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Abstract

In order to investigate the effects of quenching temperature and cooling rate on the microstructure and mechanical properties
of the U75V rail steel, Gleeble-3500 thermal simulator and tensile tester were applied and the dynamic CCT curves were
obtained. The results show that low quenching temperature of 750 °C narrows the range of the cooling rate of only pearlite
transformation, and the pearlite interlamellar spacing decreases with an increase in the cooling rate or the quenching tem-
perature in this range. The minimum value of the pearlite interlamellar spacing is found to be 0.101 pm. At three quenching
temperatures of 810, 780, and 750 °C, the microhardness increases with an increase in the cooling rate. In addition, the
starting transformation temperature from austenite to pearlite does not exceed 700 °C, and the end temperature does not
drop below 500 °C. The mechanical properties including yield strength, tensile strength, and total elongation of the selected
specimens are improved as the pearlite interlamellar spacing decreases and meet the requirements. For the field production

of the U75V rail steel, higher quenching temperature and a cooling rate of 3—5 °C/s are the best choices.

Keywords Gleeble-3500 thermal simulator - Quenching temperature - Cooling rate - Pearlite interlamellar spacing -
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Introduction

It is observed that the quality of traction, speed of driving,
density of transportation, and the annual total weight have
been greatly improved with the development of the railway
industry in China [1]. These factors significantly increase
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the load on and damage to the rail. Therefore, it is neces-
sary to improve the rail strength and the wear resistance of
rail to prolong its service life. In order to improve the rail
strength, both heat treatment and alloying can be used, but
over the years the results of research and application show
that heat treatment is superior to alloying because of its low
cost and high efficiency, and heat treatment can also extend
the service life of heavy rail at least one more time [2]. Heat
treatment has been developed from tempering (Q-T) to slack
quenching (S-Q) [3] and finally online heat treatment.

The quenching temperature and cooling rate significantly
affect the microstructure and mechanical properties of the
heavy rail U75V steel in the cooling process of the rail.
The major research studies have primarily focused on the
temperature distribution and phase transition in the cooling
process by using the finite-element modeling (FEM) method
[4—-10]. Generally, the rail steel can be directly treated by
online heat treatment after universal rolling. The recent
studies have paid close attention to the dynamic continuous
cooling transformation (CCT) curve or the time—tempera-
ture—transformation (TTT) curve of the U75V steel, which
has emerged out of the universal rolling mill [11-19]. In
fact, some steel mills have faced difficulties because of a
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distance between the quenching unit and the universal roll-
ing export. Obviously, the temperature of the rail decreases
when the U75V steel reaches the quenching unit. It is essen-
tial to examine whether the quenching scheme provided by
the major research studies meets the requirements of the
microstructure and properties of the U75V rail steel.

Therefore, the objective of this study was to investigate
the microstructure and properties of the heavy rail U75V
steel after unconventional online heat treatment, includ-
ing the pearlite interlamellar spacing, microhardness, and
dynamic CCT curve. Furthermore, to obtain elongation,
yield strength, and tensile strength, the tensile test of the
finished steel was carried out, which provides theoretical
guidance for field production.

Experimental Procedure
Thermal Simulation Experiments

In this study, experimental materials were taken from U75V
rail billet. The chemical composition (in mass percent, %)
was as follows: C 0.71-0.80, Si 0.50-0.80, Mn 0.70-1.05,
S$<0.030, P<0.030, V 0.04-0.12, and Nb<0.010. These
materials were processed into 27 cylindrical specimens, and
their respective shapes are shown in Fig. 1. Rolling deforma-
tion was simulated by using single-pass axial compression
in the Gleeble-3500 thermal simulator (DSI, New York, NY,
USA). First, all the specimens were austenitized at 1200 °C
for 5 min at a heating rate of 5 °C/s and cooled to 890 °C at a
rate of 3 °C/s, held for 5 s to a uniform temperature, and then
compressed for 50% and 1 s~!. After deformation, the speci-
mens were cooled to 810, 780, and 750 °C at 1 °C/s, respec-
tively, and finally cooled to room temperature at nine differ-
ent cooling rates of 0.1, 0.5, 1, 2, 3, 5, 7, 10, and 15 °C/s,
respectively. Figure 2 presents the specific process scheme.

Microstructure Examinations and Tensile
and Hardness Tests

In order to obtain the pearlite interlamellar spacing,
after thermal simulation experiments, a Nova 400 Nano
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Fig.1 Dynamic CCT sample size of the U75V rail steel (all dimen-
sions are in mm)
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scanning electron microscope (SEM; FEI, Hillsboro, OR,
USA) and an optical microscope were used to examine
the microstructures of the simulated specimens. An HV-
1000B Vickers hardness tester (with a load of 0.98 N) was
used to measure the Vickers microhardness. In order to
calculate average values, each specimen was assigned ten
points for the microhardness test. In addition, to conduct
tensile tests and to study the elongation, yield strength,
and tensile strength, we selected the specimens that ful-
filled the hardness requirement of TB/T 2344-2012 [20].
Table 1 presents the names of the selected specimens.

