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Department of Mechanical Engineering, The University of Sheffield, Mappin Street, Sheffield, S1
3JD, UK

*stephen.lewis@sheffield.ac.uk
ABSTRACT

This paper presents results of testing carried out to assess the wear and RCF performance of laser
clad rail. Stronger and harder materials can be laser clad on top of the working surfaces of
standard (e.g. 260 grade) rail in order to improve wear and RCF life. A twin-disc method has been
used to assess the suitability of various candidate cladding materials. The materials were clad on
top of 260 grade rail discs and were tested against a disc of standard wheel material. Wear was
measured by weighing the discs before and after each test. An Ellotest Bl differential eddy
current crack detector was used to detect RCF cracks in the rail disc. Four clad materials were used
namely, Hadfield, Stellite 6, Maraging and 316 Stainless Steels. In the tests carried out, wear was
not always reduced with the cladding. The tests carried out were not long enough for some of the
materials to fully work harden and therefore some would improve with a greater number of
cycles. However, all but the Stainless Steel showed that they did not deform under the cyclic
loading applied and would offer a greatly enhanced RCF life.

Keywords: Wear, Rolling contact fatigue, Laser cladding, Sliding friction, traction, Twin-disc testing
1.0 Introduction

Rail maintenance and replacement is a large part of the cost of running a rail network. Not only
does this cause down time which leads to lost revenues; but also material wastage as whole
lengths of rail can be replaced due to one small fault on or near the rail surface. The two main
factors which limit the lifetime of rail track are wear and rolling contact fatigue (RCF). The aim of
the work described in this paper was to apply a novel solution to address these fundamental
issues which limit the lifetime of rail track. Components such as switches and crossings are
particularly prone to wear, such that their associated maintenance costs are 330x greater than
that of straight track on a per metre basis. Currently in order to reduce the impact of RCF periodic
removal of the top surface of rail by grinding is used to arrest RCF crack development. Although
more wear and RCF resistant materials are available, it would be difficult or prohibitively
expensive to manufacture entire rail sections from them. It is known that surface treatments such
as peening, case hardening or the application of surface coatings can enhance the wear and RCF
performance of many engineering materials. Another method of treating the surface of metals is
laser cladding (LC) whereby a different material can be welded on top of the running surface of a
substrate. The laser cladding process offers the ability to locally deposit a wide range of beneficial
materials - alternative steels or hard-facing alloys onto those areas of track particularly prone to
wear and/or RCF, such as rail heads in tight radius curves or switch noses, leading to new premium
track components with significantly enhanced performance and lifetime. This work has shown that
Stellite 6 samples show wear rates similar to those of standard 260 grade rail. All of the clad



samples showed high resistance to plastic deformation and hence crack nucleation at their
surface.

One-step laser cladding by powder injection is the most widely adopted technique [1]. In this
process a high energy laser is passed over the surface of the substrate material while a cladding
material is added. The surface of the substrate and the coating material are melted by the laser
subsequently welding them together.
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Figure 1 Schematic of one-step laser cladding process

