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Abstract

The demand for efficient railway services has significantly increased in the past years due to an increased demand for the high-speed

transportation of goods with high loads. The increase in loads and velocities has resulted in increased problems associated with rolling

contact fatigue (RCF), rolling and sliding wear on the wheel and rail materials causing a reduction of service life of wheel/rail systems.

Rail operating companies spend significant funds in maintenance and replacing damaged rails and wheels caused by wear. In addition,

unscheduled maintenance due to wear and RCF often lead to poor availability of railway networks. For this study, dry sliding wear

was investigated on wheel and rail steels using RTEC Multi-Function Tribometer. The results demonstrated that the rig was successful

in simulating sliding wear, and that the fractions of the wear components could be varied, and it also provided instrumentation.

Information on coefficient of friction against sliding distance and applied force were obtained which were used to compare sliding wear

performance of both wheel and rail steels. The wheel was found to perform better than the rail under the same conditions due to its high

initial hardness values and smaller interlamellar spacing.

1. Introduction
1.1 Wear and Rolling Contact Fatigue (RCF)

The demand for high-speed transportation of goods with high loads
has significantly increased in the past decade resulting in an increase
in axle loads and high speeds trains causing problems associated
with wear and RCF. Wear can be defined as a process that involves
the removal or displacement of material from surfaces that are in
contact under an applied load due to plastic deformation with some
phase transformation occurring in some cases.!> Wear occurs due
to one or a combination of factors such as adhesion, abrasion and
corrosion in the presence or absence of lubricants.>? Wear results
in deterioration of surface integrity or quality of those contacting
materials. During sliding and rolling of a wheel on a rail, the interface
of the wheel/rail can experience mechanical wear, chemical wear,
thermal wear or a combination of both depending on the working
environment. Also, during rolling and sliding of the wheel on rail
both the wheel and rail in contact experience rolling contact fatigue
(RCF). RCF is a situation whereby the durability of surfaces in
contact is significantly reduced due to repeated application of
pressure and creep forces in the rail/wheel contact area.> RCF is
influenced by several factors which include material properties,
the wheel/rail contact geometries, loading conditions, lubrication,
inclusions, surface topography which affects generation of local
stress distribution at the contact.* Inclusions such as hard and soft
inclusion in steel as well as entrapped hydrogen are responsible for
crack initiation and propagation which are key dynamics affecting
RCF.>¢ For example, soft manganese sulphide inclusions act as
crack initiators (stress raisers) under cyclic loading which reduces
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fatigue resistance of rail/wheel materials which may cause fatigue
failure.>¢ RCF defects include spalling, shelling, head checks and
corrugation. Head cracks have been found to cause some noise
in trains and may also cause some rail breakage resulting in
accidents.”® RCF has a competitive relationship with wear at the
wheel/rail contact. If the wear rate is greater than the RCF crack
growth rate, the RCF crack will be worn away.’ But, having a wear
rate less than the crack growth rate results in growth of the crack
until it causes failure hence there is a need to find an optimum
combination of the two to prevent crack growth and wear.’

1.2 Wheel and Rail Materials

Pearlitic and bainitic steels are the most common materials for
wheel and rail applications due to their remarkable properties and
low production costs. Microstructure influences both wear and RCF
properties of wheel and rail materials significantly .! Several studies
have been conducted to try to find out the effect the microstructure
has on wear and RCF properties of wheel and rail steels. Currently,
most standards require steel with hardness of 250-300 HB for use
in wheels applications and 300-400 HB for rail applications as an
excess in those values of hardness result in an increase in operating
and production costs.!!'? Different studies have been conducted to
find the effect hardness has on wear performance of rail and wheel
steels. Work done by Stock and Pippan'* has shown that there is a
relationship between hardness and resistance against wear and RCF
for pearlitic steel grades on a voestalpine Schienen GmbH test rig.
Increasing the hardness resulted in an increase in both RCF life and
wear resistance hence improving the fatigue life of rails.!® A study
on fracture and fatigue crack growth analysis of rail steels by Aglan
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et al.'* has shown that bainitic steels have ultimate strength, yield
strength and strain to failure higher than that of pearlitic steels.
But recent studies have shown that pearlitic steels have remarkable
wear resistance due to their unique microstructure which consists of
refined interlamellar spacing made up of cementite and ferrite.!>!¢
Hardness of pearlitic steels is influenced by the lamellae spacing
with hardness increasing as spacing becomes finer.!> In SA rail
operators currently use wheel and rail steels made of medium and
high-carbon steels with pearlitic microstructures with wheel steels
manufactured from Association of American Railroad (AAR)
Classes shown in Table 1.

Table 1: Brinell hardness specifications for different classes of
AAR wheel steels and their applications!’

