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ARTICLE INFO ABSTRACT

Keywords: In this study, the effect of WC coating on the tribological performance of R260 rail steel was investigated by
WC coating roller-on-plate wear tests and potentiodynamic polarisation corrosion tests carried out in dry and pure water
Railway steel environments. The High-Velocity Oxygen-Fuel (HVOF) method was used for the coating process. The tests were
‘(Il\i)er?";sion conducted with a weight of 40 N and a sliding speed of 0.03 m/s. An Ag/AgCl reference electrode was also used

for corrosion tests in a 3.5 % NaCl solution. To produce cyclic polarisation curves, the experiments were carried
out at a scan rate of 1 mV/s within a potential range of +0.25 V. The effect of WC coating on the wear per-
formance of rail steels was analysed quantitatively with the friction coefficient and volume loss parameters and
visually with SEM and 2D-3D topography images. The effect of the coating on the corrosion performance was
evaluated numerically with the corrosion potential, corrosion current intensity, and corrosion rate values, as well
as elementally and visually with SEM and EDX images. Wear test results showed that the wear volume in WC-
coated rail steels decreased by 43.07 % and 46.94 % compared to uncoated rail steels in dry and wet condi-
tions. Corrosion test results showed that the corrosion rate of WC-coated rail steels was lower compared to

uncoated rail steels, and the corrosive effect spread to a smaller area.

1. Introduction

Sustainability in transportation can be achieved by optimising eco-
nomic and safety parameters [1,2]. To achieve the combination of
maximum safety and minimum cost, the service life and operating
performance of system components must be increased [3,4]. In recent
years, technological developments in railway transportation have
increased the demand for increased load/passenger capacities (axle
load) and high speeds [3,5-7]. Due to increasing axle load and speed,
the stresses at the wheel-rail interface increase and cause deformation of
system components. Due to deformation, operating performance, safety
and passenger comfort are negatively affected. Considering the prob-
lems mentioned, deformation formation must be minimised in order to
increase system performance and safety. The most common de-
formations occurring on rails in railway transportation are caused by
wear, fatigue and corrosion due to wheel-rail contact [3,8-12].

Considering the mechanical properties of existing rail steels, the
weldability and fatigue strength of pearlitic rail steels have increased
their preferability compared to others [13,14]. In addition, pearlitic rail
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steels are widely used due to their ability to provide the optimum
combination of strength and toughness [6,13]. Chromium-manganese-
based rail steels are special rail steels developed for high wear and
corrosion resistance [15,16]. For this reason, chromium-manganese-
based pearlitic microstructured R260 rail steel was determined as the
reference rail in this study [17-19]. R260 rail steels have high wear
resistance due to the hard cementite in their microstructure [20].
However, the spheroidization of cementite lamellar due to local heat
formation in the internal structure of pearlitic rail steels reduces the
material’s wear resistance [21]. Especially in repeated accelerations,
sliding motion during skidding, braking and skidding in curve and
switch regions increases friction [3,21]. Thermal loads resulting from
increased heat caused by friction cause plastic deformation. Corrugation
and damage defects occur on the rail surface due to plastic deformations
[22]. These defects cause noise in the short term and reduce passenger
comfort while shortening the service life of the rail in the long term [23].
It is known that the rail life, which is 20-25 years on straight sections of
the railway line, decreases to 2-3 years on curves due to deformations
caused by wear [24,25]. One of the important factors affecting the
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service life of rails is corrosion-induced deformations [10]. Macroscopic
pits form on the rails due to heavy axle loads in contact with rain and
snow water [26]. In addition, the presence of NaCl in railways close to
the sea and the acidic environment (H2SO4) occurring in tunnels due to
atmospheric changes increase corrosion and negatively affect the me-
chanical properties of pearlitic rail steels [8]. For this reason, wear and
corrosion defects occurring on the rail surface should be minimised.

According to literature studies, it has been determined that different
surface treatments increase the wear and corrosion resistance of rail
steel [14,27,31-33]. It has been proven that hardness and tensile
strength are increased without affecting the material’s toughness by
rapidly cooling the rail mushroom and that wear can be reduced with
appropriate surface treatments in small radius curves [3,7]. However, it
is important to obtain optimum hardness in rail steel in these surface
treatments. Otherwise, the increase in microhardness on the rail
mushroom surface causes martensitic transformation, increasing the
material’s brittleness and reducing the wear resistance [17]. In addition,
corrugation may occur in the case of heat-treated rails, which may cause
wavy wear [34,35]. When studies examining the corrosion behaviour of
rail steel are evaluated, it has been observed that microstructure change
affects corrosion resistance, and the pearlitic structure increases corro-
sion resistance [33,36]. However, it is observed that pitting and
microcrack deformations due to corrosion occur in rail steel under
rainwater and heavy load conditions [30,37]. If these deformations are
not maintained, repaired or replaced, the safety of the line decreases,
and this causes serious accidents. Due to the disadvantages of heat
treatment methods, coating is preferred as an alternative [38,39].

