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szl & fully 2020 Fatigue damage of rail steel is an important issue affecting economic and human

Published online: safety. In this paper, the effect of different quenching rates on the fatigue crack
27 July 2020 growth of hypereutectoid rail is analyzed. The material parameters C and m of

the Paris formula are measured. The results show that an increase in cooling rate
© Springer Science+Business of rail decreases the value Paris law parameter C, increases the value m and
Media, LLC, part of Springer decreases fatigue crack growth rate. This can be attributed to the decreased in
Nature 2020 the lamellar spacing and cluster diameter of the pearlite with an increase in

cooling rate. More specifically, the smaller lamellar spacing and the cluster
diameter make the crack pass easily through the cluster boundary of pearlite,
which increases the number of zigzag crack growth paths and branching cracks
that can help restrain fatigue crack growth. The fatigue fracture characteristic of
hypereutectoid rail is that with an increase in cooling rate, the fatigue striation
spacing and river pattern of the fracture surface become smaller, the crack
growth path tends to zigzag, the tearing edges become deeper and the surface is
relatively rougher.

Introduction effective way to improve fatigue performance of rail

[5]. Zhou et al. [6] studied the influence of carbon
The continuous increase in train speed has led to an content, the heat treatment parameters and
increasingly more complex rail service environment microstructure of rail and determined that refining
in which rail steel plays an important role in railway the pearlite lamellar spacing structure of rail is the

transportation. Fatigue growth resistance is a key most effective way to achieve high strength and
indicator to evaluate the service life of heavy-duty toughness. Gong et al. [7] found that coarse pearlite
rail [1-3]. As hypereutectoid rail with an 0.8% carbon  lamellar spacing will reduce the fracture toughness.
content is cooled slowly from a high temperature, a Further studies include the effect of microstructure
pearlite structure can be obtained. However, the on the fatigue crack growth rate. Akama et al. [8]
grain structure is coarse and the toughness is poor = proposed a long coplanar I/II/III fatigue crack
[4]. It has been proved that optimizing quenching  growth model of rail under a non-proportional mixed
process to obtain a fine pearlite structure is an  mode load, proposed the equivalent stress intensity
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factor range considering the crack surface contact and
successfully regressed the growth rate data of sec-
ondary crack.

Jones et al. [9] studied the relationship between da/
dN and AK of short cracks in the process of fatigue
crack growth and also discussed how to use the
existing equation to predict the growth of short
cracks and explain the crack growth path. Gao et al.
[10] studied the crack initiation and propagation of
U71Mn rail and determined that inclusion and stress
concentration had a great influence on fatigue crack
propagation. However, most of the above research
has focused on the influence of structure, fatigue
crack growth rate and fatigue failure. How to control
the rail cooling rate, given sufficient pearlite devel-
opment time, and obtain the optimal pearlite struc-
ture and lamellae have rarely been reported. The
previous systematic research on the effect of pearlite
lamellar spacing of U75V heavy rail steel on a fatigue
crack growth path found that increasing the deflec-
tion path of the crack can enhance the blocking effect
of the crack growth, which is conducive to restrain
fatigue crack growth [11, 12].

Based on the previous works, this paper further
studies the fatigue crack growth behavior of hyper-
eutectoid rail under different quenching rates, com-
pares and analyzes the resulting fatigue crack growth
performance, clarifies the relationship between
microstructure, lamellar spacing, fatigue striation
spacing and the crack growth of high-carbon rail, and
provides a theoretical basis for the production of
high-performance hypereutectoid rail in the trans-
portation industry.

