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In this study, the wear and damage behaviors of three heavy haul rail steels (including one hypereutectoid rail
steel and two eutectoid rail steels) were investigated at room (around 20 °C) and low (—40 °C) temperatures
using a rolling-sliding wear test machine. The results indicated that, compared with eutectoid steels, the hy-
pereutectoid rail steel had a better wear resistance and a better rolling contact fatigue (RCF) resistance at the
room temperature, and better wear resistance but worse RCF resistance at the low temperature. Compared with
the room temperature, at the low temperature both the hypereutectoid and eutectoid rails had better wear

resistance, the RCF resistance of eutectoid steels was improved but the RCF resistance of hypereutectoid rail was
reduced. At the room temperature, the worn surfaces of both wheel and rail materials were dominated by surface
cracks. On the contrary, at the low temperature, the worn surfaces of wheel and rail materials were dominated by
third body layers (TBLs) and oxidized spots, respectively.

1. Introduction

The tribological properties of the wheel/rail materials are affected by
many factors, such as the axles load, hardness matching, surface
roughness, humidity, contaminants, etc. [1-4]. In addition to these
factors, the wheel/rail interface also faces the extreme low temperature
environment in winter, especially in the high altitude and northern
areas. The extreme low temperature could reach —46 °C in the north
part of China [5]. The low temperature is a great challenge to the service
safety of the wheel and rail. The mechanical properties of steels dete-
riorate significantly at the low temperatures, which increases the risk of
damage and failure of wheel and rail materials [6-8]. According to the
field investigation, 60% of the rail broken accidents occurred in winter
[9,10]. Therefore, it is necessary to study the service behaviors of
wheel/rail materials in the low temperature environment.

Under low temperature conditions, wheel/rail materials are required
with high impact energies and low ductile brittle transition tempera-
tures (DBTT) [11]. In previous works [5,12,13], a series of experiments
were carried out to investigate the impact toughness and fatigue life of
wheel and rail materials at low temperatures. The results showed that
the DBTT of U71Mn rail steel approached —10 °C, which was higher
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than the usual temperature in the high altitude and northern areas. At
same time, in other works [14-16], the mechanical properties of rails at
low temperature were improved through adding alloying elements. The
decrease in ambient temperature could not only lead to the deterioration
of wheel and rail materials, but also change the atmosphere around the
wheel/rail interface. An obvious instance was that the change in hu-
midity could influence the type and content of iron oxide [3], and in-
fluence the tribology behavior of wheel/rail materials.

In recent years, Lyu et al. [17], Zhu et al. [18], Ma et al. [19,20] and
Shi et al. [21] studied the friction, wear and damage behaviors of wheel
and rail materials at low temperatures. However, because of the dif-
ferences in test rigs and materials considered in the tests, the influence of
low temperature (lower than —35 °C) on wear may be different [22].
Wear was milder at —35 °C than at the room temperature in Ref. [17]
but the wear rate was larger at —40 °C than at the room temperature in
Ref. [19].

In recent years, the axle load of the trains has been gradually
increased to improve the capacity of railway, and the maximum axle
load has reached 40t. Under such a high contact stress condition, the
traditional heavy-haul rail steels are facing the failure of severe wear
and damage [23,24]. Generally, the wear resistance of materials
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Fig. 1. Sampling positions and dimensions of wheel and rail rollers.
Table 1
Chemical compositions of rail and wheel materials (wWt%).
C Mn Si Cr v P S
Rail 1# 0.71-0.80 0.50-0.70 0.70-1.05 <0.20 0.04-0.08 <0.03 <0.03
Rail 2# 0.75-0.82 0.50-0.83 0.70-1.05 0.30-0.50 0.07-0.10 <0.025 <0.025
Rail 3# 0.90-0.95 0.94-1.02 0.48-0.52 0.22-0.23 0.06-0.10 0.01-0.014 0.04-0.07
Wheel 0.67-0.77 0.60-0.90 0.15-1.0 <0.25 <0.04 <0.030 0.005-0.04
2. Experimental details
Table 2

Mechanical properties of rail and wheel materials.

