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LASER CLADDING OF RAIL; THE EFFECTS OF DEPOSITING MATERIAL

ON LOWER RAIL GRADES
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Abstract: This paper presents a study comparing the
wear performance of laser clad rails. A grade of
martensitic stainless steel (MSS) was deposited on two
substrate materials: The Europe standard rail steel R260,
and a lower grade rail steel R200. A twin-disc method
has been used to simulate the contact of wheel and rail
under closely controlled conditions. Although cladding
on a lesser grade of rail does have an effect on the
hardness and wear performance of the clad layer, the
resulting wear performance of the clad layer assessed
using this approach is still vastly improved over R260
material alone.

Keywords: laser cladding, wheel/rail contact, wear,
microstructure, twin-disc testing.

1. Introduction and Background

A major proportion of a train network operational cost is
the rail maintenance. The cost of replacement of the
worn rail or improvement of the rail’s tribological
properties, corrosion properties and contact fatigue
resistance, is significant. Meanwhile network downtime
caused by rail maintenance also has a great impact on
the disruption to commuters and cargo shipping.

Railway rail is rolled from a single grade of steel yet
different parts of the rail section require their own
operating properties. For example, the rail head requires
strong tribological properties while the web and foot are
required to be structurally robust. There are two main
factors that affect the durability of rail track: wear and
rolling contact fatigue (RCF) [1, 2]. Wear and RCF
resistant materials are available [3], however, it would
be either difficult or costly to manufacture entire rail
sections from them. One solution is to use premium
grade rail steels which have good wear and RCF
resistance. These premium rails are usually heat treated.
This procedure is an additional step during the rail
manufacturing process and hence has increased cost.
Another common method to alleviate RCF, is to
periodically grind the rail head which reduces crack
development [4]. Other solutions such as surface
treatments by peening, case hardening or surface coating
can also enhance the wear and RCF performance of
many engineering materials. However, rails are usually
rolled in lengths of over 100 metres so incorporating
these processes into rail manufacture would be
impractical and costly. The maximum shear stress,
which is a primary driver of RCF, occurs below the
surface of the material in most cases. Therefore,

traditional surface coatings are not sufficiently thick to
prevent damage caused by this sub-surface shear stress.
In recent research [5-8], laser cladding technology was
shown to be an alternative way to improve the durability
of rail both in terms of wear and RCF [7, 8]. Laser
cladding technology can deposit a wide range of
beneficial materials onto a certain area or an entire
existing rail surface. Instead of rolling the entire rail
section with costly premium material, laser cladding
allows the deposition of the premium material onto the
surface of a standard or cheaper structural base steel.
Tests performed in [7, 8] show significantly enhanced
performance and durability of rail which had been laser
clad. In addition, rail not only consists of straight track,
but is also made up of other rail constructed components
such as switches and crossings (S&C), insulated block
joints (IBJs), check rails and tight radius curves. The
related maintenance costs of these components are much
greater than that of straight track [9, 10]. The laser
cladding process offers the possibility to locally treat
those components where they are more prone to
damage, leading to new enhanced components with
potentially reduced overall lifetime costs. Laser cladding
offers the opportunity of altering certain surfaces of
components and constructions to meet each individual
requirement.

As mentioned above, resistance to wear and RCF play
two vital roles in the maintenance of a rail network.
Anti-wear characteristics are related to the hardness and
microstructure of the material, which can be improved
with laser cladding technology. For example, Guo et al.
[11] investigated the microstructure and tribological
properties of a Ni-based coating after laser cladding
with Tungsten carbide Nickel (WC—Ni) particles, and
they found that the hardness of the conventional alloy
coatings is greatly improved due to the formation of a
new hard WC phase. Guo et al. [12] proved that the
wear rate was dramatically reduced after investigating
the microstructure of the laser cladding layer (Co-based
alloy) on the rail-wheel or rail surface. Wang et al. [13]
investigated the effect of the amount of lanthanum oxide
(Fe-based alloy), in a laser cladding deposit and they
achieved a more refined microstructure, which had a
greater RCF resistance without sacrificing the surface
hardness. Research on laser cladding has not only been
performed at a scaled model test. Lewis et al. [14]
conducted a series of full-scale tests on a rail that had
been laser clad with a layer of high performance
material. In these tests it was shown that the clad rails



not only had decreased wear rates, but also improved
fatigue resistance over standard rail.

It can be seen that wear and RCF resistance of laser clad
coatings is becoming an important research issue and
the current state of the art focuses on characterising the
wear and RCF resistance over a wide range of laser clad
materials, such as in [11-13, 15-18].

In contrast to the previous laser cladding research, there
is little work in investigating the contribution of the
substrate material. When the head of a rail is clad with
premium material the requirements of the substrate
become purely structural and it becomes shielded from
damage at the rail surface. Moreover, the migration of
peak sub-surface shear stress towards the rail surface
under high rail-wheel traction conditions places this
particularly damaging stress into the harder clad layer,
rather than the more vulnerable bulk material. This is
especially beneficial as cyclic shear stress combined
with compressive wheel load is responsible for rail
plastic damage accumulation and crack initiation by the
ratchetting mechanism. As such, the work described in
this paper was intended to investigate the usage of
different substrate materials, namely R200 and R260,
using the same cladding material. This also provides an
insight into how the substrate affects the properties of
the cladding layer, dilution zone and overall rail
durability.

2. Method and Materials

2.1. Experimental apparatus
The wear experiments were carried out using the
Sheffield University ROlling Sliding (SUROS) twin-
disc test machine [19]. Fig. 1 shows a schematic of the
SUROS rig and typical discs used. This machine uses a
line contact between twin-disc specimens to simulate the
normal load and rolling-sliding behaviour at the
wheel/rail interface. Two discs with diameters of 47 +
0.2 mm serve as a rail disc (upper specimen) and a
wheel disc (lower specimen). These discs are powered
and controlled by an AC motor and a Colchester lathe.
The difference of speed of wheel and rail discs is used to
control the creep. The slip ratio is defined in Eq. 1,
where w and r are the rotational speed and rolling radius
of the discs, respectively. The load is applied to the
wheel disc by a hydraulic piston and load cell.
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Figure 1 SUROS machine and samples.