In current literature studies, it has been determined that the wear
and corrosion resistance of rail steels coated with the laser method in-
creases [40-42]. In existing studies, mostly cobalt-based Stellite and
steel materials were used as coating material, and the experiments were
carried out only in dry conditions [34,43,44]. Rail steels are exposed to
rain and snow water as well as dry conditions. However, few studies
investigate the wear and corrosion behaviours of coated rail steels in wet
conditions.

The original value of this study is the increase of the wear and
corrosion resistance of rail steels exposed to atmospheric effects with the
WC coating process. This study is especially important for minimising
catastrophic wear occurring on rails used in switches and curves. Within
the scope of the study, uncoated and WC-coated pearlitic structured
R260 rail steels were subjected to roll-on-plate wear tests in dry and pure
water environments, 40 N load and 50 rpm speed parameters for the
analysis of wear behaviour. It is important to carry out wear tests in a
rolling friction environment in order to simulate operating conditions.
The results were evaluated by comparing the friction coefficient and
wear volume values. A test was performed to analyse the corrosion
behaviour occurring in a pure water environment, and a Tafel graph was
obtained. 3D topography images and surface roughness values obtained
from worn surfaces were analysed for surface morphology analysis.
Additionally, SEM, EDX and XRD images obtained from worn and
corroded surfaces were examined.

2. Material and experimental method
2.1. Material

R260-type rail steel was used in the experiments, and its chemical
composition is shown in Table 1. R260 rail steel was preferred in the

study because it is the most widely used rail material today and exhibits
superior tribological performance compared to other rail steels [17,43].

International Journal of Refractory Metals and Hard Materials 130 (2025) 107163

R260 rail steel is a chrome-manganese-based steel with a pearlitic
structure and high wear and corrosion resistance [6]. The spheroidiza-
tion of the cementite phase in the pearlitic structure under the effect of
heat reduces the wear resistance of the rail [21]. For this reason, within
the scope of the study, the wear resistance of R260 rail steel was tried to
be increased with WC-Co coating. It was anticipated that the obtained
results would also be a reference for other rail steels. Wear tests were
carried out in the rail-head area of the samples (Fig. 1). Before the
coating process and wear tests, the sample surfaces were cleaned using
200-400-800-1000 numbered sandpapers to remove the oxide layer on
the surface.

Wear samples were prepared in dimensions of 40 mm x 10 mm x 10
mm. To increase the tribological performance of R260 rail steel, the
head area of the rail was coated with tungsten carbide material. Tung-
sten carbide is widely used, especially in industrial applications subject
to sliding wear, because it increases the hardness of the materials as well
as the wear and corrosion resistance [45,46]. With technological de-
velopments, the increase in passenger/load capacity and travel speed in
railway transportation increases the possibility of deformation of the rail
material [3,5-7]. WC material was preferred due to its high mechanical
and tribological properties. Cobalt (Co) was used as the binder material
to ensure sufficient adhesion between WC and rail steel [47,48]. Cobalt
can interact well with the carbides of Group 6 elements and provide high
wettability and solubility performance on the surface [49]. Thanks to
the ductile Co reinforced to the WC material, a coating layer with high
fracture toughness, hardness and corrosion resistance is formed on the
surface [47,50-53]. The reinforced Co ratio was determined as 12 %
considering the literature [48,54] studies and industrial applications
[47,48,55-57]. WC-Co coating process with a thickness of 160+40 pm
was applied to the surface of the rail steel with a hardness value of 261
HV by the high-speed oxide-fuel (HVOF) coating method. The fact that
the HVOF method is performed under high-impact speed and low-
temperature conditions reduces decarburisation compared to other
thermal spraying methods [45,53,55,56,58,59]. Low-cost applications
and the absence of adverse ecological effects are important factors that
increase its use in industrial applications [60]. The HVOF method was
preferred in the present study, considering tribological-mechanical
performance and economic-environmental factors. The HVOF process
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Fig. 1. R260 type rail steel (Studio photograph).

