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Abstract

Railway components are essential parts of transportation infrastructure,
withstanding complex and dynamic loads during their operational lifespan. This
work aims to improve the wear resistance of railway rails by investigating the
correlation between the microstructure, hardness and tribological behaviour of
R260 pearlitic rail steel. This will be achieved through a twelve-hour plasma
nitriding process at a temperature of 450 °C, using two different N,-H, gas mixtures
(20 vol. % N, + 80 vol. % H, and 80 vol. % N, + 20 vol. % H,). The treated surfaces
were characterised using light optical microscopy, scanning electron microscopy,
X-ray diffraction and microhardness testing. The unlubricated tribological
behaviour of plasma-nitrided steel was investigated in a ball-on-flat tribometer at
room temperature. The 20 and 80 vol. % N, gas mixture led to a biphasic
compound layer of e-Fe, 3N and y'-FesN. As the amount of nitrogen in the gas
mixture increased, the total compound layer, surface roughness and surface
residual compressive stress increased. In the tribological tests, the steel treated
with a nitrogen-rich gas mixture (80 vol. % N,) yielded better results due to the
formation of a thicker compound layer, a deeper case-hardening and higher
compressive residual stress within the nitride layer.

1. Introduction

service conditions require rails with higher
strength and toughness, as well as improved wear

With countries' economies growing, the average
speed of trains and load-carrying requirements
have significantly increased. A great deal of
attention has been drawn to the fact that the
severity of the damage to the rails has increased
together with the increase in the axle load and
speed of the train. In practice, various types of rail
damages, such as rail side wear, rail corrugation,
fatigue cracks and spalling, add to the track
maintenance and replacement cost [1].
Additionally, these maintenance operations disrupt
the train's running schedule. Pearlitic rails' inferior
toughness also causes cracks and damage during
handling, transport and storage. These severe

This work is licensed under a Creative
BY NG Commons Attribution-NonCommercial

4.0 International (CC BY-NC 4.0) license

and fatigue resistance [2]. The relationship
between hardness and resistance to wear and
rolling contact fatigue (RCF) is evident. Higher
hardness steels show improved RCF resistance.
Bainitic steels show reduced wear resistance but
higher RCF resistance [3].

Surface treatments, including rail grinding, laser
cladding, hardening and the application of coatings,
are recognised for enhancing the wear and RCF
characteristics of rail materials. Gas nitriding of the
wheel and rail rollers increases surface hardness to
above 800 HV. Consequently, they exhibit greater
resistance to RCF and wear at the wheel-rail contacts
[4]. Nitriding forms a hard exterior compound layer
on the surface, accompanied by an underlying
diffusion zone. The compound layer consists of y'-
Fes;N and/or e-Fe,3N-type iron nitrides, while the
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diffusion zone comprises a nitrogen-rich solid
solution zone including fine and coherent nitride
precipitates [5]. The compound layer imparts
tribological properties and corrosion resistance,
whereas the diffusion zone determines the fatigue
strength of the nitrided layer. Research indicates
that the e-nitride in the compound layer exhibits
superior wear resistance compared to the y'-nitride
due to its compact structure of densely packed
hexagonal arrangements and elevated nitrogen
concentration [6]. Landgraf et al. [7] investigated the
nitrided zones of high-alloy tool steel X153CrMoV12
at varying temperatures and treatment times. The
study reveals that the distribution of carbides
affects the diffusion of nitrogen and layer growth,
with higher temperatures leading to increased
layer thickness. A new finite element analysis
methodology was developed to map the
heterogeneous nitrogen evolution and distribution.

