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Abstract: Flash—butt welded rail is widely used in railway transportation; however, the welded joint
is vulnerable after a long time of service, and its damage mechanism is controversial. Here, tensile
and reciprocating friction tests were carried out to analyze the mechanical and tribological behaviors
between the welded joint and the base metal of a U75VG rail. The results show that flash—butt
welding promotes the pearlite to transform into ferrite, leading to a relatively low hardness value but
high plasticity. In addition, the yielding and strength of the all—weld —metal specimen are 385 MPa
and 1090 MPa, respectively, which are about 24.51% and 7.63% lower than that of the base metal
specimen. It is worth noting that the elongation of the all—weld—metal specimen is 57.1% higher
than that of the base metal specimen, and more dimples and tearing ridges can be detected on the
fracture morphology of the all—weld —metal specimen, while the fracture morphology of the base
metal specimen is filled with shallow dimples and cleavage planes. Moreover, the weld metal has
a relatively higher COF (coefficient of friction), and its fluctuation amplitude is 1.25 times higher
than that of the base metal, which is due to the rougher worn surface. Furthermore, the introduction
of flash—butt welding changes the wear mechanism of the U75VG rail from adhesive wear and
oxidation to fatigue wear and slight oxidation, and ultimately leads to more serious damage.

Keywords: U75VG rail; flash—butt welding; mechanical property; tribological behavior; damage
mechanism

1. Introduction

The key role of the railway transportation site is the rail, which, in normal service,
guarantees train guidance, traction, and braking. A continuous welded rail makes the
high—speed and heavy axle load of the train develop rapidly, leading to the need for
higher welding quality. Currently, most rail manufacturers use flash—butt welding [1],
and flash—butt welded rails are widely used in railway transportation. However, the
welded joint becomes vulnerable with long—time service, and its damage mechanism is
controversial [2]. Moreover, the microstructure and characteristics of welded rail joints are
greatly different from those of the base metal, resulting in crushing, fracture, and bending
deformation of the welded joints [3-6]. In other words, the failure of the welded rail
joints will lead to abnormal contact between the wheel and rail. Subsequently, the vertical
acceleration of the train suddenly increases, affecting passenger comfort and endangering
traffic safety [7].

At present, much of the research has focused on the damage mechanism of a rail’s
flash—butt welded joints. On the one hand, some scholars have tested the performance of
treated rail and analyzed the microstructure evolution, mechanical properties, and fatigue
fracture mechanisms of laser shock peening and corrosive environments [8,9]. On the other
hand, there are other scholars who established finite element models of welded rail joints
based on different working conditions, to simulate damage behavior. A significant body of
research results show that factors, such as vehicle speed, axle load, joint height, residual
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stress, and rail roughness, have great influence on the plastic deformation, crack behavior,
and stress—strain behaviors of welded rail joints [10-13]. Zhao et al. [14] studied the sig-
nificant stress concentration in welded rail joints due to the impact effect. Their research
showed that the distribution of an equivalent plastic strain in weld metal, heat—affected
zones, and base metal is uneven during wheel-rail rolling contact. Xu et al. [10] pointed out
that the maximum load on welded rail joint during wheel-rail rolling contact is 4-12 times
that under quasi—static conditions, and the maximum contact pressure, maximum equiva-
lent stress and equivalent plastic strain increase with the train axle load and the running
speed. They obtained the mechanical parameters of welded rail joint by static tests, modi-
fied the rail dynamic constitutive finite element model, and obtained the simulation results
of welded rail joint in wheel-rail rolling contact. Prakash et al. [15,16] also stated that the
friction between wheel and rail increases with the adhesion coefficient, the increase of
stress intensity factor leads to an increase of crack enlargement and the fatigue life decrease
with weld length. This conclusion is obtained by simulating the crack behavior of rail
under different working conditions. Besides, welded rail joint is the easy failure part due
to defects such as structural changes, inclusions, and pores [17]. Thus, welded rail joint
is more prone to collapse, fracture, serious wear, and other damage problems resulting in
continuous welded rail appearing irregularly.

And besides, two—point contact of the wheel-rail is likely to occur when the train
passes through the curved section. Sliding friction occurs between the wheel rim and rail
head side, resulting in the frictional shear stress on the rail will be significantly higher than
that in rolling contact [18]. Based on current research, few reports are on the reciprocating
friction test of rail weld joints, and carrying out tribological tests of welded rail joint is of
great significance.