Table 1

Chemical composition of R260 rail steel.
Element C Mn Si Cr Mo S P Fe
Weight % 0.74 1.25 0.35 0.12 0.035 0.018 0.015 Balance
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was carried out using a Metco Diamond Jet 2700 type gun with the
parameters of 10 bar oxygen pressure, 90 °C substrate temperature, 350
mm spraying distance and 30 g/min powder feeding rate. The micro-
hardness values of the samples were measured with the Bruker UMT
Universal hardness tester; the values obtained are given in Table 2. The
hardness values were calculated by taking the average after six
measurements.

2.2. Experimental method

Roller-on-plate type tribometer was used in the experiments. The
experimental parameters and photographs of the wear test device are
shown in Table 3 and Fig. 2. In the roller-on-plate system, the abrasive
ball was left free to make a rolling motion, and the rail-wheel friction
was attempted to be simulated [28]. In the wear tests of uncoated and
WC-coated rails, 6 mm diameter spherical 100Cr6 (AISI 52100) with a
hardness of ~700 HV was used as the abrasive material. Wear tests were
carried out for 16,667 cycles (1000 m) at 40 N load and 0.03 m/s speed
parameters. The load and speed parameters were determined using the
literature data and preliminary experiments [32,61-63]. The experi-
ments were conducted in a pure water environment to simulate dry and
atmospheric conditions. The ambient temperature where the experi-
ment was carried out and the pure water temperature were ~ 23 °C. In
the measurements made during the experiments, it was determined that
the ambient and water temperatures showed negligible changes. The
volume of pure water in which the experiments were carried out was
300 ml.

SEM imaging, elemental analysis (EDX) and microhardness mea-
surement methods were used to characterise the coated samples. Linear
method and mapping method were used in the EDX analysis. A dyna-
mometer with +0.1 N sensitivity was used to measure the coefficient of
friction. The friction forces (axial force) measured with the dynamom-
eter were divided by the load acting on the material to obtain the kinetic
friction coefficient values. The friction coefficient was obtained every
0.14 m along the 1000 m wear path and graphed. Approximately 7000
friction coefficient values were calculated, and the arithmetic average of
these values was considered. SEM (CARL ZEISS GEMINI FESEM), EDX
and 3D topography (Phase View Optical Profilometer) imaging methods
were used for surface morphology analysis. For the quantitative analysis
of the deformations occurring on the surface, the width (a) and depth (b)
values of the wear scar were determined from the wear profile images
obtained with the 2D profilometer and the stroke distance (c) was
measured with the help of a calliper (Fig. 3). Using the obtained width,
depth and stroke distance values, wear volume values were calculated
with the help of the equation given in Eq.1.

V= g.a.b.c (€D)

Uncoated and WC-coated samples were subjected to a potentiody-
namic polarisation (Tafel method) test to analyse the effect of WC
coating on corrosion resistance. Corrosion potential and corrosion cur-
rent density can be determined easily and quickly with the Tafel method,
and reliable results can be obtained even at low corrosion rates [64]. For
this reason, the Tafel method was preferred in the present study. Tests
were carried out using a 3.5 % NaCl solution and at room temperature
using the Parstat 4000 model electrochemical impedance spectroscopy.
Ag/AgCl, platinum, and three-electrode cells were used as reference
electrodes, counter electrodes, and working electrodes, respectively.
Polarisation curves were obtained with cyclic measurements applied at

Table 2
Hardness values of samples.

Type of Sample Hardness (Vickers)

263 + 2 HV
1270 £ 11 HV

Uncoated Sample
WC-Co Coated Sample
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Table 3

Corrosion test results.
Specimen Teorr (A/cm?) CR (mm / year) Ecorr (V)
Uncoated Railway Steel 1.48 x 10°° 0.017 —0.441
WC Coated Railway Steel 4.21 x 1077 0.005 —0.613

1 mV/s scanning speed and + 0.25 V potential range. Corrosion po-
tential and corrosion current density values were determined with the
help of curves in “semi-logarithmic current density-potential” graphs
created as a result of measurements (Tafel extrapolation method).

3. Results and discussion

The results were investigated in two stages: metallurgical and
tribological characterisation of WC-Co coated rails. In metallurgical
characterisation, hardness measurement and SEM, XRD, and EDX (line
and mapping) images were analysed. To investigate the effect of WC-Co
coating on corrosion behaviour, Tafel polarisation curves obtained by
the potentiodynamic method were examined, and the corrosion effect
on the surface was analysed by SEM images. In tribological characteri-
sation, friction coefficient values obtained during wear tests and volume
loss values after wear were examined, and surface morphology was
investigated by SEM and 3D topography images.