Materials Tensile strength §,/MPa Elongation rate A/% Hardness HV 5
Rail 1# >1180 >10 367 + 19

Rail 2# >1280 >10 390 + 18

Rail 3# >1300 >8 423 +13
Wheel >1170 >16 357 +£9

increases with the increase in hardness. Consequently, it is necessary to
develop new rail steels with higher strength to meet the current railway
demands. However, with the development of traditional eutectoid rail
steels, the space for promoting the strength limit of eutectoid rail steels
is getting smaller. Therefore, researchers are developing hypereutectoid
steels with higher strengths [25,26]. The hypereutectoid steels have a
large content of cementite. Cementite acts as a good obstacle for dislo-
cation during the crystal deformation, thus improves the strength of
steel. Several hypereutectoid steel rails have been developed [27-29]. In
1997, Masaharu [27] suggested the application of hypereutectoid steel
to heavy haul track rail. Recently, Takahashi [28] checked the
micro-structure of hypereutectoid rail steel under the rolling-sliding
condition. The pearlite structure in hypereutectoid rail showed a good
resistance to plastic deformation.

Under the low temperature condition, the ductility of wheel/rail
materials decreases sharply. So the fatigue of wheel and rail becomes
more significant, which affects the service safety. Meanwhile, due to the
high carbon content, the plasticity of hypereutectoid rail steel decreases.
Hypereutectoid steels exhibit good wear resistance at room temperature,
but the wear and damage behaviors at low temperatures have not been
reported yet. In this study, the wear and damage behaviors of three
heavy haul rail steels (including one hypereutectoid rail steel and two
eutectoid rail steels) were investigated at room (around 20 °C) and low
(—40 °C) temperatures using a rolling-sliding wear test machine. The
friction, wear and damage of rail materials were analyzed. After the test,
the third body layer (TBL) was observed at the wheel and rail interface.
The formation mechanism and the effect of TBL on tribological behav-
iors of wheel and rail materials were also discussed in detail.

2.1. Materials and samples

In this study, three heavy haul rail materials with different carbon
contents were selected to roll and slide against the wheel material. The
sampling positions and dimensions are shown in Fig. 1. The wheel and
rail rollers were taken from the railhead and wheel tread, respectively,
as shown in Fig. 1(a). The diameter of wheel and rail rollers is 40 mm
and the contact width is 5 mm, as shown in Fig. 1(b). The chemical
compositions (wt %) and mechanical properties of the three kinds of
rails and the wheel materials are shown in Table 1 and Table 2,
respectively. It can be seen from Table 1 that the carbon contents of the
rail 1# and rail 2# are near 0.77%, which means that rail 1# and rail 2#
are eutectoid steels. The carbon content of rail 3# is in the range of
0.90-0.95%, which means that rail 3# belongs to the typical hypereu-
tectoid steel. By controlling the heat treatment process, a part of carbon
atoms enters the pearlite lamellar structure, so the cementite density in
rail 3# is larger than those in rail 1# and rail 2#. The interlamellar
spacings of pearlite in the three kinds of rails are around 178 nm, 158 nm
and 93 nm, respectively. Both the strength and hardness of rail 3# are
higher than those of rail 1# and rail 2# (Table 2). In general, with the
increase in carbon content, the plasticity and toughness decrease. Thus,
the elongation ratio of rail 3# (8%) is lower than those of rail 1# and rail
2# (10%). Fig. 2 shows the microstructures of rails and wheel materials.
Rail 1# and rail 2# only contain the pearlite phase. In rail 3#, beyond
the pearlite phase, a little secondary cementite can be observed around
the pre-austenite grain boundary. The wheel sample contains both
pearlite and ferrite phases.