Figure 1 shows a schematic of the one-step process where the laser beam is focused on and
scanned across the surface of the metal to be clad. The high heat input of the laser creates a thin
melt pool on the surface of the substrate material. Simultaneously a powder consisting of
atomized cladding metal is fired into this melt pool. As the powder passes through the laser it is
also melted and fuses with the melt pool on the surface of the substrate material. This creates a
single track of clad on the surface. Individual tracks are then created side-by-side to clad whole
surfaces. An inert gas is used to deliver the powder to the substrate surface. This gas has two
functions; to deliver the powder at high speed to the melt pool and also to shroud the particles so
that they will not react with the surrounding atmosphere when they are heated by the laser. The
high thermal energy input of the laser not only melts the powder but will also heat the substrate
material. As the laser passes the substrate will start to cool at a fast rate. This high rate of cooling
is due to the greater volume of substrate compared to the cladding. This heating and rapid cooling
of the substrate causes changes in its microstructure throughout a certain depth of the bulk
material. These changes in microstructure will vary with material type and heating and cooling
rates. This layer of modified microstructure sits immediately below the interface between the
cladding and substrate and is known as the heat affected zone, HAZ, as shown in Figure 1. Residual
stresses are also introduced into the cladding and substrate due to: differences in thermal
expansions between the clad and bulk materials, temperature gradients created in the material
and expansion/ contraction due to microstructural phase transformations in the HAZ [2]. The
thickness and weld quality of the cladding layer is controlled by adjusting the operating
parameters of the laser cladding equipment. More information of process parameters such as
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laser power and powder feed rate and their effects can be found in [1]. Current technology allows
layers in the region of 0.5 — 2 mm to be created. Thicker layers can be created by re-cladding on
top of pre-deposited layers. As the first layer of cladding is deposited it will mix with some of the
substrate material. One advantage of building multiple layers on top of previous ones is that less
of the substrate material will be present in consecutive layers. Layer or overall cladding thickness
is also important when considering where peak sub-surface contact stresses may occur.

Currently laser cladding is used in the oil and gas [3, 4], mining [5, 6], nuclear [7, 8] and security
industries. Components in these industries, particularly mining, are subject to very aggressive
operating conditions which lead to high wear rates. Components such as excavator teeth and
drilling equipment are repaired using laser cladding and put straight back into service. This has
enormous cost benefits for such industries as whole components might have otherwise been
replaced.

Laser cladding has already been proposed as a potential method for improving the performance of
railway wheels [1, 2]. The advantage of laser cladding is that premium metals and alloys with
better mechanical and tribological properties can be clad on top of the original substrate material.
A number of candidate materials, namely Hadfield, Stellite 6, Maraging and 316 Stainless Steels
were laser clad onto standard 260 grade rail steel and the anticipated improvement in
performance quantified via small scale twin-disk testing to generate representative wear and RCF
data.

2.0 Test Methodology

This study was carried out using The Sheffield University Rolling Sliding (SUROS) rig [1]. Figure 2
shows a schematic of the SUROS rig and typical discs used. For these tests the lathe was run at 400
rpm with 1% creep in the contact and contact load of 7.14 kN which gives a maximum contact
pressure of 1500 MPa when applied to a 260 grade rail disc. These are standard wear and RCF
settings for SUROS testing [9].

Four different types of material were used for cladding 260 grade rail steel discs: Hadfield Steel,
Stellite 6 Steel, Maraging Steel and 316 Stainless Steel each with 1 and 2 layer samples. An un-clad
260 grade rail disc was also tested to give a baseline.
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Figure 2 a) Schematic of SUROS rig b) Extraction and dimensions of SUROS specimens c) Schematic of laser clad SUROS
specimen. All dimensions in mm.

Each SUROS specimen was purposely manufactured undersized to a diameter of either 45 or 46
mm. The clad layer then restored the specimen to a diameter of 47 mm. Clad layers are typically
laid in 1 mm thicknesses. Thus the 45 mm discs had 2 layers of clad material and the 46 mm discs
had 1 clad layer. Figure 2c) shows a schematic of a laser clad SUROS specimen.

The specimens were cleaned and weighed before and after each test to monitor material lost
through wear. Surface roughness was also measured before and after each test.

Two types of test were carried out; one to investigate friction and wear and one for RCF. The wear
tests consisted of 5000 dry cycles and 5000 wet cycles. This approach was used in the INNOTRACK
(an FP6 Integrated Project involving multiple partners from industry and academia funded by the
European Commission) work which compared crack propagation and wear of high performance
rail materials [10] and was chosen for these tests for comparison purposes. This showed the
friction and wear characteristics in both dry and wet conditions. Information such as crack length
and density (if present) could also be obtained by sectioning the discs after the wear tests.

