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A B S T R A C T

The effect on wear and rolling contact fatigue of dispersed bainitic islands, as a remnant of the production 
process of railway wheels, is still an open issue. To address this topic, an experimental campaign was carried out 
on an ER8 steel by means of a small-scale bi-disc machine.

The specimens were extracted at different depths under the tread of a railway wheel, characterized by 
decreasing hardness and a bainite content. The tests were done in dry rolling-sliding condition, in some cases 
followed by a wet contact session. Various measurement techniques, including an innovative vision system, were 
employed to evaluate wear, rolling contact fatigue and surface degradation.

The results showed that, in dry condition, the prevailing damage was delamination wear, whereas, in the wet 
phase, shelling prevailed. None of the obtained data highlighted a detrimental effect of the bainitic content, in 
the concentrations considered in this study. This means that a small amount of dispersed bainite can be tolerated, 
reducing energy consumption, material waste and cost in the production process.

1. Introduction

Nowadays, hypoeutectoid carbon steels are largely employed in the 
production of many typologies of railway wheels, especially for high- 
speed applications. In Europe, the EN-13262 ER8 steel is mainly used 
for wheels of high-speed passenger trains with Electric Multiple Units 
(EMU) traction system. Over time, the initial steel has been improved, in 
the respect of the standard prescriptions, by optimising the control of 
chemical composition, inclusion content, forging and rolling process and 
thermal treatment [1].

The forging and rolling process is preceded by a pre-heating phase up 
to 700 C–900 C; subsequently, the forging is obtained by multiple steps. 
Then, the resulting microstructure is optimized by means of a rim- 
chilling and a subsequent tempering. During the rim-chilling, the 
microstructure is first completely austenitized by heating the forged 
component up to about 900 C and keeping that temperature for the time 
necessary; subsequently, the manufact is cooled with different rate, 
depending on the zone. The microstructural evolution of the ER8 steel 
grade is described by its Continuous Cooling Transformation (CCT) di
agram, which illustrates the phase transformations occurring during 

cooling. Fig. 1 shows the CCT diagram of the steel investigated in the 
present study, which was preliminarily obtained through experimental 
testing using a LINSEIS L78 RITA dilatometer. Rapid cooling leads to the 
formation of martensite, which is characterized by very high hardness. 
In the subsequent region, where the cooling rate is still relatively high 
but lower than that required for martensitic transformation, bainite 
forms within the ferritic-pearlitic microstructure. Although this bainitic 
region is minimized through carefully designed steel chemical compo
sition aimed at reducing bainite formation, its presence remains almost 
inevitable [1]. The subsequent tempering treatment, consisting in 
heating the manufact up to about 600 C, keeping such temperature for 
the necessary time and chilling at low rate, increases the amount of 
globular pearlite to optimise ductility and toughness; however, it cannot 
remove the bainitic islands, which remain, in traces, especially near the 
tread. For this reason, a machining allowance is typically left on the raw 
wheel, dimensioned to ensure that most of the bainite formation is 
confined to a region that will later be removed.

Concerning bainitic steels for railway wheels, some studies high
lighted better performances against various damage phenomena. For 
instance, Miranda et al. found that bainitic steels are more resistant than 
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pearlitic ones to wear and crack propagation [2]. Zhou et al. [3] found 
that the increase of the wear resistance is associated to the higher 
thickness of the surface hardened layer. Sharma et al. [4] found that 
bainitic steels offer a better performance in terms of wear resistance 
thanks to the increased hardness and strength. Conversely, other studies 
highlighted a worse wear resistance in steel with high bainitic content. 
Li et al. [5] measured a higher wear rate in an ER8 steel with a high 
bainite content (50 %) compared to the same steel with a fully 
ferritic-pearlitic microstructure, which was less hard. The detrimental 
effect of a high bainite content (68 %, as estimated using Image-Pro Plus 
software) within the ferritic-pearlitic microstructure of ER8 steel on its 
RCF behavior is also confirmed by Gao et al. [6] who reported a RCF 
limit for the bainite-containing microstructure lower than that of a 
completely ferritic-pearlitic microstructure. Zhang et al. [7] found that 
the bainite phase is associated with an increase of the plastic strain and 
wear rate, in steels with 80 % content of upper bainite.