2.2. Experimental apparatus and processes

The experiment was conducted on a rolling-sliding wear test ma-
chine with a cooling system which could provide the lowest temperature
of —60 °C. The diagram of the test machine is presented in Fig. 3. This
rolling-sliding testing machine consists of a mechanical unit, an electric
control unit and an information collecting unit. The rail and wheel
rollers were fixed on the upper and lower shafts, respectively. The upper
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Fig. 2. Microstructures of rail and wheel materials: (a) rail 1#; (b) rail 2#; (c) rail 3#; (d) wheel.
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Fig. 3. Schematic diagram of test machine.

roller (rail roller) and lower roller (wheel roller) were driven by an AC
servo-motor. Through gear pairs, the difference between wheel and rail
speeds could be obtained. In the present study, the rotational speeds of
wheel and rail rollers were 200 r/min and 195.24 r/min, respectively.
The slip ratio in this test is defined by the following formula:

Slip ratio— WDiowerTiower — Dupper*Vupper _ WDiower — Oupper 1

DiowerTiower Diower

where, @ypper and wyoner are the rotational speeds of wheel and rail rol-
lers, respectively; ryyper and 7oy, are the radius of upper and lower rollers
(i.e., 40 mm). The normal load was applied though a spring. A torque
sensor (TQ660, 0~+20 N-m) was installed on the lower shaft to record
the tangential force. The cooling system could provide the cold medium
to the environment chamber. A PID temperature controller was used to
stabilize the temperature inside the environment chamber at the set
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Table 3 value and the variation of temperature was less than +2 °C. A
Details of test parameters. temperature-humidity sensor was installed in the environment chamber
Test ~ Rail  Temperature/°C  Slip Rotation  Maximum No. of so that the temperature and relative humidity could be monitored.
No. ratio/  speed(r/ contact cycles In this study, three rail steels (rail 1#, rail 2# and rail 3#) were
% min) pressure/ tested under two temperatures: room temperature (around 20 °C) and
MPa low temperature (—40 °C). All tests were performed under the normal
1 1#  —40 2.38 200 860 10° force of 1060 N (leading to the maximum contact pressure of 860 MPa
2 2# 40 according to Hertzian simulation theory) with a rotational speed of 200
i fi ;g 0 r/min for 1.0 x 10° cycles. The slip ratio between wheel and rail rollers
5 o# 20 was 2.38%. The details of test parameters are summarized in Table 3.
6 3# 20 Each test was carried out at least twice.
Before and after testing, all samples were cleaned in ethanol, dried by
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Fig. 4. COFs of three rail materials at room and low temperatures: (a) rail 1# vs. wheel; (b) rail 2# vs. wheel; (c) rail 3# vs. wheel.
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Fig. 5. Mass losses of (a) rail rollers and (b) corresponding wheel rollers at the room and low temperatures.
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Fig. 7. Hardness as a function of depth from worn surface: (a) rail 1#; (b) rail 2#; (c) rail 3#.

hot air and massed via an electronic balance (JA4103, accuracy:
0.0001g). The surface and subsurface hardness were measured through
a Vickers hardness machine (MVK-H21, Japan). After the test, samples
were cut using a wire cutting machine along the longitudinal direction
and then ground, polished and etched (Nital, 4%) for the observation of
the plastic deformation and subsurface damage via an optical micro-
scope (OM) (OLYMPUS BX60 M, Japan) and a scanning electron mi-
croscope (SEM) (SM-6490LV, Japan). Chemical compositions of the
wheel worn surface were detected via energy dispersive X-ray spec-
troscopy (EDS) (OXFROD X-Max 80).