In this paper, the reciprocating friction and wear test of U75VG rail weld metal and
base metal was carried out. Focusing on the microstructure, mechanical properties, and
surface damage behavior of weld and base metal reveals the damage mechanism.

2. Experimental Details
2.1. Experimental Materials

The U75VG is usually used for high—speed trains in China. In this paper, the U75VG
welded rail joint was conducted by a flash—butt welding machine. In order to rail weld
joint with good quality, the welding process parameters are selected, as shown in Table 1.
The specimens of tensile and tribological tests were extracted from the welded rail joint
and the base metal (head of U75VG rail, shown in Figure 1).
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Figure 1. Sample position with (a) tensile specimens and (b) tribological specimens.

GCr15 steel balls (GB/T18254—2002) with a diameter of 6 mm and surface roughness
(Ra) of 0.04 mm were used as the counter—bodies, and the chemical element content is
shown in Tables 2 and 3, respectively. All the tests were repeated three times for the same
test parameter to reduce inevitable errors and ensure the reliability of the test results.
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Table 1. Welding process parameters.

upset force /KN 35
upset length/mm 10.5
welding time/s 85-95
burning speed (mm/s) 13.5-15.5
clamping length/mm 130-150
weld width/mm 20-25
input heat/M] 8.6

Table 2. Chemical composition of U75VG rail (wt.%).

C Si Mn S P \'
0.71~0.8 0.5~0.8 0.7~1.05 <0.03 <0.03 0.04~0.12

Table 3. Chemical composition of GCr15 steel ball (wt.%).

C Si Mn Cr Mo S/P Ni + Cu
0.95~1.05 0.15~0.35 0.25~0.45 1.45~1.65 <0.1 <0.025 <0.5

2.2. Experimental Method

The tribological test was conducted on a self —-made, multi—functional friction and
wear testing machine (UNT—3, shown in Figure 2a), and the load, frequency, and duration
time of the friction test were 10 N, 2 Hz, and 3 h, respectively. The experiment was
conducted in an atmospheric environment (T = 25 °C, RH = 60%). The specimens were
cleaned using an ultrasonic cleaner before and after the test. The tensile test by the tension—
torsion multi—axis electric servo fatigue testing machine (Walter + BaiLFV—-100—HH,
100 KN) and the size of tensile test specimens are shown in Figure 2b.
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Figure 2. (a) Structure diagram of reciprocating friction and wear test bench, dimensions, and contact
configuration of rail and GCr15 steel ball specimens, (b) size of tensile test specimens.

The specimens were prepared by polishing and etching in a 4% nitric acid and alcohol
solution. Then, the microstructure on the cross—section was observed using an optical
microscope. The nano—indentation tests on the cross—section were analyzed on a nano
indenter using a Berkovich diamond indenter with a constant loading—unloading rate of
30 mN/min. The surface morphologies were observed with a scanning electron micro-
scope, and components of the worn surface were detected through energy—dispersive
spectroscopy. The 3D topographies and surface roughness were observed with a white
light interferometer.

3. Results
3.1. Microstructure and Mechanical Characteristic

Figure 3 displays the microstructure of weld and base metals of a U75VG rail. There
are significant differences between the weld and base metals. The length of the weld
metal is about 200 um and has a large amount of ferrite (Figure 3a), and the Figure 3b,c
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are the enlarged graph of the Figure 3a, respectively. According to field test and finite
element simulations [2,17,19,20], the temperature value differs in different regions in the rail
welding process, and the temperature of the weld metal will exceed 1000 °C, resulting in the
pearlite transforming into austenite. Moreover, for weld metals, the austenite decomposes
into pearlite and ferrite during cooling. Thus, the weld metal has a large amount of
ferrite; however, the temperature of the heat—affected zone and base metal does not exceed
Ac3, resulting in a significant reduction in the amount of ferrite in the heat—affected
zone (Figure 3a), with the main microstructure in the base metal being lamellar pearlite
(Figure 3c). Simultaneously, the temperature, grain growth rate, and nucleation rate in
different regions of the weld metal pool are not very different, leading to the ferrite in the
weld center being more uniform [21]. In any case, to confirm that the microstructure of the
base metal of about 500 pm is not affected too much by welding, it is found that the base
metal of about 500 um is the same morphology as 20 cm from the weld zone (Figure 3c,d).
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Figure 3. Microstructure of U75VG rail of (a) welded joint, and (b) weld metal, (c,d) base metal.