2.2. Specimens

2.2.1. Sample materials
All the wheel and the rail discs’ materials were
manufactured from actual wheel and rail. The wheel
discs were made from R8 wheel steel, with the
properties shown in Table 1.

Table 1 RS Steel grades specified by EN.

Carbon
Steel content Hardness

Region | Specification

grade | o/ 4\ mass) | (HB)

Europe EN 13262 ER 8 < 0.56 258-296

For the rail substrates, two materials were chosen for
comparison, R260 and R200, with the properties shown
in Table. 2.

Table 2 R200 and R260 Steel grades specified by EN.

Carbon
Steel content Hardness

Region | Specification

grade | o/ 4y mass) | (HB)

R 200 0.4-0.6 200-240

Europe | EN 13674-1

R 260 0.62-0.8 260-300

The R260 grade material, as the current standard rail
material widely used in UK and some other countries in
Europe, was chosen to provide representative results for
comparison. While the other lower grade steel substrate
R200 is still widely used throughout Europe. R200 has
some properties which potentially make it an ideal
substrate candidate for laser cladding, for instance:

e lower carbon content than R260 (0.4-0.6%
compared to 0.62-0.8%) and hence a lower bulk
hardness of 200 HB minimum as compared to
roughly 260 HB minimum for R260 grade.

e casier machinability, better weld-ability, and
lower rates of foot failure [20].

Both rail substrates (R200 and R260) were machined to
cylinders with a diameter of 46 + 0.2 mm, clad and
then machined into discs.

2.2.2. Laser cladding
In this study, one-step laser cladding by powder
injection was employed to clad the rail cylinder
specimens. A grade of martensitic stainless steel (MSS),
which was found to be less susceptible to ratchetting due
to its high hardness and shear yield strength in previous
tribological tests [16], was deposited onto the two
different grades of rail material. Fig. 2(a) shows a
schematic of this cladding process, where the high
energy laser beam is focused on and scanned across the
curved surface of the rail substrate. As the MSS powder
passes through the laser it is melted and fuses with the
melt pool on the surface of the substrate material. The
shaft rotates under the laser to allow a single track of
clad to be deposited on the surface. Individual tracks are
then overlapped side-by-side to cover the shaft surface.
As the laser passes the substrate will start to cool at a
rapid rate. This high rate of cooling is due to the greater



volume of substrate which is at a lower temperature than
the freshly laid deposit. This heating and rapid cooling
of the substrate causes changes in its microstructure
throughout a certain depth of the bulk, which is called
the heat affected zone (HAZ).

Fig. 2 (b) gives an example of the shafts covered by
cladding tracks. It should be noted that all the machining
parameters including the MSS powder feeding rate, the
laser power and the rotating speed of the shaft were all
optimized to achieve a poreless clad layer with
outstanding mechanical properties, as well as a
satisfactory bonding between the substrate and deposit.

—— Cladding powder jet
Substrate

Laser beam

Dilution zone
— Heat affect zone
Cladding overlay —
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Figure 2 Laser cladding (a) laser cladding scheme (b) laser clad
cylinders prior to finish grinding.

Once cooled the clad layer was ground back to give a
smooth surface finish which was suitable for testing.
The single layer of MSS material had a mean post-
grinding thickness of 1.10 mm. The ground cylinders
were then sectioned and machined into SUROS rail
specimens with dimensions as shown in Fig. 3. The
wheel discs were not clad as the focus of this work was
the cladding of rails only.
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Figure 3 Cladded rail disc parameters.

2.2.3. Micro-hardness & Microstructure analysis
For the microhardness mapping and microstructure
analysis, the discs were sectioned, mounted in
conductive Bakelite base and polished down to a 1um
Ra finish for the micro-hardness and microstructural
analysis. Pre-test micro-hardness measurements were
taken with un-tested discs. These results were generated
after cladding, but prior to any load application, so did

not capture any strain hardening under load. Vickers
micro-hardness measurements were taken using a load
of 1.00 kg and dwell time of 10 seconds. The
indentation process started from the cladding edge
towards the centre of the specimen, and the edge was
defined as the zero position, see Fig.4.

Cladded layer

Dilution zone Heat affect zone

Base material

Figure 4 Hardness mapping direction and location.

Fig. 5 shows results of microhardness case
measurements for the R200 and R260 rail material clad
with a single layer of MSS material. As shown in Fig. 5,
the hardness of the MSS clad layer ranges from 530HV
to 630HV. It can also be seen that the increase of the
hardness of the substrate material leads to a
corresponding increase in the hardness of the MSS
deposit. This will be caused by mixing of the deposit
material with the softer or harder substrate during the
fusion stage of the cladding process. However, prior to
the measurements it was not expected that this mixing
effect would extend into the entirety of the clad layer or
have such a marked effect.

The material in the “dilution” zone, where the clad
material mixed with the base material, has a hardness
value between that of the cladded layer and the base
material. While in the HAZ, where the base material’s
microstructure is changed during the heating and
cooling process, the hardness reduced gradually towards
the boundary with the base material.

____Dilution zene

Heat affect zone
Base material

~=-MMS on 260_1 —MMS on 260_2 =MMS on 250_3 ~-R260 =——MMS on 200_1 -=MMS on 200_2 -~ R200

Figure 5 Hardness mapping for untested samples.