The RCF tests were based on a method for testing rolling contact fatigue developed on the then
LEROS (now SUROS) machine by Tyfour et al. [11]. Their work investigated the effects of the
number of initial dry cycles on the water-induced RCF life of standard wheel and rail twin-disc
specimens. It was found that 500 initial dry cycles reduced the RCF life of the rail discs to
approximately 15,000 cycles as compared with 45,000 cycles if only 100 initial dry cycles are used.
This method of using 500 initial cycles was adopted as a standard for RCF tests on the SUROS
machine by Fletcher & Beynon [9]. It was therefore decided that an initial 500 dry cycle period
would also be utilised in these tests. This was then followed by a period during which water was
dripped onto the discs in order to promote RCF crack growth. This wet portion of the RCF test was
limited to 50,000 cycles for practical reasons; however, even if any of the clad specimens had not
failed by this point their RCF life could still be demonstrated to be superior to that of standard 260
grade rail which was only expected to show a RCF life of around 15,000 cycles. Water has been
shown to accelerate the rolling contact fatigue process by a mechanism known ‘fluid crack
pressurisation’ [11]. Water can be forced into an open crack as it is subject to the large pressure of
the wheel/rail contact. This pressurised water in turn subjects the crack to high intensifying
stresses at the crack tip, hence increasing the rate of RCF crack growth [12, 13].



For the RCF tests an Ellotest B1 Eddy Current Crack detector was used. A differential eddy current
probe was connected to the detector unit and held 0.3mm from the surface of the rail disc. An RCF
failure definition was set using a calibration disc with wire eroded reference cracks in its surface as
used in [14]. As the calibration disc was rotated in front of the eddy current probe a signal of fixed
size was displayed on the detector screen. The size of this reference signal was used to define the
point where the RCF cracks in the test specimens were of sufficient length for failure to be defined
see Figure 3.

Circulating eddy currents can be induced in any electrically conducive material and magnetic
material when in close proximity to a wire coil which itself is subject to an alternating current, due
to fluctuations in the magnetic field surrounding the coil. These undisturbed eddy currents in turn
will affect the impedance of the coil and hence the voltage across it. If a flaw in the conducting
material (such as a crack) disturbs the eddy currents this will change the amount which the
impedance in the coil is affected. Hence monitoring the voltage across the coil can indicate the
presence of a crack [14].

‘ 7.;,'» A
Figure 3 a) Picture of Eddy Current Crack Detector b) Differential eddy current probe offset 0.3mm from rail disc
surface.

Post-test analysis of the discs was done by sectioning, polishing and etching the rail discs. This was
done in order to observe cracks, material flow and the bond between the clad and substrate. The
samples were placed in the SUROS machine and scanned with the eddy current probe while being
turned by hand so that cracked sections could be located. Once a cracked section was located it
was cut from the sample using an abradable cutting wheel. The extracted section was then
mounted in Bakelite. The etched samples were examined with an optical microscope to observe
grain deformation and the cladding/substrate interface. The samples were then re-polished so
that cracking could be more easily observed and micro-hardness measurements could be taken.

It should be noted that Hadfield Steel is non-magnetic and therefore theses samples were not
measured with the eddy-current probe during the RCF tests. It was decided thus that the RCF
Hadfield samples should be run for 50,000 cycles so that they could be directly compared with the
other RCF samples during the post-test analysis.

A decision was taken given the time and resource constraints to explore a wide variation of
parameters in this work rather than build more confidence by having repeat test at each condition.



3.0 Results
3.1 Wear Tests
The purpose of the wear tests was to characterise the traction and wear properties of the laser

clad samples under dry and wet conditions.

3.1.1 Traction Coefficients
Mean traction coefficients yielded from the wear tests can be seen in Figure 4.
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Figure 4 Average traction coefficients yielded during the friction tests.

Figure 4 shows that the Hadfield samples gave traction coefficients of 0.4. This was the same as
the 260 grade baseline. All other samples were below this value the highest of these being
Maraging with an average traction coefficient of 0.36. Stellite gave an average of 0.35. Stainless
steel showed the lowest traction coefficient with an average of 0.25, but also showed the highest
variation in traction level. Under wet conditions the baseline traction coefficient was the lowest at
0.15 with reduced variation between the other materials.