Figure 4 shows the nano—scale hardness, elastic modulus, and load —displacement
curves of the weld and base metals. The nano—scale hardness value of the weld metal is
significantly lower than that of the base metal, and the elastic modulus of the weld metal is
slightly lower (Figure 4a), while the indentation deformation of the weld metal is slightly
higher (Figure 4b). This is mainly the recrystallization during the welding process leading
to a significant change in the proportion of deformed grains, sub—structure grains, and
recrystallized grains [22,23]. It is worth noting that the hardness of ferrite is lower than
that of pearlite, whereas the toughness is better. Simultaneously, the proportion of ferrite in
weld metal is significantly higher (Figure 3b), while the base metal is mostly composed of
lamellar pearlite (Figure 3c,d). For the record, the high proportion of ferrite in weld metal,
resulting in the deformation displacement of weld metal in the holding and unloading
stage, is higher than that of the base metal (Figure 4b).

Figure 5 shows the stress—strain curves of the welded rail joint specimen and base
metal specimen. The yield and tensile strength values of the all—weld —metal specimen
are 385 MPa and 1090 Mpa, respectively, which is about 24.51% and 7.63% lower than that
of the base metal specimen. In addition, the elongation of the all-weld —metal specimen
is 57.1% higher than that of the base metal specimen. This is not surprising since the
all—weld—metal specimen has a strong undermatching in the weld region, as clearly
indicated by hardness measurements. Similar behavior has also been reported for the
welded joints with a strong undermatching in the weld region, such as friction stir—, laser—,
or electron—beam—welded Al—alloys [24-32]. Undoubtedly, the variation trend of stress—
strain curves is closely related to the microstructure of the specimens. The ferrite number at
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Nano-scale hardness (GPa)

welded rail joints increases significantly (Figure 3a), resulting in lower strength but better
plasticity (Figure 4). In other words, the yield and tensile strength of the all—weld —metal
specimen is low, but the plasticity is relatively better.
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Figure 4. Mechanical characteristic of U75VG rail of (a) nano—scale hardness and elastic modulus,
and (b) load—displacement curves.
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Figure 5. The stress-strain response curves with all—weld —metal and base metal specimens.

3.2. Fracture Morphology

Figure 6 shows the tensile fracture morphology of all-weld —metal and base metal
specimens. On the whole, the two specimens are divided into smooth and rough zones
(Figure 6a,d), and the Figure 6¢,f are the enlarged graph of the Figure 6b,c, respectively.
Simultaneously, more dimples and tearing ridges can be detected on the fracture mor-
phology of the all-weld—metal specimen (Figure 6b,c), while the fracture morphology of
the base metal specimen is filled with shallow dimples and cleavage planes (Figure 6te,f).
Obviously, the fracture mode of the all—weld —metal specimen is mainly plastic fractures,
while the base metal specimen is a typical brittle fracture. This phenomenon is due to the
low strength and good plasticity of the all—weld —metal specimen (Figure 4b), and the
higher plasticity makes the material break later [33].
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Figure 6. Fracture morphology of the tensile specimens of (a—c) all—weld —metal, and (d—f) base

metal specimens.

3.3. Coefficient of Friction

Figure 7 shows the COF (coefficient of friction) time—varying curves of the weld and
base metal specimens during a reciprocating tribological test. In general, the COF shows
a slow upward trend as the number of cycles increase, following which the coefficient of
friction tends to be stable (the number of cycles increased to 15,000). In the stable stage, the
average COF of the weld and base metal specimens are 0.5 and 0.45, respectively. Moreover,
the weld joint has a relatively higher COF, and its fluctuation amplitude is 1.25 times higher
than the base metal. It is mainly the hardness value of the base metal that is relatively
high, and the wear mechanism does not change significantly during the cycle, resulting in
a relatively more stable COF.
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Figure 7. Time—varying curves of coefficient of friction with weld and base metal specimens.

