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Abstract

Top-of-rail products are used for friction modification on the railhead. Over the past three
decades, intensive research has shown that they can reduce operational costs and extend
the service life of wheels and rails by mitigating wear and rolling contact fatigue. Most of this
research, however, has been performed under clean laboratory conditions. In reality,
the wheel-rail interface is an open system in which various contaminants are always present,
and conditions may change even between passing axles of the same vehicle. It is therefore
reasonable to expect that these contaminants also affect the performance of top-of-rail
products. For this reason, this PhD thesis investigates how contamination influences friction
modification in the wheel-rail contact.

The experimental work combines friction measurements performed on a laboratory
tribometer with rolling contact fatigue tests on a twin-disc machine. A climate chamber was
used to simulate humid environments and to form oxide layers, while a humidifier unit
and a peristaltic pump reproduced contamination modes such as dew or precipitation.
Specimens were prepared as metallographic cross-sections, and scanning electron microscopy
was used to evaluate crack morphology under the different test conditions.

The results showed that contamination has a strong effect on top-of-rail products. For water-
based products, light moisture prolonged their effect, whereas larger amounts of water washed
them away and ended their effect on friction, wear and rolling contact fatigue. Oil-based
products behaved differently: water greatly amplified their lubricating effect, causing
extremely low friction, suppressed wear and caused rapid liquid-assisted crack growth. Oxides
had only a small influence on friction, but oxidation contributed to material weakening and had
an unexpected effect on cracks, as it caused oxygen-assisted propagation.

These findings underline the importance of considering environmental conditions when
optimising friction-modification strategies and provide insights into the mechanisms
governing product behaviour under real operating conditions. In addition, a new
benchmarking methodology for assessing the performance of top-of-rail products was
proposed, offering a standardised and reliable approach for laboratory testing.

Keywords

Top-of-Rail Products, Wheel-Rail Adhesion, Rolling Contact Fatigue, Water Contamination,
Iron Oxides



Abstrakt

Top-of-rail produkty se vyuzivaji pro modifikaci tieni na temeni kolejnice. Roky vyzkumu
prokazaly jejich schopnost snizovat opotrebeni, coZ ma pozitivni vliv na Zivotnost kolejnic
i vlakovych kol a stim spojenych nakladd na provoz a idrzbu. Testovani téchto produktl
standardné probiha v Cistych laboratornich podminkach. Na povrchu kolejnic se vSak kromé
téchto produktd vyskytuji i dalsi latky (kontaminanty), které vyraznym zptisobem ovliviuji
treni, a je tedy dlivodné se domnivat, Ze budou ovliviiovat i jejich chovani a vykonnost.
Dizertacni prace se proto vénuje zkoumani interakci mezi top-of-rail produkty a kontaminanty,
jako jsou voda nebo oxidy Zeleza.

V ramci experimentalni ¢asti byla provedena méteni na laboratornim tribometru vybaveném
klimatickou komorou pro vytvoieni podminek vysoké vzdus$né vlhkosti a rosy. Dést byl
simulovan pomoci aplikace vody v riiznych mnozstvich. Za icelem studia opotirebeni a valivé
kontaktni inavy bylo pouZito dvoudiskové zatizeni v kombinaci s elektronovym mikroskopem
pro pozorovani trhlin. Priprava oxidickych trecich vrstev probihala v klimatické komore
za zvySené teploty a vzdusné vlhkosti.

Vysledky ukazaly, Zze kontaminace vodou ma vyznamny vliv na funkci top-of-rail produkti.
V pripadé produktd na vodni bazi dochazelo vlivem mensiho mnozstvi vody k prodluZeni jejich
ucinkd, vétsi mnozstvi vody je vSak vyplavilo z kontaktu a vesSkery efekt byl ztracen. Produkty
na olejové bazi se chovaly odliSné: voda méla vyrazny zesilujici efekt na jejich mazaci ucinek
a zpusobovala propady tireni do velmi nizkych hodnot. To se ve finale negativné projevilo jak
na problémech sadhezi, tak na valivé kontaktni unavé. Oxidické vrstvy mély na tfeni jen
nepatrny vliv. Zajimavy vSak byl jejich i€inek na inavové trhliny - oxidace uvniti trhlin vedla
Kk jejich Siteni do vétsSich hloubek v dlsledku oslabeni okolniho materidlu na hranicich zrn
a také objemové expanze oxidu.

Dizertacni prace ukazala nutnost zohlednit klimatické podminky pii optimalizaci strategie
modifikace tfeni na Zeleznicnich i tramvajovych tratich a poskytla novy vhled do mechanism
interakce mezi top-of-rail produkty a kontaminanty. Jednim z vystupi je také nova metodika
pro hodnoceni vykonnosti téchto produktti v kontrolovanych laboratornich podminkéach.

Klicova slova

Top-of-rail produkty, adheze mezi kolem a kolejnici, valivd kontaktni inava, kontaminace
vodou, oxidy Zeleza
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1. Introduction

Rail transport has long been a cornerstone of mobility and logistics, not only in Europe
but worldwide. With a growing focus on environmental issues, demands for reducing carbon
dioxide emissions, and the pursuit of sustainable development, rail transport is becoming more
critical than ever before. However, numbers instead of words: Between 2021 and 2024,
the European Union allocated more than €15 billion of funds directly to railway projects [1],
preparing the infrastructure for a massive rise in passenger-kilometres travelled, from 470
billion in 2015 to 741 billion projected in 2050 [2]. To date, rail is recognised as the lowest-
emission way of transport, far outperforming road and aviation [2].

The efficiency of rail transport relies on the effective use of forces that drive the vehicle
and the minimisation of those that try to stop it. From a tribological perspective, it all comes
down to the wheel-rail interface and friction. An honest answer to the question of whether
friction should be low or high is: "It depends on where and when". The wheel-rail interface can
be divided into two subsections: the contact between the wheel flange and the rail gauge
corner, and the contact between the wheel tread and the rail head (hereafter referred to as "top-
of-rail contact"). The first one primarily provides vehicle guidance in curves and acts as a safety
feature against derailment. It is a highly loaded sliding contact, characterised by significant
wear and energy losses. Therefore, minimising friction is of utmost importance.

Things become more complicated when it comes to friction in the top-of-rail (TOR) contact.
High friction increases operational costs [3] through higher fuel consumption [4], more
frequent wheel replacements, and rail grinding as a response to damage to contacting surfaces
[5,6]. An additional problem is friction-induced noise [7,8]. It is estimated that up to 113 million
people in Europe are exposed to excessive noise emissions from transport, with railways
accounting for approximately 20% of this figure [9]. According to the World Health
Organisation (WHO), long-term exposure to noise levels above 55 dB is harmful to human
health. The European Environment Agency (EEA) estimates that chronic exposure to excessive
noise leads to up to 12,000 premature deaths and 48,000 new cases of ischaemic heart disease
annually. Additionally, approximately 6.5 million people residing near transport corridors
experience sleep disorders due to excessive noise [9].

One could conclude that eliminating friction in the TOR contact would solve all issues once
and for all, but that would be utterly wrong, as friction is crucial for the effective transmission
of tractive (or braking) forces. Without that, vehicles experience various problems,
with the most common being station overruns resulting from prolonged braking distances [10].
During the autumn period of 2023 in the United Kingdom alone, a total of 337,700 minutes
of delay (equivalent to roughly two-thirds of a year in cumulative time!) was attributed
to problems with friction. Last but not least, battling such issues can be highly costly, with some
estimates suggesting annual expenditures of up to £350 million [11].
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In recent years, extensive research has demonstrated that most of the problems mentioned
above can be addressed through effective friction management. One established approach
is the application of TOR products, typically delivered to the railhead either by wayside
applicators or directly from passing vehicles. From traditional lubricants, TOR products differ
in composition, as they contain solid particles designed to prevent friction from dropping too
low. However, the wheel-rail interface is an open system, inevitably exposed to various
environmental contaminants (such as water and leaves) that can substantially influence friction
and, in turn, compromise the effectiveness of TOR products. Despite that, little attention has
been paid to their mutual interaction, as most studies have tested TOR products under clean
laboratory conditions or have not explicitly considered the role of contamination in field tests.
Therefore, this thesis aims to describe the effect of environmental contamination

on the performance of TOR products.
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2.State of the Art

It is without any doubt that readers of this thesis are familiar with basic tribological terms like
friction, creepage, or rolling-contact fatigue - concepts that have been explained countless times
since Carter in 1926 [12]. Yet, the Author cannot suppress the urge to explain them once again,
as he believes it may be helpful for easier orientation in the text ahead.

In wheel-rail tribology, frictional conditions are governed by adhesion. In simple terms,
adhesion describes the friction that develops under a combination of rolling and sliding. More
precisely, friction can be viewed as the limiting tangential force defined by material properties
and contact conditions, while adhesion represents the actual tangential force that arises for
a given ratio of rolling and sliding. Under pure sliding, adhesion reaches the friction limit,
meaning that friction defines the upper boundary of the adhesion available in the contact.

When a wheel negotiates a curve or transmits traction or braking forces, a small difference
in surface speed develops between the wheel and the rail, which produces frictional shear
stresses. Under these conditions, part of the contact patch remains in stick while the rest slips,
a behaviour typically described as rolling with partial sliding. This state is quantified by
creepage or slip. In laboratory experiments, however, the slide-to-roll ratio (SRR) is often used
instead, particularly in ball-on-disc tribometers such as the Mini-Traction Machine (MTM).
Although creepage and SRR refer to a similar physical concept, they are not directly
interchangeable, and the numerical value of slip does not correspond to the value of SRR.

Adhesion is quantitatively expressed by the coefficient of adhesion (CoA), which depends
on creepage. An analogous parameter to the CoA is the coefficient of traction (CoT). Both
parameters describe the transmission of tangential forces, but the distinction lies
in the direction of force. In the case of CoA, these are braking forces, while in the case of CoT,
they represent tractive forces. In simpler terms, the first corresponds to vehicle braking, while
the second relates to vehicle acceleration. In the literature, CoA is typically used in studies
addressing low-friction conditions due to contamination. In contrast, CoT is more common
inresearch focused on problems related to high-friction or traction enhancement.
In the context of this work, CoA will be used when discussing the effects of contamination,
and CoT will be used in relation to friction modification.

The graphical representation of the relationship between CoT (or CoA) and creep is referred
to as the creep curve. As creepage increases, the CoT increases up to a certain point, known
as the saturation point. Increasing creepage beyond the saturation point may lead to either
a further increase in CoT (positive friction characteristic) or a decrease (negative friction
characteristic). The third option is that it does not increase or decrease (thus, a neutral
friction characteristic). In railway operation, anegative friction characteristic is highly
undesirable, as it induces stick-slip oscillations. This phenomenon occurs when two different
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creepage values correspond to the same CoT, resulting in axle vibrations and wheel sliding,
and often promoting rail corrugation [13].