Materials and method

Hypereutectoid rail was selected as the experimental
material; the chemical composition of materials is
listed in Table 1. The samples of hypereutectoid rail
were quenched from 860 to 20 °C at different cooling
rates as listed in Table 2. The austenite temperature of
the sample was recorded using a SONY-F4.5GM
thermal imager as shown in Fig. 1. According to the
technical conditions for Ordering 45 ~ 75 kg/m rails
(TB/T 2344-2012), a compact tensile (CT) specimen
was used for crack propagation testing. The specimen
was taken from the position of a 75 kg/m hypereu-
tectoid rail head, and the sampling position is shown
in Fig. 2a. The size of the CT specimen is according to
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GB/T6398-2000 as shown in Fig. 2b. The CT speci-
mens were polished and etched with 4% nitric acid
alcohol prior to the crack propagation testing. The
fatigue crack growth test was carried out using SIN-
COTEC high-frequency fatigue testing machine as
shown in Fig. 2c. For the fatigue test, a 50 Hz sine
wave waveform was applied. The crack length a cor-
responding to the number of cycles was measured by
the visual method in which a convenient microscope
with magnification of 20-50 times was used accord-
ing to the GB/T6398-2000. The applied maximum
load was 8 kN, the minimum load was 4 kN, and the
stress ratio was R = 0.5.

The lamellar spacing of the pearlite structure of
hypereutectoid rail was measured by Image Pro-Plus
6.0 software. The crack growth track and morphology
were observed using a Zeiss metallographic micro-
scope. The Brinell hardness test using HBW5/750/10
was carried out at six different positions on both
sides of the crack as shown in Fig. 2d, and then, the
average value was calculated. The fatigue fracture
surface was cleaned with acetone ultrasonic, and the
fracture morphology was observed using a Quan-
tum-400 scanning electron microscope. The fatigue
striation spacing was measured using Image ]
software.

a—-N curve analysis of fatigue crack growth

The measured crack length 4 and number of cycles
N of the CT with different cooling rates of hypereu-
tectoid rail are listed in Table 3. The a-N curve is
obtained by measuring a and N as shown in Fig. 3.
Figure 3 shows that the general trend is that the crack
propagation rate decreases with an increase in the
cooling rate. The a—N curve trend of rails with cooling
rates of 1 °C/s, 2 °C/s and 3 °C/s is basically similar,
indicating that the fatigue crack growth performance
of hypereutectoid rails with cooling rates of 2 °C/s
and 3 °C/s is not significantly improved compared
with that of 1 °C/s. However, the crack growth curve
of 5 °C/s and 8 °C/s samples is gentle at the initial
stage and then starts to steep after point A and point
B. The reason for the great fatigue property
improvement is that: The pearlite transition temper-
ature decreases rapidly with an increase in the cool-
ing rate; the pearlite lamellar spacing is refined; the
thickness of ferrite and cementite is thinner: and the
phase interface is increased, while the phase interface
can block the dislocation movement and it needs
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Table 1 Chemical composition of materials (wt%)
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Material C Mn P Cr Nb RE Si
Hypereutectoid rail 0.820~0.856 0.966 < 0.025 < 0.015 0.465~0.537 0.012~0.019 0.0015 0.70
Table 2 Rail quenching
process parameters Material Process conditions

Hypereutectoid rail 1 (°C/s) 2 (°Cls) 3 (°Cls) 5 (°C/s) 8 (°C/s)

Figure 1 Infrared acquisition of rail quenching temperature.

more driving energy to cross the phase interface, thus
reducing the crack growth rate.

Analysis of the fatigue crack growth rate
of hypereutectoid rail

Paris formula under different cooling rates

When fatigue crack growth rate is constant, the
relationship between da/dN and 4K at the crack tip
can be described by the classical Paris formula
[13, 14]:

da/dN = C(AK)" (1)

where da/dN is the fatigue crack growth rate, AK is
the stress intensity factor range, and C and m are
material parameters.