Dalcin et al. [8] studied the sliding wear of DIN
18MnCrSiMo6-4 continuous cooling bainitic steel
plasma nitrided with nitrogen-rich gas composition.
They found that plasma nitrided samples at 550 °C
showed better wear performance due to a thicker
compound layer and higher diffusion zone. Another
study by Dalcin et al. [9] also examined the impact
of gas mixture on the first damage resistance of
plasma nitrided DIN 18MnCrSiMo6-4 bainitic steel,
finding that increasing nitrogen content led to brittle
behaviour. Dalcin et al. [10] also studied forged gears
using bainitic steel and plasma nitriding treatments.
They found that nitrogen-rich gas composition
increased surface hardness but decreased fracture
toughness, with 24 vol. % N, achieving the best
performance. Contrary to the established beneficial
impact of nitriding in protecting surfaces from
mechanical wear, certain research [11] has
indicated that the brittle e-nitride in the compound
layer accelerates the wear of nitrided steels during
sliding. With regard to the RCF or wear performance
of the nitriding treatment on wheel-rail surfaces,
there has been no report as of yet.

The present investigation aimed to develop
plasma nitriding on selected rail steel (R260). The
plasma nitriding was developed in a gas mixture of
N,:H, at 20:80 and 80:20 (vol. % ratio) at a fixed
time and temperature. After plasma nitriding, the
in-depth characterisation of the untreated and
surface-treated steels was carried out.
Subsequently, tribological tests were carried out
on a reciprocating ball-on-flat method following
the ASTM G133 standard. The current research
work aimed to observe the effect of higher loads

(45 and 60 N) on the dry sliding tribological
behaviour of plasma-nitrided rail steel.

2. Material and methods

Experimental work was carried out on an R260
rail steel, which underwent machining on a lathe
without any further heat treatment. The
mechanically hardened layer was removed using
220 to 2000 grit emery sheets. Grinding reduced
average surface roughness (Ra) to 0.12 um before
surface treatments. Table 1 shows steel's chemical
composition. The rail steel has pearlite (lamellae of
cementite and ferrite) microstructure with a
hardness of 330 HV0.01, as shown in Figure 1. The
rail steel is eutectoid steel because the carbon
content of rail is approximately 0.7 wt. % (Table 1).
All samples were cleaned with acetone in an
ultrasonic cleaner and air-dried before plasma
nitriding to remove oxide from the surface.

Table 1. Chemical composition of rail steel

Element C Mn Cr Mo Fe

wt. % 0.6—-0.8 [0.13-0.6| 0.15 | 0.02 | balance

Figure 1. LOM images of the microstructure of as-
received rail material at: (a) lower magnification and
(b) higher magnification
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The plasma nitriding technique was used under
two distinct circumstances, with conditions shown
in Table 2. The samples were vacuumed until the
process chamber pressure reached 2 Pa before the
nitriding procedure was performed on the
cathode. In order to prepare the surface for
nitriding, it was necessary to introduce hydrogen
gas into the interior until the gas pressure reached
250 Pa. This procedure, known as the "scattering
process", cleaned and roughened the surface. A
treatment temperature of 250 °C was used for 30
minutes of scattering. After this process, samples
were nitrided at a temperature of 450 °C for 12
hours, using a gas mixture consisting of 20 vol. %
N, + 80 vol. % H, and 80 vol. % N, + 20 vol. % H,.
The samples were then slowly placed into a
vacuum chamber and cooled down to room
temperature. The nitrided samples were then cut
into sections, mounted in bakelite, ground,
polished (1 um Al,03) and etched with 2 % Nital (2
vol. % HNO; + 98 vol. % CH5;CH,0H).

Table 2. Plasma nitriding test parameters

Sample Temperature, °C | Time, hours | N;:H,

PN1 20:80
450 12

PN2 80:20

The structural analyses of the cross-sections of
the nitrided surfaces were examined by a Nikon
Eclipse LV150 light optical microscope (LOM) and a
Zeiss Supra 40VP scanning electron microscope
(SEM) equipped with energy-dispersive X-ray
spectrometer (EDX). Phase analyses of the treated
surfaces were made with a Panalytical Empyrean
X-ray diffractometer (XRD) using CuKa radiation in
the 26° range of 30 — 95° at a step of 0.020° and a
scanning speed of 1°/min. The physical properties
of the diffusion layer as a function of depth were
characterised, and the thickness of the diffusion
layer was determined wusing microhardness
measurements. The hardness measurements were
done on the cross-sections of the treated surfaces
using a Vickers microhardness tester (Shimadzu
HVM) with a load of 10 g, according to the ASTM
E92 standard [12]. The average arithmetic mean
deviation (Ra) and root mean square deviation (Rq)
were measured using a contact profilometer
(Mitutoyo Surftest SJ-400) in accordance with ISO
4287 standards [13].