3.1.2 Wear

Figure 5 shows wear rates of both the wheel and clad rail along with wear data from the
INNOTRACK project [10]. Both sets of test were conducted under the same conditions of 5000 dry
cycles, 1% slip and 1500 MPa. In the INNOTRACK project premium rail grades from two different
manufacturers (A and B) were tested in comparison with the standard 260 grade rail. For the laser
cladding tests the only consistent wear rates are shown by the Stellite samples which also show
the lowest rail wear rate with an average of 2.55 pg/cycle. This compares favourably with the 2.77
ug/cycle given by the reference sample. However, higher wheel wear was seen with the satellite
samples compared to the baseline case. The highest rail wear rates were seen with the Maraging
samples with an average wear rate of 15.95 pg/cycle. The Stainless and Hadfield steel samples
showed the least consistency in wear rates. As these materials are known to work-harden this
could indicate that the materials are still in their soft state and more test cycles would be needed
for steady state wear to be achieved. For the laser cladding tests overall wheel wear is increased
with the use harder rail materials. The INNOTRACK data also shows that wheel wear tends to
increase as the hardness of the rail is increased. The Stellite 6 tests showed comparable rail wear
with the INNOTRACK data with Stellite showing an average of 2.55 pg/cycle compared to the
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premium rails (Manufacturer A 350, 400 and Manufacturer B 350, 400) tested in the INNOTRACK
project showing an average of 2.94 ug/cycle. However, wheel wear in the Stellite tests was higher
averaging 7.74 ug/cycle compared to an average of 5.15 pg/cycle for wheel tested with premium
rail in the INNOTRACK project.
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Figure 5 Wear rates of the clad discs after 5000 dry cycles. R indicates wear rate of the rail disc, W indicates wear rate
of wheel disc LC indicates data from current laser cladding tests, IN indicates data from the INNOTRACK project.

Figure 6 shows wear rates under wet conditions. Note that a wear rate of 51.0 pg/cycle was
measured for the 260 grade rail sample tested in the INNOTRACK project. However, as this value
was much greater than any of the other wear rates measured, the scale on the y-axis of Figure 6
has been altered for easier comparison of the remaining values.

Stellite again showed the lowest and most consistent rail wear rates with an average rail wear rate
of 0.18 ug/cycle compared with 1.59 ug/cycle for the reference sample. Hadfield also showed a
lower average rail wear rate that the baseline at 1.29 ug/cycle although there was less consistency
shown between both Hadfield samples. The least consistency in wear rates and the highest wear
rates were seen with the Maraging and Stainless steel samples.
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Figure 6 Wear rates of the clad discs after 5000 wet cycles.

3.1.3 Post-test Inspection of Wear Specimens

Surface microscope images of the reference wear specimens are shown in Figure 7.

Figure 7 Surface images of the reference wear speumens a) rail before test b) rail after 5000 dry cycles c) wheel
before test d) wheel after 5000 dry cycles

With all of the surface images shown in Figure 7Figure 11 the machining groves can be seen on the
new discs (images a and c). Figure 7 b and d show typical wear surfaces with evidence of material
flow and ratcheting which has led to pitting of the surface material.
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Figure 8 Surface images of the 1 layer Hadfield wear specimens a) rail before test b) rail after 5000 dry cycles c) wheel
before test d) wheel after 5000 dry cycles

Figure 8 b and d show different wear mechanisms to the reference sample shown in Figure 7.
There seems to be lower deformation on the Hadfield rail disc compared to the reference rail disc
with no evidence of ratcheting. There does however, seem to be more abrasive wear on the
Hadfield rail sample with no adhesive wear. The wheel disc used with the Hadfield sample shown
in Figure 8d) shows more severe surface damage compared to the reference wheel disc. The
Wheel disc used with the Hadfield sample also shows a lot of delamination and abrasive scoring
caused by three-body-abrasion due to wheel debris.