3. Results
3.1. Friction coefficient and wear rate

Fig. 4 shows the evolutions of coefficients of friction (COF) as a
function of cycle number of these three kinds of rail materials running
against the wheel material at the room (around 20 °C) and low (—40 °C)
temperatures. At the room temperature (black curves), the COFs of these
three kinds of rails increase sharply at the beginning of the test and then
keep steady until the end of the test at about 0.33. No clear difference is
observed on the COFs at the room temperature. However, the COFs
obtained at the low temperature (red curves) are different among the
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Fig. 9. (a) Representative OM image of plastic deformation of rail; (b) the thickness of plastic deformation of rails at room and low temperatures.

Fig. 10. SEM observations of plastic deformation of rails at the depth of 150 pm: (a) at room and (b) at low temperature environment.

three kinds of rail materials. The COFs for test 5 and test 6 (rail 2# vs.
wheel and rail 3# vs. wheel at the low temperature) reach maximum
values in the running-in period (0-1300 cycles), which are larger than
those at the room temperature. For tests 4 and 5 (rail 1# vs. wheel and
rail 2# vs. wheel), the COFs in the steady state are higher than those
under the room temperature condition, while the COF of test 6 (rail 3#
vs. wheel) shows no clear difference with that under the room temper-
ature condition (test 3).

The mass losses of the three rail materials and the corresponding
wheel after testing at the room and low temperatures are shown in
Fig. 5. It is obvious that both the material type and temperature have
influences on the wear of rail materials. The mass losses of wheel and rail
rollers at the low temperature are obviously smaller than those at the
room temperature. Under both the room and low temperature condi-
tions, the hypereutectoid rail steel (rail 3#) shows a better wear resis-
tance than the eutectoid rail steels (rail 1# and rail 2#). Furthermore,
the mass loss of rail roller is milder than that of wheel roller. Concerning

the corresponding wheel rollers, the mass loss of the wheel roller
running against the rail 1# is smaller at the room temperature but larger
at the low temperature than those of other wheel rollers running against
the rail 2# and rail 3#. The change of mass loss obtained at room and
low temperatures is consistent with reference [17] but opposite to Refs.
[19]. The possible reason for the difference between the present study
and reference [19] is that TBLs were formed at wheel and rail interfaces
during testing at the low temperature in this study but no TBLs were
formed in Refs. [19] due to the different test parameters and materials.
The formation mechanism of TBL will be discussed in detail later.

3.2. Hardening behavior of rails

The surface hardness of the three kinds of rails increased signifi-
cantly after the rolling-sliding test. Surface hardness and hardening ratio
(surface hardness after testing divided by the initial hardness) of the
three kinds of rails are shown in Fig. 6. It is clear that the rail material
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Fig. 11. SEM observations of subsurface cracks of rails: (a) at room and (b) at low temperatures.

Table 4
Average and maximum crack length of rails.

Room temperature Low temperature

Rail Rail Rail Rail Rail Rail
1# 2# 3# 1# 2# 3#
Average crack 81 + 149 + 49 + 46 + 63 £ 66 +
length/pm 56 86 16 31 38 41
Maximum crack 213 364 80 161 180 187
length/pm

type and the temperature have influence on the hardening behavior of
rail rollers. As shown in Fig. 6(a), the surface hardness of rails after
testing at the room temperature increases with the increase in the initial
rail hardness. Moreover, the surface hardness of rails after testing at the
low temperature is higher than that at the room temperature. The
hardening ratio of these three kinds of rails at the low temperature is
higher than that at the room temperature (Fig. 6(b)). Besides, the
hardening ratio of rail 3# is smaller than those of rail 1# and rail 2#.
Fig. 7 shows the hardness of the three kinds of rails on the cross
section after testing at the room and the low temperatures. It can be seen
that the hardness is higher at the outermost layer, and then decreases
gradually (which is referred to the hardening layer) to the level of
substrate hardness. The thickness of the hardening layer of these three
kinds of rails is in the range of 170-290 pm. With the increase in the
initial hardness of rails (from rail 1# to rail 2# and to rail 3#), the
thickness of hardening layer decreases. In addition, the thickness of
hardening layer of the hypereutectoid rail steel (rail 3#) is lower than
those of the eutectoid steels (rail 1# and rail 2#). Finally, in the hard-
ening layer the hardness values at the same depth after testing at the low
temperature are higher than those at the room temperature.