Tribological tests (two repetitions for each
condition) were carried out in the ambient
condition (temperature 20— 25 °C, humidity 40—
50 %) using a custom-made tribometer with a

reciprocating ball-on-flat configuration, according
to the standard ASTM G133 [14]. In this
configuration, an Al,O; ball with a diameter of 10
mm slid forward and backwards against the sample
with a sliding speed of 1.9 cm/s at loads of 15, 30,
45 and 60 N. The test's sliding amplitude (wear
track length) of the reciprocating motion and
overall sliding distance were 11.5 mm and 57.5 m,
respectively. The tester's sensing cell automatically
recorded the coefficient of friction (CoF). A surface
profilometer (Mitutoyo Surftest SJ-400) measured
the width and depth of the wear tracks to calculate
the wear volume of the samples. The wear tracks
were analysed by LOM.

3. Results and discussion

Figures 2 and 3 depict the LOM and SEM cross-
sectional views of the steel treated at a

temperature of 450 °C with gas mixtures (N,:H,) of
20:80 and 80:20, respectively. The research
uncovered a microstructure in the surface layer of
all plasma nitrided samples, consisting of a
compound layer and a diffusion zone that extends

Figure 2. LOM images of the steel treated at a
temperature of 450 °C with: (a) 20 vol. % N, and
(b) 80 vol. % N,
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Figure 3. SEM images of the steel treated at a
temperature of 450 °C with: (a) 20 vol. % N, and
(b) 80 vol. % N,

from the surface to the interior. The LOM and SEM
images do not reveal the diffusion zone. As the
N,:H, gas ratio rises, the thickness of the
compound layer increases (Fig. 4). This is because a
higher amount of N, gas in the N,-H, gas mixture
causes more nitrogen atoms to diffuse into the
surface. The types of chemical reactions occurring
at the surface and the level of nitrogen diffusion
influence the thickness and chemical composition
of this surface layer during the plasma nitriding
process [15]. Lower temperatures, such as 450 °C,
limit the atomic nitrogen diffusion coefficient of a
20:80 gas mixture (N,:H;), in high-carbon steels
like R260. This makes the compound layer and
diffusion zone thinner. The steel treated with 20
vol. % N, has an average compound layer thickness
of 2.58 +£0.2 um, as shown in Figure 4. However,
for steel treated with 80 vol.% N,, this value
noticeably increases by approximately 110 %. The
rise in N, gas amount in steel treated with 80
vol.% N, and its greater stability at lower
temperatures clearly account for this increase.
Figure 5 shows the XRD patterns from the
surface layer of the steel treated at a temperature
of 450 °C with 20 and 80 vol. % N,. The steel
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=
1
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N

Steel treated with 20 vol. % N;  Steel treated with 80 vol. % N,

Figure 4. Compound layer thickness of steel treated
at a temperature of 450 °C with 20 and 80 vol. % N,

