhead: Pure pearlite structures
Rail base: Pure pearlite structures

Railhead: from the surface down to 30 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: Pure pearlite structures

Railhead: from the surface down to 30 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are peartite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

Railhead: from the surface down to 28 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

Railhead: from the surface down to 27 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

Railhead: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

10

Railhead: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

11

Railhead: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

Railhead: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 30 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
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Railhead: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 25 mm are pearlite structures, and a trace
quantity of proeutectoid cementite structures are distributed in other places

13

Railhead: Pure pearlite structures

Rail base: Pure peartite structures

Steel rails for Railhead: from the surface down to 10 mm are pearlite structures, and a trace
comparison quantity of proeutectoid cementite structures are distributed in other places
Rail base: from the surface down to 10 mm are peardite structures, and a trace

14

15

quantity of proeutectoid cementite structures are distributed in other places

[0076] As shown in Tables 3 and 4, for the rails of the invention, the tensile strength of
the railhead is greater than or equal to 1,330 MPa, the elongation percentage is greater
than or equal to 9%, the railhead hardness is greater than or equal to 380 HB, the
thickness of the hardened layer exceeds 25 mm, and the fine pearlite structures are
distributed at least from the surface of the railhead to a depth of 25 mm. The rail
exhibits excellent wear resistance and plasticity and satisfies the requirements for

overloading.

[0077] While particular embodiments of the invention have been shown and described,
it will be obvious to those skilled in the art that changes and modifications may be
made without departing from the invention in its broader aspects, and therefore, t aim
in the appended claims is to cover all such changes and modifications as fall within the

true spirit and scope of the invention.
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The: claims:defining the inveniion ave as:follows:

1, A sieel rail, consisting of weight 0.80-1.20% carbon, 0.20-1.20% silicon, 0.20-1.60%
manganese, 0.13-1.20% chromium, 0.01-0:20% vanadium, 0.002-0.050% titaniun, less than.
or equal 1 0.030% phosphorus, less than or equal to'0.030% sulfur, less than or equal to

0.010% aluminium, and-less than or cqual to 0.0100% nitrogen,0.01-0.50% molybdenum,

0.002-0.050% niebium,; 0.10-1.00% nickel, (1.05-0.50% copper, and 0.002-0.050% a rare earth,

metal, 0.0001-~0.1000% zirconium, or a mixture thereof, the remainder of:alloy composition

constitutes iron and unavoidable impurities.

2. The steel rail of claim 1, wherein a-total weight percent of Cr + 1.5Mn +6Mo + 4Nh in
said steel vl js 1.0-2.5%. o

3. The:steel rail of claim 1, consist ng of wcight 0.80-1.20% carbon, 0.20-1.20% silicon,
0.40-1,20% mangancsc, Q. 15-0.60% chromium, 0.01-0.15% vanadium, 0.002-0.030%
titanium, less than or equal to 0.:030% phosphorus, less than or equal to 0.030% suifur, less
than or equal to 0,010% atuminum, and less than or equal to 0.0100% nitrogen, 0.01-0.50%
molybdenum, (.002-0.050% niobium, 0.10-1.00% nickel, 0.05-0.50% c«%pper,.zindOlOO" -

,,,,,,

alloy composition constitutes iron and unavoidable impurities.

4. ‘The stecl rail of claim 3, wherein‘a total weight perecnt of Cr + 1.5Mn+6Mo - 4Nb in

said steel rail is 1.0-2.5%.

5. The steel - rail of claim 1 or claim 4 wherein when a nifrogen content of said steel rail is:
less than or equal to 0.0070%, a titanium content is.0.002-0.020%; when said nitrogen conterit

of suid steel rail exeecds 0.0070% bil is less than: or eéquial to-0.010%, said titaniur:content is

'0.010-0.050%.
6. The steel vail of ¢laim 1 orclaim 5, wherein atensile strength of a steel railhead is

greater than or equal to 1,330 MPuwand a hardness thereof is greater than or equal to- BB 380,
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7. “Thesteel rail of claim I or claim 6, wherein an elongation percentage-of said stcel rail

head is.greater than or equal to 9%, a depth of a hardened layer is greater thin or equal to

25 wm, and a thickness of fine pearlite structures of said steel rail head is greater than or equa) -

1025 mmn firom the surface down.

8 A method forproducing the steel rail of claim 1, comprising hcating a bloom to a

heating temperature, multi-pass rolling, and accelerated cooling, wherein a maximum heating

temperature (°C) of said bloom is equal fo 1,400 minus 100[%C], wherein [%C] represents the:

carbon content (wt.%5).of said bloom multiplied by 100; Timax =1,400'~ 100 % m, where m

represents the numerical fraction, by weight, of caibon.

9. The method of claim 8, whetcin the'heating temperature is greater than or equal to

1,050°C, and a-maximum holdir;gvr time (min)-for suid teraperature is equal to 700 minus

260[%(:‘], wherein [%C] represerits the carbon content of said bloom niul'tiplicd by 100, Hmax

=700 - 260 > m, where m represents the numerical fraction, by weight, ol carbon.

10.  Themethod of claim 8, wherein in the process of the multi-pass rolling, a reduction of

area:of the final pass is 5-13%,:and a finishing (empevature is 850-980°C.

1. The method of claim 8, wherein the residual heat tempcérature of hot-rolled sieel rail is
680-900°C, and during ceoling, a railhead and rail base are cooled using spraying or

compressed air 16.400-500°C with a-cooling réte ol 1.5-10°C/s. and then-cooled using ambieht

: a:ir-.

12. A steedrail prepared by the method of claimi 8.

13. The steel rail of claim 1, substantially as hereinbefore described, with refercnce to any
of the Lxamples or Figures.
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1 Surface nozzle of railhead

AN

2 2
Side nozzle Side nozzle
of railhead of railhead
3 3
Upper nozzle Upper nozzle
of rail base of rail base
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rail base rail base
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