Class Brinell Type of Application
Hardness (Rim)

L 197277 High-speed service with more
severe braking conditions than other
classes and light wheel loads.

A 255-321 High-speed service with severe
braking conditions, but with
moderate wheel loads

B 302-341 High-speed service with severe
braking conditions and heavier
wheel loads

C 321-363 Service with light braking

conditions and heavy wheel loads
and service with heavier braking
conditions where off-tread brakes
are employed

Studies'®!® have been conducted to find the effect that pearlite
interlamellar spacing has on wear. Clayton and Danks'® have
shown that pearlitic steels with finer interlamellar spacing have
lower wear rates compared to those with larger spacing as shown
on Figure 1. Pearlite is made of a lamella structure consisting of
alternating layers of ferrite and cementite. The ability of pearlitic
rail steels to show remarkable wear resistance is also because
pearlitic microstructure can align parallel to the wear surface
forming a mosaic of cementite flakes.!® Forming a mosaic of
cementite flakes makes the exposed area of fraction to increase at
the contact area making pearlitic rail steels to be more superior
in terms of wear resistance compared to conventional bainitic
microstructures which are unable to do so.1¢
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Figure 1: Wear rate against pearlite interlamellar spacing for
several rail chemistries and heat treatments at 1220 N/mm2 and
900 N mm contact pressures'®
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1.3 Wear Testing and Simulation

For wear testing and simulation, test rigs are used in railway
industries to provide information on the mechanics and dynamics
of railway systems in controlled environments and are cheaper
alternatives to field testing.'” The information obtained from test
rigs is used to understand the behaviour of the interaction between
the rail and wheel. There are different experimental methods used
to study the mechanisms by which wear occurs by simulating the
conditions experienced by materials in service which can be in
full scale or small-scale. Those experimental methods consist of
the following setups: (a) pin-on-disc; (b) block-on-ring; (c) pin-
on-reciprocating plate; (d) twin disc.?’ From those simulations,
valuable information on wear rates and coefficients of friction can
be obtained.? It is very crucial to choose the right testing method
for a particular application so that the test is a true representation
of the whole system as experienced. For sliding wear testing, the
Archard wear model is used to calculate the wear volume. The
Archard wear model relates the wear volume to material hardness,
load applied and sliding distance. According to Archard’s wear

model, wear volume can be calculated using equation 1.1.

WL 1.1
V=k—
H

Where V is the volume of worn material (m?), k is a dimensionless
wear coefficient, W is the normal load (N), L sliding distance
(m), H is the hardness of the softer contacting surface (N/m?).
According to the Archard wear model, the wear volume increases
with an increase in sliding distance and applied load. This model
is useful in the railway industry for prediction of wheel/rail wear
even though the principal cause of wheel/rail wear is not only pure
sliding but a combination with other mechanisms such as rolling
wear and RCF. Friction also plays an important role in wear of
wheel and rail materials. It is defined using coefficient of friction
(n) which is the ratio of the frictional force (F) and the normal
load (W) both measured in Newtons (N) related using equation
1.2. Friction is not a material property and it is system responsive
as it depends on several factors such as lubrication and contact

conditions.?!

F 1.2

During wear testing and simulation, at the beginning of the test
the coefficient of friction rapidly increases in the non-steady-state
region up until it starts to become constant where the material
would have reached a steady-state region. In the steady-state
region, the coefficient of friction remains constant unless one of
the test parameters such as force and lubrication are changed. For
this work, AAR class B wheel steels and BS EN 13674-1:2011 rail
steels with a 60E1/UIC60 flat bottom rail type profile were used to
study their wear performance under dry sliding conditions using
RTEC Multi-Function Tribometer.
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2.  Experimental Methods
2.1 Characterisation

The wheel and rail specimen were supplied by Mintek. Their
chemical composition analysis (Table 2) was done using spark
emission spectrometry and compared to their respective standards.
Hardness testing for both wheel and rail materials was conducted
using Vickers hardness testing under a load of 10 kgf on a Struers
Duramin-40 machine. To observe the as-received microstructures
of the wheel and rail samples under optical microscopy (OM) and
scanning electron microscopy (SEM), samples were ground and
polished to 1um surface finish and etched with 2% Nital etchant.
SEM was also use to measure the interlamellar spacing of both
wheel and rail steels.