The CoT measured between two dry and clean surfaces typically ranges between 0.4 and 0.8,
depending on the measurement method and creepage [14-19]. From the perspective
of efficient operation, this is too high, as it leads to several issues, such as excessive wear, noise
generation, etc. Applying lubricants to the TOR contact could mitigate these problems, but it
would simultaneously cause problems with traction or braking. This challenge has driven
the development of a new class of materials designed to maintain friction at intermediate
levels, where wear and noise are reduced compared to dry conditions, while simultaneously
ensuring sufficient CoT.

Initially, these "TOR products" were developed in the form of solid sticks and were first applied
in the late 1980s on the Vancouver SkyTrain system to address issues related to corrugation
and noise [20]. Since then, TOR products have gradually spread worldwide. They were
introduced across the United States [21], where they were used to control friction on both
freight and passenger railways. In Asia, TOR products are employed mainly in Japan [22]
and China [23]. Regarding Europe, TOR friction control is used in several national rail
networks, including the UK [24] and Spain [25]. And lastly, in Czechia, TOR friction control is
implemented in the urban rail networks of Prague and Brno. The Prague Metro, which operates
more than 60 km of track and carries over half a billion passengers each year, ranks among the
busiest systems in Europe. TOR products were adopted in the early 2000s after successful
trials on Line C, aiming to limit rail corrugation and reduce wear. As a result, the expected
wheel life increased to approximately 1.5 million kilometres [26].

2.1  Categorisation of TOR Products

TOR products can be either in the form of solid sticks composed of sintered solid lubricants
that are pressed against the wheel [27-31], or in liquid form applied from a track-side
applicator or directly sprayed from an on-board unit, see Fig. 1. According to Stock et al. [32],
liquid TOR products can be categorised based on their base medium type into friction modifiers
(water-based), TOR lubricants (oil/grease-based), and a marginal group of TOR hybrids
(combining both water and oil). The base medium determines the friction modification
mechanism. In the case of friction modifiers (FMs), water serves as a carrier that helps
distribute solid lubricants over the rail surface. After the water evaporates, the resulting
frictional conditions are governed by a dry layer with low shear strength, typically composed
of graphite or molybdenum disulfide [33].

In contrast to the drying nature of FMs, TOR lubricants are non-drying [24]. They form a thin
lubricating film on the railhead, and the reduction in friction results from a transition from dry
to boundary or mixed lubrication regimes, where the load is transferred partly through
asperity contact and partly through a thin fluid film. To ensure sufficient CoT, TOR lubricants
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typically contain soft metal particles or their compounds [34,35]. The fundamental principles
of TOR friction modification are depicted in Fig. 2.

a) b)

Fig. 1 Application methods: a) from a track-side unit [36] and b) from an onboard unit [37].

Two main requirements for TOR products are to maintain a positive friction characteristic [22]
and to establish an intermediate level of friction. While the concept of a positive slope
of the creep curve behind the saturation point is clear, the definition of the intermediate
friction level varies across studies. This variation arises not only from different methodological
approaches but also from the fact that dry contact conditions themselves can produce a wide
range of friction levels [14]. For instance, Zakharov et al. [38] defined the intermediate range
in relative terms as one-third to two-thirds of the CoT under dry conditions. However, most
studies define it instead in absolute terms, typically between 0.2 and 0.4 [32,39].

Fig. 2 Principles of top-of-rail friction modification - redrawn from [32] and modified.

2.2 TOR Products and Friction Control

One of the earliest field demonstrations of liquid TOR products was conducted by Tomeoka
etal. [40] in 2002. Since then, numerous field and laboratory studies have examined
the performance of TOR products with various compositions and under different operating
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conditions [41-48]. Lundberg et al. [14] measured CoT between rails and wheels of a 360-ton
locomotive. While CoT around 0.3 was measured on dry rails, values as low as 0.1 were
observed on sections treated with an FM. This reduction had a positive impact on wear. Still, it
is essential to note that the wheels of the locomotive often slipped, indicating that low adhesion
problems occur at such a low CoT, which highlights the importance of precise dosing control
and the composition of the product.

a) b)

Fig. 3 Ability of TOR products to provide: a) intermediate friction [49] and b) positive creep curve slope [50].

The optimal dosing was further investigated by Galas et al. [49], who tested a TOR lubricant
on a tram curve. The study demonstrated that overdosing significantly extended the braking
distance of the passing vehicle (order of tens of metres). On the other hand, underdosing had
a negligible effect on braking but did not achieve the desired noise reduction. Szablewski et al.
[4] focused on differences between drying and non-drying products. In their tests, both FMs
and TOR lubricants were able to maintain an intermediate level of friction. Measured CoT
varied between 0.30 and 0.34, which is sufficient for traction and braking, while reducing
lateral forces by up to 67% for the FM and 54% for the TOR lubricant. The longer effective carry
distance was recorded for the TOR lubricant, as its non-drying nature allows it to spread
further.

Evans et al. [51] focused on the ability of FMs to provide a positive friction characteristic. They
conducted a comprehensive evaluation of the performance of one selected FM using two
coupled locomotives at the VUZ Velim Test Centre, Czechia. One locomotive maintained
a constant travel speed, while the other controlled slip on a single driven axle to simulate
traction conditions. The FM was sprayed onto the railhead by an on-board unit mounted
onone of the locomotives, enabling precise and repeatable dosing during each test.
The measured CoT ranged between 0.1 and 0.25, and the creep curve exhibited a positive slope
beyond the saturation point, confirming the desired traction behaviour.

Similarly, Matsumoto et al. [52] tested FM on a scaled bogie. The application of FM provided
an intermediate level of friction and changed the slope of the creep curve from negative under
dry conditions to positive. The endurance of the FM layer depended on the creepage level, as it
was removed more slowly under low creepage, whereas higher creepage accelerated film loss.
The ability of TOR products to maintain an intermediate level of friction and a positive slope
of the creep curve was further confirmed in several other studies [25,53-56].
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Galas et al. [57] focused on the role of the composition of TOR products. They tested two
commercial TOR lubricants. The first one was based on plant oil containing copper and zinc
particles, and the other on ester oil containing copper and aluminium particles. While the one
with a higher metal-particle content maintained CoT near optimal levels, the other with higher
oil content caused low adhesion problems due to over-lubrication. These results confirmed
earlier conclusions [49] and demonstrated that particle content plays a key role in determining
TOR lubricant performance.

Fig. 4 Overview of the lasting effect of FMs with varying compositions and particle content [33].

The same authors further investigated the optimal ratio between liquid base and solid particles
in FMs [33]. They prepared compositions based on water as a carrier with bentonite, talc,
or zinc oxide particles, and solid lubricants such as molybdenum disulfide and graphite.
The addition of bentonite was able to maintain CoT at intermediate levels even when
overdosed.

The water-talc compositions provided sufficient CoT only when the talc content was below
10 wt%, while higher concentrations formed a soft, low-shear paste layer that reduced CoT
to low values. The addition of zinc oxide promoted a positive friction characteristic. Large
amounts of graphite or molybdenum disulfide reduced CoT below 0.1. An overview
of the lasting effect of the tested compositions, based on their particle content, is shown
in Fig. 4.

Kvarda et al. [58] extended the study for TOR lubricants. They used biodegradable ester oil
thickened with bentonite as a base medium and different solid particles, including aluminium
oxide, zinc oxide, copper sulfide, molybdenum disulfide, and graphite. Only alumina particles
were able to balance the strong lubricating effect of the base oil, while zinc oxide and copper
sulfide failed to provide intermediate friction. The combination of alumina particles with
molybdenum disulfide or graphite resulted in stable CoT values corresponding to the desired
range for TOR applications. These results indicate that hard particles such as aluminium oxide
are essential for preventing over-lubrication. However, Oomen et al. [59] showed that
the addition of aluminium oxide had an adverse effect on the surface, as it promoted abrasive
wear. Therefore, soft particles such as copper or graphite should also be included
in the product composition to balance the adverse effects of hard particles.
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2.3 TOR Products and Wear and RCF

While the previous section focused mainly on the frictional behaviour of TOR products, it is
equally important to consider their influence on wear and rolling-contact fatigue (RCF).
Friction control not only determines traction but also directly affects the contact stress
distribution, which governs the progression of material damage. So, the relationship between
friction, wear, and RCF must be evaluated as a coupled system.

One motivating example for using TOR products for wear mitigation comes from the heavy-
haul coal Shuohuang Railway line in China. Due to increased demand for coal supply,
the transported load rose from 5.3 to 148 million net tons over a period of just 9 years.
As the track had not been designed initially for such high loads, this led to severe wear and RCF.
However, the introduction of a lubricating system combining gauge-face lubrication with TOR
friction modification reduced rail wear by 18-52% (depending on track location) and lateral
forces by up to 69%, effectively doubling the rail service life compared with the period before
friction management was implemented [23].

Eadie et al. [54] conducted an extensive study, which utilised a full-scale testing rig to assess
the effect of FMs on wear and RCF. The performed tests had a duration of 100,000 cycles,
and the authors tested FMs at different dosages, along with an additional test under dry
conditions for reference. In contrast, periodic FM application effectively prevented surface
cracking and substantially reduced railhead wear, as can be seen in Fig. 5. Stock et al. [56] came
up with a follow-up study that expanded previous experiments to 400,000 cycles and added
additional steel grades (standard R260 and premium R350HT). FMs maintained CoT between
0.3 and 0.4, with positive friction characteristics, and no significant RCF cracks were detected
at the end of the test. Compared to the dry reference test, wear was nearly eliminated.

a) n=9.9°

e .

—_— BOE1 (new)

-~ FM250

=12 mm

18.5 mm

Fig. 5 Rail profile changes due to wear: reference (new) rail and for dry and FM test conditions in a), with

photos of the corresponding specimens in the same order in b) [54].

When it comes to TOR lubricants, the RCF situation differs, as several studies have reported
their adverse effects on crack propagation. Sdnchez et al. [60] tested two TOR lubricants. While
both of them significantly reduced CoT below 0.1 and subsurface deformation depth to one-
third, microscopic observations revealed a transition from adhesive wear and ratcheting under
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dry conditions to severe delamination under TOR lubricants, as low-viscosity oil used as a base
medium penetrated subsurface cracks and accelerated crack growth by a hydro-pressurisation
mechanism. A study by Gutsulyak et al. [61] reached similar conclusions, adding that hydro-
pressurisation does not occur with FMs because their base dries rapidly after application.
In this regard, it is essential to mention the study by Seo et al. [53], who tested the TOR hybrid.
In this case, the product accelerated crack growth. Due to its partially drying base medium, it
formed alternating dry and wet patches in the contact, combining the high CoT typical of dry
contact with fluid entrapment, causing hydro-pressurisation.

Some of the mentioned studies demonstrated the ability of TOR products to prevent
the formation of RCF cracks, but showed adverse effects of liquid base medium on cracks that
already exist. A significant work was delivered by Hardwick et al. [62], who focused on the case
when cracks were already present before the TOR product application. The authors used
a twin-disc machine to initially run specimens for 4,000 dry cycles to create pre-existing
cracks. Then, all categories of TOR products were tested together with water as a reference.
In the case of FM, the base medium evaporated quickly, leaving behind a thin solid-particle film
that maintained CoT between 0.1-0.2 and reduced wear by 44%. Crack depths remained
shallow and parallel to the surface.

a) b)

Fluid trapped
under
pressure,

DEG3: 14.11°

B DEG1: 9.80° i .
y X 2 D_3:548.48 um .