3.3. Surface damage

Fig. 8 shows the worn surfaces of the three rail materials and the

corresponding wheel material after testing at the room and low tem-
peratures. It is obvious that the temperature influences the surface
damage of wheel and rail materials. In the room temperature environ-
ment, the surface damages of the three kinds of rail materials are
dominated by severe surface cracks (Fig. 8(a)) and the influence of
material type is not obvious. As for the corresponding wheel rollers, the
surface damages are dominated by surface cracks and oxides (Fig. 8(c)).
Besides, with the increase in the initial rail hardness, the wheel surface
cracks alleviate but more oxides are observed. On the contrary, in the
low temperature environment, the surface damages of the three kinds of
rails are dominated by small surface cracks and oxidized spots (Fig. 8
(b)), and the surface cracks are much milder than those at the room
temperature. Concerning the surface damage of the corresponding
wheel rollers at the low temperature, except for the surface cracks, a
large area of the worn surface is covered by discontinuous TBLs (Fig. 8

().

3.4. Plastic deformation

Fig. 9(a) shows a representative OM image of plastic deformation of
rail (rail 3# at the low temperature). The thickness of plastic deforma-
tion is in the range of 170-310 pm, which is consistent with the hard-
ening layer thickness (Fig. 7). Fig. 9(b) shows the thickness of plastic
deformation for all the rail materials. It can be seen that the depth of
plastic deformation of rail after testing at the low temperature is larger
than that at the room temperature. With the increase in initial rail
hardness (from rail 1# to rail 2# and to rail 3#), the depth of plastic
deformation decreases both at the room and low temperatures. The
hypereutectoid rail (rail 3#) shows a better plastic deformation resis-
tance than that of eutectoid rail steels.

Fig. 10 shows the SEM images of deformed microstructures of the
three kinds of rail samples along the rolling direction at the depth of 150
pum, which is near the transition zone between the substrate and the
severe deformation zone. As shown in Fig. 2, the initial microstructures
of the three kinds of rail steels are mainly pearlite structures. After the
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Fig. 12. OM observations of subsurface cracks of wheel rollers: (a)at room temperature; (b) at —40 °C temperature under the TBLs; (c) at —40 °C temperature outside

the TBLs zone.

rolling-sliding testing, the cementites are curled and broken (Fig. 10). It
is clear that both the rail material type and the temperature have in-
fluences on the microstructure deformation of rails. With the increase in
initial rail hardness, the fraction of broken cementites decreases and the
fraction of curled cementites increases. At the room temperature,
eutectoid steels are dominated by continued broken cementites and the
hypereutectoid steel is dominated by curled cementites. At the low
temperature, eutectoid steels are still dominated by continued broken
cementites and the hypereutectoid steel is dominated by short and
curled cementites. In summary, the microstructure of hypereutectoid
steel (rail 3#) shows a better deformation resistance than those of
eutectoid steels (rail 1# and rail 2#) at both the room and low tem-
perature environments. Furthermore, after testing at the low tempera-
ture, the plastic deformation of all the three kinds of rail materials are
severer than those at the room temperature.

3.5. Subsurface damage

Fig. 11 shows the subsurface cracks on the cross sections of the three
kinds of rail materials after testing at the room and low temperatures. At
the room temperature (Fig. 11(a)), single long cracks along the plastic
flow line are observed on the eutectoid rails (rail 1# and rail 2#). In the
low temperature environment (Fig. 11(b)), multilayer cracks and sub-
surface cracks are observed, and the cracks propagation does not strictly

follow the plastic flow line. Table 4 shows the statistical results of the
average and maximum crack lengths for the three kinds of rail materials.
After testing at the room temperature, both the average crack length and
the maximum crack length of rail 1# and rail 2# are larger than those of
rail 3#. After testing at the low temperature, the crack lengths of rail 1#
and rail 2# are smaller than those at the room temperature, but the
crack length of rail 3# is larger than that at the room temperature. It can
be concluded that the hypereutectoid rail steel has better rolling contact
fatigue (RCF) resistance and better wear resistance than eutectoid steels
at the room temperature but worse RCF resistance at the low
temperature.