The results above concern the effect of a high content of bainitic 
structures in the steel (more than 50 %), intentionally achieved; how
ever, the effect of dispersed bainitic islands in a ferritic-pearlitic matrix, 
which remain as a remnant of the production process, is still an open 
issue that was investigated by few authors. Babachenko et al. [8] found 
that the presence of bainitic islands (up to 16 % in volume fraction) is 
correlated with a decrease of the fracture toughness; however, these 
results were obtained by means of tensile stress and fracture mechanics 
experiments and the effect on wear and RCF could not be determined. 
Gao et al. [6], by means of analyses on used wheels, found that bainitic 
islands favour crack nucleation and propagation; however, they could 
not measure wear and RCF in controlled environmental conditions. 
Suetrong and Uthaisangsuk [9] found that bainitic islands enhance crack 
nucleation but slow down crack propagation; however, again, the results 
were not obtained by rolling contact experiments and the typical dam
age mechanisms occurring in this condition were not evaluated. Zani 
et al. [10] showed that the bainitic islands in an ER8 steel can increase 
the plastic deformation around them, but this phenomenon can be 
neglected if their concentration is less than 11 %; however, this study is 
purely numerical and needs experimental validation.

In the industry, the mismatch between the mechanical properties of 
the bainitic islands and the surrounding matrix is considered a non- 

favourable factor in terms of wear resistance: this is the main reason 
for which many efforts have been done to decrease concentration of 
bainitic phase by improving the production process. To obtain this, the 
rim chilling was calibrated to confine most of the bainitic structures in 
the outer layer of the tread, which has to be subsequently removed in the 
final turning phase.

Notwithstanding these improvements, steels with no traces of bainite 
are required in some important markets. Given current technological 
limitations, achieving this objective necessitates increasing the thick
ness of the material removed during machining, which leads to higher 
energy consumption and production costs. In addition, the layer of 
material with the best mechanical properties is wasted. Therefore, it is 
crucial to verify whether a low concentration of bainitic structures really 
affects the steel performance in terms of resistance to wear and fatigue.

To face this issue, an experimental campaign was done by means of a 
small-scale bi-disc machine. This experimental method was successfully 
used in the past to characterise the response of wheel and rail steels to 
repeated contact loads, especially in terms of wear, ratcheting and fa
tigue. In particular, it was shown that rolling-sliding contact in dry 
condition is especially useful to characterise the wear and ratcheting 
behaviour, whereas the alternation of dry and wet contact usually en
hances fatigue crack propagation [11–15]. For these reasons, in the 
present work it was chosen to make tests with an initial session in dry 
condition to characterise the wear behaviour, followed by a session in 
wet contact to characterise the fatigue response. In addition, some tests 
in dry condition only were done to observe their effect in the subsurface 
layer by means of destructive tests. The specimens were extracted from a 
real wheel at different depths, characterised by varying hardness and 
concentration of dispersed bainite, to verify their role in the damage 
phenomena. The investigated layer was thicker than that normally 
exploited in operation, starting from the allowance and exceeding the 
end-of-life depth, to explore the possibility of extending the thickness of 
the useable layer in real applications.

Fig. 1. Experimentally obtained Continuous Cooling Transformation (CCT) diagram of the studied ER8 steel grade.
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2. Materials and methods

2.1. Materials

The present study focuses on the ER8 steel grade for railway wheels, 
provided by Lucchini RS. This steel is tested against UIC 900A rail steel, 
a commonly used pearlitic rail steel grade. The chemical composition 
and mechanical properties of both steel grades, shown in Table 1, were 
determined using an optical emission spectrometer (ARL iSpark 8860) 
following the ASTM E415 and EN13262 standards.

Samples for the rolling contact fatigue tests were extracted from four 
different depths from the tread of a raw wheel, designated as A, B, C, and 
D, as shown in Fig. 2. The samples were cylindrical discs with a thickness 
of 15 mm, a diameter of 60 mm and correspond to four specific micro
structural conditions, each representing varying bainite percentages. 
Depth A primarily resides within a mechanical allowance layer of 17.5 
mm, which is subsequently removed in the final wheel product. Depths B 
and C, however, fall within the functional thickness of the wheel, 
extending up to the regulatory wear limit of 35 mm. Depth D, positioned 
beyond this functional region, allows for further analysis of deeper 
material properties.