Figure 9 Surface images of the 1 layer Stellite wear specimens a) rail before test b) rail after 5000 dry cycles c¢) wheel
before test d) wheel after 5000 dry cycles

The Stellite rail sample seems to show a similar wear mechanism to the Hadfield sample although
with less abrasion. This is evidenced in Figure 5 where the wear rate of the Stellite 1 layer sample
is lower than the corresponding Hadfield sample. The Stellite wheel wear is similar to the Hadfield
wheel wear with a high amount of delamination and signs of three-body-abrasion.
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Figure 10 Surface images of the 1 layer Maraging wear specimens a) rail before test b) rail after 5000 dry cycles c)
wheel before test d) wheel after 5000 dry cycles

There is not much material flow on the surface of the Maraging rail sample compared to the
reference sample. Instead there are signs of adhesive wear with some pitting. The wear surface
does appear similar to the reference sample and the Maraging hardness was also similar to the
reference sample as shown in Figure 13. The wheel wear is also comparable with the reference
sample.

Figure 11 Surface images of the 1 layer Stainless wear specimens a) rail before test b) rail after 5000 dry cycles c)
wheel before test d) wheel after 5000 dry cycles

Figure 11 shows very severe wear on both the wheel and rail Stainless sample surfaces. There are
signs of high amounts of material flow. Large chunks of material loosened by ratcheting have been
removed by adhesive wear. Figure 13 shows that Stainless had the lowest hardness tested which
would explain the high material flow. Figure 5 also shows that the Stainless samples showed the
highest wear rates further supporting observations from the surface pictures.

Samples were prepared for the post-test analysis by the method described in section 2.
Microscope images of the sections were taken and are shown in Figure 12.
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Figure 12 Etched sectioned SUROS specimens from wear testing a) unclad 260 grade reference rail disc b) 1 layer
Hadfield clad c) 2 layer Hadfield clad d) Untested 1 layer Stellite 6 clad e) 2 layer Stellite 6 clad f) 1 layer Maraging clad
g) 2 layer Maraging clad h) 1 layer Stainless clad i) 2 layer Stainless clad.

The boundary between the clad layers and the HAZ can be clearly seen in Figure 12. The bond
between the clad and the HAZ is relatively smooth in the; Hadfield, Stellite and Maraging samples,
with no inclusions or lack of bonding. In these samples no porosity or cracking was seen in the
clad/deposit. The Stainless samples on the other hand show extensive cracking and delamination
with some porosity in the deposit. It is not clear however, if the cracking in these samples was a
result of testing or due to a lack of optimisation during the cladding process. The turbulent
boundary between the deposit and the HAZ seems to suggest that the high damage in the
stainless samples is more down to a manufacturing error rather than a weakness of the material.

Figure 13 shows the relationship between deposit hardness and the depth of plastic deformation
in each of the samples. Depth of plastic deformation was measured visually from the sectioned
and etched samples. Visual inspection is not as accurate as Electron Backscatter Diffraction, EBSD
when measuring the depth of plastic deformation. However, the EBSD technique was not available
to the authors at the time of writing.
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Figure 13 Relationship between each sample’s sectioned hardness taken near the surface and the depth of plastic
deformation.

It can be seen in Figure 13 that there seems to be an inverse relationship between deposit
hardness and depth of plastic deformation.

3.2 Rolling Contact Fatigue Tests
The purpose of the RCF tests was to assess the RCF performance of each of the cladding materials.
3.2.1 Wear

Wear was measured during the wet part of the RCF tests and is illustrated in Figure 14. The discs
had not been subject to enough cycles in the dry part of the RCF tests for the wear to stabilise.
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Figure 14 Wear rates of RCF samples under wet conditions.