The microstructure images are shown in Fig. 6 and Fig.
7. These heat affect zones were classified according to
the term system of Farichild [21]. The overview images
were taken using an optical microscope (CARLZEISS
axio imager a2m, Zeiss Gottingen, Germany), and the
backscattered electron (BSE) SEM analyse on the HAZ
was conducted by using a SEM (Hitachi TM-3030
Tabletop Scanning Electron Microscope, Tokyo, Japan).
All the polished specimens for microscope and SEM
analysis were etched with 2% Nital solution to expose
the grain boundaries.
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Figure 6 Microstructure of HAZ in untested MSS on R260 (2% Nital
etched): (al), (a2) are for the Dilution zone. (bl), (b2) are for the
Coarse-grain. (cl), (c2) are for the Fine-grain zone. (d1), (d2) are for
the Inter-critical zone. (el), (e2) are for the Sub-critical zone. (f1), (f2)
are for the Base material.

Sub-critical HAZ

Bulk material

Figure 7 Microstructure of HAZ in untested MSS on R200 (2% Nital
etched): (al), (a2) are for the Dilution zone. (b1), (b2) are for the
Coarse-grain. (cl), (c2) are for the Fine-grain zone. (d1), (d2) are for
the Inter-critical zone. (el), (e2) are for the Sub-critical zone. (f1), (f2)
are for the Base material.



While for the cladded layers, the 2% Nital acid solution
could not expose any grain boundaries, therefore a more
corrosive solution, 4.76% Nitric, 47.62% hydrochloric
and 47.62% water, was used to reveal their
microstructure, and the results are shown in Fig. 8 and
Fig. 9 for MSS on R260 and MSS on R200,
respectively. It should be note that these tiny pores were
caused by the strong etchant, as none of them can be
observed from the 2% Nital etched samples shown in
Fig. 6 and Fig. 7.

Clad edge Dilution

30 um 30 pm
Figure 8 Microstructure of clad zone in untested MSS on R260
(4.76% Nitric, 47.62% hydrochloric and 47.62% water etched): (al),
(a2) are for the clad edge. (b1), (b2) are for the dilution zone.

Clad edge Dilution

30 um 30 pum

Figure 9 Microstructure of clad zone in untested MSS on R200
(4.76% Nitric, 47.62% hydrochloric and 47.62% water etched): (al),
(a2) are for the clad edge. (b1), (b2) are for the dilution zone.

2.3. Tribological testing
Testing was conducted using the SUROS twin-disc
testing machine shown in Fig. 1, taking the 47mm
diameter wheel and rail discs and loading them to
produce a small-scale contact capturing the key
elements of combined rolling-sliding behaviour
characteristic of a rail-wheel contact. With a line contact
length in the lateral dimension of wheel/rail rollers of 10
mm, contact load of 7.14 kN which gives a maximum

Hertzian contact pressure of 1500 MPa was used with a
rail disc rotational speed of 400 rpm and creep of 1%
representing a driving wheel condition. Wear tests were
conducted under dry conditions. During the wear testing
the tests were stopped every 5,000 cycles so that the
evolution of the wear rate could be measured. These are
standard wear settings for SUROS testing [19].

Material loss was measured in the tests with
microstructural analysis. Microhardness measurements
of the specimens was carried out before and after testing
to investigate what effect the substrate grade had on the
performance of the clad MSS deposit. Comparisons
were also made to baseline measurements for R200 and
R260.

3. Results and discussion

3.1. Wear results
Figure. 10 shows the evolution of the wear rates of the
rail and wheel discs. All tests depicted in this section
were conducted under dry contact condition with a
maximum Hertzian contact pressure of 1500 MPa and
1% creep. These results were also compared with tests
done under identical conditions in [8].

Tests were conducted with the MSS R260 and MSS
R200 samples with compressed air jet spraying on
samples for temperature control. The results have been
compared with the results from Lewis et al. [8], in
which tests were done with cooling air. With the cooling
air, the contact temperature between discs were kept at
37 £ 1°C during the whole test.

)

Figure 10 Wear rate evolution of (a) the rail discs and (b) with the
number of test cycles for the R200 clad with MSS and R260 clad with
MSS. The chart includes data from [8] with various material deposited
onto R260 material. All tests were performed under identical
conditions. 1L indicates 1 layer and 2L indicates a 2-layer sample. All
samples tested in the work reported in this paper were made with 1
layer.

From Fig. 10 (a), it can be seen that the MSS on R200
and MSS on R260 rail discs wore at similar rates and
had similar performance to an R260 disc clad with



Stellite 12 tested in [8]. As Stellite 12 was seen to be the
second best performer of all the deposit materials tested
in [8]. It is encouraging that an MSS clad layer on a
lower grade of rail steel is still giving a good
improvement in wear resistance over the R260 baseline.
Even though, as Figure 5 demonstrates, its hardness post
cladding, but before load application, was affected.
Mechanisms for this will only be revealed, however,
once the tested samples are sectioned and case hardness
measurements performed. Interestingly the post-test
surface hardness of the MSS 1L tested in [8] was
766HV compared to 630 HV for the MSS clad on R260
sample tested here (see Figure 5). This indicates that it
could be inferred that a significant degree of work
hardening may have occurred during the tests performed
in this research. It must also be noted though that the 1
layer samples tested in this work wore more severely
than the 1 layer MSS sample tested in [8]. There are a
few potential explanations for this: a) that the powder
and hence the eventual deposited MSS was from a
different batch for the tests reporting in this paper as
compared to the samples in [8]. Also in this work whole
cylinders of R200 and R260 material were clad and then
manufactured into SUROS samples. In [8] the SUROS
samples were first machined and then individually clad.
This latter approach caused issues with heat dissipation
during the cladding process and very high cooling rates
of the clad were observed.

Table. 3 summarises the wear rate of all the rail
specimens shown in Figure 10 averaged over the whole
30,000 cycle test period. The average for the MSS clad
on 200 is distorted by the wear rate at 25,000 cycles.
Otherwise it is only slightly above MSS on R260. In
Table. 3 any wear rate which was in excess of either the
Reference (R260 Grade) wheel or rail, i.e. 100% or
greater, has been highlighted red. Any wear rate which
is less than the reference is highlighted green indicating
good wear performance. Wear rates which are less than
50% of the reference case are highlighted light green
indicating superior wear performance.