Fig. 3 shows the microstructure of ER8 steel at increasing depth from 
the tread, with the bainitic islands highlighted. The sampling depth is 
identified by the textbox at the up-left corner of each picture. A transi
tion from a bainitic-ferritic-pearlitic microstructure at the shallower 
depths (A and B) to a fully ferritic-pearlitic one at greater depths (C and 
D) is shown. Specifically, at depth A, the bainite content decreases from 
11.93 % near the surface to a value between 0.76 % and 0 % as the 
distance from the tread increases. A similar trend is observed in depth B, 
where the bainitic phase further decreases from values within the same 
range (between 0.76 % and 0 %) down to 0 % at the end of the layer.

This variation is a direct consequence of the heat treatment, which 

induces a gradual reduction in hardness with increasing depth. As 
illustrated in Fig. 4, the results confirm the expected decline in hardness 
as the amount of bainite decreases and the microstructure becomes 
progressively coarser. At greater depths (positions C and D), where 
bainite is no longer present, hardness variations persist due to the re
sidual effects of the rim-chilling heat treatment. In the near-surface re
gion (from 7.5 mm to 22.5 mm), a finer spacing of measurement points 
was adopted to capture the sharp local hardness variations associated 
with the non-uniform distribution of bainite. Beyond this region, where 
the microstructure transitions to a uniform ferrite-pearlite mixture and 
bainite is completely absent, a wider spacing was used, as no significant 
local hardness fluctuations were expected.

These sample extraction zones provide an ideal framework for 
evaluating the influence of different metallurgical conditions on rolling 
contact fatigue and wear performance of ER8 wheels. In addition to the 
wheel samples, rail specimens made of 900A steel were extracted from 
the head of actual rails, with their axes perpendicular to the rolling di
rection, to ensure mechanical properties as close as possible to real 
operating conditions. Both the wheel and rail samples share the same 
geometry, which will be further detailed in the following section.

2.2. Rolling contact tests

The rolling contact tests were conducted using a bi-disc testing ma
chine to evaluate the tribological behavior of selected wheel steels in 
both dry and subsequent dry – wet conditions against rail steel. A 
schematic of the test rig is shown in Fig. 5: it consists of two indepen
dently driven shafts, each holding a cylindrical specimen, with one shaft 
mounted on a movable carriage. A hydraulic piston applies the normal 
load to generate the desired contact pressure, while a torque sensor 
continuously monitors the tangential force, which is adjusted using a 
correction algorithm to eliminate internal friction effects within the 
machine. More details on the bi-disc test bench and its measurement 
systems are given in Ref. [13].

The tests were divided into two categories: dry test and tests with a 
dry session followed by a wet one (identified as “dry + wet” in the 
following). In dry tests, samples underwent cyclic loading at 1100 MPa 
stress and a 1 % slip rate for 50,000 cycles. In dry + wet tests, after the 
dry phase, further 20.000 cycles were done with a jet of water on the 
contact zone, added with 10 % glycol to prevent corrosion of the ma
chine parts. The repeatability of the tests in dry condition was checked 
by comparing the non-destructive measurement results of the dry tests 
with those of the dry phase of the dry + wet tests.

Before the tests, all specimens were ultrasonically cleaned and rinsed 

Table 1 
Chemical composition and mechanical properties of wheel and rail steels.

ER8 900A

Chemical composition [wt%] C 0.55 0.77
Mn 0.75 1.02
Si 0.37 0.33
S 0.002 0.015
P 0.015 0.019

Ultimate tensile strength [MPa] ​ 956 910
Yield strength [MPa] ​ 596 475
Elongation [%] ​ 17 15
Brinell hardness [HB] ​ 283 271

Fig. 2. Schematic sampling scheme from the raw wheel (A, B, C, and D).
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to prevent the formation of oxides and weighed using a precision bal
ance with a resolution of 0.001 g. The testing procedure included peri
odic stops for contact surface observation and weight measurements. 
After each stop, the specimens were cleaned again, weighed, and the 
profile of the rolling surface was measured using WENGLOR MLWL171, 
a laser triangulation sensor designed for precise, non-contact 3D surface 
profiling. At each measurement about 180 profiles were acquired, with 
2.048 points per profile. The quadratic roughness Ra of each profile was 
calculated, from which the average Ra of the whole specimen surface 
was determined. More details on the measurement method are given in 
Ref. [16].