The a-N curve in the previous section is derived
and fitted, and the Paris formulas under five different
quenching cooling rates are obtained. Figure 4 shows
the da/dN-AK curve with cooling rates of 1 °C/s,
2°C/s, 3°C/s, 5°C/s and 8 °C/s. Figure 4 shows
that the da/dN increases with an increase in
AK. However, different quenching cooling rates have
the obvious different influences on the fatigue crack

growth rate of the samples. The crack growth rates
with cooling rates of 1 °C/s, 2 °C/s, 3 °C/s, 5 °C/s
and 8 °C/s are roughly equal at point P (AK = 13.5
MPa m'/?). The crack growth rate of 8 °C/s is the
smallest when AK < 13.5 MPa m'/% Based on the
trends, it appears that the sample produced with the
cooling rate of 8 °C/s would have a highest fatigue
crack growth threshold AKy,, which indicates that the
sample with a cooling rate of 8 °C/s would have a
highest resistance for the crack initiation.

Effect of the quenching rate on fatigue crack growth

According to the requirements of the TB/T 2344-2012,
the fatigue crack growth rate of da/dN is studied
when the stress intensity factor range of AK =10
MPa m'/? and AK = 13.5 MPa m'/%. The values of
stress intensity factor range, at any number of cycles,
were calculated according to an equation of the GB/
T6398-2000, and Origin 8.0 software was used for
fitting the a-N data and the derivatives of the a—
N curve on which the fatigue crack growth rates were
calculated. The da/dN is shown in Table 4 when
AK =10 MPa m'/? and AK = 13.5 MPa m'/?,

Table 4 shows that an increase in the cooling rate
decreases the value C and increases m. In addition,
the da/dN shows a decreasing trend at AK =10
MPa m'/?, the da/dN does not change much at
AK = 13.5 MPa m'/? with the increase in cooling rate.
While AK = 10 MPa m'/? or AK = 13.5 MPa m'/?, the
sample with a cooling rate of 8 °C/s has the lowest
value C, the highest value m and the slowest fatigue
crack growth rate. The sample with a cooling rate of
1°C/s has the highest value C, the lowest value
m and the fastest fatigue crack growth rate. These
results shows that the sample with the cooling rate
1 °C/s is more sensitive to the stress intensity factor
range at crack tip than the other samples at the crack
growth stage; This conclusion is both similar and
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Figure 2 Sampling position and size of the CT sample: a sampling position and; b sample size; ¢ fatigue test and d schematic diagram of

hardness test location.

Table 3 Measurement of a4 and N with different quenching
cooling rates

Cooling rate  1°C/s 2°C/s 3°C/ls 5°C/s 8°Cls
a (mm) 20.05  20.80 2030 2030  21.10
N (10* cycle) 70 77 79 94 106

consistent with the previous fatigue crack growth a-
N of this material.

Analysis of the fatigue crack growth
mechanism

Effect of different quenching rates on hardness
Quenching is an effective way to increase the hard-

ness, wear resistance and fatigue resistance of rail,
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Figure 3 a-N curve of hypereutectoid rail at different quenching
rates.
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Figure 4 da/dN-AK curve with cooling rates of 1 °C/s, 2 °C/s,
3 °C/s, 5 °C/s and 8 °C/s.

and improve its lamellar structure [15]. Therefore, it
is necessary to compare and analyze the hardness to
explain the fatigue crack growth rate at different
quenching rates. Table 5 shows the hardness of
hypereutectoid rail under different cooling rates. It
can be seen that the hardness of hypereutectoid rail
increases with an increase in the cooling rate, the
hardness of rail with an 8 °C/s cooling rate is the
highest in all of the tests, which is beneficial to
improve the wheel-rail wear.