3.1. Characterisation of WC coating layer

Carbide-based coatings are of interest in improving the surface
properties of engineering materials. Interstitial solid solutions formed
due to the ~0.071 nm atomic radius of carbon can increase the tribo-
logical performance of materials exposed to wear with their high
hardness properties [65]. Homogeneous coating thicknesses can also be
obtained depending on the stability of the coating process. The cross-
sectional view of WC-12 %Co material coated with HVOF on R260 rail
steel is given in Fig. 4. Fig. 4.a shows the pearlitic microstructure, and
Fig. 5.b shows an average 165 pm WC coated section on the pearlitic
structure. It is seen that the coating forms a wavy surface due to its high
thickness. Similar forms have been observed in the literature on WC-
coated surfaces [66]. It can be said that a wavy form is formed on the
surface depending on the spraying speed of the HVOF method. The high
spraying speed in the HVOF method creates a shot-peening effect and
makes the surface wavy. However, the fine-grained structure formation
seen in shot peening processes was not observed in the internal struc-
ture. No microstructure change occurred due to the short duration of the
HVOF process and the formation of a WC layer on the surface during the
process. According to the SEM image, it was determined that there were
minimal cracks, voids and tear defects in the coating layer. Considering
the thickness of the coating layer, it can be claimed that the defects
formed were negligible. Fig. 4.b shows homogeneously distributed WC
particles in a 12 % cobalt matrix. It is understood from the elemental
mapping image that despite the high tendency of WC particles to clump,
a homogeneous distribution was achieved thanks to the cobalt binder.

The EDX analyses performed for the analysis of coating quality are
given in Fig. 5. In Fig. 5.a, an intense carbon peak originating from the
oxide layer is observed on the surface of the uncoated sample. It is
observed that the carbon distribution on the rail material surface be-
comes homogeneous after the coating process. It can be said that the
oxide layer is dispersed due to the pressure and temperature in the
coating process and the decarburization effect [55]. The dominant ele-
ments (C, W, Co) seen in Fig. 5.b are distributed homogeneously
throughout the coating layer. Depending on this situation, it can be
claimed that the coating is of sufficient quality in terms of spectral. In
addition to the elemental homogeneity of the coating, the bond it forms
with the base material is also important. It is seen in the XRD graph in
Fig. 6 that the Fe3W3C alloy is formed depending on the solid-state so-
lution formed with the base material. It can be claimed that a stable
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Fig. 3. An example of a wear profile was obtained with the 2D profilometer.

bond formation occurs thanks to the cubic crystal lattice structure of the
alloy. The formation of the WC and W,C peaks seen in Fig. 6 is an ex-
pected situation for tungsten-coated alloys.

In the coating images given in Fig. 4 and Fig. 5, it is seen that there is
no colour change or tone difference for WC and W2C. However, ac-
cording to the microhardness graph given in Fig. 7, it is observed that
the W5C layer (hardness between 1250 HV and 819 HV) is formed on the
surface of the material first, and then the WC layer, which reaches an
average hardness value of 750 HV, is formed. While the average hard-
ness value for W»C is 1052 HV, the average hardness value for WC is 752
HV. The deviation value in the measurements is around 2 %. While no
change is observed in the hardness value along the WC layer, the
hardness value in the WC layer decreased due to decarburisation. It can
be said that there is variability in the hardness layer depending on the
oxidation rate and HVOF parameters. Another remarkable situation in
the hardness graph is that the transition zone occurs at a distance of
~50 pm. The hardness value decreased from 750 HV to 340 HV in this
region. This trend can be evaluated as problematic in terms of coating
strength. Thanks to the fast drop, stress concentrations may occur due to
hardness changes during the material’s force flow, and the coating

layer’s service life will be adversely affected. However, it can be claimed
that thanks to the diffusion-enhancing effect of HVOF process parame-
ters, the problems that may occur in terms of the transition zone will be
minimised.