It should be noted that the wear rates of the tests in [8]
were slightly higher (both wheel and rail around 20%)
than the current tests, when comparing the results of
reference R260 tests. It can be seen from Table. 3 that
all of the clad rail discs tested are in the good/ superior
wear category. The MSS on R260 rail discs have shown
superior wear resistance, which gave a 65%-73% wear
rate reduction. Even the MSS on R200 rail discs have
presented a 40% wear rate reduction compared to the
standard R260 samples. At the same time, the wear rate
of corresponding wheel discs also fell within the good
wear category.

Table 3 Averaged wear rates of rail specimens over the entire 30,000
cycles (Data from similar tests performed in [8] included for
comparison).

Wear Rate Wear Rate
Percentage of Ref
rg/cycle R260
Clad w R w R
Ref R260 10.88 7.84 100% 100%
Ref R260 [8] 13.14 9.64
MSS R200 597 4.62
MSS R260 9.49 2.11
MSS_1L R260 [8] 8.96 1.04
MSS 2L R260 [8] 12.65 2.63
Stellite12 1L R260 [8] 7.72 4

3.2. Traction
Table 4 shows average traction results for each of the
different claddings compared to an unclad reference
R260 grade rail disc.

Table 4 Traction coefficient comparison with results from [8].

Ref MSS_ | MSS_ | Stellite
Ref Rze60 MSS | MSS 1L 2L 12 1L
R260 R200 | R260 | R260 | R260 | R260

(81 [8] [8] [8]

0.37 0.39 0.36 0.38 0.395 0.385 0.405

It can be observed that the cladded samples had a
similar traction coefficient with the ref R260 samples,
which suggests the cladded layer does not influence the
traction properties of rail.

3.3. Topography measurements
All surfaces were examined using the optical (non-
contact) Alicona Infinite-Focus SL profilometer
(Alicona Imagine GmbH, Raaba, Austria) after 30000
cycles, producing high-resolution images and 3D
surface profiles measurements with a vertical resolution
of up to 10 nm.

Table 5 Traction coefficient comparison with results from [8].

Ref 260 without MSS cladding on MSS cladding on
cladding R260 R200

Ra: 6.0614um Ra: 0.6450um Ra: 0.7464um
Rq: 18.6459um Rq: 0.8080um Rq:0.9542um
Rz:71.4973um Rz: 3.4856um Rz:4.1182um

As can be seen from Table. 5, both MSS on R260 and
MSS on R200 specimens have shown a smooth surface
finish after tests, with a surface roughness R, <
0.75pum. This indicates that only mild wear occurred
during tests, and these smooth surfaces show no sign of
flake formation characteristic of a significant depth of
material reaching the ductility exhaustion strain at which
large flakes would form. In contract, on the reference
R260 rail disc it can be observed that the top layer of
material was peeling up from the surfaces, and the
surface roughness was 10 times higher than that of the
cladded specimens. This suggests that strain in the
surface has accumulated (i.e. by a ratchetting
mechanism) to the point of ductility exhaustion at which




it loses integrity and breaks away from the main body of
the steel.

3.4. Sub-surfaces inspection

After the surface topography measurements, tested rail
specimens were then sectioned and examined for: micro
hardness and micro- structural changes. Fig. 11 gives a
comparison of the hardness pier and after the test. It
should be noted that these hardness values were
gathered from different specimens, but all were taken
from the same parent material.

As can be seen from Fig. 11 (a), the outside layer of
material has worked hardened after testing, and a
hardness of around 480 HV was achieved near the top
surface of the tested specimen. While for the cladded
rail specimens, the work-hardened effects were not as
marked as for the reference R260 sample as shown in
Fig. 11 (b) and Fig. 11 (c).

(HV)

Un-clad, un tested R260

|
v

Un-clad, un tested R260

Hardnes:

Un-clad, un tested R200

(©
Figure 11 Microhardness case depth measurements for the (a) tested
reference R260 sample (b) MSS clad on R260 and (c) MSS clad on
R200 with the straight line representing the mean microhardness of
standard un-clad, un-tested rail material. All measurements were
performed with a load of 1kg.

The sub-section of samples was also examined under
SEM to check the plastic deformation depth caused by
testing. According to measurements judged by visually
observation, see Fig. 12 (a), the R260 samples had a
plastic deformation depth of approximately 400 um
while the clad rail samples only had 10 — 20 um. As
shown in Fig. 12 (b), only a very thin layer of the MSS

clad layer shows material flow, and no cracks could be
observed within this deformation layer, i.e. the material
had not reached its ratchetting strain ductility exhaustion
strain. The rest of the clad layer had the same structure
as the untested samples shown in Fig.7 and Fig. 8. The
low amount of plastic deformation in the clad rail
specimens also explains why no cracks were seen in all
of the clad rail specimens.

(@

30 um

30 um
(c) (d)

Figure 12 (a) plastic deformation depth comparison and clad edge’s
microstructure deformation of tested samples: (b) is the Reference
R260 sample without cladding. (c) and (d) are the clad edge of MSS
on R260 and MSS on R200 samples, respectively. All samples were
tested under 1500 MPa contact pressure, and 1% slip ratio with
cooling air.

4. Conclusions
Twin-disc tests have been performed on both R200 and
R260 rail after being laser clad with a single layer of
MSS material. It has been shown that:

e MSS can be successfully deposited on a R200
grade of rail material which is softer than
previously the used R260.

e A sample with the softer R200 substrate material
also showed a corresponding reduction in the
hardness of the clad layer relative to the R260
substrate. Additional tests are needed to isolate
the cause, which may be due to mixing of the
softer/harder substrate material with the clad
layer, but could also be influenced by the
different thermal route taken in preparing the
samples.

e The hardness differential between the clad R200
and R260 is reflected in the wear rates between
the two samples with the R200 clad sample
giving a higher wear rate.

e Despite differences between clads on R200 and
R260 both samples wore below 5ug/cycle. This
represents a wear rate of 50% or less relative to
the reference R260 sample without cladding.