To assess the contact surface state, a vision system was used, about 
which full details can be found in Refs. [17–20]; here, an extreme syn
thesis of the method is given. The contact surface of the specimens was 
illuminated by two defocused laser pointers, to produce a diffused light. 
A portion of this surface was acquired by a high-speed camera 
(PROMON 501; AOS Technologies AG) every 5000 cycles; an overall 
picture of the surface state was obtained, characterized by lights and 
shadows that could be correlated to crests and dips on the surface, with 
brighter areas corresponding to the bottom of surface pits. The acquired 

images were binarized: after choosing a proper threshold for the level of 
grey, all the pixels were changed into black or white if their level of grey 
was lower or higher than the threshold, respectively. After that, groups 
of white pixels that could be enclosed by a continuous line were iden
tified as blobs, and each blob was assumed as the image of a surface pit. 
The blob analysis allows obtaining several parameters aimed at evalu
ating the surface state; in the present paper, the following ones were 
considered the most significant: 

• AB, defined as the average area of the blobs detected along the 
contact surface;

• RB, defined as the ratio of the total area of the detected blobs to the 
overall contact surface area.

The former is an index of the size of the pits, whereas the latter ex
presses the rate of the damaged surface. At the end of the tests, after 
cleaning and weighing, the damage of the wheel sample rolling surface 
was assessed using a DMS 300 stereomicroscope equipped with a Leica 
digital camera and LAS 4.13 image analyzer software, just before 
sectioning the samples. The wheel discs were sectioned along the mid- 

Fig. 3. Microstructure from the raw surface of the wheel tread with highlighted bainite at increasing depth from the surface (7.5 mm–32.5 mm).
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plane, orthogonally to their axis. The sample cross-sections were then 
ground with silicon carbide abrasive papers (grades from 80 to 1200) 
and polished with polycrystalline diamond pastes (3 μm and 1 μm). 
Vickers hardness measurements were taken, using a Mitutoyo HM-200 
hardness testing machine, under a 1000g load applied for 15 s, at 
varying distances from the contact surface to assess strain hardening and 
determine the depth of the deformed layer. Finally, the samples were 
observed both with and without 2 % Nital etching (2 vol % HNO3 in 
ethanol) using a Leica DMI 5000 M light optical microscope, allowing 
for the examination of crack initiation, propagation, and microstructural 
changes.

3. Experimental results

The experimental results primarily focus on the wheel specimens, as 
the objective of the investigation is to assess the effect of varying bainite 
content in ER8 steel on wear and rolling contact fatigue behavior. 

However, wear results are also reported for the rail specimens to eval
uate the effect of the driver (rail sample) or follower (wheel sample) role 
in the coupling, which is evident especially in the wet phase.

3.1. Coefficient of friction

Fig. 6 shows the coefficient of friction recorded in all the tests. A 
general trend can be identified. After an initial run-in period that can 
vary from a few hundred to 20,000 cycles, the coefficient of friction 
tended to settle to a value between 0.30 and 0.35 in dry condition and 
around 0.05 in wet condition. In the run-in period the coefficient of 
friction is lower than in the stabilized condition. The reason is unknown; 
a hypothesis is that the specimens started from varying conditions of 
oxidation on the surface. Indeed, oxides casually formed on the contact 
surface tend to lower the coefficient of friction; therefore, the specimens 
could start the test with varying oxidation state and, consequently, the 
coefficient of friction in the initial phase could vary. However, once the 
oxidized layer was removed, the coefficient of friction tended to be 
stabilized and uniform for all specimens. Therefore, to characterise the 
wear behavior of the specimens it was decided to exclude the initial 
20,000 cycles in all the tests.

3.2. Wear

Fig. 7 shows the wear curves obtained from the tests conducted on 
the samples taken at the four different depths, paired with the rail 
samples. It can be observed that, at the same extraction depth, the test 
results in terms of sample weight loss are very similar, demonstrating 
the repeatability of the tests. At all depths, the curves exhibited an initial 
slight mass loss, characteristic of the run-in phase. According to Lewis 
and Dwyer-Joyce [21], this low mass loss is due to the accumulation of 
plastic deformation on the contact surface caused by the applied load 
from the very first cycles. During this period, the rolling surface material 
undergoes accommodation and surface roughness is gradually smoothed 
out, marking the incubation period of the wear mechanism. The run-in 
phase is followed by a phase where the slope of the curves increases and 
can be approximated by a linear function. In this region, the wear 
phenomenon reaches a steady-state regime, consistent with the stabili
zation of the friction coefficient shown in Fig. 6, allowing the calculation 
of the wear rate. This was calculated both in terms of weight loss per 

Fig. 4. Bainite content variation and hardness values as a function of depth 
from raw wheel surface.