3.2. Tribological performance of the WC layer under dry and pure water
conditions

For tribological performance analysis, firstly the friction coefficient
data were examined (Fig. 8). The variation of friction coefficients
showed a consistent fluctuation for all conditions. The arithmetic
average of the values in the variation graph was taken into account.
According to Fig. 8, the friction coefficient of the uncoated rail sample in
a pure water environment decreased by 23 % compared to the dry
environment. This situation can be explained by the film layer formed by
pure water in the roughness region of the wear interface. With the effect
of the film layer, the compressive and shear stresses formed during
friction decreased, and the friction coefficient decreased. The values
obtained in the water environment are important for analysing the effect
of the coating. It was determined that the friction coefficient values of
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Fig. 4. (a) Pearlitic rail steel microstructure image (b) Cross-sectional image of WC coating on pearlitic rail steel.

the WC-coated sample in a dry environment and the uncoated sample in
a pure water environment were the same. This situation shows that the
~750 HV hardness increase created a liquid film layer effect. The fact
that the hardness increased from 260 HV to an average value of 1000 HV
with the coating provided a 23 % decrease in the friction coefficient. The
decrease in the friction coefficient shows that the WC coating is effective
and applicable for reducing the amount of friction on the rails. Ac-
cording to Fig. 8, the friction coefficient value of the coated sample in
pure water conditions decreased by 34.78 % compared to the uncoated
sample, and the friction coefficient value of the coated sample in dry
environment conditions decreased by 30.43 % compared to the un-
coated sample. The coating process significantly reduced the friction
coefficient.

The decrease in the coefficient of friction as a result of WC coating is
not significant in terms of the adhesion between the rail and the wheel.
The adhesion value, which expresses the ability of the wheel to hold
onto the rail, is expected to decrease with the decrease in the coefficient
of friction [67]. For this reason, WC coating cannot be applied along the

rail line due to technical and economic requirements. However, WC
coating can be used where sliding friction occurs on the rail instead of
rolling friction. Especially in switch transitions and curves, catastrophic
deformations can occur due to the intense sliding friction [68]. Reducing
the coefficient of friction with WC coating in these areas is important in
terms of minimising deformations.

WC coating has a hexagonal close-packed structure (hcp), while rail
steel has a body-centred cubic (bcc) crystal lattice structure [69,70].
Most engineering materials that can form qualified alloys have HCP and
BCC crystal structures. Especially under pressure and temperature, i.e. in
environments where high energy input is made to the material, the bond
formation between hcp and bce structures accelerates [71]. It can be
claimed that the bond strength between the coating and the rail steel
will increase due to the increased pressure and temperature between the
rail and the wheel as a result of the continuous contact of the train with
the railway line. In WC-coated areas where sliding friction occurs,
increasing temperature and pressure can increase the bond strength of
the WC coating and provide an additional contribution to the wear
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Fig. 6. XRD graphic image of WC-coated samples.

resistance. In this way, the secondary wear periods of engineering ma-
terials will increase. In areas where rail deformation is intense, reducing
the friction coefficient with WC coating and extending the secondary
wear period of the coating due to the energy input during the train
passage is meaningful in terms of increasing the service life of the rail.

However, the coating thickness will decrease in the long term due to the
deformations formed on the coating surface.

The roughness images obtained with the 2D profilometer for the
wear volume analysis are given in Fig. 9. According to Fig. 9, the wear
volume value of the coated sample in pure water conditions decreased
by 46.94 % compared to the uncoated sample. In dry environment
conditions, the wear volume value of the coated sample decreased by
43.07 % compared to the uncoated sample. The coating process signif-
icantly reduced the wear volume. While a distinct wear pit formation
was observed in the uncoated samples, it was observed that no distinct
wear marks were formed in the WC coated samples. However, it was
determined that the wear mark depth in the coated samples progressed
up to 15 pm in dry and pure water environments (Fig. 9.c and Fig. 9.d).
Considering the average coating thickness of ~150 pm, it is seen that a
10 % wear depth was formed. It can be claimed that due to the excessive
hardness on the surface of the coated samples, deformation occurred in
the form of brittle fracture, and the depth reached 15 pm due to crack
propagation. It can be assumed that the high hardness values created by
WoC started after this depth and crack propagation stopped (Fig. 7).

On the other hand, the wear widths in the coated samples were at a
minimum level compared to the uncoated samples. This shows that the
abrasive ball could penetrate the coating superficially. However, as
mentioned above, the capillary cracks formed under pressure on the
hard layer progressed deep into the material under repeated load. This
effect is negligible when the total coating thickness is taken into account.
The regular wear forms on the uncoated samples suggest that the rolling
sphere deformed the rail material in an abrasive form (Fig. 9.a and
Fig. 9.b). The observed form is expected when the rail hardness (260
HV) is compared with the hardness of the abrasive ball (505 HV). The
roughnesses formed on the wear profile line in Fig. 9.b can be expressed
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as the points where the water film is interrupted under the effect of
pressure (Semi-liquid friction state). According to Fig. 9.c and d, the
wear mechanism formed in the coated samples can be defined as rapid
fatigue wear. The cracks formed under repeated load progressed very
quickly depending on the hardness. Although this situation seems like a
catastrophic deformation, no problems occurred in terms of the reli-
ability of the coating thanks to the crack propagation-stopping mecha-
nisms in the lower layer.