Rolling
Sliding

' DEG2: 26.26°

DEG4: 23.97°

3 # $oh S ot YT, NF -
] . % \ <
] - o T.F.T
:

500 pm LRl B P2: 1540.37 um -

Wheel

Rail

Fig. 6 a) Effect of TOR lubricant on RCF in the presence of pre-existing cracks [62] and b) fluid-assisted crack
propagation mechanism (hydropressurisation) [63].

In contrast, TOR lubricants (oil- and grease-based), TOR hybrid and water promoted severe
crack propagation, see Fig. 6 a). Water resulted in an average CoT of 0.2 and crack depths
between 200 um and 360 pm, as a result of hydropressurisation, as depicted in Fig. 6 b).
The low-viscosity TOR lubricant resulted in a very low CoT (approximately 0.07) but caused
amore than twelvefold increase in material loss, with crack depths reaching up to 0.8 mm.
Similarly, the high-viscosity TOR lubricant and the TOR hybrid produced extremely low CoT
(0.02-0.06), causing spalling and localised delamination with cracks as deep as 0.9 mm.
The most severe RCF damage was observed under water-lubricated conditions, leading
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to extensive delamination and an increase in total material loss of up to 17 times. Microscopic
cross-sections confirmed that only the drying FM was able to prevent further crack
propagation effectively. The study concluded that non-drying TOR products increase the risk
of accelerated RCF in rails with pre-existing cracks, a conclusion consistent with the results
of several other studies [63,64].

2.4 Other Benefits of TOR Products

In addition to wear and RCF, the wheel-rail system is also prone to rail corrugation, which is
a periodic surface waviness that typically develops on the low rail in small-radius curves. This
phenomenon arises from cyclic stick-slip oscillations, where cyclic stick-slip motion induces
tangential oscillations and gradually deforms the rail surface. Over time, these oscillations
result in characteristic long-pitch corrugation waves and increased vibration levels [41].

Eadie et al. [42] confirmed that proper friction management can prevent corrugation by
maintaining an intermediate CoT and a positive friction characteristic. Moreover, corrugation
is closely associated with acoustic emissions, as the same stick-slip instabilities that generate
surface waviness also excite structural vibrations in the wheel and rail, producing squealing
noise. The authors further reported that applying a friction modifier reduced squeal noise by
6-23 dB at the Metro Bilbao test site.

Although stick-slip oscillation is not the only mechanism of noise generation [65-67], other
mechanisms can also be addressed through the application of TOR products. Galas et al. [49]
measured a decrease in emitted noise from 97 dBA to 64-68 dBA thanks to the application
of TOR lubricant, and Han et al. [7] demonstrated numerically that lowering the CoF from 0.3
to the range below 0.05 resulted in a 10-25 dB reduction in sound pressure levels. Liu et al.
[50] further showed that both FMs and TOR lubricants changed the creep-curve slope from
negative to positive and reduced squeal amplitude.

2.5  Wheel-Rail Interface as an Open System

The previous text explored materials that are added to the top of the rail intentionally.
However, the wheel-rail interface is an open tribological system, where frictional conditions
are strongly influenced by contaminants (e.g., water, leaves, oil or diesel) [68] and can change
within a very short time frame, in some cases even over the passage of individual axles
of a single train.

Water is arguably the most significant contaminant, as its occurrence on the rail is virtually
unavoidable [69]. [t may originate from rainfall, condensation of humid air, or leakage from
passing vehicles, and even by itself, it acts as a strong lubricant, capable of significantly
reducing adhesion [70-76]. Things get even worse when small amounts of water mix with
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oxide layers and wear debris on the railhead, which typically happens in the early morning
when dew is present [77]. Under such conditions, water and iron oxides form a viscous paste
that can reduce CoA to values below 0.05 [17]. In the literature, this state is commonly referred
to as the wet-rail phenomenon [78]. Countermeasures against low adhesion commonly involve
the use of traction enhancers, typically sand, which restores adhesion by increasing surface
roughness and breaking through the contaminant layer, enabling direct contact between
the wheel and the rail [79-85].

Special attention must be paid to leaves. In autumn, leaves from nearby trees fall onto the track
and are crushed under passing wheels, releasing organic compounds such as tannins [86]
or pectin [87], that react with oxides on the rail surface [88]. This process forms a thin black
layer on the railhead, commonly referred to in the literature as the black leaf layer [89].
Although the exact mechanism remains a subject of discussion [77], it has been observed that
when this layer becomes wet, it has a significant effect on adhesion [77,89-93]. In the worst-
case scenario, CoA can drop as low as 0.02 [94]. Spectroscopic analyses revealed that the black
leaf layer is mainly composed of carbon and iron oxides [95]. However, experimental studies
with leaf extracts [18] demonstrated that even without the black leaf layer, adhesion is still
significantly reduced, as organic compounds released from leaves play a key role
in the lubricating process [96]. However, their exact contribution remains to be clarified [77].

This work aims to study the interaction between TOR products and contaminants. In this
context, some of them are less critical, as their occurrence can be effectively controlled. Oil
or fuel leakage from passing vehicles can be largely prevented [69], and in the case of leaves,
various measures are implemented in many countries. For example, trees along railway lines
are often removed [97], while elsewhere the use of TOR products during autumn can be
restricted. In contrast, the interaction of TOR products with water and iron oxides is inevitable.
For this reason, the following literature review will provide a detailed examination of these
two contaminants.

2.6 Water as a Contaminant

The most natural way for water to find its way on top of the rail is through condensation,
precipitation, or from the melting of snow and ice. Over the last few decades, extensive
research has investigated its influence on adhesion. Numerous studies reported that applying
water to dry contact causes a decrease in CoA. Although exact values vary, most agree that
water typically reduces CoA to the range of 0.2-0.3 [70-76].

The variability of reported values can be attributed not only to the type of experimental facility
but also to the specific test conditions. For instance, Wang et al. [74] demonstrated that under
standard conditions, water reduces CoA to approximately half of its dry value (see Fig. 7 a), but
this decrease becomes even more significant at higher rolling speeds [75]. Another study
highlighted the role of environmental temperature: while the CoA values themselves were
similar across environments with different air temperatures, water retentivity was prolonged
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at lower temperatures, most likely due to slower evaporation [98]. These observations clearly
demonstrate that many parameters have an impact on the behaviour of water, underlining
the need to examine its effect on adhesion under various operating scenarios. Many studies
have focused on situations where a large amount of water is present (e.g., during rain), allowing
for the formation of athick lubricating film, and have attempted to explain its effect
on adhesion based on elastohydrodynamic lubrication theory and its modifications [99-103].

a) b)

Fig. 7 a) Change in CoA after water application for different axle loads [74], and b) comparison of

predicted and measured CoA for a Shinkansen train on wet rails [104].

Chen et al. [105] demonstrated that CoA is strongly dependent on water temperature and the
height of the surface asperities. For cold water, CoA exhibits significantly lower values than for
hot water, as depicted in Fig. 8 a). Regarding surface roughness, a higher CoA was calculated
for surfaces with a higher height of surface asperities than for smooth surfaces, see Fig. 8 b)
[103]. This finding suggests that a transition from boundary/mixed to fluid film lubrication
may occur, which is also supported by the fact that the most significant effect was the vehicles'
speed, as an increase in rolling speed resulted in a dramatic decrease in CoA.

In the follow-up study [106], they focused on this idea and analysed water film thickness
as a function of rolling speed and temperature, showing that film thickness increased with
higher rolling speed but decreased with higher temperature, as can be seen from Fig. 8 c).
The observed evolution of film thickness is further supported by the study of Wang et al. [100],
which shows that changes in fluid viscosity notably influence adhesion. As colder water has
higher viscosity than warm water, it can form a thicker lubricating film, confirming earlier
conclusions [106].

Later, the initial models were refined to simulate the mixed lubrication regime, which is more
closely aligned with the actual conditions in wheel-rail contact. To achieve this, the authors
employed ultrasonic methods to measure the real contact area directly and conducted twin-
disc experiments to obtain the actual CoA data as input. The model confirmed the previous
conclusions and validated them against full-scale data measured on the Shinkansen (Series
200), showing excellent agreement, see Fig. 7 b) [104].

Other authors focused closely on the role of surface roughness. Zhu et al. [107], who conducted
experiments on both smooth and rough specimens, confirmed lower adhesion under wet
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conditions for smooth specimens, experimentally confirming conclusions obtained
by Chen etal. [103] through numerical simulation. Wu et al. [108] added that not only
the height of asperities but also their orientation plays an important role. Additionally,
the study [109] examined the effect of surface roughness with different axle loads (and thus
contact pressures). For smooth surfaces below a certain roughness threshold, an increase in
axle load enables the formation of a continuous water film, resulting in low adhesion. However,
in the case of a rough surface, a high axle load enhances asperity contact and prevents water
from forming a uniform lubricating film, resulting in increased adhesion.

a) b) c)
0.15 0.15
“ - 03um
B e 1 )
5 0.10 | 2 o010fF .
-] o = - o
3 2¢eC © F g 0.1um
g 22C e 20d B F (cms)
e ) o
3 ! g : 0.15um
g 005 F y oo & O05E k00003 o
= E Slip ratio 0.2% E  Slip ratio 0.2%

| Load per unit length SMN/m Temperature 20°C
Surface roughness 0.2 pm (r.m.s)

X
L " ' Load per unit length SMN/m
000 b Ly Ly L1y 0.00-‘-‘-‘-‘-|-‘-‘-‘-‘-‘&°‘-‘-6-‘-‘°‘-‘<5-‘-‘-

0 100 200 300 400 0 100 200 300 400
Speed (km/h) Speed (km/h)

Fig. 8 a) CoT under water-lubricated conditions as a function of water temperature, b) surface roughness [103]
and c) the resulting film thickness at different temperatures [106].

To prevent low-adhesion problems, modern locomotives are often equipped with on-board
monitoring systems that run predictive models based on creep curves [99]. Thus, several
studies [110-114] examined how water influences adhesion under different creepages, and it
was found that in wet contacts, either neutral or slightly negative friction characteristics can
be expected.

2.7 Moisture and Iron Oxides

Studies discussed in the previous text have shown that water reduces CoA, but none of them
recreated the low adhesion problems. A paper by Buckley-Johnstone et al. [115] provided
an explanation based on the amounts of water. The author conducted tests on a full-scale twin-
disc machine. For higher amounts, CoA remained between 0.2 and 0.3, which
is in accordance with [70-76]. However, after reducing the water amount, CoA dropped as low
as 0.05. Boster et al. [116] explained that the effect of water on adhesion varies depending on
its amount, as follows: during heavy rain, particles and contaminants are washed from the rail
surface, which may lead to improved adhesion. However, in small amounts, the effect will be
quite the opposite. On a clean surface, water acts as an additional boundary lubricant, reducing
adhesion. If wear debris or oxide products were present, they would form a thick paste that
would lubricate the rail surface even better. Experimental evidence can be seen in Fig. 9 a).