treated with 20 vol. % N, has a slightly enhanced
diffraction peak intensity of the y'-Fe,N compared
to that treated with 80 vol. % N,. On the steel
treated with 20 and 80 vol. % N,, Figure 5 also
shows the formation of a biphasic compound layer
(e-Fe,sN and y'-FesN). It is deduced from Figures 4
and 5 that by increasing the N,:H, gas mixture
ratio and keeping the constant time of 12 hours,
the a-Fe peak is eliminated from the XRD pattern
due to an increase in the compound layer
thickness. The incident X-ray cannot detect the a-
Fe because the compound layer thickness is likely
higher than the X-ray penetration depth [6]. These
results show that altering the gas composition in
N,-H, plasma can control the phase structure and
thickness in the compound layer. It should be
noted that the peaks of a-Fe and nitrides are
relatively weak for the gas composition of 20 vol. %
N,, probably due to the limited tendency of the
diffused nitrogen to form the nitride phase at a
lower amount of 20 vol. % N..
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Figure 5. XRD patterns of the untreated R260 and
steel treated at a temperature of 450 °C with 20 and
80 vol. % N,
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Additionally, compared to steel with a gas
composition of 20 vol. % N,, the a-Fe peaks of the
steel with an 80 vol. % N, gas composition were
broader and appeared at lower angles, indicating
a higher dissolution of nitrogen atoms in the
pearlitic matrix. Using Bragg's law (nA = 2dsin0),
where d is the distance between planes, 8 is the
diffraction angle, n is a positive integer and A is
the XRD beam's wavelength, we can figure out
the lattice parameters (a) of the untreated R260
and nitrided steel by using the main a-Fe peak
(i.e. one that falls in the (110) diffraction plane) as
a guide. Calculated average values for the
untreated R260 and steel treated at 450 °C with
20 and 80 vol. % N, were 0.28723, 0.28776 and
0.29338 nm, respectively. Thus, dissolution of
nitrogen atoms in a-Fe during the nitriding
process caused a relative extension in the lattice
parameter (Aa/a) of the matrix of about 0.18 %
for the gas composition of 20 vol. % N, and 2.14 %
for the gas composition of 80 vol. % N,, as
compared to the untreated R260 steel. This
finding indicated the development of a larger
compressive residual stress on the nitrogen-
exposed surface of the steel treated at 450 °C
with 80 vol. % N..

EDX point analysis is performed at different
points in the compound layer and diffusion zone.
The elemental point analysis at the surface level
for the steel nitrided at a temperature of 450 °C
with gas mixtures (N,:H,) of 20:80 and 80:20
are presented as X, Y and Z in Figure 6. The EDX
analysis results marked as X and Y in the
compound layer showed that this layer's outside
and inside parts had different amounts of
nitrogen. This confirmed the presence of two
different types of iron nitride, i.e. e-Fe, 3N and y'-
Fes;N. In the diffusion zone, randomly oriented
elongated light grey precipitates were observed,
which are a common feature of nitrided steels
(Fig. 2). According to the EDX analysis results
marked as Z (Fig. 6b), elongated fine platelets
identified as y'-Fe;N type iron nitrides (Fig. 2b),
rather than randomly oriented long light grey
platelets (Fig. 2a), predominate. Fig. 7 shows the
typical elemental distribution along the layer
depth of steel treated with 20 and 80 vol. % N,.

Cross-section hardness measurements showed
that the steel treated at a temperature of 450 °C
with 20 and 80 vol. % N, had less hardness toward
the substrate (Fig. 8). It has been demonstrated
that the thickness of the nitride layer can be

calculated as the thickness where the hardness
value reaches the substrate hardness increased by
50 HV [16]. Hence, considering this fact, the
thickness of the nitriding layer was found to be
approximately 25 and 41 mm for steel treated at a
temperature of 450 °C with 20 and 80 vol. % N,,
respectively.

Figure 9 shows the roughness values
(parameters Ra and Rqg) measured before and
after plasma nitriding to investigate the
influence of nitrogen gas composition on the
surface topography. A gas composition

containing 80 vol. % N, makes the surface of

Element Fe C N Mn

X, at. % 82.70 9.99 6.52 0.79
Y, at. % 72.02 24.86 3.00 0.10
Z,at. % 81.49

17.59 0.05 0.87

Element Fe C N Mn

X, at. % 81.28 14.13 3.40 1.14
Y, at. % 80.18 18.33 0.28 1.20
Z,at. % 79.59 19.27 - 1.14

Figure 6. SEM images of the steel treated at a
temperature of 450 °C with: (a) 20 vol. % N, and
(b) 80 vol. % N,