Fig. 5. Schematic of the bi-disc machine.
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cycle, as well as in terms of wear number K, defined as follows according 
to the Archard model: 

K=
ΔV⋅H
F⋅Δs

(1) 

where: 

- ΔV is the worn volume per cycle;
- H is the Brinell hardness of the softer material, that in the present 

work was the rail steel (see Table 1);
- F is the normal contact load;
- Δs is the sliding distance per cycle.

As presented in Table 2, the wear rate of the wheel steel samples 
increases with increasing extraction distance from the rolling surface of 
the wheel. This is due to the decrease in steel hardness as the distance 
from the tread increases (as shown in Fig. 4), a consequence of the heat 
treatments applied to the wheel during the manufacturing process. 
Therefore, the presence of small amounts of bainite (up to around 12 % 
at extraction depth A) within the ferritic-pearlitic microstructure of ER8 
steel contributes to increasing the hardness and consequently its wear 
resistance under the dry contact condition. With regard to the rail steel 
samples, their wear rate is always lower than that of the wheel samples 
and no significant variations are observed in their wear rate values with 
different extraction depths of the paired wheel samples. The obtained 
wear number, in all the tests, fell in the range correlated to “mild wear” 
according to several wear maps [22–24]. Finally, for tests that included 
the wet phase, a third region can be observed, where the presence of the 
liquid reduced friction at the contact between the samples (see Fig. 6), 
influencing the progression of the damage, as will be evident from the 
results of the microscope analysis.

Fig. 8 shows the weight loss in the wet phase of the dry + wet tests. 
The weight loss is much higher in the wheel specimens than in the rail 
ones. This is due to the crack propagation enhanced by the entrapped 
fluid effect, which occurs in the follower only (wheel specimen), owing 
to the orientation of the surface cracks generated in the dry session, as 
described by Mazzù et al. [15]. With respect to the results obtained in 
the dry phase, there is much more dispersion in the wet phase, but this is 

consistent with the fact that fatigue, which is a much more aleatory 
phenomenon than wear, prevails. A clear trend that can be related to the 
increasing depth of the specimen extraction cannot be recognized in the 
wet session.

3.3. Contact surface characterization of the wheel steel samples

Fig. 9 shows the quadratic roughness Ra measured in the dry step of 
all tests on the wheel specimens. As a general rule, the roughness tends 
to stabilize after the initial 10,000–20,000 cycles. The highest average 
stabilized quadratic roughness is recorded in the B specimens, the lowest 
in the D ones. This trend is consistent with the behavior of the coefficient 
of friction, whose stabilization approximately coincides with the stabi
lization of the roughness value.

Fig. 10a shows the RB parameter, which is an index of the general 
pitting of the contact surface, during the tests run in dry condition only. 
Again, in general an increment of the contact surface damage indexes 
can be identified after the initial run-in period; after that, the variations 
of the indexes are lower, tending to oscillate around an average value. 
Whereas the A, B, and C specimens tend to similar damage index, the D 
specimens exhibit a higher stabilized RB. Fig. 10b shows the AB 
parameter, which is an index of the average size of the pits. Even this 
parameter increases and stabilizes after the run-in period. In this case, 
the A and B specimens have a stabilized AB value lower than the C and D 
ones, meaning that in the latter the average size of the pits is larger. 
These data show that, in general, the damage indexes are higher in the 
specimens taken in the deeper layers, suggesting that the damage in
creases as far as the surface hardness decreases.