The two most common scenarios in which small amounts of water appear on the railhead are
either due to the gradual evaporation of larger amounts (e.g. after rainfall, as the rail dries)
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or through condensation from humid air. In the first case, as the water film thins during
evaporation, the ratio between water and particles shifts in favour of the particles,
and the viscosity of the mixture grows exponentially [117], resulting in the formation
of a highly viscous paste that can cause very low adhesion [118]. The schematic of this process
can be seen in Fig. 9 b). This phenomenon has been recognised for some time [116], but its
understanding remains limited, as it is difficult to observe directly in the field.

The main challenge lies in the fact that it occurs over a very short time frame and only under
specific conditions. Laboratory studies [17,18,33] and numerical models [119] have attempted
to describe this transient behaviour of water just before complete evaporation. These studies
showed that while sufficient quantities of water are present, the CoA remains at values
comparable to those [70-76] observed under flooded conditions. As drying progresses,
adhesion stays relatively stable until a critical point is reached, after which the CoA rapidly
returns to dry-contact levels, often accompanied by increased noise [18]. However, just before
complete drying, a short transitional phase occurs in which a critically small amount of water
remains in the contact. During this phase, the CoA temporarily drops to values much lower
than those under fully flooded conditions.

Fig. 9 a) Comparison of CoT for water and oxide mixtures [120], and b) the schematic of the transient behaviour

of water during evaporation [119].

Incidents related to low adhesion are most often reported in the morning [77], and a large
number of them can be directly linked to humidity [121]. One illustrative example is the 2002
derailment on the Tokyo Metro line in Japan, where changes in friction due to ambient
temperature and humidity were identified as a contributing factor [122]. Several studies have
highlighted that an increase in relative humidity (RH) of air, especially above 75%, leads
to a decrease in CoA [123-129]. The situation becomes even more critical when the dew point
is reached [18], which means that the air can no longer retain additional water vapour, and
excess moisture begins to condense on the rail surface. This process depends strongly
on ambient temperature, which determines how much water vapour the air can hold before
condensation occurs. As the temperature drops, especially at night, the capacity of air to retain
moisture decreases, leading to the formation of morning dew. Studies have concluded that,
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although the effect is more significant at lower temperatures [127], low adhesion problems
may occur even at ambient temperatures above 20 °C and higher [125,126].

Beagley described the mechanism by which oxide products lead to low adhesion as follows:
while oxides are sufficiently strong to support wheel loads, their low shear strength limits
the transmission of tangential forces and thereby reduces adhesion [117]. In another study,
the same author tested a mixture of hematite powder and water, achieving extremely low
adhesion levels [130]. White et al. [17] further examined the behaviour of hematite
in comparison with magnetite and concluded that hematite suspension in water is
considerably more prone to induce low adhesion conditions. In his tests, the lowest measured
CoA dropped to 0.02. In a later study [78], the same authors successfully replicated the wet-
rail phenomenon under laboratory conditions by using powders of different oxides, achieving
very low adhesion during transient periods between wet and dry states.

In addition to testing oxides in powder form, attempts were made to create oxide layers
in laboratory conditions in a more natural way. Sone et al. [131] proposed a procedure for
generating oxides in a climatic chamber using vapours of oxidation-promoting agents.
Suzumura subsequently demonstrated that oxides produced under such conditions behave
similarly to those formed on actual rails [132]. Zhu et al. [133-136] adopted the procedure
proposed by Sone et al. [131] and carried out extensive research on the effect of iron oxides
and humidity on friction. The pin-on-disc tests demonstrated that in situ formation of iron
oxides under severe mechanical conditions had a greater impact on friction than pre-applied
oxide films. The CoF decreased with increasing RH until a saturation level was reached, where
a boundary layer of adsorbed water molecules stabilised the contact. Beyond this point,
additional humidity promoted the retention of hematite on the surface, slightly increasing
friction and counteracting the lubricating effect of the water film. As a result, the CoF remained
low and stable. The visual appearance of oxide layers prepared in laboratory conditions can be
seen in Fig. 10 a-c).

a) b) c) d)

Fig. 10 The visual appearance of specimens after oxidation treatment: a) untreated, b) thick rust layers,
c) typical light surface oxidation observed on railhead, and d) comparison with an actual oxidised
rail segment - modified [133].

Oxidation of rail surfaces is a chemical reaction in which iron at the surface combines with
oxygen from the air to form iron oxides. As the process progresses, the metallic surface
gradually transforms into a layer of corrosion products. Several external factors influence
the rate and nature of oxidation. Quinn et al. [137,138] noted that oxidation strongly depends
on contact conditions such as temperature, load, and sliding speed, while Dillmann et al. [139]
emphasised the critical role of ambient humidity and moisture. Hardwick et al. [120] further
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demonstrated that the presence of salt in the environment (such as from winter road de-icing)
accelerates oxide growth.

Several studies have attempted to associate specific types of iron oxides with particular
environments (such as industrial, rural, or coastal areas) based on the typical conditions
prevailing in those settings [140,141]. Godfrey et al. [142] compiled a comprehensive list of the
most common iron oxides and their hydrated forms (rusts), along with their mechanical
and tribological properties. In addition, Kempka et al. [143] explicitly focused on the wheel-
rail contact, analysing the oxide layers formed on the rail surface using X-ray diffraction (XRD).
The analyses revealed that the oxide layers consisted mainly of hematite, magnetite, goethite,
and akaganeite.

2.8 Contamination of TOR Products

The previous section reviewed numerous studies that examined either TOR products
or contamination individually. However, only a few investigations have addressed these
factors simultaneously. Moreover, those that did often tested materials that would no longer
meet the current definition of TOR products, as they have been designed for a different
purpose than friction modification.

One of the earliest studies was conducted by Olofsson et al. [124], who utilised a laboratory
pin-on-disc tribometer to investigate the effects of humidity, leaf contamination, and oil-based
rail lubricant on friction. It is important to note that the used lubricant (Binol Rail 510A) does
not meet the definition of TOR lubricant, as it is used to minimise friction regardless
of traction/adhesion. Nevertheless, oil is the main component of TOR lubricants, so that any
conclusion can be, to a limited extent, also applied to TOR lubricants.

a) b)

Fig. 11 a) Comparison of the lubricating effect of water, oil and their mixture [19], and b) performance of FMs
in wet conditions [15].

Under clean conditions, the CoF of the lubricant ranged between 0.05 and 0.1. The addition

of dry chopped leaves did not further reduce friction, indicating that the dry organic layer
interfered with the lubricant film. When tested alone, dry leaves produced intermediate
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friction levels (CoT = 0.3), which would not cause adhesion problems. Therefore, the combined
presence of lubricant and dry leaf contamination did not lead to the extremely low friction
typical of oil-lubricated contacts. Humidity slightly reduced friction under dry conditions, but
its effect became negligible in the presence of both lubricant and leaf contamination.

Another study on an oil-based rail lubricant was conducted by Wang et al. [19], but in this case,
the contaminant was water. The authors used a full-scale JD-1 simulation facility and tested
sequentially three conditions: water, lubricant, and their mixture, under two different axle
loads (21 tand 25 t). For the 21 tload, the CoT decreased from 0.17 under water to 0.025 under
oil, and to only 0.018 when oil and water were combined. A similar trend was observed at 25 t,
where the adhesion values were 0.18, 0.035, and 0.03, respectively. These results indicate that
the mixture of oil and water produces an even lower CoT than either component alone, as can
be seen in Fig. 11 a).

Arias-Cuevas and Li conducted two follow-up studies in which they tested the effect of water
[15] and leaf [47] contamination on two commercial "friction modifiers". Both products were
widely used on railways in Japan, the Netherlands, and Great Britain, primarily to restore
adhesion under wet conditions rather than to optimise friction on dry track. This purpose was
also reflected in their composition, as they contained stainless steel particles, which are not
typically found in FMs. Furthermore, particles in the first product (labelled FMa) were
up to 100 pm, and the second (labelled FMb) contained even larger particles in the range
of hundreds of microns. Therefore, according to the current definition, these products would
be considered traction enhancers rather than FMs [32].

Under wet conditions, FMb provided an intermediate level of friction, as the CoT did not drop
below 0.2. In contrast, in the case of FMa, the CoT decreased to as low as 0.07 and, even after
several hundred cycles, did not recover to 0.2, see Fig. 11 b). The size of the contained particles
most likely caused the difference in performance between these two products, since FMb
included much larger particles than FMa. However, this also led to surface damage and visible
scratches, whereas in the tests with FMa, no significant damage was observed [15]. The same
products were also tested under leaf contamination, with the authors focusing on their ability
to restore adhesion. Once again, the product containing larger particles proved more effective,
reducing the recovery period by up to 93%, though at the cost of surface indentations and
scratches. The authors concluded that the size and hardness of the particles are key
parameters, and that achieving an optimal balance between adhesion restoration and surface
damage is crucial for product design [47].

Oldknow et al. [70] analysed how precipitation and FMs influence the lateral and vertical forces
ona 300 m curve of a heavy-haul line. Four cases were compared: dry rail, rain without FM, FM
under dry conditions, and FM under rain. Regarding the influence of water on FM, the results
showed that when the rail was wet, and FM was applied, water interfered with the material
transfer, delaying film formation and causing slightly higher L/V ratios (0.3-0.4) during
the initial phase. Once the rail surface dried, the FM film re-formed, reducing the L/V ratio
to approximately 0.2, which is comparable to FM performance under dry conditions. These
findings indicate that the presence of water may temporarily suppress the effectiveness of FMs
until the moisture evaporates.
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Chen et al. [44] evaluated various lubricants under both dry and wet rail conditions to analyse
their effect on adhesion, lateral forces and braking performance. The tested products included
oil, grease, a water-soluble lubricant, and a solid lubricant, together with improved
formulations. The oil and grease were primarily intended for flange lubrication to reduce wear
at the wheel flange and gauge corner. In contrast, the solid and water-soluble lubricants
(basically an FM) were developed for TOR applications.

Under dry conditions, products effectively reduced lateral forces, with the most substantial
reduction observed for the solid lubricants. However, when water was present on the rail
surface, the behaviour of the lubricants diverged. Oil and grease mixed with the moisture,
forming an extended lubricating film that further reduced adhesion and led to longer braking
distances. In contrast, the water-soluble lubricants and solid lubricants maintained more
stable friction and shorter braking distances even on wet rails. Quantitatively, water-soluble
lubricants produced similar lateral force reduction to the solid lubricants, but without
the severe loss of adhesion seen for oil and grease. Thus, the study demonstrated that while oil
and grease become risky under wet conditions, solid and water-soluble formulations maintain
controlled friction and consistent braking performance, making them more suitable for safe
TOR lubrication in humid environments.

a) b)

c)

Fig. 12 a) Testing setup, b) effect of RH and c) effect of ambient temperature on CoF of FM-Fe,03 mixture
[123].