Temp

1200°C, 300s

810, 780, 750°C

5C/s

Cooling rates (C/s):
0.1,0.5,1,2,3,5,7,10, 15

Time

Fig.2 The online heat treatment process of the heavy rail U75V

Table 1 Notations and cooling parameters of specimens

Specimen Quenching temperature, °C Cooling rate, °C/s
A As-cast condition As-cast condition
B 750 3
C 780 3
D 780 5
E 810 1
F 810 5

T

Fig.3 U75V steel microtensile specimen size (all dimensions are in
mm)
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Fig.4 Microstructures of U75V
steel at different cooling condi-
tions: (a, b, ¢) 750 °C; (d, e, )
780 °C; (g, h, i) 810 °C; (a, d,
g) 0.1 °C/s; (b) 3 °C/s; (c, e, h)
5°C/s; (£,1) 7 °C/s
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A UTN-4503 electronic universal tensile tester (SUNS,
Shenzhen, China) with a crosshead speed of 1 mm/min at
room temperature was used to carry out the tensile tests.
The tensile specimen size is shown in Fig. 3. For each
specimen, three tensile tests were repeated and the cor-
responding average values were calculated.

Results and Analysis
Microstructures and Microhardness

Figure 4 shows the partial microstructures of the U75V
steel at different quenching temperatures and cooling rates.
These microstructures contain ferrite, lamellar pearlite,
and martensite. It is observed that only pearlite transforma-
tion occurs at a cooling rate of 0.1-3 °C/s and martensite
emerges at a rate of 5 °C/s when the quenching temperature
is 750 °C. However, martensite emerges at a rate of 7 °C/s
when the quenching temperature is 780 and 810 °C. Mar-
tensite is resolutely unable to appear in the rail because of
its poor wear resistance, which indicates that high quenching
temperature is advantageous for the formation of pearlite.

The pearlite interlamellar spacing of the U75V rail steel
under different cooling conditions is shown in Fig. 5. The
relationship between the pearlite interlamellar spacing and
the supercooling degree in the carbon steel can be expressed
as follows [21, 22]:

s =8.02% 107*/AT ¢))
where s is the pearlite interlamellar spacing and AT is the
supercooling degree. The above empirical formula indicates
that s varies inversely with AT, which means in the case
of pearlitic transformation the pearlite interlamellar spac-
ing reduces with an increase in the supercooling degree.
As the supercooling degree increases with an increase in
the cooling rate, the transformation temperature from aus-
tenite to pearlite decreases and the distance of diffusion
of elements reduces. Accordingly, the pearlite interlamel-
lar spacing is reduced with an increase in the cooling rate.
Figure 5 shows that, as verified by the above formula, the
pearlite interlamellar spacing decreases with an increase in
the cooling rate at three quenching temperatures of 750, 780,
and 810 °C. When only pearlite transformation occurs, the
minimum value of the pearlite interlamellar spacing is found
to be 0.101 pm. When the quenching temperature is 750 °C,
the pearlite interlamellar spacing at 5 °C/s is not displayed,
which is an exception. At that point, martensite transforma-
tion has already been started, and then the pearlite sheets are
stuck together even granulated to not be distinguished. Fur-
thermore, it is observed that higher quenching temperature
can obtain much better fine pearlite interlamellar spacing at
the same cooling rate.

@ Springer

In addition, Fig. 6 shows the microhardness values of
the U75V rail steel under different cooling conditions. The
performance of steel depends on the microstructure. For
example, at a quenching temperature of 8§10 °C, the cool-
ing rate changes from 0.1 to 5 °C/s, and mainly pearlite is
obtained and the hardness increases slowly from HV 329 to
HYV 392. When the cooling rate is greater than 7 °C/s, the
microstructure emerges as a result of martensite, and the
microhardness further increases. When the cooling rate is
15 °C/s, the maximum hardness reaches HV 687. The micro-
hardness increases with an increase in the quenching tem-
perature at the same cooling rate. The pearlite interlamellar
spacing plays the most important role at a lower cooling rate.
However, the amount of martensite makes a difference at a
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Fig.5 Pearlite interlamellar spacing of the U75V rail steel under dif-
ferent cooling conditions
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Fig.6 Microhardness values of U75V rail steel at different cooling
conditions
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higher cooling rate. The latter at 750 °C defeats the former
at 780 °C at a cooling rate of 5 °C/s.