148



A. Deveci and H. Mindivan | Tribology and Materials 4 (2025) 144-154

17/ VIV T §/Bi HIRARRY AR AN Y | \
S =N W IV VA Y ww_,‘.w\ W
é Sl (Rl AW “’,“‘V{’v / 'fM/W“
_\] |

Atomic Composition (%)

Figure 7. Elemental profiles in the diffusion zone of
the steel treated at a temperature of 450 °C with: (a)
20 vol. % N, and (b) 80 vol. % N,

R260 steel much rougher and helps nitrogen
elements stick to it. This makes more nitrogen
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Figure 8. Cross-sectional hardness profiles of the
steel treated at a temperature of 450 °C with 20 and
80 vol. % N,

atoms in the e-Fe,_3sN and/or y'-Fe;N phases and
changes the shape of the lattice [9]. The Volmer-
Weber growth mode, which suggests that ion
groups preferentially nucleate at defects caused
by the nitriding process, could explain the
increased surface roughness following treatment
with higher nitrogen content in the gas
composition with 80 vol. % N, [17]. The steel
treated at 450 °C with 20 vol.% N, had a
smoother appearance.
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R260 Steel treated with 20 Steel treated with 80
vol. % N» vol. % Ny

Figure 9. Roughness measurements in the untreated
R260 and steel treated at a temperature of 450 °C
with 20 and 80 vol. % N,

Figure 10 shows the comparison of the wear
volumes of the untreated R260 and steel treated at
a temperature of 450 °C with 20 and 80 vol. % N,
after the sliding distance of 57.5 m. A reciprocal
tribological test showed that the HVOF sprayed
AISI 316L stainless steel coating, nitrided at 450 °C,
shows the best wear resistance under a 30 N load
[18]. No significant difference was observed in the
average wear volume between the three steel
samples tested up to 30 N normal load. Generally,
the wear volume increases as the load increases.
More importantly, the wear at the steel treated at
450 °C with 80 vol. % N, maintains a lower wear
volume.
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Figure 10. Comparison of the wear volumes of the
untreated R260 and steel treated at a temperature of
450 °C with 20 and 80 vol. % N,

Figure 11 shows the steel sample's coefficients
of friction as a function of sliding distance and the
steady-state CoF values after a 30 m sliding
distance. Steel samples demonstrated a consistent
variation in their coefficient of friction. No
significant difference was observed in the average
CoF of steel treated with 80 vol. % N, tested in the
load range of 30—-60 N. The CoF of steel treated
with 20 vol. % N, tested in the load range of 15—
60 N decreased with an increase in load (from
1.14 to 0.74). Contact under sliding conditions that
generate wear is known to transform part of the

friction-dissipated energy into heat, quickly
promoting a significant increase in the
temperature of the surfaces [19]. As the
characterisation of  worn surfaces will

demonstrate, the reduction of the steady-state
CoF with an increase in normal load can be
associated with the formation of oxides on the
surfaces. The present study results (CoF of about
0.8) with a normal load of 60 N and a sliding speed
of 1.9 cm/s are similar to those found by Alemani
et al. [20], even though the normal force, speed
and counter-body were different.

LOM images of worn surfaces of the steel
samples and corresponding Al,O; balls (counter-
body) for the two higher normal loads (45 N and
60 N) are shown in Figures 12 and 13. These
figures clearly display two typical morphologies of
worn surfaces. The main mechanisms found were
adhesion and oxidation, with the latter increasing
with the normal load. The wear for the steel
treated with 80 vol. % N, is less severe than that
for the other steel samples. The untreated R260
steel worn surface showed obvious peeling and
spalling damage. Additionally, the damage was
more intense in the untreated R260 steel than in
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Figure 11. Coefficient of friction of the untreated
R260 and steel treated with 20 and 80 vol. % N, as a