3.4. Microscopic analysis of the contact surface and cross-section of the 
wheel steel samples

Fig. 11 presents representative stereomicroscope micrographs of the 
damage observed on the contact surface of the wheel steel samples taken 
at depth D, where the most severe damage occurred, at the end of the dry 
(Fig. 11a) and dry + wet (Fig. 11b) tests. Regarding the damage 
mechanisms, all samples exhibited both wear and rolling contact fatigue 
(RCF), which were subsequently analyzed in greater detail at higher 
magnifications on the sample cross-sections. It is well-established that 

Fig. 6. Coefficient of friction in all the tests.
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there is often competition between these two damage phenomena [11,
25,26], which are typical of railway wheels. When wear predominates, 
there are fewer RCF cracks, as wear tends to remove these surface 
cracks. Conversely, when RCF predominates, there is a greater amount 
of cracking. In the samples tested under the dry condition, delamination 
was the predominant damage mechanism, whereas those tested under 
the dry + wet condition exhibited significantly more severe shelling 
damage. Both damage mechanisms are more clearly visible in the 
cross-sections of the samples and will be discussed in relation to them.

Fig. 12 shows representative optical micrographs of the damage 
observed in the cross-section of the wheel steel samples, taken at the four 
investigated depths, at the end of the dry tests. In all samples, just below 
the contact surface, the microstructure appears plastically deformed in 
the direction of the surface friction. Furthermore, short surface-initiated 
cracks were observed, propagating at a slight inclination with respect to 
the surface, following the plastic flow and remaining confined within the 
plastically deformed layer. The observed damage is caused by the fa
tigue mechanism known as “ratcheting”: the accumulation of plastic 

Fig. 7. Wear curves of the wheel and rail steel samples at different extraction depths of the wheel steel samples.
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deformation on the sample surface under cyclic loading promotes the 
nucleation of surface cracks, their propagation beneath the surface and 
the consequent delamination process, i.e., the detachment of material 
fragments [12,14,27]. Regarding crack nucleation and propagation, Liu 
et al. [28] reported that in D2 wheel steel these cracks originate from the 
proeutectoid ferrite and the ferrite lamellae within the pearlite. Since 
proeutectoid ferrite has lower mechanical strength than pearlite, it 
creates a weak interface that facilitates crack propagation. This behavior 
also occurs between the ferrite and cementite lamellae within pearlite 
due to the difference in their mechanical strengths. The same mecha
nism was observed by Hu et al. [29] in ER7 and CL60 wheel steels, where 
the high ferrite content contributed to crack formation and propagation. 
This phenomenon can also be considered plausible in ER8 steel due to its 
similar microstructure. Regarding the material fragments generated, 
they act as a third body in the contact between the two samples during 
the test, promoting the wear phenomenon [29,30]. They may also 

Table 2 
Average wear rates and wear numbers of the wheel and rail steel samples.

Sample extraction 
depth

Average wear rate (g/cycle) Average wear number K

Wheel 
sample

Rail 
sample

Wheel 
sample

Rail 
sample

A 2.47 × 10− 5 2.08 ×
10− 5

5.96 × 10− 5 5.02 ×
10− 5

B 2.71 × 10− 5 2.15 ×
10− 5

6.53 × 10− 5 5.18 ×
10− 5

C 2.79 × 10− 5 2.26 ×
10− 5

6.73 × 10− 5 5.45 ×
10− 5

D 3.03 × 10− 5 2.00 ×
10− 5

7.31 × 10− 5 4.82 ×
10− 5

Fig. 8. Weight loss in the wet phase of the tests for wheel and rail samples, in the single tests (blue histograms) and averaged (grey histograms). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Average quadratic roughness Ra of the wheel specimens in all the tests.
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become trapped within RCF cracks, as shown in Fig. 12 and as also re
ported by Hu et al. [29]. These observations are consistent with the 
results obtained from the wear curves presented in Section 3.2, which 
indicated a progressive weight loss of the wheel steel samples during the 
dry step. It is worth noting that the average weight loss of the samples at 
the end of the dry phase, as well as the wear rate, is lower for those 
extracted at depth A, which has the highest bainite content among all 
depths. This is consistent with the greater hardness of the material at 
depth A compared to the other depths, leading to enhanced resistance to 
wear and RCF under the dry contact condition.