Fig. 12 shows the OM images of cracks on wheel rollers. After testing
at the room temperature, single cracks can be observed (Fig. 12(a)). On
the contrary, after testing at the low temperature, a TBL is formed
discontinuously on the wheel surface, as shown in Fig. 8(d). Thus, two
types of cracks could be observed on the wheel rollers after testing at the
low temperature: (1) cracks under the TBLs have short lengths and small
crack opening (Fig. 13(b)); (2) cracks outside the coverage of the TBLs
are longer, and branch cracks could be observed (Fig. 12(c)).

3.6. Debris

Fig. 13 shows the debris of the three kinds of rail materials running
against the considered wheel material at the room and low
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Fig. 13. SEM images of debris: (a) at room temperature; and (b) at low temperatures.

temperatures. The debris is mainly composed of flakes and granular
particles. Both the temperature and rail steel type have influence on the
dimension of wear debris. With the increase in the rail hardness (from
rail 1# to rail 2# and to rail 3#), the size of flake increases under both
the room and the low temperature conditions. Moreover, the size of
debris in low temperature environment (Fig. 13(b)) is smaller than that
in the room temperature environment (Fig. 13(a)).

4. Discussion

4.1. The influence of temperature on wear and damages of wheel and rail
materials

The mass losses of the three kinds of rail rollers at the low temper-
ature (—40 °C) were clearly smaller than those at the room temperature
(around 20 °C) (Fig. 5(a)). Furthermore, at the room temperature, the
surface damages of the three kinds of rails were dominated by surface
cracks (Fig. 8(a)) and the corresponding wheel rollers were dominated
by surface cracks and oxides (Fig. 8 (c)). However, at the low temper-
ature, the surface damages of the three kinds of rails were dominated by
small surface cracks and oxides spots (Fig. 8(b)). On wheel rollers, sur-
face cracks were generated and a large area of the worn surface was
covered by TBLs (Fig. 8(d)). It was worth noting that the thickness of
TBLs (from 9.6 to 17.8 um) formed at the low temperature was one order
of magnitude larger than the roughness of wheel and rail surfaces.
Therefore, TBLs protected the wheel/rail rollers against the effects of
direct contact. The presence of TBL might result in the decline of mass
loss and in the milder surface fatigue damages of wheel and rail rollers at
the low temperature observed in the present study.

The effects of wear debris on the friction and wear behaviors of a
rubbing surface could be detrimental or palliative, which depends on the
dwell time of debris in the contact region [30]. The relative humidity
(RH) in environment chamber during the test decreased from 55% to
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65% RH at the room temperature to 9%-12% RH at the low tempera-
ture. At the room temperature (accompanied by higher humidity),
moisture was absorbed physically on both the new surface of wheel and
rail substrate and the new surfaces of wear particles; therefore the wear
debris was ejected easily from the contact area without adhering to the
wheel and rail surfaces. Thus, the wear debris formed at the room
temperature could not provide a protective effect to the wheel and rail
surfaces (Fig. 14(a)), leading to high mass losses and severe surface
cracks on wheel and rail rollers. Due to the lack of moisture being
absorbed on the contact surfaces at the low temperature, the wear
particles had a higher tendency to adhere to the wheel and rail surfaces
[31]. Furthermore, finer ejected wear debris was observed (Fig. 13(b))
at the low temperature, which was considered to be beneficial to the
formation of a debris bed on the rubbing surface [32]. The presence of
the debris bed led to a long dwell time for the wear debris. Therefore, the
TBL that formed at the low temperature provided a protective effect to
wheel and rail surfaces, as shown in Fig. 14(b). Thus, the low humidity
at the low temperature accelerated the formation of TBL which could
palliate wear of wheel and rail materials in the present study.