Using a custom-built pin-on-disc rheometer and Amsler twin-disc tester, Lu et al. [27]
conducted a laboratory study to examine the effect of iron oxides (specifically Fe, 05 particles)
and grease on performance FM. The iron oxide contamination had a strong structural
and mechanical influence on the FM film. At high concentrations (75-90%), the shear
stress-displacement curves exhibited a pronounced initial peak, attributed to the aggregation
of oxide particles within the polymeric matrix, and CoT ranged between 0.3 and 0.35. Grease
contamination, on the other hand, had a more substantial effect. When FM was applied
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to a grease-contaminated surface, the lower surface tension of the oil compared to water
and steel led to poor wetting, incomplete film adhesion, and crater formation. As a result,
the shear strength of the FM-grease composite decreased from around 60 MPa (clean FM)
to 40-47 MPa, and CoT decreased to 0.15-0.25. However, even under light grease
contamination, the mixture still exhibits a positive friction characteristic, suggesting that FM
could still maintain some level of traction control. Overall, the study highlighted that while iron
oxide contamination only moderately affects FM performance, grease contamination
substantially reduces film integrity and CoT.

Lewis et al. [123] used a pin-on-disc tribometer equipped with an environmental chamber
to investigate how environmental conditions and iron oxides influence the performance
of a commercial FM, see Fig. 12 a). Tests were carried out at 10 °C and 20 °C, relative humidity
between 40 and 90 %, and oxide concentrations ranging from 25 to 45 %. Two types of oxide
were studied: Fe,03 and Fe;0,4. The results showed that at high humidity (above 70 % RH),
the CoF remained between 0.2 and 0.25 for the entire sliding distance, because the film
retained moisture and did not dry out. In contrast, at 40 % RH, the FM dried after only a few
meters of sliding, and CoF returned to dry contact values above around 0.6, see Fig. 12 b).
Mixing iron oxides with the FM decreased its lubricating effect, with Fe;0, having the stronger

influence than Fe,03 due to its larger particle size.

Subsequent tests examined the influence of oxide concentration and temperature. At 10 °C,
friction rose rapidly for mixtures with 25% oxide but remained low for 45%, indicating that
higher solid content improves film stability and moisture retention. At 20 °C, friction remained
low regardless of oxide content, suggesting that higher temperatures delayed drying, as can be
seen in Fig. 12 c). This is because, at the same relative humidity, warmer air contains more
water vapour, which reduces the vapour pressure gradient and slows evaporation from the FM
film. A humidity transition zone was identified between 40 and 45% RH, below which the film
dried and friction increased, and above which the film remained wet, and friction stayed low.
These findings highlight that both environmental moisture and oxide content critically affect
film persistence and the frictional behaviour of railhead friction modifiers.
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3. Analysis and Conclusions

Frictional phenomena in the wheel-rail interface have been studied for several decades.
During this time, numerous studies have examined the effects of water [70-76], iron oxides
[133-136], and leaves [86-88,95] on adhesion. Considerable attention has also been given
to TOR products, where their effectiveness has been demonstrated in reducing wear
[54,63,144] and noise [8,42,49,145]. In practice, friction modification and contamination
cannot be entirely separated, as TOR products are always applied to a more or less
contaminated contact. Despite this, only a few studies have addressed these issues
simultaneously, which can be demonstrated by the results of a literature search performed
in the Web of Science database (valid as of 19 October 2025):

= Search query: (wheel or rail) and (adhesion or friction or traction) and (water
or humidity or dew or iron oxides or rusts or leaf) returns 727 publications.

= Search query: (wheel or rail) and (adhesion or friction or traction) and (friction
modifier or TOR product or TOR lubricant) returned 209 publications,

= However, the combined query: (wheel or rail) and (adhesion or friction or traction)
and (friction modifier or TOR lubricant or TOR product) and (water or humidity or dew
or iron oxides or rusts or leaf) and contamination returned only 19 publications.

Furthermore, several of these 19 publications do not entirely fit within the intended scope.
For example, the study by Arias-Cuevas et al. [92] claims to use a friction modifier, which in fact
refers to sand, and the work focuses on enhancing traction rather than friction management.
After filtering these publications and adding several additional papers from the Scopus
database, only eight studies were found to be relevant. These were discussed in the previous
section, and the following summary outlines the most important findings of the literature

review:

[.  The ability of TOR products to maintain a positive friction characteristic [31]
and to establish an intermediate level of friction typically between 0.2 and 0.4 [32,39]
was well-proven.

II.  Inspecific cases (such as overdosing), TOR products may cause low adhesion problems,
like wheel slips [14] or extended braking distance [49].

[II. ~ TOR lubricants contain hard particles that balance the lubricating effect of the base oil
or grease [58]. Any imbalance between the liquid and solid phases may cause
undesired effects, such as over-lubrication when shifted toward the liquid content,
or increased wear [59] when the composition of solid particles is non-optimal [57].

IV.  FMs are generally effective in reducing wear [54,146] and usually do not have any
adverse effects on RCF as their base medium evaporates [62]. In contrast, TOR
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lubricants may enhance propagation of pre-existing cracks, as the base oil penetrates
cracks and causes hydropressurisation [63,64].

In addition, Seo et al. [53] demonstrated that the TOR hybrid containing both water and
oil negatively affected RCF. This was attributed to alternating dry and wet conditions,
as the water component evaporated while the oil remained in the contact, combining
the adverse effects of high CoT from dry contact with liquid-assisted crack propagation
caused by the residual oil film.

Contaminants related to low adhesion problems are water [70-76], oxide products
[17] and leaves [77]. Regarding the contamination of TOR products, studying the effects
of water, oxides, and their combination is crucial. The interaction between
TOR products and leaves can be potentially prevented [97].

Regarding laboratory testing, applying larger amounts of water reduces the CoA by half
[19] but does not cause low-adhesion problems. Such issues occur only when small
amounts of water are present [116]. Two approaches can be used in experiments:
allowing the water to gradually evaporate until only a small amount remains [115]
or water condensation from air at higher RH levels [18].

A study by Lewis et al. [123] thoroughly described the effect of high ambient RH
on FMs. However, the impact on TOR lubricants remains unknown. While humidity was
found to have rather a negligible effect, the situation is quite different when the dew
point is reached, and condensation occurs [18].

A mixture of oil and water results in a lower CoT compared to either component alone
[19]. Furthermore, field tests showed that the use of oil/grease-based products on wet
rail may resultin prolonged braking distance [44]. Butitis important to note that tested
lubricants did not contain particles such as those used in TOR lubricants.

Contamination of FM with water may, in some cases, lead to a low CoT [15]. However,
things are not entirely clear. Some studies have reported an enhanced lubricating effect
caused by the slower evaporation of the base medium in wet or humid environments
[123]. In contrast, others have shown that the presence of water can worsen film
formation and produce the opposite effect [70]. In addition, field measurements
showed that the use of FMs on wet rail should not cause low adhesion problems [44].

Two approaches can be used to introduce oxides in laboratory testing: either by pre-
forming an oxide layer in a climate chamber under oxidation-promoting conditions
[131] or by directly adding oxides in powdered form [78]. Those most commonly found
on rail surfaces and tested under laboratory conditions include hematite, magnetite,
goethite, and lepidocrocite [143].

Iron oxides were found to influence film formation of FMs [123]. Adding them
in a powdered form to the FMs composition would have a rather increasing effect
on adhesion [27].

Apart from the factors discussed above, the reported friction levels are also strongly
affected by the experimental methodology itself. The measurements can be carried out



using a wide range of approaches, from hand-pushed tribometers [14,147] in the field
to full-scale test rigs [91,115,148], scaled twin-disc machines [61,114,136,149], and
small-scale laboratory tribometers in ball-on-disc [18,33,57] or pin-on-disc
configurations [124,133,135]. Although there are clear requirements for TOR products,
no universally accepted methodology exists for evaluating their performance.
In practice, a variety of procedures and setups are used, which often yield different
results even under seemingly identical conditions. For instance, Lundberg et al. [14]
demonstrated that when the CoT was measured on the same rail section using two
different methods, the first method produced values roughly twice as high
as the second.

3.1  Research Gap

Many studies have explored the effect of TOR products on frictional phenomena in the wheel-
rail interface, and even more have examined various types of contamination. However, Fig. 13
shows that less than 1% of them have investigated both aspects together, even though their
interaction is inevitable under real operating conditions.

Fig. 13 Overview of publications on TOR products and contamination, highlighting the limited overlap between
the two research areas.
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During the literature review, eight publications were identified as particularly relevant
and were examined in detail in Section 2.8. Although some of these studies included FMs, none
of them examined TOR lubricants, as the products tested, for example, by Wang et al. [19]
or Olofsson et al. [124], were simple oils not suitable for top-of-rail application. Furthermore,
all of these studies focused mainly on friction (or traction and adhesion), and none investigated
RCPF, leaving the effect of TOR products on RCF in contaminated conditions entirely unknown.

The most commonly tested contaminants are moisture (in the form of humidity, dew or direct
application of water) and iron oxides. Testing these conditions appears most reasonable,
as they were identified as common causes of low-adhesion problems. Li et al. [47] also
addressed leaf contamination. However, they used traction enhancers rather than TOR
products, which are not designed to remove or disrupt leaf layers anyway. Overall, no study
has systematically assessed TOR lubricants under moisture, water or iron oxide contamination,
nor has any examined the effect of TOR products on RCF under contaminated conditions.

3.2  Scientific Questions and Hypotheses

Based on the identified research gap, three scientific questions were formulated.
Corresponding hypotheses were proposed based on the conclusions [-XIII drawn from

literature reviews:
Q1: How does water contamination influence the ability of TOR products to modify friction?

= H1.1: Under wet conditions, TOR lubricants are expected to cause over-lubrication
because the presence of water disrupts the balance between the liquid and solid
phases, shifting it in favour of a stronger lubricating effect. Since water-oil mixtures
are known to produce very low friction, and oil is the main component of TOR
lubricants, a similarly low-friction response is likely for TOR lubricants in wet
conditions. (II, I11, IX)

= H1.2: For friction modifiers, the effect of water contamination is expected to depend
on the amount of water. Small amounts of water may enhance lubrication by slowing
evaporation of the base medium. In contrast, larger quantities are likely to disrupt film
formation and result in higher and less stable friction. (1, VIII, X)

Q2: How does the performance of TOR lubricants change with increasing ambient humidity

and under dew conditions?

= H2: Ambient humidity alone is expected to have only a minor effect on friction
and, therefore, is unlikely to influence the performance of TOR lubricants significantly.
A substantial change is expected when the dew point is reached and water condenses
on the rail surface. In this case, the condensed water can mix with TOR lubricants
and cause over-lubrication. (11, III, VII, VIII, IX)
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Q3: How do TOR products affect wear and rolling contact fatigue in the presence of oxide layers

under wet conditions?