Although cladding on a lesser grade of rail does have an
effect on the hardness and wear performance of the clad
layer, the resulting wear performance of the clad layer
assessed using the twin disc approach is still improved,
with the wear rate reduced to 0.59 times of the R260
material alone. R260 material alone. In addition, the
minimum plastic deformation depth and the smooth
surface finish after tests indicates the clad rail specimen
are also beneficial for wear rate reduction of the
untreated wheel.

Acknowledgments

The authors would like to acknowledge ESPRC and Rail
Safety and Standards Board (RSSB) who provided equal
joint funding to support this work (Project no.
EP/M023044/1).

References

[1] R. Lewis and U. Olofsson, "Mapping rail wear
regimes and transitions," Wear, vol. 257, no. 7, pp.
721-729,2004/10/01/ 2004.

[2] G. Donzella, M. Faccoli, A. Ghidini, A. Mazzu, and
R. Roberti, "The competitive role of wear and RCF
in a rail steel," Engineering Fracture Mechanics,
vol. 72, no. 2, pp. 287-308, 2005/01/01/ 2005.

[3] I. Guideline, "Definitive guidelines on the use of
different rail grades," Deliverable report D, vol. 4,
2006.

[4] W.J. Wang, J. Guo, Q. Y. Liu, M. H. Zhu, and Z.
R. Zhou, "Study on relationship between oblique
fatigue crack and rail wear in curve track and
prevention," Wear, vol. 267, no. 1, pp. 540-544,
2009/06/15/ 2009.

[5] S. Niederhauser and B. Karlsson, "Fatigue
behaviour of Co—Cr laser cladded steel plates for
railway applications," Wear, vol. 258, no. 7, pp.
1156-1164, 2005/03/01/ 2005.

[6] W. J. Wang, J. Guo, Q. Y. Liu, and M. H. Zhu,
"Effect of laser quenching on wear and damage of
heavy-haul wheel/rail materials," Proceedings of
the Institution of Mechanical Engineers, Part J:
Journal of Engineering Tribology, vol. 228, no. 1,
pp. 114-122,2014/01/01 2013.

[7] W. J. Wang, J. Hu, J. Guo, Q. Y. Liu, and M. H.
Zhu, "Effect of laser cladding on wear and damage
behaviors of heavy-haul wheel/rail materials,"
Wear, vol. 311, no. 1, pp. 130-136, 2014/03/15/
2014.

[8] S. R. Lewis et al., "Improving rail wear and RCF
performance using laser cladding," Wear, vol. 366-
367, pp. 268-278, 2016/11/15/ 2016.

[9] S. Jalili Hassankiadeh, "Failure analysis of railway
switches and crossings for the purpose of
preventive maintenance," ed, 2011.

[I0]W.-J. Zwanenburg, "Modelling degradation
processes of switches & crossings for maintenance

& renewal planning on the Swiss railway network,"
2009.

[11]C. Guo et al.,, "Effects of WC-Ni content on
microstructure and wear resistance of laser cladding
Ni-based alloys coating," Surface and Coatings
Technology, vol. 206, no. 8, pp. 2064-2071,
2012/01/15/2012.

[12]H.-m. Guo, Q. Wang, W.-j. Wang, J. Guo, Q.-y.
Liu, and M.-h. Zhu, "Investigation on wear and
damage performance of laser cladding Co-based
alloy on single wheel or rail material," Wear, vol.
328-329, pp. 329-337, 2015/04/15/ 2015.

[13]W. J. Wang, Z. K. Fu, X. Cao, J. Guo, Q. Y. Liu,
and M. H. Zhu, "The role of lanthanum oxide on
wear and contact fatigue damage resistance of laser
cladding Fe-based alloy coating under oil
lubrication condition," Tribology International, vol.
94, pp. 470-478, 2016/02/01/ 2016.

[14]S. R. Lewis et al., "Full-scale testing of laser clad
railway track; Case study — Testing for wear, bend
fatigue and insulated block joint lipping integrity,"
Wear, vol. 376-377, pp. 1930-1937, 2017/04/15/
2017.

[15]Z. K. Fu, H. H. Ding, W. J. Wang, Q. Y. Liu, J.
Guo, and M. H. Zhu, "Investigation on
microstructure and wear characteristic of laser
cladding Fe-based alloy on wheel/rail materials,"
Wear, vol. 330-331, pp. 592-599, 2015/05/01/ 2015.

[16]S. R. Lewis, R. Lewis, and D. I. Fletcher,
"Assessment of laser cladding as an option for
repairing/enhancing rails," Wear, vol. 330-331, pp.
581-591,2015/05/01/ 2015.

[17]J.-M.  Chen, C. Guo, and J.-S. Zhou,
"Microstructure and tribological properties of laser
cladding Fe-based coating on pure Ti substrate,"
Transactions of Nonferrous Metals Society of
China, vol. 22, no. 9, pp. 2171-2178, 2012/09/01/
2012.

[18]P. Beaty, B. Temple, M. B. Marshall, and R. Lewis,
"Experimental modelling of lipping in insulated rail
joints and investigation of rail head material
improvements," Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit, vol. 230, no. 4, pp. 1375-1387,
2016/05/01 2015.

[19]D. Fletcher and J. Beynon, "Development of a
Machine for Closely Controlled Rolling Contact
Fatigue and Wear Testing," 2000.

[20]1B. Dahl, B. Mogard, B. Gretoft, and B. Ulander,
"Repair of rails on-site by welding," Swedish
National Rail, SE-781, vol. 85, 1995.