The SEM images obtained for the analysis of wear mechanisms are
given in Fig. 10. Fig. 10 shows the wear track widths of the coated and
uncoated samples. The contact points between the abrasive ball and the
rail material have decreased thanks to the tribofilm layer formed by the
water. In the SEM image of the uncoated sample given in Fig. 10.a, it is
seen that an aggressive abrasive wear mechanism has formed. In addi-
tion to the relative motion between the 100Cr6 ball and the rail steel, the
stress acting on the rail steel creates the shear fracture (mode II)
mechanism, which causes plastic deformation on the material’s surface.
The increase in stress due to the continuity of relative motion causes the
atomic planes in the rail steel to shift and the interatomic bonds to break.
This reduces the fracture toughness of the material, creating cata-
strophic wear deformations in the uncoated sample. While a regular
friction track formation was observed in the centre of the deformation
area, irregular formations were observed in the edge regions of the track.
These irregular formations can be explained by the adhesive and
ploughing effects created by the particles breaking away from the centre
region. It can be claimed that more than one wear mechanism is effec-
tive due to excessive entropy in the dry friction environment. Still, the
wear is predominantly abrasive due to the stable boundaries in the
centre track. In Fig. 10.b, it is seen that a more superficial abrasive wear
mechanism has formed compared to the dry environment (Fig. 10.a) due
to the liquid film effect. In the images of WC-coated samples given in
Figs. 10.c and 10.d, flaking mechanisms occur on the surface. Flaking
wear is frequently observed in rail wheel systems due to fatigue [72,73].
The capillary cracks formed by the effect of tangential and radial forces
on the rail surface widen due to repeated load and are effective in the
formation of the flaking mechanism [1]. However, it is seen that the
flaking formed in Fig. 10.c is more superficial compared to the flaking
images in the literature. The increase in the hardness of the material by
the WC coating reduces the elastic strain energy acting on the material
and the formation of cracked surfaces. This ensures that the deformation

level is superficial on WC-coated surfaces compared to uncoated sur-
faces. In addition, the metallurgical properties of the coating layer are
also of great importance in terms of wear resistance. It is seen in the SEM
images given in Fig. 4 that the void and crack defects formed in the
coating obtained with the HVOF method are at a minimum level. The
minimum discontinuities in the coating layer and the low W,C brittle
phase ratio (Fig. 6) increased the strength of the coating. Since the in-
crease in hardness formed by the effect of WC coating makes plastic
deformation difficult, flaking has decreased. This situation shows that
the service life of WC-coated rails will increase. According to the image
in Fig. 10.d, the flaking defect has increased in the WC-coated rail
sample under pure water. Although the wear scar width has decreased
due to the effect of the fluid, the flaking has become apparent due to the
formation of a semi-liquid film layer. The excessive pressure formed at
the points where the film layer was torn has caused the formation of
welds, and therefore, the surface colour tone has darkened. Tangential
forces acting on micron-sized weld points caused the weld to break and
more flaking defects to occur. However, the fact that the wear scar width
is small and the flaking occurs in a superficial form indicates that the
film layer has a protective effect.

Fig. 11 shows the topography images obtained from the wearing
surfaces. Topography images were considered to verify the results ob-
tained from the friction coefficient, volume loss and SEM images. The Ra
and Sa values in Fig. 11 are consistent with the other analysis parame-
ters. The fact that Ra and Sa were obtained in numerically small values
(< 0.4 pm) indicates that abrasive mechanism-based deformation has
occurred between the abrasive ball and the rail material. In Fig. 11, red
regions represent peak points, blue regions represent valley points, and
yellow and green regions indicate minimum surface roughness. The
morphology of Fig. 11.a shows that the rail steel is subjected to intense
deformation under sliding friction. According to the SEM images, the red
regions confirm the claimed adhesion and ploughing mechanisms.
Again, the aggressive abrasion image determined by SEM images is
noticeable in the midline of the figure. The morphology of the uncoated
rail steel under pure water shows the existence of the abrasive wear
mechanism in planar form (Fig. 11.b). Fig. 11.c shows that the rough
surface form is formed due to dry wear conditions. According to the SEM
images, the claimed flaking mechanisms are not clearly seen in the 3D
topography images. However, the lack of red and blue tones shows that
the WC coating increases the wear resistance and reduces material loss.
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Fig. 8. Friction coefficient values under different test conditions.