= H3.1: In wet conditions, TOR lubricants are expected to influence RCF in a way similar
to TOR hybrids. The only difference is that water is intentionally added in the latter,
whereas in the former, it enters the contact as an unwanted contaminant. This
combination is expected to promote severe RCF due to the coexistence of high friction

and liquid-assisted crack propagation. (V)

= H3.2: When mixed with friction modifiers, oxides are expected to disrupt film
formation, reducing the effectiveness of the product and increasing wear. In contrast,
the presence of water may partially counteract this effect by helping to rebalance
the liquid-solid ratio and by slowing the evaporation of the base medium, thereby
prolonging the lubricating effect. (X, XII)
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4. Aims of the Thesis

This thesis aims to explore the effect of environmental contamination on the performance
of TOR products. Based on the scientific questions Q1-Q3, three key research areas have been
identified. This thesis aims to investigate:

a. The effect of larger quantities of water on both FMs and TOR lubricants, simulating wet
rail conditions and precipitation,

b. The impact of small amounts of water in environments with high relative humidity
and temperature gradients,

c. The combined effect of water and iron oxides on the ability of TOR products to reduce
wear and RCF.

However, the literature review also revealed that different authors use diverse experimental
approaches, testing devices, and measured parameters. Moreover, the commonly used
CoT/CoA time-dependence tests, known as "time tests", are useful for studying transient
phenomena but are not suitable for a comprehensive evaluation of TOR product performance.
Therefore, an additional objective was formulated:

d. The development of a benchmarking methodology for assessing the performance
of TOR products, specifically their ability to provide intermediate friction levels
and a positive friction characteristic. The methodology will be designed for use
on a commercial tribometer to ensure consistent repeatability and reproducibility
across different laboratories.
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5.Thesis Layout

The core of the thesis consists of four publications [150-153], each focusing on one
of the objectives (a-d). The first two publications were carried out in parallel. Article I [150]
deals with objective (a) and investigates the direct effect of water contamination on TOR
products using time tests. During this work, it became clear that time tests are helpful
in studying the immediate response of TOR products to contamination, but are not suitable for
broader performance evaluation. This finding led to the development of a new benchmarking
methodology based on creep curves rather than time tests. The methodology is described
in Article II [151], which addresses objective (d). To be transparent, this objective was added
later, as the need for a dedicated methodology emerged naturally during the work on the first
publication.

The newly developed approach was then applied in Article I1I [152], which explores the effects
of ambient humidity and temperature, corresponding to objective (b). To pursue the final
objective (c), which required advanced facilities for RCF analysis, an internship at Southwest
Jiaotong University in China was specifically arranged. This institution, with its long tradition
and extensive experience in twin-disc RCF testing, offered the ideal environment to conduct
the experiments and complete this part of this thesis. The result of this internship was
published in Article IV [153].

During the final experiments, an unexpected phenomenon was observed: oxidation of the crack
faces initiated crack propagation. This observation inspired a separate line of research. The
results were presented at the Contact Mechanics 2025 conference in Tokyo, and a shortened
version was published in the conference proceedings. The full paper will be submitted to the
Wear special issue by 30 April 2026. Although this study was not part of the original objectives
(a-d), it emerged as a direct outcome of the PhD research and is closely related to the main
thesis topic. The finding that oxidation seals cracks and prevents liquid ingress has direct
implications for the behaviour of TOR products on oxidised surfaces, as it explains why liquid-
assisted crack propagation was suppressed in the presence of an oxide layer (Article IV). For
this reason, the study is included and discussed in this thesis as Article V.

Article I

[150] Skurka S, Galas R, Omasta M, Wu B, Ding H, et al.
The performance of top-of-rail products under water contamination.
Tribology International 2023; 188.

Author's contribution 40%
Journal impact factor (2023) 6.1
JIF/AIS Quartile Q1/Q1
Citations (WoS/Scopus/Google Scholar) 7/9/9
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Article 11

Article II1

Article IV

Article V
CM 2025

Wear special issue
(will be submitted
before 30 April)
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[151] Galas R, Skurka S, Valena M, Kvarda D, Omasta M, et al.
A benchmarking methodology for top-of-rail products. Tribology
International 2023; 189.

Author's contribution 28%
Journal impact factor (2023) 6.1
JIF/AIS Quartile Q1/Q1
Citations (WoS/Scopus/Google Scholar) 4/6/6

[152] Skurka S, Galas R, Omasta M, Ding H, Wang W, et al.
Assessing the Performance of TOR Lubricants in Humid
Environments and Under Dew Conditions. Tribology Letters 2024
72.

Author's contribution 50%
Journal impact factor (2024) 3.3
JIF/AIS Quartile Q2/Q2
Citations (WoS/Scopus/Google Scholar) 1/1/1

[153] Skurka S, Galas R, Li ], Wang H, Omasta M, Ding H, et al.
Performance of top-of-rail products under contaminated conditions

with pre-existing cracks: Impacts on traction and surface damage,
Wear 588 (2026) 206520.

Author's contribution 50%
Journal impact factor (2025) 6.1
JIF/AIS Quartile Q1/Q1
Citations (WoS/Scopus/Google Scholar) 0/0/0

Skurka S, Li M, Wang H, Galas R, Omasta M, Ding H, et al.
Inside RCF Crack: Oxidation as a Factor in Rail Damage.

Author's contribution 50%
Journal impact factor (2026)

JIF/AIS Quartile

Citations (WoS/Scopus/Google Scholar)



6. Materials and Methods

This chapter provides a general overview of the experimental procedures and methods used
throughout the PhD research. Experiments can be classified into two groups based on the type
of tests: friction tests (addressing Q1 and Q2) and wear and RCF tests (Q3). According
to the thesis layout, friction tests were used in Articles I-III (and, to a limited extent, also
in Article IV). Wear and RCF tests were the main focus of Articles IV and V. A summary
of the experimental design and workflow is provided in Fig. 14. In this chapter, the material
that is common to several articles, like the specification of the TOR products or the description
of the testing apparatus, is presented first. The methodology for each article is then described
separately.

6.1 Tested TOR Products

All tested materials were commercial TOR products that are routinely used in railway
operations. Because no formal agreement with the manufacturers was in place, the specific
product names are not disclosed. Only the details necessary for the experimental work
and for interpreting the results are reported. Three products were selected to cover both
drying and non-drying formulations: one friction modifier (FM-A) and two TOR lubricants
(TORL-A and TORL-B). The same products, FM-A and TORL-B, have also been used in several
previous studies by other authors, which supports their relevance and representativeness.

Tab. 1 Characteristics of selected TOR lubricants.

Product Structure -G Base oil Thickener  Particles 5252 9! Vis°°25ity at
grade 40 °C (mm?/s)
TORL-A Paste 0 Biodegradable Organic 4153
ester
Soft

| ; metal
TORL-B  Gel paste 00 Synthetic ester norganic 46

(silicate)

Product TORL-A was included as a reference to TORL-B because the two products differ
in composition and several key parameters. The reason for selecting two TOR lubricants was
that these materials are sensitive to over-lubrication, which is strongly affected by their
formulation. As a result, the impact of contamination may vary between products with
different compositions. The main difference between the two TOR lubricants is summarised
in Tab. 1.
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6.2 Tribometer Mini-Traction Machine

Mini-Traction Machine (MTM, PCS Instruments) is a universal tribometer that was chosen
for the friction tests in Articles I-III. Its key advantage is that it is widely used worldwide,
ensuring that the results are highly comparable and reproducible.

The ball-on-disc configuration was selected to simulate rolling-sliding contact. The test
specimens were made of AISI 52100 bearing steel. Although this material is not a typical rail
steel, it provides high mechanical stability and minimal wear, ensuring consistent contact
conditions throughout repeated measurements. This setup was previously used, for example,
in [18,33,57]. For specific parameters, see Tab. 2.

Both specimens were driven independently by separate servo motors, enabling precise control
of SRR. The MTM is equipped with a high-precision load cell that continuously records normal
and tangential forces, allowing real-time monitoring of the CoT/CoA. It can operate in three
testing modes: time tests, creep curves, and Stribeck curves, where CoT/CoA is evaluated

as a function of time, SRR, or rolling speed, respectively.

Tab. 2 Parameters of specimens used for MTM testing.

Diameter Hardness Initial roughness Testing
Specimen Material
(mm) (HVo.5) (pm) roughness (um)
Ball 19.05 800-920 Ra 0.15
AISI 52100
. Ra 0.01
Disc 46 bearing steel 720-780 Ra0.3

In Article III [152], MTM was equipped with a climate chamber covering the tribometer bath.
The chamber contained two RH sensors: one provided feedback to the humidification unit,
which supplied a controlled flow of wet/dry air into the chamber, while the other continuously
monitored environmental conditions during the experiments. The climate chamber lacked
active temperature control, so all tests were conducted at room temperature. However,
in some tests, specimens were pre-cooled in a freezer to create a temperature gradient
and to study the effect of dew point.

6.3 Twin-Disc Machine MJP-30A

The MJP-30A (Southwest Jiaotong University, China) was used for wear and RCF tests
in Article IV and to form pre-existing cracks in Article V. In this setup, the specimens are two
independently driven discs, one representing the wheel and the other the rail. The device
allows precise control ofthe normal load, rolling speed, and creepage within operating

conditions similar to those in real wheel-rail contacts.
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The specimens had a diameter of 60 mm, and the contact width was 5 mm. The discs used
in Article IV [153] were made of C-class steel used for train wheels and U71MnH rail steel.
The materials used in Article V consisted of CL60 wheel steel and three rail steels: U75V,
U71MnH, and a newly developed material, which, for the same reason as in the case of the TOR
products, is referred to as "hyper-eutectoid steel". All specimens were cut directly from used
wheel and rail segments to ensure realistic material composition and properties.

Tab. 3 Composition and hardness of specimens used for wear and RCF tests.

Disc Steel C Si Mn P S HVo.5
Wheel C-class 0.67-0.77 0.15-1.00 0.60-0.90 0.030 <0.040 38819
Wheel CL60 0.56-0.60 <0.40 <0.80 <0.020 <0.015 298+11

Rail u7sv 0.71-0.80 0.5-0.80 0.70-1.05 <0.030 <0.030 31011

Rail U71MnH 0.65-0.75 0.10-0.50 0.80-1.30 <0.025 <0.025 29019

Hyper-

Rail 0.90-0.95 0.48-0.52 0.94-1.02 0.01-0.014 0.04-0.07 40510

eutectoid

6.4 Oxidation Process in the Climate Chamber

Articles IV and V focused on the effect of the oxide layer. The specimens were placed
in a climate chamber with the air temperature maintained at 60 °C and high ambient humidity.
There, the specimens were exposed to vapours from a mixture of water, ethanol,
and magnesium dichloride for 24 hours to speed up oxidation (in Article V, the exposure lasted
up to 168 hours). The XRD analysis revealed that the formed oxide layers consisted primarily
of four phases: magnetite, hematite, goethite, and akaganeite.

Before and after this treatment, the specimens were weighed to determine the mass increase
caused by oxide formation. In Article V, the thickness of the oxide layer was additionally
measured using SEM at specific time points during the oxidation process. A similar approach
to form oxide layers was used in several other studies [134-136] with some modifications, e.g.
the use of different oxidation-promoting agents and varying treatment durations.