[21]D. Farichild, N. Bangaru, J. Koo, P. Harrison, and
A. Ozekcein, "A study concerning intercritical HAZ
microstructure and toughness in HSLA steels,"
Welding Journal, vol. 70, no. 12, pp. 321. s-329. s,
1991.



	First part
	CM-proceedings-front2
	02 ISBN page
	03 preface
	04 pc
	05 toc

	06 Proceedings CM2018
	Proceedings CM2018
	001 paper_30
	002 paper_10
	003 paper_110
	004 paper_158
	005 paper_130
	006 paper_154
	007 paper_18
	008 paper_160
	009 paper_83
	010 paper_66
	011 paper_74
	012 paper_48
	013 paper_132
	014 paper_51
	015 paper_208
	016 paper_72
	017 paper_19
	Abstract: In view of the excessive contact stress and severe wear of rail in the switch panel of turnout, a method of backward designing the rail profile by the curvature radius of the rail is proposed. At the same time, the target profile of rail gri...
	Keywords: profile optimization; contact stress; wheel-rail contact; rail grinding; switch panel;
	Introduction
	Algorithm description
	Design example
	Conclusions
	References

	018 paper_47
	019 paper_146
	020 paper_111
	021 paper_102
	022 paper_116
	023 paper_75
	024 paper_218
	025 paper_91
	026 paper_178
	027 paper_27
	028 paper_105
	029 paper_99
	030 invited_paper_1
	031 paper_166
	032 paper_200
	033 paper_187
	034 paper_12
	Abstract: Periodic out-of-round or polygonised wheels were detected on a fleet of high adhesion locomotives operating within South Africa. The polygonised wheels increased the vertical load spectrum of the locomotive resulting in accelerated component...
	Keywords: Polygonisation; out-of-round; periodic wear; torsional vibration; self-excited vibration; forced vibration; harmonics; interharmonics.
	1. Introduction
	2. Background
	3. Adhesion characteristics
	4. On-track tests
	5. Tractive effort and adhesion capability
	6. Torsional vibration excitation mechanisms
	6.1. Self-excited stick-slip vibration
	6.1.1. Simplified bogie simulation
	6.1.2. Experimental results
	6.1.3. Speed-frequency response
	6.1.4. Slip velocity influence
	6.1.5. Wave-fixing

	6.2. Torsional vibration caused by AC motors
	6.2.1. Forced excitation by harmonics
	6.2.2. Forced excitation by interharmonics
	6.2.3.  Wave fixing


	7. Polygonisation growth
	8. Conclusions
	References

	035 paper_106
	Keywords: polygonal wear; metro; iterative long-term wear; polygonal order; polygonal depth; resonance
	1. Introduction
	2. Simulation method for polygonal wear of railway wheel
	2.1. Assumptions and general scheme for polygonal wear model
	2.2. Wheel wear model
	2.3. Smoothing of the wear depth curve
	2.4. Example of simulation of polygonal wear
	3.  Effect of simulation parameter setting and calculation error analysis
	3.1. Simulation steps
	3.2. Curve fitting methods
	3.3. Wear profile updating condition
	4. Case study: Polygonal wheel of a metro vehicle
	4.1. Brief introduction for the metro vehicle
	4.2. Dynamic performance of vehicle and resonance speed identification
	4.3. Polygonal wear for the metro vehicle
	4.4. Solution to eliminate polygonal wheel
	5. New strategies for investigating wheel polygonization
	6. Future work
	7. Conclusions
	References

	036 paper_37
	037 paper_163
	038 paper_191
	039 paper_168
	040 paper_201
	041 paper_203
	042 paper_167
	043 paper_26
	044 paper_104
	045 paper_211
	046 paper_34
	047 paper_199
	048 paper_133
	049 paper_196
	050 paper_86
	051 paper_69
	052 paper_20
	053 paper_21
	054 paper_156
	055 paper_170
	056 paper_28
	057 paper_148
	058 paper_89
	059 paper_207
	060 paper_173
	061 paper_70
	062 paper_153
	063 paper_181
	064 paper_120
	065 paper_209
	066 paper_140
	067 paper_92
	068 paper_175
	069 paper_155
	070 paper_212
	Keywords: Contact geometry; wheel OOR; ,P-2. force; Modal analysis;
	1. Introduction
	2. Experimental investigation into the problem
	3. Origin of the resonance frequency
	4. Conclusions
	Acknowledgments
	References

	071 paper_87
	072 paper_94
	073 paper_135
	074 paper_221
	Abstract: This work aims to improve the understanding of the wear behaviour in grease-lubricated axle roller bearings. Wear debris were extracted from grease samples and then examined by using scanning electron microscopy (SEM) and energy dispersive X...
	Keywords: Axle roller bearing, EDX, SEM, wear debris analysis
	1. Introduction
	Rail axle bearings are a critical component of railway vehicles when considering operational life and transportation safety issues.  Damage and/or failure of a bearing due to solid contamination in the lubricating system may adversely affect the opera...
	Different wear mechanisms generated different wear debris with different sizes, shapes and surface morphologies. Wear debris carried into the lubrication system resulting in contamination, is a major factor contributing to the shortening of rolling el...
	For rail axle bearings, much attention was paid to investigating the bearing damage and/or failure modes caused predominantly by rolling contact fatigue (RCF). The characterization of RCF was accomplished by analysing the roughness and microstructure ...
	Unlike other lubricated systems, mentioned above (i.e. gearboxes, jet engines etc.) limited work has been done for the axle roller bearings. Among these studies, solid particles with known sizes and chemical compositions were introduced into experimen...
	To date, the formation of wear debris generated by the mild wear process in rail axle bearings has yet to be fully investigated and there is a lack of research to adequately describe the features of wear debris. Therefore, the aim of this study was to...
	2. Materials and Methods
	Spherical roller bearings were originally lubricated with mineral oil based, lithium soap grease (Shell S2 traction motor bearing grease, Australia). The bearing raceways and rollers are made of 100Cr6 steel. The cages are made of high carbon chrome b...
	2.1. Isolation of Wear Debris