Dynamic CCT Curves

By using a Gleeble-3500 thermal simulating test machine, it
is observed that the expansion curve varies with temperature
when the cooling rate is 5 °C/s as shown in Fig. 7a. The
tangent method is used to determine the phase transition
beginning temperature (610 °C) and the phase transition
end temperature (525 °C). Similarly, all temperature points
are determined for each cooling rate, and the dynamic CCT
curves at three different quenching temperatures of the steel
are shown in Fig. 6b—d, respectively, which are the results
of phase transformation measurement and microstructure
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observation. Figure 7b, c, and d shows that the products of
austenite transformation contain pearlite or sorbite at any
quenching temperature and cooling rate. The starting trans-
formation temperature from austenite to pearlite does not
exceed 700 °C, and the end temperature does not drop below
500 °C. It is observed that martensite appears when the cool-
ing rate is greater than 5 °C/s, and even when the quench-
ing temperature is 750 °C and the cooling rate is 5 °C/s.
The carbon content of the U75V rail steel is around 0.75%,
and the theoretical eutectoid point moves left because of the
additions of silicon, manganese, and vanadium [23]. In addi-
tion, from microstructures in Fig. 4, it can be seen that not
only pearlite emerges but also ferrite emerges at low cooling
rates and bainite appears around martensite at high cooling
rates, which are not shown in the dynamic CCT curves. The
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Fig.7 (a) Expansion curve and phase transition temperature at 810 °C and 5 °C/s; dynamic CCT curves at three quenching temperatures: (b)

750 °C; (¢) 780 °C; and (d) 810 °C
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Table 2 Heat-treated rail tensile strength, elongation after fracture,
and top strength of rail head

Steel grade Yield strength,  Post-break elon- Center line hard-

MPa gation A, % ness of the top
surface of the rail
head HBW (HBW
10/3000)

U75v >1180 >10 340-400
1400 T T T T T T
Rm
1200 ’ -
/
/
1000 - /5 -
/,
Rpo2
g 800 - .
s
g 600 - i
@
7
400 - 7 7]
4
4
200 4 Specimen F |
/ 4 = = =0.2% off set
0 7 1 N 1 N 1 1 N 1 N 1 .
0 2 4 6 8 10 12 14
Strain/%

Fig.8 The engineering strain—stress curve of the selected specimen
after quenching. R, yield strength; R, tensile strength

products of ferrite and bainite are due to the non-uniform
distribution of carbon, which is not sufficient to reflect in
the CCT curves.

Mechanical Properties

GB TB/T 2344-2012 43-75 kg/m rail ordering technical
conditions for the performance of U75V steel including ten-
sile strength, elongation after fracture, and hardness have a
clear range of indicators as shown in Table 2.

Figure 8 shows the engineering strain—stress curve of the
specimen after quenching at a temperature of 8§10 °C and a
cooling rate of 5 °C/s. The yield strength with the stress value
of the 0.2% residual deformation and the tensile strength with
the resistance of the material with maximum uniform plastic
deformation are obtained. Table 3 presents the tensile results
of the selected specimens. When the interlamellar spacing
is less than 0.156 pm, the tensile strength, total elongation,
and microhardness of the rail steel meet the requirements of
TB/T 2344-2012 as compared with the pearlite interlamellar
spacing shown in Fig. 5. The maximum values of the tensile
strength and total elongation are found to be 1225 MPa and
12%, respectively. Furthermore, the mechanical properties,
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Table 3 The mechanical properties of the selected specimens

Specimen Yield strength, Tensile strength,  Total elon-
MPa MPa gation, %
A 623 981 10
B 813 1204 11
C 818 1209 12
D 835 1217 11
E 816 1206 12
F 896 1225 12

including yield strength, are improved with a decrease in the
pearlite interlamellar spacing. In addition, ferrite and cement-
ite become thinner, and the amount of phase interface can be
increased and the ability of resisting the plastic deformation
can be enhanced. On the other hand, the thinner cementite
makes plastic deformation easier as compared to fracture [24,
25].

To summarize, the refinement of the pearlite interlamel-
lar spacing improves not only the pearlite intensity but also
plasticity, which is the theoretical basis of strengthening of
heat treatment and toughening of rails. Finally, considering all
observations, it is concluded that the quenching temperature
should be increased as far as possible to obtain pearlite with
fine interlamellar spacing. Furthermore, when the temperature
of the quenching unit is increased as high as possible, the range
of the cooling rate becomes wider, which helps in meeting the
requirements of the rail steel and achieving excellent perfor-
mance. Therefore, it is extremely important for the rail steel
to preserve heat between the quenching unit and the universal
rolling export. Therefore, if the quenching temperature floats
up and down, a cooling rate of 3—5 °C/s may be a better choice.

Conclusions

1. The decrease in the quenching temperature narrows the
range of the cooling rate of only pearlite transformation.
Martensite, which appears at a cooling rate of 7 °C/s
with quenching temperatures of 810 and 780 °C, appears
at a cooling rate of 5 °C/s with a quenching temperature
of 750 °C. The pearlite interlamellar spacing decreases
with an increase in the cooling rate at the same quench-
ing temperature. Similarly, it decreases with an increase
in the quenching temperature at the same cooling rate.

2. The mechanical properties of the U75V steel are
improved with a decrease in the pearlite interlamellar
spacing. The tensile strength, total elongation, and hard-
ness meet the requirements of the U75V rail steel when
the pearlite interlamellar spacing is less than 0.156 pm.

3. The quenching temperature should not be reduced
beyond a certain limit. It is observed that if the quench-
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ing temperature floats up and down, a cooling rate of
3-5 °C/s is the best choice.
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