In Fig. 11.d, it is seen that minimum deformation occurs on the surface
of the WC-coated rail steel under pure water conditions. Thanks to the
hardness of the coating and the liquid film layer, the surface appears
planar with green and yellow tones. It can be claimed that the discon-
tinuity of the liquid film layer causes the fluctuations on the surface. The
high temperature and adhesion problems in the areas where the fluid
film is torn have caused micron-level fluctuations on the surface.

Rails are exposed to massive loads due to operating conditions and
operate in environments open to the atmosphere. Massive loads acting
on rails create variable stresses in axial and radial directions (Fig. 12).
While these stresses do not create aggressive deformations due to rolling
friction in linear railway lines, they cause serious shear stresses and
deformations, especially in curves and switch transitions. For this
reason, it is noteworthy to provide protection with coating in sections
where catastrophic wear defects occur.

With the average hardness values of 1200 HV obtained on the rails
with WC coating, the coefficient of friction and mass loss values have

decreased, and the surface morphology has improved. The results are to
increase the service life of the rails. The value of 1200 HV is accepted as
glassy hardness. In railways, it is desired that the rail and wheel hard-
nesses are close in order to minimise wheel wear. For this reason,
applying WC coating to the entire rails is not meaningful in terms of
technical and operating conditions. It has been determined that WC
coating is an important solution in areas where catastrophic wear is
seen. The fact that the coating thickness can be made at 150 pm is also
valuable in terms of the long service life of the coating. The fact that the
WC coating has a bee structure in stoichiometric conditions has provided
a high amount of diffusion to the rail steel in the pearlitic structure.
Generally, the fact that hard coatings have a complex lattice structure
(orthorhombic, tetragonal, rhombohedra) creates problems in terms of
material compatibility, and there are problems in terms of application
method and binding element reinforcement. In the WC coating process,
only the Co element is used as a binder. The Co element is an important
steel alloy element and ensures that the transition area between the
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Fig. 12. Loads acting on railway steel during transportation.

coating and the rail steel is formed to prevent stress concentration.
The preference of the HVOF method in the coating process of rail
steels has yielded significant results. It is important that the HVOF
process is carried out at approximately 2500 K values and supersonic
speeds in order to prevent WC particles from oxidising during transfer.
The penetration of oxide particles into the rail is a risk factor in terms of
crack formation and progression in rails exposed to repeated loads.
Although WCis a chemically stable compound, there is a possibility that
the Co element may bond with atmospheric gases. The results obtained
from elemental analyses show that no problem occurs regarding oxide
formation. After the coating layer is formed, the cooling rates of the
material and the coating layer also affect the mechanical and metal-
lurgical properties. It is thought that the coating layer is subjected to

very rapid cooling at room temperature conditions starting from the
outermost surface, while the rail material cools in a controlled manner
depending on the coating layer. It can be claimed that the very hard W»C
layer is formed at this stage due to decarburisation. However, this layer
is formed only on the outer surface and is a few microns thick, and then
the WC layer is formed throughout the coating thickness. Under oper-
ating conditions, the extremely hard W,C layer is expected to deform in
a short time due to low toughness, but the WC layer is expected to
protect the railhead for a long time.

3.3. Corrosion performance of the WC layer under dry and pure water
conditions

In this study, the corrosion behaviour of uncoated and WC-coated
railway steels was analysed through potentiodynamic polarisation
tests. The corrosion resistance of both materials was evaluated and
compared based on the Tafel polarisation curves (Fig. 13). Fig. 13 can be
called a typical polarisation curve according to the literature [74]. The
Tafel polarisation curves are represented by WC-coated rail steel in red
and uncoated rail steel in black. With Tafel curves, important parame-
ters like corrosion potential (Ecorr) and corrosion current density
(Icorr), which are necessary to determine a material’s corrosion resis-
tance, are obtained. The corrosion current density (icorr), corrosion
potential (Ecorr) and corrosion rate values obtained from the polar-
isation graphs are given in Table 3. Low icorr and corrosion rate and
high Ecorr values indicate high corrosion resistance [75]. The WC-
coated railway steel displayed a higher corrosion potential than the
uncoated railway steel. This demonstrates that the WC coating increases
railway steel’s corrosion resistance and is more durable to corrosion
wear. The corrosion current density is directly related to the corrosion
rate. The WC-coated railway steel showed a lower Icorr value, repre-
senting a slower corrosion rate compared to the uncoated railway steel.
This further confirms the improved corrosion resistance due to the WC
coating. The Tafel polarisation curves demonstrate that the WC coating
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Fig. 13. Tafel polarisation curves.