The biggest discrepancy between wheel and rail wear rate is again seen with both the Stellite 6
samples. The wheel wear for the Stellite samples is an average of 36% higher than the reference
wheel wear rate. In the RCF tests the Maraging samples both showed almost equal wear rates
between the wheel and rail. In the wear tests the Maraging were the only samples with wheel
wear lower than that of the rail under wet conditions.
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3.2.2 RCF

The RCF tests consisted of 500 dry cycles to generate a plastically deformed surface layer in the
discs. This is then followed by a test with distilled water dripped onto the surface of the discs at a
rate of 1 drop per second. This wet section of the test was limited to 50,000 cycles (see Section 2
for explanation). Figure 15b shows the B1 output signal from the reference disc with artificial crack
(Figure 15a). The two horizontal gates are positioned at the edges of the reference signal. Failure
during the RCF tests was defined when these gates were breached by the signal from a test disc.

Figure 15 a) Reference disc with artificial crack b) Reference signal on B1 detector.

Only two of the samples tested failed before 50,000 cycles. These were the reference 260 grade
specimen and the 2 layer stainless steel clad specimen.

Figure 16 shows the eddy current detector signal for the 1 layer Stellite sample during the wet
section of the test. This is one of the samples which did not fail before the 50,000 cycle mark.
There is only a slight change in the signal at the end of the test.

Figure 16 Eddy Current Detector signal Stellite 1 layer rail disc a) 200 cycles b) 30,000 c) no failure 50,000 cycles.

Figure 17 shows the eddy current detector signal for the reference 260 grade sample during the
wet section of the test. This sample failed at approximately 15,000 cycles.
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Figure 17 Eddy Current Detector signal 260 grade reference rail disc a) 100 cycles b) 10,000 c) failure at approximately
15,000 cycles.

3.2.3 Post-test Inspection of RCF Specimens

Microscope images of the sectioned RCF specimens are shown in Figure 18.
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Figure 18 Etched sectioned SUROS specimens from RCF tests a) unclad 260 grade reference rail disc b) 1 layer Hadfield
clad c) 2 layer Hadfield clad d) 1 layer Stellite 6 clad e) 2 layer Stellite 6 clad f) 1 layer Maraging clad g) 2 layer
Maraging clad h) 1 layer Stainless clad i) 2 layer Stainless clad.

Figure 18 shows that the bond between the clad and the HAZ is relatively smooth in most of the
samples with turbulent bonds only seen in the Stainless steel samples. In these samples no
porosity or cracking was seen in the clad/deposit. Cracking was only seen at the surface of the two
layer Stainless sample.
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The clad RCF samples show much shallower deformation compared to the wear specimens. This
would be expected as the RCF specimens have only been subject to 500 dry cycles. Whereas the
wear specimens were subject to 5000 dry cycles. Under dry running the higher friction at the
surface will cause higher sub-surface shear stress to occur usually above the materials yield stress
causing plastic deformation in the material. Under wet conditions the friction is reduced and
hence the shear stress leading to less deformation. This can be seen in all of the clad samples.
However, the opposite seems to have occurred in the reference samples with the RCF sample
showing greater depth of deformation compared to the wear sample. It is not possible to calculate
an estimated rate of plastic deformation (i.e. um below the surface per cycle) under dry and wet
conditions individually. This is because in both the wear and RCF tests the specimens were
sectioned after being subject to both dry and wet cycling. It is therefore assumed that even
though the rate of plastic deformation is slower in wet conditions; the reference RCF specimen
was subject to far more test cycles than the reference wear specimen and hence a greater extent
of deformation compared to the reference RCF specimen. The reason that the opposite behaviour
was seen in the clad specimens is that they are much harder than the reference specimens and
hence will deform at a much lower rate.

The low amount of plastic deformation in the clad RCF specimens also explains why no cracks
were seen in all but one of the specimens. Generally RCF cracks in rolling contacts initiate in the
plastically deformed layer of the rail material as its limit of ductility is reached, see Figure 12h.
Crack growth is then driven by cyclic stressing as the contact moves over the area containing the
crack [15]. Table 1 shows the optically measured depth of deformation for both the wear and RCF
specimens. It can be seen that there is little to no deformation in the clad RCF specimens. This
explains why no RCF cracks were seen in all but one of the clad RCF specimens as conditions for
crack nucleation were not generated.