	The procedure employed to isolate wear debris from each grease sample is as follows: 1:10 ratio of the grease sample to n-hexane. The mixture was stirred for 1 minute at 35  C, cleaned ultrasonically for 3 minutes and left to settle. The solvent was c...
	2.2. SEM/EDX

	Wear debris analysis was carried out by a  SEM (JEOL JSM 6610, Tokyo, Japan) equipped with EDX and the images of wear debris were taken in a ranging  magnification from 500× to 18000× depending on the size of wear particles. Samples were imaged and an...
	3. Results
	A total of 1500 wear debris over 20 grease samples were collected and examined in this work. The variation of the morphology of wear debris is due to the complexity of the wear motions occurring inside the bearings. Seven types of wear debris were suc...
	Overall, spherical, laminar, chunk and microspall wear debris were frequently observed in the early life bearings. Severe sliding wear debris were absent and less than 1% fibre particles of examined debris were present in the early life bearings. The ...
	Table 3 summarise the possible origin of wear debris collected in this study. Wear debris, with chemical compositions similar to 100Cr6 steel, were identified as being generated predominately in the contact regions between rollers and raceways and/or ...
	Overall, the majority of examined debris were naturally generated in the bearings (Table 3). Approximately 2% and 7% of examined debris came from the cage coating materials in the medium and heavily used field bearings, respectively. In this work, the...
	3.1. Morphological Characterization of internal wear debris

	Scanning electron micrographs showed differences in surface morphology of the internal wear debris (Figure 1 - Figure 7). Typical cutting wear particles, shown in Figure 1, can be easily differentiated from other types due to the shape. Cutting wear p...
	Two types of spherical debris were differentiated according to surface morphology. In the early life bearings, spherical particles were found to have dendritic patterns (Figure 2a, Figure 2b and Figure 2c) and/or hollow shell structure (Figure 2d). Br...
	Compared to early life bearing, the spherical debris found in the medium used and heavily used bearings have a relatively smoothly surface (Figure 3) with the dendritic pattern becoming less obvious or disappearing entirely. The particles were typical...
	Sheet-like laminar particles were common for all bearing conditions examined. The predominant feature of the debris is a thin and flat surface as exhibited in Figure 4. Small holes (Figure 4a), crack-like features and a thin metal tongue structure (Fi...
	The chunk particle, as shown in Figure 5, was another commonly observed debris in the bearings. In comparison with the laminar wear particles, chunk particles found in the field bearings were thick and have rough surfaces. The sizes of chunk particles...
	Figure 6 shows microspall wear particles consisting of flat platelets. Generally, they are about 1 µm or less in thickness and tend to be agglomerated and compacted with other types of particles. Generally, the size of the wear particles found in all ...
	3.2. Morphological Characterization of external debris

	The morphologies of sands debris include a regular shape (Figure 9a), perfect spherical shape with smooth surface (Figure 9b) and a multilayer structure (Figure 9c). Similar with the airborne mineral dusts, they can primarily be observed in the heavil...
	Sand and airborne dusts are the most abundant foreign particles found in the medium and heavily used field bearings. EDX spectra show the airborne mineral particles were predominately carbonated compounds (Figure 12a) and aluminosilicates (Figure 12b).
	4. Discussion
	SEM images clearly demonstrated the differences in the morphologies of wear debris generated internally and externally. Overall, the metallic wear particles generated due to wear occurring in the bearings exhibited more complicated surface textures, s...
	5. Conclusions
	This work has improved the understanding of the wear behavior in rail/wheel bearings, by examining the wear debris collected from the grease-lubricated axle roller bearings with various operational distances. SEM micrographs indicate that the formatio...
	Acknowledgments
	The authors greatly appreciate the financial support from the Rail Manufacturing Cooperative Research Centre (funded jointly by participating rail organisations and the Australian Federal Government’s Business Cooperative Research Centres Program) thr...
	References

	075 paper_198
	076 paper_101
	077 paper_96
	078 paper_36
	079 paper_134
	080 paper_81
	081 paper_176
	Abstract: This paper presents a study comparing the wear performance of laser clad rails. A grade of martensitic stainless steel (MSS) was deposited on two substrate materials: The Europe standard rail steel R260, and a lower grade rail steel R200. A ...
	Keywords: laser cladding, wheel/rail contact, wear, microstructure, twin-disc testing.
	1. Introduction and Background
	2. Method and Materials
	2.1. Experimental apparatus
	2.2. Specimens
	2.3. Tribological testing
	3. Results and discussion
	3.1. Wear results
	3.2. Traction
	3.3. Topography measurements
	3.4. Sub-surfaces inspection
	4. Conclusions
	Acknowledgments
	References

	082 paper_125
	Abstract: To quantify the extent to which different parameters influence the creation of multiple squats in practice, a systematic analysis of more than 1,000 multiple squat findings from DB Netz AG inspection runs between 2014 and 2017 was carried ou...
	Keywords: rails, rolling contact fatigue, squats, material behaviour, white etching layers, wheel-rail interface, rail grinding.
	1. Introduction
	2. Data sources
	3. Results
	4. Discussion
	5. Outlook

	083 paper_121
	084 paper_113
	085 paper_49
	086 paper_23
	087 paper_180
	088 paper_185
	089 paper_4
	Abstract: A 3D FEA is carried out to investigate stress and strain conditions of joint bars of insulated rail joints considering vertical wheel/rail cyclic impact loadings. The Australian Standard design is used to model the insulated rail joints and ...
	Keywords: Rail joints, Joint bars; Wheel/rail contact conditions; Stress analysis; FE method; Fatigue life; Joint bar failures.
	1. Introduction
	2. Theory
	3. Finite element modelling
	4. Results and discussion
	5. Conclusions
	Acknowledgments
	References