6.5  Additional Experimental Equipment

In addition, several other instruments were used for surface analysis and supplementary
testing. In Articles II and III, the surface topography was examined using an optical

45



profilometer, ContourGT-X (Bruker). A Phenom Desktop SEM (Thermo Fisher Scientific) was
employed to observe RCF cracks in Articles IV and V, and an integrated EDX system was used

to detect oxides and residual particles from TOR products within the cracks. Furthermore,

an air-powered impact tester was used in Article V to examine how well the oxide layer

adhered to the crack faces and how stable it remained under cyclic loading.

6.6

Experimental Design and Test Conditions

The following sections briefly describe the experimental procedures, test conditions,

and overall experimental design for the experiments reported in each Article.

Article |

The objective of this study was to address the first scientific question, Q1. More specifically, it

aimed to examine how water influences the performance of TOR products. The tests were

performed on the MTM using the specimens described in Tab. 2. The tested TOR products
included FM-A, TORL-A, and TORL-B. All tests were carried out at a normal load of 18 N
(corresponding to a contact pressure of 0.8 GPa), rolling speed of 1 m/s, and an SRR of 2%.

First, preliminary tests were conducted to determine the optimal dosage for each product.

The test procedure consisted of four consecutive steps:
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2)

3)

4)

Run-in: The specimens were run under dry conditions for 15 minutes to reach a stable
CoA characteristic for the dry contact (approximately 0.4) and to remove any
remaining contaminant residue.

Product application: after CoA stabilised at dry levels, TOR products were applied
directly to the contact using an electronic micropipette.

Water application: Water was applied at three points, T1-T3, where the trigger
for application was a predefined CoA value, see Fig. 15. Specifically, T1 corresponded
to the phase soon after application of the product, where the contact is flooded, and the
risk of low adhesion is the highest. T2 belonged to the steady-state phase in the
intermediate friction range, where the product performs as intended. Finally, T3 was
defined in the region of relatively high friction, where the product no longer exhibits
any significant effect, to evaluate whether water can replenish the starved lubricating
film and prolong its effect. In single-application tests, water was added manually using
a micropipette (up to 2 ml). In continuous-application tests, it was supplied by
a peristaltic pump at the rate of 430 ul/min for 5 minutes.

Post-test cleaning: After each test, specimens were ultrasonically cleaned in an acetone

bath to remove all residues and contaminants.

The following analysis focused on the magnitude of the CoA drop caused by water

and the duration of the low adhesion period (CoA below 0.1). In addition to time tests,



Stribeck curve measurements for water, base oil of TORL-A, and their mixtures were

conducted at speeds ranging from 50 to 2500 mm/s.

Fig. 15 Illustration of the water-application timing a) and the evaluated parameters b) [150].

Article |l

While the first paper provided insights into the interactions between water and TOR products,

it also revealed several drawbacks and limitations of the experimental procedure. Therefore,

before moving forward, a new benchmarking methodology was developed to enable

a consistent and comparable assessment of TOR product performance under water

contamination. In the following text, the individual steps of the methodology are described. For

a detailed explanation and reasoning behind each step, please see Article I [151].

The methodology can be divided into two phases, see Fig. 16. In the Experimental phase, MTM

is used to obtain data from creep curve measurements that are later used in the Evaluation

phase to calculate performance parameters, based on which the final assessment is assigned

to the product. The Experimental phase consists of the following steps:

S1: Before testing, specimens are cleaned ultrasonically in an acetone bath for 20 min
to remove any residue from previous testing.

S2: After cleaning, the specimens are run-in for 30 min to establish stable dry contact
conditions. When a new pair of specimens is used, the run-in period is extended
to 60 min to overcome the initial phase of accelerated wear, and is therefore referred
to as wear-in for clarity.

S$3: TOR products were applied to the contact using an electronic micropipette (with
a declared error * 0.04 pl to ensure accurate and repeatable dosing,

S4: The testing sequence consisted of repeated creep curve measurements within
the 0-20 % SRR range. The TOR product was applied only once at the beginning
of the test sequence. The test was then repeated using the same initial dosage, and no
additional product was added until the stopping criterion was reached.

S5 and S6: The testing sequence was ended when CoT for two consecutive SRR points
exceeded 2/3 of the CoT value for dry conditions. If this condition was not met, the
excess lubricant was wiped from the ball with a paper towel (S6), and the sequence
continued as described in S4.
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Fig. 16 Schematic illustration of the testing methodology [151].

The completion of S1-S6 was labelled as a performance test (PT). To assess the performance
of one product, five PTs in total are required to explore the behaviour of the product under a
wide range of contact conditions and also to prevent any random error that may arise due to
effects like oxidation, etc.

The first step (S7 in Fig. 16) in the Evaluation phase is to define three different traction zones
under the creep curve of a dry contact: a critical traction zone (CTZ, below 17% of dry contact
CoT), an intermediate traction zone (ITZ, between 1/3 and 2/3), and a retentivity zone (RTZ,
spanning across the whole test duration). Then, performance parameters C (critical traction),
I (intermediate traction) and R (retentivity) are computed as the sliding distance spent in each
of the corresponding traction zones (average from five PTs). Simply put, parameter C says for
how long the contact operated in the low adhesion region, I says how long the product
maintained intermediate friction, and R says how long there was any noticeable effect
of the product.

In the next step (58), the over-lubrication factor (OLF) is calculated from parameters C, I and R.
The OLF express how likely the product is to cause low-adhesion problems. Then, in step S9,
OLF and I are plotted in a 2-D performance map, divided into four performance classes that
represent four quartiles Q1 to Q4. The final comparison between the two TOR products is based
on their performance classes. In addition, the effect of contamination can be evaluated by
examining how the performance class of each TOR product changes under different conditions.
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Article Il

The objective of the third paper was to apply the new methodology [151] to evaluate
the influence of humidity and moisture on TORL-A and TORL-B. The only modification
to the testing procedure, as depicted in Fig. 16, was the addition of an extra step between S3
and S4. After the application of the TOR lubricant in $3, the tribometer bath was covered with
a climate chamber, and a humidification phase followed. During this stage, two RH levels were
tested: 70% and 100%, to simulate humid and dew conditions. In some cases, the specimens
were pre-cooled in a freezer to create a temperature gradient, to lower the dew point and
speed up condensation. The tests then proceeded as usual.

In the evaluation, the effect of RH and temperature was assessed based on changes
in performance class, OLF and C parameters relative to their values in the reference test under
normal conditions.

Article IV

All tests were conducted on the MJP-30A twin-disc machine. The tested TOR products were
FM-A and TORL-A, and the specimens were cut from C-class wheel steel and U71Mn rail steel,
see Tab. 3. Preliminary time tests were performed to determine the optimal dosage for both
products. Afterwards, the main wear and RCF tests were carried out, see Fig. 17 a).

In some tests, the specimens were first run under dry conditions for 5,000 cycles to form pre-
existing cracks. Then, they were placed in a climate chamber to undergo an oxidation process.
Please note that all combinations of specimens' initial state were tested: clean and new, with
pre-existing cracks, with pre-existing cracks and oxides, etc.

Fig. 17 Schematic illustration of: a) preliminary time test and b) wear and RCF test [153].

During testing, the TOR product was applied each time the CoT reached 0.3, which marked
the upper boundary of the intermediate traction zone (see Fig. 17 b). Water was supplied
continuously at a rate of one drop per second using a drip system positioned above the contact.
Before and after each test, the discs were weighed to determine mass loss and to calculate
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the wear rate. Afterwards, they were sectioned and prepared as metallographic samples
for microscopic examination. Cracks were observed using SEM, and their lengths and depths
were measured. In addition, EDX analysis was performed to determine whether
any components of FM-A or TORL-A had entered the cracks.

Article V

Unlike in previous studies, this paper does not focus on friction or wear butinstead
on the effect of oxidation on the morphology and propagation of pre-existing cracks.
In the preparation stage, the MJP-30A was used to form cracks. The tested materials included
CL60 wheel steel and three rail steel grades: U75V, U71MnH, and the hyper-eutectoid steel (see
Tab. 3 for details). These tests were run under alternating wet and dry conditions to form
cracks with different sizes and geometries.

Afterwards, the specimens were placed in a climate chamber and exposed to the same
oxidation treatment as in Article IV, with the only difference being the duration of the process.
In this case, the duration was extended up to 168 hours. Atspecific time intervals,
the specimens were removed, sectioned, and prepared as metallographic samples.

Fig. 18 Methodology of crack length measurement for cracks with different shapes.

The metallographic samples were then examined using SEM to measure the length and depth
of cracks and to evaluate how oxidation affected their morphology. In some cases,
the evaluation of crack length was challenging, particularly under wet conditions where cracks
tended to branch and coalesce. The methodology used to measure crack length for cracks with
different morphologies is shown in Fig. 18. The same method was also used
for the measurement of crack parameters in Article IV.

Additionally, impact tests were performed on selected oxidised specimens. These samples
were subjected to cyclic mechanical loading for varying durations to assess the adhesion
and mechanical stability of the oxide layer within cracks and to determine whether the oxides
could detach or fracture under repeated impacts.
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7.Results and Discussion

This section summarises the main findings of the thesis and discusses their generalisation
and implications for railway operations. Before evaluating the impact of contamination
on the performance of TOR products, the effect of environmental conditions on wheel-rail
friction in the absence of friction modification is addressed first. Since track conditions can
vary depending on the environment, it is important to understand these basic conditions
before interpreting the results in the following sections.

7.1 Identifying Critical Environmental Conditions

Ishizaka et al. [77] analysed low-adhesion incidents (such as station overruns and signals
passed at danger) during the autumn seasons of 2010-2014 in the UK. The analysis shows that
these incidents were more frequent during the day than at night, which can be partly explained
by the higher traffic volume during the day. After normalising the number of incidents by
the number of stopping attempts, a different pattern appears. The highest frequency of low-
adhesion incidents occurs in the morning between 6:00 and 9:00, decreases during the day,
and increases again in the evening, see Fig. 19.

Fig. 19 Number of low-adhesion incidents normalised by stopping attempts [77].

The higher occurrence in the morning can be explained by a closer look at how environmental
conditions change throughout the day. Kempka et al. [143] published data from a trackside
environmental station in Warwickshire (also in the UK) that monitored railhead temperature,
ambient temperature, dew point, and precipitation (see Fig. 20). The chart shows a clear
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pattern: a period of light rain in the evening was followed by the railhead temperature
dropping below the dew point overnight, resulting in water condensation in the morning. Since
the railhead temperature rose above the dew point only about an hour before the first train
passed, dew was still evaporating, and the rail surface had not yet fully dried. Therefore,
the most likely cause of low adhesion was a combination of residual moisture with particles on
the railhead, such as wear debris, iron oxides and rust. As a consequence, drivers reported low-
adhesion incidents.