Microstructure and crack growth path

The microstructure, strength, load and other factors
of steel affect fatigue fracture morphology and the
crack growth path [16]. To further study the effect of
the quenching process on rail fatigue crack growth
rate, the microstructure and fatigue fracture of
hypereutectoid rail CT samples with different
quenching rates were observed and analyzed using
SEM.
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Table 5 Hardness of hypereutectoid rail under different
quenching rates

Cooling rate 1°C/s 2°C/s 3°C/ls 5°C/s 8°C/s

Hardness (HB) 316 326 335 346 392

1. The effect of different quenching cooling rates on
microstructure of hypereutectoid rail.

Pearlite structure is flake or granular at different
quenching rates, while hypereutectoid rail steel with
good properties needs a flake structure [17]. For
hypereutectoid steel, the pearlite cluster diameter
and pearlite lamellar spacing are important structural
characteristics that influence fatigue crack growth
performance. The representative samples with cool-
ing rates of 2 °C/s and 8 °C/s were selected for
analysis, and the SEM microstructure of hypereutec-
toid rail is shown in Fig. 5. The pearlite lamellae
distance with cooling rates of 2 °C/s and 8 °C/s is
108.20 nm and 55.17 nm, and the cluster distance
with cooling rates of 2 °C/s and 8 °C/s are 9 um and
5.9 um, respectively. For pearlitic steel, the mode of
crack initiation and propagation in the pearlite
depends on the orientation relationship between the
lamellae and loading axis, and the size of the pearlite
lamellae. When the specimen position and crack
growth direction are known, the main factors deter-
mining the crack initiation and growth are the ori-
entation of the pearlite lamellae and the size of the
lamellar spacing. Because of the excellent plasticity of
ferrite in the pearlite lamellae structure, the crack
preferentially propagates in its interior, while the
cementite lamellae are hard with dislocations that are
difficult to pass through, thus forming dislocation
pileups and impeding crack propagation. Therefore,
finer lamellae spacing increases the number of

Table 4 Fatigue crack growth

m da/dN (m/Ge)

AK = 10 MPa m'"? AK = 13.5 MPa m'?

constant C, m and the crack Cooling rate cio
growth rate
1 °C/s 2.597228
2 °C/s 1.743282
3 °C/s 0.870623
5°C/s 0.237012
8 °C/s 0.116402

2.59469 10.3 22.2
2.79990 9.5 21.4
3.00447 8.7 22.0
3.51906 7.8 22.5
3.79305 7.2 22.5
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Figure 5 SEM microstructure
of hypereutectoid rail: a 2 °C/s
cooling rate and b 8 °C/s
cooling rate.

cementite lamellae and the effect of impeding crack
propagation becomes more obvious.

2. The fracture morphology of AK = 10 MPa m'/? of
hypereutectoid rail.

The fatigue fracture SEM images of hypereutectoid
rail under different cooling rates are shown in Fig. 6.
It was found that there were significant differences
on the fractorgraphs of the samples with different
quenching rates when AK = 10 MPa m'/2. There are
river patterns on the fatigue fracture surfaces in all of
the samples. Figure 6a shows that the fracture surface
of the sample with the cooling rate of 1°C/s is

(2)
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smooth and there is no branching crack. There are
many river patterns and the fracture is a transgran-
ular fracture. The formation of the river pattern is due
to the fact that the crack propagation is not in a single
plane. However, in the adjacent plane, a series of
parallel and simultaneous cracks appear that will
consume a certain amount of energy to form an
additional propagation surface, so the river patterns
tend to merge. Moreover, there are tearing steps on
the fracture surface and fatigue striations on the
tearing steps. Figure 6b shows that the fracture sur-
face of the sample with the cooling rate of 2 °C/s is
relatively smooth, is accompanied by obvious fatigue

x1,000 ' 10uf

Distance (um)

2 3 4 5 6
Cooling rate ('C/s)