In the dry tests delamination wear appeared as the prevailing phe
nomenon, because no deep crack propagation with detachment of shells 
was observed. On the other hand, in the mixed tests, when, after the first 
50,000 dry cycles, the samples were subjected to 20,000 cycles in the 
presence of water, severe shelling clearly emerged as the primary 
damage mechanism. This was expected, as wet conditions have been 
widely recognized as a factor that reduces wear while significantly 
exacerbating RCF phenomena because of the entrapped fluid pressuri
zation [13–15,31–33]. Fig. 13 shows significant optical micrographs of 
the damage sustained by the wheel steel samples taken at the four 
investigated depths. The damage was consistent across all depths, both 
in nature and, apparently, in extent. The pumping effect of the liquid 
present in the contact zone between the two samples during the test 
caused an acceleration in the propagation of the cracks formed during 
the dry phase. Moreover, these cracks exhibit a characteristic branching 
effect and tend to merge, leading to the onset of shelling, which results in 
significant material detachment. The same damage mechanisms were 
observed in ER8 steel tested under dry + wet conditions by Faccoli et al. 
[14], closely resembling the typical wheel tread damage found on ER8 
wheels of a Swedish train in service [34]. The finding aligns with the 

substantial increase in sample weight loss measured at the end of the wet 
phase, as detailed in Section 3.2.

3.5. Subsurface hardness of the wheel steel samples

Fig. 14 presents the Vickers hardness measured on the cross-sections 
of the wheel steel samples at the end of the tests, plotted as a function of 
depth beneath the contact surface, aiming to assess the degree of work 
hardening and determine the depth of the deformed layer. An increase in 
hardness is observed in the region closest to the contact surface for all 
samples, with the maximum value occurring just below the contact 
surface, where the maximum orthogonal shear stress is present. This 
result aligns with the deformation pattern observed metallographically 
(Figs. 12 and 13), as the progressive accumulation of plastic strain 
beneath the contact surface leads to material hardening.

These hardness profiles are also consistent with findings from pre
vious research on various railway steels, obtained through bi-disc lab
oratory tests [5,13,14,29,35] under dry conditions and under dry + wet 
conditions [13,14]. The highest hardness values are obtained in the 
samples tested under the dry condition. In particular, the maximum 
hardness was recorded in the sample taken at depth D (HV1 = 444), 
where the steel exhibits the lowest initial hardness (HV1 = 266) and, 
therefore, shows the highest work hardening capacity (ΔHV1 = 178). 
This result is consistent with the findings of Yokoyama et al. [36], who 
assert that the lower initial hardness of pearlite facilitates work hard
ening. Conversely, the smallest increase in hardness was observed in the 
sample taken at depth A (maximum HV1 = 341, initial HV1 = 300, 
ΔHV1 = 41). Regarding the depth of the deformed layer, the samples 
taken at depths C and D exhibit the greatest values, measuring 0.4 and 
0.5 mm, respectively. This demonstrates the greater deformability of the 

Fig. 10. Surface damage indexes in the tests run in dry condition: a) percentage damaged area; b) average blob area.

Fig. 11. Micrographs of the contact surface of the wheel steel samples at the extraction depth D at the end of dry (a) and dry + wet (b) tests.
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Fig. 12. Micrographs of the cross-section of the wheel steel samples at the different extraction depths at the end of the dry tests.

Fig. 13. Micrographs of the cross-section of the wheel steel samples at different extraction depths at the end of the dry + wet tests.
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fully ferritic-pearlitic microstructure compared to that containing traces 
of bainite. Regarding the samples from the mixed tests, at the same 
extraction depth, the maximum measured hardness value is always 
lower than that of the dry tests due to the significant material detach
ment, which has removed the most work hardened layer.

4. Discussion

The results obtained in dry condition show that delamination wear 
was the predominant wear mechanism in the ER8 steel specimens. A 
stabilization of the damage is obtained after an initial run-in phase: this 
is confirmed by the wear curves, which highlight a stabilization of the 
wear rate, as well as by the surface damage indexes, which show that 
both the roughness and the general surface state detected by the vision 
systems tend to accommodate to a steady value. This observation is 
consistent with the behavior studied by Mazzù and Donzella [37], who 
numerically showed that under constant working condition, in dry 
contact, an equilibrium can reached between the accumulation of plastic 
strain (ratcheting) and wear, so that the material state both in the sur
face and in the subsurface layer appears constant and consistent with the 
strain field and surface cracks depicted in the experimental sections of 
Fig. 12. In that work, it was shown that the depth of the plasticized layer 
is determined by some material constants of the cyclic plasticity model 
which can be correlated to the material hardness: the harder the mate
rial, the lower the depth of the plasticized layer.

In this paper, a direct correlation was observed between the depth of 
the deformed layer and the wear rate of the samples (Fig. 15), with 
greater deformed layer depth being associated with increased mass loss. 