The subsurface damages of rail rollers after testing at the low tem-
perature were different from those at the room temperature. At the room
temperature, the cracks mainly propagated along the plastic line (Fig. 11
(a)); however, at the low temperature, multilayer cracks and subsurface
cracks were generated (Fig. 11(b)). During the rolling-sliding testing,
the surface layer underwent severe plastic deformation and the
randomly oriented pearlites were rearranged along the rolling direction,
which could lead to a structure anisotropyat the surface layer. Thus,
single cracks were developed along the plastic flow line at the room
temperature (Fig. 11(a)). However, at the low temperature, as the
temperature is lower than DBTT, the brittleness of wheel and rail ma-
terials was increased and the ductility was decreased. Furthermore, the
effect of thermal softening cannot be neglected [33,34]. Due to the lower
temperature environment, the maximum temperature beneath the
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Fig. 14. Wear processes of wheel/rail at: (a) room temperature; (b) low temperature.
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Fig. 15. The evolution of wheel surface: (a) running-in period; (b) steady state.

contact area during rolling and sliding was lower at the low temperature

Table 5 than at the room temperature. Thus, at the low temperature, the thermal
Chemical composition of TBL and wheel surface outside TBL at the low tem- softening on the wheel/rail surfaces was weakened, which might lead to
perature (at%). the higher work hardening rate (Fig. 6(b)) and the severer microstruc-
Detected zone C Fe 0 si Mn ture deformation of rail rollers (Fig. 10). Under the rolling-sliding con-
TBL on wheel 10.0 30.8 492 07 03 tact condition, work hardening occurs as a result of dislocation
Wheel surface outside TBL 16.1 79.6 2.4 1.3 0.6 strengthening and grain refinement. Highly deformed grains had pri-

ority over coarse grains on crack nucleation and propagation [24]. As a
result, subsurface cracks and multilayer cracks were easily initiated and
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propagated in this layer at the low temperature.

4.2. Comparison between hypereutectoid steel and eutectoid steels

Among these three kinds of rails, the hypereutectoid steel (rail 3#)
had the highest hardness (423 HV(5). At the room temperature, the
wear rate, hardening layer thickness, and hardening rate of hypereu-
tectoid rail steel were lower than those of eutectoid steels. These trends
were similar to the results in the previous work [35]. Furthermore, the
crack length of hypereutectoid rail steel was smaller than that of
eutectoid steels (Table 4). So, it can be concluded that the hypereutec-
toid rail steel had better wear resistance and RCF resistance than
eutectoid steels at the room temperature.

At the low temperature, the hypereutectoid rail steel still had lower
wear rate, hardening layer thickness, and hardening rate than those of
eutectoid steels. However, in the low temperature environment, the
brittleness of rail materials was dominant in crack propagation [19].
Due to the lower ductility (Table 2), the hypereutectoid steel had a
longer crack length than that of eutectoid steels. Consequently, the hy-
pereutectoid rail steel had a better wear resistance but a worse RCF
resistance with respect to eutectoid steels at the low temperature.