Material Depth of Deformation, um
Wear RCF
Baseline 260 Grade| 255.11 428.47
Hadfield 1L 38.41 0.00
Hadfield 2L 55.32 0.00
Stellite 1L 0.00 0.00
Stellite 2L 0.00 0.00
Maraging 1L 33.89 5.62
Maraging 2L 70.62 0.00
Stainless 1L 449.73 20.16
Stainless 2L 256.99 111.57

Table 1 Average Depth of Deformation of Wear and RCF samples

4.0 Discussion

4.1 Analysis of Test Data

Table 2 shows the average traction coefficients under wet conditions for both the wear and RCF
tests. During the RCF tests the dry stage was too short for traction to reach its steady state value
and therefore dry values are not comparable between wear and RCF tests.
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Material Wet
Traction
Wear | RCF
Baseline 260 Grade 0.15 | 0.22
Hadfield 1 Layer 0.18 | 0.20
Hadfield 2 Layers 0.20 | 0.22
Stellite 6 1 Layer 0.19 | 0.21
Stellite 6 2 Layers 0.17 | 0.22
Maraging 1 Layer 0.20 | 0.20
Maraging 2 Layers 0.19 | 0.20
Stainless 1 Layer 0.21 | 0.24
Stainless 2 Layers 0.20 | 0.23

Table 2 Average Wet Traction Coefficients

Table 2 shows that the average traction coefficient was higher for the RCF tests. However, this
average value incorporates the initial part of the traction curve where the traction is rising from
zero to its steady state range. As the RCF tests were of much greater duration than the wear tests
this average value will be calculated with a much greater proportion of the steady state range. The
traction values can therefore be said to be in good agreement with each other. The traction
coefficients from Table 2 have been combined into a mean value and are compared to the dry
traction coefficient from the dry part of the wear test in Table 3.

Material Traction

Dry | Wet
Baseline 260 Grade | 0.40 | 0.19
Hadfield 1 Layer 0.410.19
Hadfield 2 Layers 0.40 | 0.21
Stellite 6 1 Layer 0.34 | 0.20
Stellite 6 2 Layers 0.36 | 0.19
Maraging 1 Layer 0.36 | 0.20
Maraging 2 Layers | 0.35 | 0.19
Stainless 1 Layer 0.29 | 0.22
Stainless 2 Layers 0.20 | 0.21

Table 3 Dry and Wet Traction Coefficients (dry data from wear tests and wet data averaged from wear and RCF tests)

Any traction coefficient 0.09 or below is considered inadequate for safe braking in dry or wet
conditions [16]. All of the samples tested are clear of this critical traction coefficient. In the dry
conditions the baseline coefficient of traction is 0.40. Only the Hadfield samples are able to match
this traction level with all other samples ranging between 0.36 and 0.20.

Stellite 6 was the best performer in terms of wear in both the dry and wet cases. It also showed
independence between wear rate and number of clad layers. The only other material to show a
degree of independence between dry wear rate and number of layers was Maraging Steel. The
Maraging samples showed considerably higher wear rates than the reference case and the first
and third highest dry wear rates seen. Hadfield and Stainless steel samples did show a dependency
between the number of clad layers and wear rate, as can be seen in Figures 5 and 6. In the dry
case there were only 2 tests which showed a lower wheel wear rate than the reference case.
These were the Hadfield 1 layer sample and the Stainless 2 layer sample. The highest wheel wear
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rate in relation to the reference was shown for Maraging 1 layer. The best performing rail, Stellite,
gave wheel wear rates which were on average 145% of the reference wheel wear rate.

Under wet conditions Stellite again showed the best wear performance with a wear rate
considerably lower than the reference value. Stellite was also the only sample to show low
dependency between number of clad layers and wear rate in the wet test. These were also the
lowest wear rates seen. The Hadfield samples showed the next highest wear rate with an average
which was 81% of the reference value. It can be seen that the Stellite samples showed the lowest
wear rates in both dry and wet conditions with the wear rate dropping considerably in the wet
case compared to the reference value. All wheel wear rates were greater than the reference case
in the wet condition tests. The highest wheel wear rate seen was with the Hadfield 2 layer disc.
The lowest was seen with Maraging 1 layer. However, all wet wheel wear rates were less than the
reference wheel dry wear rate.