Figure 6 SEM fracture morphology when AK = 10 MPa m"?: a 1 °C/s cooling rate; b 2 °C/s cooling rate; ¢ 3 °C/s cooling rate; d 5 °C/
s cooling rate; e 8 °C/s cooling rate; and f fatigue striation spacing.
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striation, and shows evidence of a large number of
small fatigue striations within the small area, and that
the fracture is a transgranular fracture. There are
small tearing edges on the fracture surface, which are
accompanied by river patterns. The number of river
patterns is large, but the tributary is the main one and
confluence of the tributaries is rare. Figure 6¢ shows
that the fracture surface of the sample with a cooling
rate of 3 °C/s is rougher than that of the sample with
a cooling rate 1°C/s, there are more facets and
tearing edges, few fatigue striation, there are river
patterns on the fracture surface, the number of river
patterns is small, the steps are short and most of them
are tributaries that rarely demonstrate confluence.
Figure 6d, e shows that the fracture surfaces of the
samples with cooling rates of 5 °C/s and / 8 °C/s are
rough, exhibiting more tearing edges, bending, sharp
and different directions of the tearing edges, and
branching cracks on the surface. In addition, there are
few fatigue striations. Figure 6f shows that the
decreased fatigue striation spacing with an increase
in cooling rate. The main reason for these results is
that the crack growth is not only restricted by the
state of the front edge of the crack tip, but it is also
affected by the contact property of the crack surface
at the back of the crack tip. It is known that rail under
the stress of a crack tip has no favorable conditions
for forming fatigue striations due to its high strength
and small plastic deformation at the crack tip and
adjacent area.

Figure 7 shows the fatigue crack growth path of
hypereutectoid rail with cooling rates of 2 °C/s and
8 °C/s when AK = 10 MPa m'/?. Figure 7 shows that
the surface crack trend of the 2 °C/s cooling rate
specimen is relatively straight, which corresponds to
the smooth fracture; the rough fracture of the 8 °C/s
cooling rate specimen corresponds to the zigzag
crack growth path, which is related to the smaller

Figure 7 Crack growth paths
when AK = 10 MPa m'%

a 2 °C/s cooling rate and

b 8 °C/s cooling rate.
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pearlite lamellar spacing and cluster diameter of the
rail after quenching. This can be attributed to the fine
pearlite lamellar spacing in cooling rate of 8 °C
restrain the crack growth. The zigzag path and the
zigzag fold back can consume more energy and
release the stress at the crack tip, thereby reducing
the crack growth rate when crack opening.

3. The fracture morphology of AK = 13.5 MPa m'/?
of hypereutectoid rail.

The SEM images of the fatigue fracture of hyper-
eutectoid rail under different cooling rates are shown
in Fig. 8. It was found that there were no significant
differences on the fractographs of the samples with
different quenching rates when AK = 13.5 MPa m'/2,
There are branching cracks on the fatigue fracture
surfaces in all of the samples. The general rule is that
the crack always propagates along the weakest
position in the material [18], and it is easiest to
propagate along the boundary between the ferrite
and pearlite. However, the pearlite lamellae are not
always parallel to the crack propagation direction.
Therefore, when the crack propagates along the
boundary between the ferrite and pearlite, and meets
the pearlite group boundary, the crack propagation is
blocked, thereby changing its direction and leading to
the production of branching cracks.

Figure 9 shows the fatigue crack growth path of
hypereutectoid rail with cooling rates of 2 °C/s and
8 °C/s. Figure 9 shows that the surface crack growth
path has significant turning and bifurcation charac-
teristics when AK = 13.5 MPa m'/?, and that the
zigzag pattern is found in the both 2 °C/s and 8 °C/s
cooling rate of hypereutectoid steel, but it is more
obvious in the cooling rate 8 °C/s specimen.
Branching cracks often occur in the large fold back
because the crack growth at the fold back is blocked
and the branching cracks will be generated in the
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Figure 8 SEM fracture morphology when AK = 13.5 MPa m"? a 1 °C/s cooling rate; b 2 °C/s cooling rate; ¢ 3 °C/s cooling rate;

d 5 °C/s cooling rate; e 8 °C/s cooling rate.

Figure 9 Crack growth path
when AK = 13.5 MPa m"*:
a 2 °C/s cooling rate and

b 8 °C/s cooling rate.

stress concentration in order to release the stress. This
kind of zigzag pattern will increase the total path of
the crack growth, thereby reducing the crack growth
rate. The back-break is reflected in an increase in the
tearing edges, the depth of gullies in the river pattern
and the rough surface of the fracture.