4.3. The formation of TBL

COFs at the low temperature reached the maximum value and then
decreased suddenly for test 5 and test 6 (Fig. 4). The decrease of COF
might be related to the formation of TBL on the wheel surface. Conse-
quently, tests with smaller numbers of cycles (under the same conditions
of test 6) were carried out to observe the evolution of wheel surface, as
shown in Fig. 15. After 1300 cycles (during the running-in period), the
surface was clean and the surface damage was dominated by pitting
(Fig. 15(a)). However, with the increase in cycles, a large area of the
wheel surface was covered by the TBL (Fig. 15(b)). The high COF value
in the running-in period at the low temperature might be due to the low
humidity for low temperatures. In a low humidity surrounding atmo-
sphere, a strong adhesion strength occurred because the surface oxida-
tion of metals and wear debris was weakened [3,21]. EDS analysis was
performed to identify the chemical components on the surface of TBL
and on the worn surface of wheel outside the TBL, as shown in Table 5.
Only a few oxygen atoms were detected on the worn surface of wheel
outside TBL, which means that it was rarely oxidized. However, the TBL
was characterized by a higher oxygen content of 49.2 at%, which means
that the TBL contained iron oxides. Usually, the iron oxides at the wheel
and rail interface under dry contact are FeO, Fe304 and Fe;O3 [3]. The
iron oxide type in wear debris formed at the wheel and rail interface
under the low temperature condition (—40 °C) was identified as a
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mixture of Fe and Fe;O3 through XRD in literature [19,21]. Meanwhile,
a similar blackish phase at the low temperature (—35 °C) was confirmed
as FepO3 via EDS [17]. In the present study, the atomic ratio of Fe and O
was 4:5 which was larger than 2:3 (atom ratio of Fe and O of Fe;O3).
Thus, the TBL was a mixture of Fe and Fe;03. The decrease of COFs for
test 5 and test 6 might then be attributed to the formation of TBLs on the
wheel surface.

Even though the samples were ultrasonically cleaned in ethanol for
10 min or longer, a large area of wheel surface after testing at the low
temperature was still covered by TBLs (Fig. 8(d)), which means that the
adhesive strength between TBL and wheel surface at the low tempera-
ture was strong. Fig. 16 shows details of TBL on the wheel surface. It
could be observed that TBL adhered to the sample surface closely and
contained a large number of metal particles (bright spots). Meanwhile,
some unbroken material was embedded in TBL. During sliding, the new
surface of wheel substrate and new surfaces of metal particles were
active. These surfaces were oxidized easily, leading to the formation of
oxide film on particle surfaces and the wheel substrate surface. The
oxide film on the particle surface hindered the formation of atomic
bonding between particles [36,37]. At the low temperature (accompa-
nied by low humidity), the oxide films on wheel substrate surface and
particle surfaces were thinner than those formed at the room tempera-
ture. Consequently, the thinner oxide films were easier to be broken.
After the oxide films were broken, the atomic bonding between particles
were formed (it also happened between the particles and substrate
surfaces). In this way, the atomic bonding provided a higher bonding
strength than the shear strength between TBL and the counter surface.
Thus, TBL was strongly adhered to wheel surface after testing in the low
temperature environment.

5. Conclusions

Rolling-sliding wheel-rail wear tests were carried out at the room
(around 20 °C) and low (—40 °C) temperatures with a hypereutectoid
rail steel and two eutectoid rail steels. Based on results and analyses, the
following facts can be concluded.

1. The material type had influence on the wear and damage of rails. The
hypereutectoid rail had a lower mass loss and smaller crack lengths
than eutectoid steels at the room temperature. At the low tempera-
ture, the hypereutectoid rail had a lower mass loss but large crack
lengths than eutectoid steels.

2. The temperature had influence on the wear behaviors of wheel and
rail materials. The mass losses of wheel and rail rollers were smaller
at —40 °C than at 20 °C.
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3.

The temperature had influence on the damage behaviors of wheel
and rail materials. At 20 °C, the worn surfaces of rail and wheel
rollers were dominated by surface cracks. However, at —40 °C, the
worn surfaces of rail rollers were dominated by small cracks and
oxidized spots whereas the worn surface of wheel rollers were
dominated by surface cracks and TBLs. The crack lengths of eutectoid
steels were smaller at —40 °C than at 20 °C; however, the cracks
lengths of hypereutectoid rail were larger at —40 °C than at 20 °C.
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