2.2 Sliding Wear Testing

For sliding wear testing, the wheel and rail specimen were ground
and polished to a surface roughness of 3 pm. Sliding wear testing
was done using a RTEC Multi-Function Tribometer (MFT-5000)
which uses a ball-on-reciprocating plate concept with E52100 alloy
steel of grade 25 testing balls of diameter 6.350 mm. The speed of
reciprocating plate was set at 4mm/s. The tests were done at different
sliding distances between 1200 mm and 7200 mm under applied
loads of 75 N and 100 N for both rail and wheel materials. All tests
were done at room temperature under dry sliding conditions. The
Tribometer had a force transducer to measure the frictional forces
experienced by specimens during testing. From the known values
of the applied loads and the frictional forces obtained by the force
transducer the values of coefficient of friction were calculated using
equation 1.2. After wear testing, the worn specimens were observed
under optical microscopy and scanning electron microscopy to
observe the morphology of the worn surfaces and size of the wear
tracks. Vickers microhardness tests were conducted using a load
of 200 gf along the cross-sections of both wheel and rail steels to

investigate the depth of plastic deformation and work hardening.
3.  Results and Analysis

3.1 Microstructures of the as-received materials

After conducting the chemical composition (Table 2) and hardness
test (Table 3), the wheel specimens were found to conform to class
B wheel steels of the AAR M-107/M-208 standard while the rail
specimens conformed to BS EN 13674-1:2011 standard with a
60E1/UIC60 flat bottom rail type profile (60.21 kg/m).

Table 2: Chemical composition (mass %) of wheel and rail samples

Figure 2 and Figure 3 show the Optical microscopy (OM) and
Scanning electron microscopy (SEM) micrographs of the rail
and wheel materials respectively. As may be seen, both are fully
pearlitic and the lamellar spacing of the rail appeared visually to be
coarser and the same was confirmed by the lower hardness values
of the wheel steel.

3.2 Coefficient of Friction

The coefficient of friction (COF) was found to be heavily dependent
on load for both wheel and rail steels. When the load was increased
from 75 N to 100 N the COF decreased for both materials as shown
in Figure 4 and, the decrease was much greater for the wheel steel.
For rail steel under a load of 75 N, the COF varied between 0.53
and 0.60 while for the wheel material varied between 0.51 and 0.59.
When the applied load was increased to 100 N, the coefficient of
friction for rail varied between 0.29 and 0.53 while for wheel varied
between 0.21 and 0.24. Varying the COF with sliding distance/
time under applied load of 75 N as shown on Figure 5 shows that
the COF initially increased rapidly at low sliding distances and
thereafter it reached a steady. Literature?>?* has demonstrated that
high values of COF result in high rates of wear especially under dry
conditions whereas low values of frictions result in poor adhesion
at the wheel rail contact which may lead to longer braking distance
resulting in the train overrunning.

3.3 Wear Track Width Measurements

Increasing the sliding distance has also been found to increase the
average wear track width on both wheel and rail steels. On rail
steels, when the sliding distance was increased from 1200 mm to
7200 mm the average wear track width increased from 600 pm
to 792 um under an applied load of 75 N. The same trend was
also observed on wheel steels where the average wear track width
increased from 471 pum to 760 pm under the same conditions.
The increase in wear track width with sliding distance was even
greater for rail material when the applied load was increased to
100 N. This agrees with the Archard wear model as an increase
in sliding distance and load results in an increase in wear volume
and according to ASTM G133 - 05(2016)* the wear volume
increases with an increase in wear track width. Rail steels had
larger wear track widths as compared to wheel steels under the
same conditions. When a load of 100 N was applied at a sliding
distance of 1200 mm, the rail steel had a wear track width of 786
pm while for wheel steel was 418 um. The same was observed
when the sliding distance was increased to 7200 mm where the rail
material had a wear track width of 948 um while the wheel had a
wear track width of 655 pm as shown on micrographs from Figure

Material C Mn P S Si Ni Cr Mo
Rail 0.79 1.17 0.013 0.016 0.388 0.061 0.197 0.0070
Wheel 0.67 0.85 0.017 0.0072 0.356 0.096 0.17 0.033

Table 3: Vickers hardness values and inter-lamellar spacing of wheel and rail steels

Material Average Vickers hardness (HV10) Average inter-lamellar spacing (nm)
Rail 294 +£8 185+ 50
Wheel 334+ 10 110+27
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Figure 2: Optical microscopy micrographs of as-received rail and wheel steels showing pearlitic microstructures consisting of alternating
layers of ferrite and cementite

Figure 3: SEM micrographs of as-received rail and wheel steels showing a lamellae structure consisting of alternating layers of ferrite
and cementite

Figure 4: Average coefficient of friction (COF) vs sliding distance for wheel and rail materials under applied loads of 75 N and 100 N