function of sliding distance
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the other nitrided steel samples, likely due to the
low surface hardness (approximately 330 HV0.01)
[1]. The oxidative mechanisms were more intense
under the higher normal load condition. The
increase in the normal load promotes an increase
in the surface temperature, which results in a
significant increase in the reactivity of the
surfaces with the atmosphere. The grey areas
indicate the presence of oxides and confirm the
oxidative mechanism. Figure 13 shows a larger
area with oxides on the worn surface after the
test with a normal load of 60 N than with a
normal load of 45 N. Due to the contrast
difference, it was possible to quantify the area
fraction with oxides. The increase in normal load
from 45 to 60 N promoted an increase in the area
fraction, with oxides changing from approx.
20+ 5% to approx. 40 £ 5 % for the steel treated
with 20 vol. % N, and from approx. 40£5 % to
approx. 60+ 5% for the steel treated with 80
vol. % N,. This result confirms the behaviour
presented in Figure 11, where the CoF and
fluctuation in the CoF decrease with the normal
load.

It is important to mention that when comparing
nitrided steel samples with different ratios of N,
and H,, the steel treated with 80 vol.% N,
performed better than the steel treated with 20

45N

vol. % N,. The plasma nitriding process may have
generated a larger compressive residual stress on
the steel surface. Also, nitriding of the R260 rail
steel caused elastic distortion (approx. 0.18 % for
steel treated with 20 vol. % N, and approx. 2.14 %
for steel treated with 80 vol. % N,), which led to
the formation of compressive residual stress as
described by Leskovsek et al. [21]. The dissolved
nitrogen in the pearlitic matrix correlated with
lattice distortion for the R260 rail steel treated at
450 °C with 20 and 80 vol. % N, [22]. It is thought
that when the steel treated with 20 vol. % N, was
nitrided, the diffused nitrogen caused a large
increase in the amount of incoherent nitrides in
the diffusion zone. This decreased elastic lattice
strain and compressive residual stress compared to
steel treated with 80 vol. % N,. Steel treated with
80 vol. % N, exhibited the best wear performance
due to a thicker compound layer, a deeper
hardened case and higher compressive residual
stress within the nitride layer. In contrast, steel
treated with 20 vol. % N, showed a shallower case-
hardening depth, a thinner compound layer and a
lower compressive residual stress. According to
recent research by Valdés et al. [23], microstrain
and compressive residual stress on the surface
delay surface cracking and craters, improving wear
resistance.

Figure 12. Lower magnification LOM images of the wear tracks generated at different normal loads on the
surfaces of steel samples and corresponding counter-body Al,03 balls after the tribological testing
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45N

60 N

Figure 13. Higher magnification LOM images of the wear tracks generated at different normal loads on the
surfaces of steel samples and corresponding counter-body Al,03 balls after the tribological testing

4. Conclusion

This research assessed the effect of plasma
nitriding on the tribological behaviour of R260 rail
steel. The main conclusions could be drawn as
follows:

e Plasma nitriding at 450°C with N;:H,
volume ratios of 20:80 and 80:20 was
successfully applied to the R260 rail steel.
Cross-sectional LOM observations revealed
compound layer thickness of approximately
2.58 and 5.37 um for steel treated at 450 °C
with 20 and 80 vol. % N,, respectively. As the
N, amount increased, the total compound
layer thicknesses increased. There were no
visible cracks.

e The steel treated at 450 °C with 20 and 80
vol. % N, exhibited a biphasic compound
layer of e-Fe,.3N and y'-Fe,N.

e The treatment with a nitrogen-rich gas
composition (80 vol. % N,) introduced more
compressive residual stresses on the steel
surface and roughened the surface compared
to the composition containing 20 vol. % N..

e After plasma nitriding, the formation of iron
nitrides such as &-Fe,3sN and y'-FesN
significantly improved the microhardness on
the nitrided surface.

e In sliding applications, the steel treated with
80 vol. % N, showed better wear performance
in the load range of 30-60 N when
compared to steel treated with 20 vol. % N..

Future work will aim to compare the impact and

sliding tribological performances of monophasic
compound layer (y'-Fe;N) and biphasic compound
layer (e-Fe,.sN and y'-FesN) with thin and thick
diffusion zone in the gas composition with the low
and high nitrogen concentrations under extremely
high contact pressures at room temperature.
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