3.4. Surface Damage Morphology

Figure 8 shows three—dimensional surface topographies of a weld metal, base metal,
and GCr15 steel ball (tribological pair specimens). The obvious ploughing and peeling
pit can be observed on the worn surface, and the ploughing is deeper than that of the
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base metal (Figure 8a,b,e). A two—dimensional, cross—sectional profile comparison shows
that the weld metal’s maximum wear depth is 9.1 um, while the base metal’s is 6 pm
(Figure 8e). Moreover, ploughing can be observed on the worn surface of the GCr15 steel
ball (Figure 8c,d), and the cross—section width of the weld metal pair is relatively small
(Figure 8f). The hardness value of the weld metal is relatively lower, resulting in a decrease
in the material removal effect of the tribological pair steel ball, and the wear width of
the tribological pair steel ball is relatively narrower. For the record, the wear debris, as
the third body medium at the friction interface, will aggravate the damage of the worn
surface, resulting in ploughing appearing on the worn surface of the rail and the GCr15
steel ball [34,35].
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Figure 8. Three—dimensional topographies of the worn surface of (a,c) weld metal specimen and
GCr15 steel ball, (b,d) base metal and GCr15 steel ball, cross—section profiles of worn surface of
(e) rail and (f) GCr15 steel ball.

In order to reveal the damage mechanism of the weld metal and base metal, the surface
damage morphology is shown in Figure 9, and the Figure 9b,h are the enlarged graph of the
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Figure 6a,g, respectively. In Figure 9a,b, the worn surface of the weld metal is uneven; there
are obvious cracks and serious delamination characteristics, and the ploughing is narrow
and deep. The worn surface of the base metal is relatively flat, and no obvious peeling
pits are observed, but there are obvious friction films and many adhesions (Figure 9g,h).
Moreover, there is no obvious difference in the content of iron and carbon between the weld
and base metals (Figure 9d,e,j k), while the oxygen content in the base metal is higher than
that in the weld metal (Figure 9f,i and Figure 10). In addition, the damage to the weld metal
is mainly fatigue wear, while the base metal is adhesive wear. Due to the hardness value of
the weld metal being relatively lower, the external force causes plastic deformation of the
material, and microcracks form after plastic depletion. Thus, the continuous penetration of
microcracks leads to delamination characteristics of the worn surface [36]. On the contrary,
the hardness value of the base metal is relatively higher and the friction film phenomenon
occurs at the initial friction stage due to the increase in temperature, which results in the
friction film of the base metal protecting the worn surface and the relatively flat surface
is more conducive to the adhesion of the oxide film. However, as the friction continues,
the friction film is broken and mixed with the wear debris to form the third medium in the
friction interface, resulting in wide and shallow ploughing characteristics that will appear
in the later stage of friction [34,35]. Subsequently, the surface damage of the weld metal is
more serious than that of the base metal, and the wear resistance is worse.
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Figure 9. SEM and EDS map of the worn surface of (a—f) weld metal, (g-1) base metal specimens.
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Figure 10. Element content on worn surfaces of weld and base metal specimens.