Although most of the clad rail discs increased the wheel wear, these tests simulated a case where
the whole rail was clad. This effect of the clad layers to increase wheel wear may not be such an
issue if only certain localised sections of a rail network are clad.

Only two of the rail discs failed during the RCF tests. These were the reference 260 grade rail and
the two layer 316 Stainless clad sample. The reference disc failed at approximately 15,000 cycles
matching what was seen in [11]. The 2 layer 316 stainless sample failed at approximately 28,000
and even though it was the only clad specimen to fail before the 50,000 cycle mark it still showed
almost double the RCF life of the unclad 260 grade rail. Because the 1 layer 316 Stainless sample
was showing signs of failure before the 50,000 cycle mark, it can be concluded that the 316
Stainless Steel samples had the lowest RCF life of all the clad samples. Sub-surface analysis of the
Stainless sample did show cracks in the two layer sample, however, no cracks were seen in the 1
layer sample and hence the detection by the eddy current detector may have been triggered by
some other defect in the deposit. It is not possible to rank the remaining 3 specimens (Hadfield,
Stellite 6 and Maraging) because none of them showed any signs of failure before the 50,000 cycle
point at which the test was stopped. The discs also showed no or little plastic deformation
meaning that the discs could have run for many more cycles than the 50,000 limit. When a
material is subjected to a rolling sliding contact and the loading exceeds the materials ratcheting
threshold the material will accumulate plastic strain near the surface with each cycle. Eventually
the materials ductility is exhausted and cracks, usually starting at the surface, can nucleate in this
plastically deformed layer [15]. The cracks will then grow downward into the material driven by
repeated contact stresses. If these cracks are not truncated by a sufficient wear rate then these
cracks will keep growing downward into the rail eventually leading to failure [17].

These tests show that cladding of rail has the potential to increase the RCF endurance of the rail
far beyond currently used rail materials such as 260 Grade. However, these tests have only shown
that a clad deposit on the rail delays the onset of crack nucleation. This does not mean that if a
crack were to nucleate via a different mechanism, i.e. stress raiser due to damage on the rail head,
that a crack would not grow inside a clad deposit.
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5.0 Conclusions

In this paper an assessment has been performed on the suitability laser cladding as a means of
repairing or treating new rails. The following conclusions can be made:

Under wet conditions; Hadfield, Stellite 6, Maraging and 316 Stainless claddings show traction
levels similar to the 260 Grade reference material.

Under dry conditions only the Hadfield samples show traction similar to the reference case.
All other samples show lower traction than this however, they are still higher than the 0.1
level, where any traction below this value is not considered safe for breaking purposes.

The Stellite 6 samples showed wear levels in agreement with the un-clad reference sample in
the dry case. The only other sample to show an identical wear rate to the reference case was
the two layer 316 Stainless sample. All other samples showed wear rates which were in a
range of double to nearly eight times the reference wear rate.

Wheel wear rates were higher for all of the clad discs compared to the reference wheel wear
in the wet tests. In the dry conditions all but two of the clad samples showed higher wheel
wear than the reference case.

The RCF life of the reference 260 Grade rail disc was approximately 15,000 cycles. All of the
clad specimens showed greater RCF lives than this with the shortest being shown by the 2
layer 316 Stainless steel sample at 28,000 cycles. All other samples had RCF lives in excess of
50,000 cycles.

The majority of the harder deposits showed little to no plastic deformation at the surface and
hence no RCF cracks. This shows that the cladding of rail has the potential to significantly
delay the onset of RCF crack nucleation compared to standard rail when the rail is smooth and
uncontaminated.

These tests show that the RCF life of rail could be improved if rail were laser clad. However,
more test need to be performed in order to understand the wear performance of these laser
clad layers.
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