significantly improves the corrosion resistance of rail steel. Uncoated
railway steel has lower corrosion potential and higher corrosion current
density and occurs in faster corrosion wear. In contrast, the WC coating
enhances the corrosion potential and decreases the corrosion current
density, thereby enhancing the railway steel’s resistance to corrosion.
The corrosion mechanism in WC-Co-coated samples occurs with the
active electrochemical reaction at the cobalt matrix-carbide interface
[76]. In the literature, it has been determined that the corrosion resis-
tance increases in WC-12Co coating due to the homogeneous distribu-
tion of carbide particles [77]. In the current study, it can be claimed that
the homogeneous distribution of carbide particles in the coating layer
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(Fig. 4) minimises the cobalt matrix-carbide interface and increases the
corrosion resistance of the coating. These findings emphasise the impact
of WC coatings in developing the corrosion properties of railway steels
by protecting the coating/substrate interface [78]. While the high car-
bide content of rail steels increases corrosion resistance, the resistance
ability is further increased with WC coating [79].

The SEM images obtained as a result of the potentiodynamic test for
the analysis of deformations caused by corrosion are given in Fig. 14. It
is seen that the area exposed to corrosion is wider in the uncoated
sample compared to the WC coated sample. It is stated in the literature
that rail steels with pearlitic structure have high corrosion resistance
compared to rail steels with other microstructures [29]. In the current
study, despite the high corrosion resistance of pearlitic rail steels, dense
oxide layer formation is observed on the material surface under the ef-
fect of NaCl (Fig. 14.b). Although coating layers with low porosity are
obtained on the surface of the WC-coated sample with the HVOF coating
method, it is impossible to prevent porosity formation [48,53]
completely. It is thought that corrosion mechanisms occur only in
porosity areas due to the discontinuity of the coating layer (Fig. 14.d).
The fact that the corrosive effect does not occur in areas other than the
porosity areas or that it occurs superficially can be explained by the
corrosion resistance of the WC coating. Thanks to the coating, the purity
of the material surface is reduced and this increases the corrosion
resistance. It has been stated in the literature that in low-purity mate-
rials, continuity cannot be achieved as a result of the oxide layer
encountering secondary phases [60]. Due to discontinuity, the surface
area exposed to corrosive effects decreases. The oxygen amounts in the
EDX images of coated and uncoated samples also prove the claim that
WC coating reduces oxide layer formation by increasing corrosion
resistance (Fig. 15). Additionally, it can be claimed that crack formation
and propagation mechanisms in the base material can be minimised
with the coating layer [80-82]. It can be claimed that WC coating is as
effective in corrosion resistance as multi-principle element alloys
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Date :19 Apr2021 |
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EHT =10.00 kV

. e Wie... LRSS
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Fig. 14. Corrosion test SEM images (a) uncoated sample in a dry environment (b) uncoated sample in the pure water environment (c) WC coated sample in a dry

environment (d) WC coated sample in the pure water environment.
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Fig. 15. Corrosion test EDX results.

(TiZrHfNb) [83]. Increasing corrosion resistance is important for the
conservation of materials and energy in the national economy [84].

4. Conclusions

In this study, the effect of WC-Co coating on the wear and corrosion
resistance of rail steels was investigated. The results obtained are given
below.

- When the SEM images of the coated surfaces were examined, it was
found that the coating thickness was ~165 pm, and according to the
microhardness measurement results, the hardness values in the re-
gions where WC and W,C phases were formed were ~ 750 HV and ~
1250 HV, respectively.

Thanks to the coating process, the friction coefficient has decreased
by an average of 30 % in both wet and dry conditions. The obtained
value is important in terms of the applicability of WC coating on rails
exposed to wear.

After the WC coating process, the wear volume value decreased by
46.94 % in the wet environment and by 43.07 % in the dry
environment.

According to the Ecorr, icorr and corrosion rate values obtained from
the polarisation graphs, it was determined that the corrosion po-
tential of uncoated samples was lower, and the corrosion rate was
higher compared to the coated samples.
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