	090 paper_131
	091 paper_192
	092 paper_172
	093 paper_6
	094 paper_67
	095 paper_122
	096 paper_84
	097 paper_213
	098 paper_147
	099 paper_217
	100 paper_195
	101 paper_126
	102 paper_50
	103 paper_157
	104 paper_63
	105 paper_57
	106 paper_55
	107 paper_215
	108 paper_171
	109 paper_165
	110 paper_197
	111 paper_188
	112 invited_paper_2
	113 paper_142
	114 paper_32
	115 paper_24
	116 paper_107
	Abstract: Model validations are essential for the development of simulation programs. Several wheel/rail (W/R) related benchmarking exercises have been conducted since 1999 to assess the suitability of various software packages for simulation of vehic...
	Keywords: Wheel-rail contact model; model validation; contact geometry; creep force; transient to steady state rolling; test.
	1. Introduction
	2. Full-scale W/R contact tests
	3. Modeling and test results comparison
	3.2. Quasi static W/R contact tests
	3.3. Transient W/R contact tests
	4. Conclusions
	Acknowledgments
	References

	117 paper_119
	118 paper_40
	119 paper_159
	120 paper_95
	121 paper_169
	Keywords: Hypereutectoid rail, rolling contact fatigue, site inspection, heavy haul, HP335, plastic flow
	1 Introduction
	2 Site background
	3 In-service behaviour
	3.1 Arrivals
	3.1.1 Low Rail
	3.1.2 High Rail


	4 Discussion
	5 Conclusions
	Acknowledgments
	References

	122 paper_71
	123 paper_204
	124 invited_paper_4
	125 paper_15
	126 paper_41
	127 paper_109
	Abstract: Combined with the optimal control theory, wheel rail creep theory and Kalman filtering method, this paper established a wheel-rail contact force identification model. Firstly, the identification problem was converted into the design issues u...
	Derailment coefficient and wheel lift can both be identified by Identification Model above. Using a comprehensive evaluation index based on the derailment coefficient and the vertical displacement of wheel, the safety of the rail-vehicle system is eva...
	Keywords: Optimal Control Theory; Kalman Method; Wheel/rail Creep Theory; Holographic Identification Model.
	1. Introduction
	2. WHEEL/RAIL CONTACT FORCE IDENTIFICATION MODEL
	3. SAFETY EVALUATION FOR TRACK-VEHICLE SYSTEM BASED ON IDENTIFICATION MODEL
	4. CONCLUSIONS
	Acknowledgments
	References

	128 paper_82
	Abstract: To investigate the rail damage due to wheel-rail dynamic interactions, a new method is introduced which uses a parallel co-simulation technique to link a detailed in-house track model developed by using FORTRAN code with a detailed rail vehi...
	Keywords: Rail vehicle-track interaction; wheel-rail contact performance; rail damage modelling; parallel co-simulation.
	1. Introduction
	2. Rail damages due to wheel-rail dynamic interactions
	6. Conclusions
	Acknowledgments
	References

	129 paper_112
	130 paper_137
	131 paper_61
	132 paper_16
	133 paper_85
	134 paper_151
	135 paper_108
	136 paper_124
	137 paper_127
	138 paper_141
	Abstract: Field tests were carried out for a commuter train in revenue service equipped with cast iron and organic composite brake blocks. Temperatures for wheel tread, wheel web and brake blocks and wear of wheel treads and brake blocks were recorded...
	Keywords: tread braking, field experiments, calibration, thermocouples, temperatures, frictional heating, finite element simulations
	1. Introduction
	2. Field tests
	3. Simulation model and calibration
	4. Results
	5. Conclusions
	Acknowledgements
	References

	139 paper_143
	140 paper_5
	Abstract:In order to control the initiation and development of rail wear and rolling contact fatigue damage, and improve dynamic performance of bogies in curves by means of rail grinding, this paper presents an optimized design method for rail profile...
	Keywords: Rail grinding; Rail side-wear; Rolling contact fatigue; Profile optimization; Vehicle dynamics, Rolling radius difference; Field test.
	Introduction
	Methods and Issues Related to Optimization of Wheel/Rail Profiles
	Description of Computing Method
	Design Process
	Case Study of Profile Design
	Field Tests
	Conclusions
	This Paper introduces a rail profile design method for grinding of rails at curves and this method is based on actual wheel/rail profile measurements and optimization functions of rolling radius difference. Specific computing method and computer simul...
	References
	Eric E.Magel, Joseph Kalousek: The application of contact mechanics to profile design and rail grinding,Wear, 2002, vol.253(1-2) 308-316.
	WANG Junping, SHAN Liankun and DING Junjun: Analysis on method of personalized rail profile grinding, Railway Engineering, 2015, vol(11)131-133.

	141 paper_93
	142 paper_65
	143 paper_56
	144 paper_139
	145 paper_38
	146 paper_39
	147 paper_58
	148 paper_31
	150 paper_189
	151 paper_219
	Abstract:This paper adopted GPM-30 type rolling co
	Keywords:functional adhesion coefficient; creepage
	1.Introduction
	2.Experimental scheme
	2.2.Experimental parameters
	2.2.1.Normal load
	2.2.2.Specimen Size 
	2.2.3.Other parameters
	3.Experimental results and analysis
	3.1. adhesion coefficients - creepages characteris-ti
	3.2.adhesion coefficients - creepages characteris-tic
	4.Model optimization
	4.1.The Function fitting by CFTool
	4.2.The Function fitting by BP Neural Network
	5.Conclusion 
	Acknowledgments
	References

	152 paper_52
	153 paper_8
	154 paper_77
	155 paper_128
	156 paper_186
	157 invited_paper_3
	158 paper_35
	159 paper_11
	160 paper_90
	161 paper_25
	162 paper_100
	163 paper_149
	164 paper_97
	165 paper_115
	166 paper_13

	Wu_Wen_CM2018

	07 author_keyword_index