Similar findings were reported by other authors in twin-disc tests on 
various wheel steels [2,35,38], demonstrating that the extent of the 
deformed layer influences the wear rate. Therefore, both plasticization 
and wear rate appear well correlated with the material hardness, as well 
as the surface damage indexes shown in Fig. 10. The sum of all these data 
indicates that the specimen taken from the less deep layers, character
ized by higher hardness and higher content of bainitic islands, are more 
resistant to delamination wear, which is the prevailing phenomenon in 
dry condition. This consideration aligns with the findings of Hu et al. 
[29], who reported that the wear rates of ER7, CL60 and class C wheel 
steels decreased with increasing steel hardness. Conversely, this is in 
contrast with the results of Li et al. [5] and Zhang et al. [6], who re
ported a detrimental effect of a high bainitic content with respect to a 
completely ferritic-pearlitic microstructure.

Concerning the work hardening behavior shown in Fig. 14, the re
sults confirm those reported by Zhang et al. [39], who compared the 
plastic deformation behavior of ER8 steel with a microstructure con
sisting of pearlite (P), ferrite (F) and bainite (B) in an unspecified pro
portion to that of ER8 steel with a fully ferritic-pearlitic microstructure. 
The authors found that the deformation and work hardening of ER8 steel 
containing bainite were less pronounced than those of ER8 with a 
ferritic-pearlitic microstructure during the wear process. As a result, the 
P + F + B microstructure exhibited lower surface hardness at the end of 
bi-disc tests. However, again these findings are in contrast with those of 
Li et al. [5]. In their study, the authors measured a greater hardness 
increase in ER8 steel containing 50 % bainite compared to the same steel 
with a fully ferritic-pearlitic microstructure.

All these results can be interpreted in light of the work of Zani et al. 
[10], showing that the bainitic content can compromise both wear and 
RCF resistance only beyond approximately 11 %. Therefore, in the 
presence of bainite within the ferritic-pearlitic microstructure of ER8 
steel, its amount is the key factor in determining resistance to wear and 
ratcheting: in low concentration, as is the case studied in this paper, it 
seems not a determinant factor in dry condition.

The content of bainitic islands, within the range investigated in this 
paper, seems an irrelevant parameter even in the wet phase of the mixed 
tests. In fact, the weight loss diagrams shown in Fig. 8 show a great 
dispersion of the data; even considering the averages, no correlation can 
be found with the bainite content. The cross-sections shown in Fig. 13
confirm that no substantial differences can be found between the 
different depth of extraction of the specimens.

These evidences lead to consider the bainitic content, in the low 
concentrations examined in this study, irrelevant in terms of resistance 
to both wear and RCF.

5. Conclusions

To address the lack of knowledge about the effect of dispersed bai
nitic islands as a remnant of the production process, an experimental 
campaign was made on an ER8 steel for railway wheels, using specimens 
extracted at four different depths under the tread of a raw wheel. As far 
as the depth of extraction increased, the hardness and the content of 
bainitic islands decreased, from approximately 12 %–0 %. The wheel 
specimens were tested in rolling and sliding contact against specimens 
extracted from a rail in 900A steel, both in fully dry condition, and in dry 
condition followed by wet contact. The damage on the wheel specimens 
was evaluated in terms of contact surface state, weight loss and sub
surface plasticization and cracking.

The following main conclusions were drawn: 

- In dry condition, the main damage mechanism is delamination wear; 
its severity increases as far as the depth of extraction of the speci
mens increases, being correlated to the material hardness.

- In wet condition, the main damage mechanism is shelling, which is 
caused by the propagation of surface cracks previously formed by 

Fig. 14. Vickers hardness profiles on the cross-section of the wheel steel 
samples at the end of the tests.

Fig. 15. Correlation between the depth of the deformed layer and wear rate of 
the samples at different extraction depths of the wheel steel samples.
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ratcheting in the dry phase; no clear correlation with the depth of 
extraction can be identified.

- The content of bainitic islands, in the low concentrations studied in 
this work, appears an irrelevant factor in the resistance to wear and 
RCF.

This leads to conclude that pushing towards a zero bainite content 
can be counterproductive, because to obtain such result an excessively 
thick allowance has to be removed, this way wasting the most per
formant layers in terms of wear and RCF resistance. Conversely, toler
ating a small content of bainite islands, which do not affect the material 
performances, seems the best compromise choice.
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