Figure 5: Coefficient of friction (COF) vs. time showing the non-steady-state and steady-state regions at an applied load of 75 N for both
wheel and rail materials
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Figure 6: Rail wear track profiles at different sliding distances (S,) of 1200 mm and 7200 mm under an applied load of 100 N showing

the wear track width

Figure 7: Wheel wear track profiles at different sliding distances (S,) of 1200 mm and 7200 mm under an applied load of 100 N showing

the wear track width

6 and Figure 7. The reason for this is because wheels steels are
more resistant to wear than rail steels as they are harder than rail
steels with finer interlamellar. The as-received hardness of rail and
wheel steels were 294 + 8 HV10 and 334 + 10 HV10 respectively
with an average interlamellar spacing of 185 + 50 nm and 110 +
27 nm respectively shown on Table 3. The effect of interlamellar

spacing on wear resistance agrees with the work done Clayton

and Danks'® who have shown that pearlitic steels with finer
interlamellar spacing have lower wear rates compared to those with
larger spacing. On the effect of hardness, the results agree with the
work done by Stock and Pippan'® who have shown that pearlitic
steels with higher hardness are more resistant to wear than those

with lower hardness.

Figure 8: SEM micrographs of the rail specimen showing wear track morphology at different sliding distances of (a)1200 mm and

(b)7200 mm under an applied load of 75 N
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Figure 9: SEM micrographs of the wheel specimen showing wear track morphology at different sliding distances of (a)1200 mm and

(b)7200 mm under an applied load of 75 N

Figure 10: Plastic deformation of (a) rail showing the cracks in the transverse plane of the specimen and (b) wheel specimen showing the
depth of plastic deformation both under a load of 75 N and sliding distance of 1200 mm

3.4 Wear Track Morphology

From the SEM micrographs on Figure 8 and Figure 9 it is evident
that increasing the sliding distance from 1200 mm to 7200 mm
leads to severe damage on both materials. There is evidence of
delamination and crack formation (Figure 9) on the wheel sample
when the sliding distance was increased from 1200 mm to 7200 mm
causing severe wear. From the energy dissipation model studied
by Lewis and Dwyer-Joyce? severe wear is mainly dominated by
surface cracking and mass loss due to delamination which were
observed on the wheel sample. At lower sliding distance of 1200
mm for both materials, there is evidence of abrasive wear shown
by abrasive wear marks on worn surfaces which is an indication
of mild wear. For the rail material, when the sliding distance was
increased to 7200 mm craters (Figure 8b) started to form due to

excessive sliding distance causing loss of material by spalling.

3.5 Plastic Deformation and Microhardness
Profiles

Figure 10 shows SEM micrographs of the cross-section of the wear
track that formed as a results of sliding wear test. As seen, there is
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evidence of plastic deformation occurring on both wheel and rail
specimens and some cracks occurring due application of repeated
loading during sliding. The Vickers microhardness tests results
confirmed that plastic deformation has occurred as there was an
increase in the surface hardness on both materials as shown on

Figure 11: Wheel and rail steels hardness profiles after wear
testing under an applied load of 75 N and sliding distance of 7200
mm showing the depth of plastic deformation
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hardness profiles on Figure 11. The wheel steel had a surface micro
hardness of 362 HV0.2 compared to the rail’s 336 HVO0.2 after
wear testing. The wheel surface hardness increased from 334 HV
to 362 HV after test while rail surface hardness increased from 294
HV to 336 HV. This confirms that indeed some plastic deformation
has occurred which resulted in work hardening.

4. Conclusions

The wheel material was more resistant to sliding wear as compared
to rail material at both applied loads of 75 N and 100 N. Increasing
the load was found to reduce the COF for both wheel and rail
materials. The opposite was observed for wear track width as
increasing the load resulted in an increase in wear track width.
Sliding distance was found to influence both COF and wear track
width. Increasing the sliding distance increased both coefficient of
friction and wear track width. The COF increased up until a point
where a steady-state was reached where it became constant. The rail
was found to have higher wear rates due to larger wear track width
and higher values of COF. It has been found in both wheel and
rail materials that increasing the sliding distance has been found
to causes severe wear. This was evident from SEM micrographs
which showed some crack formation and craters causing loss of
material by delamination and spalling. Plastic deformation has
been confirmed on both materials with a significant increase in

surface hardness at the contact area of the wear track cross-section.

The test rig was successful in proving sliding wear and parameters
such as load and sliding distance were easily varied to see their
effects on sliding wear (wear track width) and COF. However,
the rig was unsuccessful in proving the other two major damage
mechanisms being rolling wear and RCF which are also experienced
by the wheel and rail during movement of train on rail tracks. Also,
it had limitations on the amount of load that can be applied during
testing.

5. Future Work

In future, more work should be done using a rig that that will be
able to simulate both rolling, sliding and RCF. To simulate all the
three major wear mechanisms, a test rig which uses the twin disc
concept must be used and the ball-on-reciprocating plate should
only be used for preliminary testing.
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