In summary, the fatigue crack growth rate is dif-
ferent under different quenching cooling rates and
different values of AK. When the cooling rate is slow,
the fatigue striation spacing was relatively larger, the
area of river pattern is large, the tearing edge is
shallow and the trend is single, and the surface is
relatively smooth. When the cooling rate is fast, the
fatigue striation spacing was relatively small, the area
of river patterns is small, the tearing edges are deep

@ Springer
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and the trend is variable, and the surfaces are rela-
tively rough. This is related to the microstructure,
and the pearlite lamellae and agglomerate distance of
the 8 °C/s sample is smaller than that of the 2 °C/s
sample. Because of the good plasticity of ferrite in the
pearlite lamellae structure, the crack preferentially
propagates in it, while the cementite lamellae is hard
and the dislocation is difficult to pass through, thus
forming dislocation pileups and hindering crack
propagation. Therefore, the finer lamellae distance
increases the number of cementite lamellae and hin-
ders growth of the crack. In addition, the effect of the
crack growth is more obvious, which makes the
fracture rough. When crack growth meets the pearlite
group, because of the different orientations of
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cementite at the boundary of each pearlite group and
the wide ferrite band, under the action of the stress at
the crack tip, the crack will germinate and expand in
the ferrite [19]. Moreover, due to the large differences
of the mechanical properties between ferrite and
cementite, the deformation is not homogeneous, and
the stress concentration will occur at the interface of
the ferrite and cementite; when the stress concentra-
tion exceeds the interface bonding strength, the crack
can germinate and expand at the ferrite cementite
interface. For the hypereutectoid steel with an 8 °C/s
cooling rate, when the crack tip meets the cementite,
the crack has to change its propagation direction such
that the propagation path becomes a zigzag pattern
and the crack propagation rate decreases.

Conclusions

The results of this research advance our under-
standing of the fatigue crack growth of rail, which is
beneficial to restrain the fatigue crack growth rate, in
three main areas.

1. With an increase in cooling rate, the Paris law
parameters of C decreased, and m increased, the
da/dN showed a decreasing trend with an
increasing in cooling rate when the AK = 10
MPa m'/?, and the da/dN did not change much
with an increasing in cooling rate when the AK =
13.5 MPa m'/% The value C was the highest and
the value m was the lowest in the 1 °C/s cooling
rate specimen of hypereutectoid rail, and the
fatigue crack growth rates were the fastest. In
addition, the value C was the lowest and the
value m was the highest in the 8 °C/s cooling rate
specimen, and the fatigue crack growth rate was
the slowest resulting in the best fatigue
performance.

2. An increasing in the cooling rate resulted in a
decrease in the lamellar spacing and cluster
diameter of the pearlite. The lamellar spacing of
the pearlite in cooling rates of 2 °C/s and 8 °C/s
was 108.20 nm and 55.17 nm, respectively, and
the cluster diameters of the pearlite were 9 pm
and 5.9 um, respectively. The smaller the lamellar
spacing and cluster diameter, the easier the crack
passed through the pearlite cluster boundary,
which increased the number of zigzag crack
growth paths and branching cracks. In addition,
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the number of cementite lamellae increased and
the effect of restrained fatigue crack growth
became more obvious.

3. The fatigue crack growth rate of hypereutectoid

rail varied with different quenching cooling rates
and different values of AK. The hypereutectoid
rail with the cooling rate of 2 °C/s had many
smooth facets of fatigue fracture, shallow gullies
in the river pattern and a straight crack growth
path. When the cooling rate was 8 °C/s, the
fatigue fracture was rough, the area of river
pattern was small, and the groove and the crack
growth path showed a zigzag pattern, which is
beneficial to restrain overall fatigue crack growth.
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