4. Discussion

Generally, the damage of the weld metal and base metal is related to friction and
contact states. Figure 11 displays the initial and stable friction stage. It is well known that
the two specimens each contact other specimens which will produce deformation, and the
contact spot area is mainly determined by the hardness of the rail material as the friction
pair material tested is the GCr15 steel ball. The welding process causes the microstructure
of materials to change (Figure 3), resulting in the hardness value of the weld metal being
relatively lower (Figure 4a). Therefore, the deformation of the softer weld metal (Figure 4a)
is relatively larger, but in the GCr15 steel ball it is relatively smaller, resulting in a smaller
contact spot area and deeper wear (Figure 8e,f). At the initial friction stage, the weld
metal specimen with better plasticity (Figures 4b and 6) produces greater deformation,
and the debris on the worn surface does not easily to fall off, resulting in the worn surface
to be rougher (Figure 9a,b). Moreover, the lamellar debris of the weld metal induced by
delamination wear is directly involved in friction, resulting in a higher average COF and
friction force [37] (Figures 7 and 11a,b). However, the yield and tensile strength values of
the all—weld —metal specimen are 385 MPa and 1090 MPa, respectively, and the elongation
of the all—weld—metal specimen is 57.1% higher than that of the base metal specimen
(Figure 5). Thus, the base metal has poor plasticity and a higher hardness value and yield
strength (Figures 4-6), resulting in a relatively flat worn surface (Figure 9g,h).
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Figure 11. Schematic diagram of (a) friction force and damage mechanism of (b), (c) initial friction
stage and (d,e) stable friction stage.
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As the same time, the friction film appears on the worn surface of the base metal due
to the increase in temperature, and the friction film plays a protective role (Figure 11c),
resulting in the COF and its fluctuation amplitude being relatively lower [38] (Figure 7).
As the friction progresses, the friction film mixes with wear debris to form a third body
medium which participates in the friction (Figure 11e). As shown in Figure 9, there is no
obvious difference in the content of iron and carbon between the weld and base metals
(Figure 9d,e,j k), while the oxygen element of the obviously base metal increases (Figure 91,1).
This phenomenon shows that the weld and base metals will produce debris peeled from the
material during the wear process, while the worn surface of the base metal occurs due to the
obvious oxide film. It has been found that the debris at the friction interface is embedded
in the dual surface and they interlock with each other, resulting in ploughing on the contact
surface [39]. Thus, there are obvious ploughing characteristics on the worn surface of the
GCr15 steel ball (Figure 8d). In the stable friction stage, the oxide film on the worn surface
of the base metal is continuously generated and removed to achieve a dynamic balance, and
the oxide film on the surface of the base metal reduces damage (Figure 9g,h and Figure 11e),
leading to the COF and its fluctuation amplitude being relatively lower [38] (Figure 7).
Obviously, the weld metal has better plasticity, but the hardness and yield strength values
are lower than that of the base metal (as shown in the Figures 4 and 5), and the friction
force and fluctuation amplitude are relatively lager, resulting in more serious damage of
the weld metal than the base metal (Figures 8 and 9). In the tensile test, the more dimples
and tearing ridges that can be detected on the fracture morphology of the all—weld —metal
specimen (Figure 6b,c), the relatively larger deformation production of the weld metal
during friction. Therefore, during the friction and wear process, the material deformation
of the weld metal is relatively larger and obviously removed, and the worn surface appears
with deeper ploughing and thicker accumulation layers (Figure 9a,b and Figure 11d). In
short, the damage mechanism of the weld metal is mainly fatigue wear, and the base metal
is mainly adhesive wear.

5. Conclusions

The tensile and tribological tests were conducted on the tension-torsion multi—axis
electric servo fatigue testing machine and self —-made multi—functional friction and wear
testing machine, respectively. The fracture morphology and surface wear behavior of the
weld metal and base metal rails were studied by their microstructure, hardness, yield
and tensile strength, elongation, coefficient of friction, and element content on their worn
surfaces. The following conclusions can be drawn:

(1) The length of the weld metal is about 200um and has a large amount of ferrite, while
the base metal is lamellar pearlite and no obvious ferrite was observed, leading to a
significantly higher nano—scale hardness value. Simultaneously, the high proportion
of ferrite in the weld metal results in higher plasticity than that of the base metal.

(2) The yielding and strength of the welded specimen are 385 MPa and 1090 MPa, respec-
tively, which are about 24.51% and 7.63% lower than that of the base metal specimen.
More dimples and tearing ridges can be detected on the fracture morphology of the
all—weld —metal specimen, while the fracture morphology of the base metal specimen
is filled with shallow dimples and cleavage planes.

(3) The all—weld—metal specimen has a relatively higher COF, and its fluctuation ampli-
tude is 1.25 times higher than that of the base metal specimen, which was due to the
rougher worn surface. In the stable stage, the average COF of the all—weld —metal
and base metal specimens are 0.5 and 0.45, respectively.

(4) The introduction of flash—butt welding will change the wear mechanism of the
U75VG rail from adhesive wear and oxidation to fatigue wear and slight oxidation,
leading to slighter wear damage. Therefore, the worn surface of the weld metal is
uneven; there are obvious cracks and serious delamination characteristics, and the
ploughing is narrow and deep, while the worn surface of the base metal is relatively
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flat and no obvious peeling pits are observed, and there are obvious friction films and
many adhesions.
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