Based on this observation, the situation in the morning under humid conditions appears to be
the most problematic in terms of low-adhesion problems. Galas et al. [18] examined the effect
of RH on adhesion. They found that although the CoA decreases slightly with increasing RH,
this effect remains relatively small. The situation changes markedly when condensation occurs.
Once water appears on the surface and mixes with the particles, the CoA drops sharply, falling
well below 0.1, see Fig. 21 a).

Fig. 20 Data from the trackside environmental station in Warwickshire, UK [143].

Furthermore, they showed that besides the RH value itself, the temperature is equally
important. When the rail temperature falls below the dew point, the air can no longer hold its
moisture. As a result, water vapour condenses on the railhead. In real operation, this situation
often arises after acold night. The surrounding air warms quickly after sunrise, while
the railhead remains cold. If the temperature of the railhead surface stays below the dew point,
condensation begins, and dew forms on the rail, exactly as observed in Fig. 20.

Therefore, Article III aimed to investigate the performance of TOR lubricants in this exact
scenario. Tests were carried out under high-humidity levels and under dew conditions,
and pre-cooled specimens were used to simulate a cold rail in the morning. The focus here was
specifically on TOR lubricants, as Lewis et al. [123] had already tested the effect of RH on FMs.
The impact on performance was assessed based on the newly developed methodology
described in the Materials and Methods section [151].
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7.2 TOR Lubricants under Humid and Dew Conditions

The previous subchapter identified the environmental conditions considered most relevant
for this thesis. The following text, therefore, focuses on friction modification under these
conditions. The performance of tested TOR lubricants under normal conditions (dry contact
and normal ambient humidity) and under high humidity and dew can be seen in Fig. 21 b).
Under normal conditions, the TOR lubricants provided an intermediate CoT without any risk
of low adhesion, exhibiting the desired behaviour of TOR lubricants. However, due to its
relatively short-lasting effect, its overall performance was classified only in the third-best
category.

In a humid environment (RH 70%), the product classification improved to the second-best
category, indicating that the TOR lubricant performs better under humid conditions. Although
this improvement may appear counterintuitive, it becomes clear when the performance
parameters are examined more closely. Under these conditions, only a negligible amount
of water condensed. While this amount was insufficient to cause low adhesion, it was enough
to prolong the lasting effect slightly. Consequently, the parameter reflecting the desired
product behaviour increased, whereas the parameter related to low adhesion remained
unchanged, leading to an overall improvement in the performance map score.

Fig. 21 a) Critical environmental conditions identified by Galas et al. [18] and b) performance of TOR lubricants
under these conditions [152].

Next, RH was raised to 100% to simulate dew conditions. Now, visible water droplets start
to appear on the surface, and their mixing with the TOR lubricant resulted in a short period
oflow adhesion, and the parameter describing product resistance to over-lubrication
decreased by 40%. Furthermore, water changed the normally positive slope of the creep curve
of the TOR lubricant to a negative one.

TOR lubricants performed the worst in a scenario where a cold rail was simulated. In these
tests, the specimens were pre-cooled in a freezer, creating a temperature difference
of approximately 10 °C between the surface and the ambient air, which strongly promoted
condensation. In some cases, up to 25 times more water condensed compared with tests
conducted at the same RH but without a temperature difference between the specimens
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and the surrounding air. Mixing such a large amount of water with the TOR lubricant had
a strongly adverse effect on its behaviour, as reflected by the lowest score in all evaluated
parameters, and the product completely failed to fulfil its intended function.

7.3 The Effect of Water on TOR Products

The behaviour of TOR lubricants under different conditions can, to a large extent, be reduced
to the effect of the amount of water. Thus, Article I examined the response of both TOR
lubricants and the FM to direct contamination by progressively increasing amounts of water.
In some tests, water was applied continuously through a peristaltic pump to simulate
precipitation. The effect differs for each type of TOR product, as FMs are water-soluble and TOR
lubricants are not.

In the case of FMs, the effect of water needs to be considered separately for small and large
amounts (of water, the quantity of FM remains the same). For smaller amounts, a similar trend
as for TOR lubricants under dew conditions was observed, as with increasing amount, the CoA
progressively decreased to lower values (up to a 91% reduction). However, when the largest
amount of water was applied (or in tests where water was applied continuously over a longer
period), any lubricating effect was immediately lost, and friction instantly increased to the level
of dry contact.

Similar behaviour was reported by Oldknow et al. [70], who described that water disrupts film
formation and reduces the effectiveness of FMs. Simply put, because FMs are water-soluble,
they have low resistance to water contamination and can be easily washed away from the rail
surface, thereby eliminating their lubricating effect. Smaller amounts of water rehydrate
the dried film and temporarily reduce the CoA [123]. However, this behaviour is essentially
the same as during the initial product application and does not lead to any pronounced
amplification of the effect (although its magnitude still depends on the amount of water).
Therefore, under actual track conditions, low-adhesion problems caused by FM contamination
are less likely.

Situation was quite different for TOR lubricants, as water amplified the lubricating effect
and the larger the amounts, the lower the CoA (areduction of up to 93%) and the longer
the duration of low adhesion. Beyond a certain amount, the water effect became so strong that
adhesion did not recover until the end of the test. Increasing the amount beyond this point
produced no additional effect. The amount of water that caused over-lubrication was different
for TORL-A and TORL-B, indicating that product characteristics such as composition, particle
content, and viscosity influence the sensitivity of the product to water.

It was also shown that this effect occurred regardless of the moment at which
the contamination took place, whether immediately after the product was applied, or during
the steady-state phase with intermediate friction, or in the final phase when the contact is
starved and approaches dry conditions. The interaction between water and the oil /grease was
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identified as the key factor, and based on the moment at which the contamination occurred, it
can be described by several theories.

At the beginning, when the contact is flooded by lubricant, the oil-in-water emulsion theories
come into play. Although those do not deal with TOR lubricants, some conclusions may
be applied even in this case. The plate-out theory may be used for lower sliding speeds
[154,155]. Since oil has better wetting ability than water, it tends to spread over the surface
and form an oil pool in front of the contact inlet, see Fig. 22 a). This pool effectively prevents
water from entering the contact [156], so the lubricating film in the contact zone is formed
primarily by oil, and its thickness is not adversely affected by the presence of water [157,158].

Fig. 22 Possible mechanisms of water and oil interaction: a) plate-out theory and b) enhanced replenishment in
grease lubricated contacts [150].

According to the starvation theory [159], when a certain speed is reached, the oil pool becomes
unstable, and the lubricant film thickness decreases, although full-film lubrication is still
maintained [160-162]. In this stage, a thinner film leads to lower shear stress and,
consequently, lower friction. However, as the film continues to thin, starvation eventually
occurs. At this point, water can no longer be excluded from the contact and replenishes
the starved lubricating film, improving lubrication [163]. So, in this case, the friction would be
lower than in the absence of water. The described mechanisms may be relevant
to the behaviour observed in the later part of the friction curve, where CoA rise to higher levels
as starvation progresses.

When it comes to grease, the following hypothesis may be proposed. If the grease contains
polar thickeners, it may absorb water. The absorption degree depends on the thickener type,
as some greases are stiffer while others are softer. As a result, water alters the rheological
behaviour of the grease, which affects the oil pool stability and, consequently, the contact
replenishment [164].

In grease lubrication, the replenishment flow to the contact is inversely proportional to
viscosity [165,166]. Depending on the thickener type, the absorbed water may lower viscosity
and, in some cases, enhance the oil-bleeding ability and thus, by improving contact
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replenishment, delay starvation [167,168], as depicted in Fig. 22 b). Therefore, in the presence
of water, friction may remain lower for an extended period.

7.4 The Friction Control on a Wet Rail

The key findings about the frictional behaviour of TOR products under humid, dew and wet
conditions are placed in the context of actual track operation in Fig. 23. On uncontaminated
rail, CoT usually ranges between 0.4 and 0.6 [32]. The central part of the figure illustrates that
in humid environments, CoT can be slightly lower, but generally remains comparable to that
under dry conditions [124]. Once that dew formation begins [18], a substantial reduction can
be seen, and in combination with other contaminants, such as wear debris, low adhesion may
occur. On the contrary, precipitation is less likely to cause low-adhesion problems [73].

Fig. 23 Comparison of typical CoT ranges under different scenarios [152].

The final part of Fig. 23 presents the CoT ranges measured in Articles I and III, together with
the results reported by Lewis et al. [123]. Basically, it combines the conditions from the central
part of the figure with the application of TOR products and therefore addresses how these
products would perform in the scenario previously identified as the most critical (humid air
and moisture on a cold rail). Regarding the results of Article I for FMs, it should be noted that
although the CoT briefly dropped into the low-adhesion region after the application of water,
this reduction was very short and was followed by a quick recovery (which is not evident from
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the graph). In contrast, the application of TOR lubricants resulted in a prolonged period of low
adhesion without recovery. Based on a comparison across the individual CoT ranges, it can be
concluded that, while the application of FMs is generally safe under a wide range
of environmental conditions, TOR lubricants may lead to low adhesion, particularly when
applied in the presence of larger amounts of water, such as during dew formation
or precipitation.

Sufficient adhesion is the most important during acceleration and braking. While these
situations are generally less frequent on long, straight heavy-haul lines, they are much more
common in urban transport systems such as metro and tram networks, where vehicles start,
stop and go to sharp curves all the time, which is particularly relevant in Brno, Czechia, where
most of this PhD research was carried out. Trams play a central role in everyday travel
and carried more than 200 million passengers in 2024, which is a remarkable number for a city
with fewer than half a million residents. Rail lubrication is used at many locations
in the network, especially near tram loops where vehicles queue after completing their routes.

Several incidents have been reported in which trams experienced reduced braking
performance or even minor collisions due to low adhesion. Because application units are often
placed directly before loops and curves, there is a realistic scenario where TOR products
become contaminated with water. However, it is fair to note that drivers do not report
contamination of the TOR products specifically as the cause. These incidents are usually
recorded simply as low-adhesion incidents and are commonly attributed to leaves, moisture
or general railhead contamination.

7.5 Effectiveness of TOR Products in Mitigating Wear and RCF

under Wet Conditions

On the one hand, the reduced CoT in wet conditions may decrease adhesive wear of the rail
surface due to the lubricating effect of water. On the other hand, however, water can adversely
affect RCF. Liquid-assisted crack propagation has been a topic since the 1980s, when
Kaneta et al. [169-171] provided important early insights into this mechanism. Since then, the
effect of water on RCF has also been well described in the context of wheel-rail tribology.
Hardwick et al. [62] and Maya-Johnson et al. [63] showed that these problems may arise not
only due to water contamination but also as a result of the application of the TOR products.
They found oil-based TOR lubricants to be the most problematic among TOR products, as FMs
dry out, and in the case of grease-based TOR lubricants, the high viscosity limits the ability
of the fluid to penetrate cracks. However, this may not apply under wet conditions, as it has
already been discussed that FMs remain wet for longer and that water can influence
the viscosity of greases. Therefore, the experiments conducted in Article IV aim to extend
previous RCF testing of TOR products by incorporating the effect of contamination.

Under dry conditions, all selected TOR products greatly reduced wear. The TOR lubricant
showed the best performance, achieving more than a thirtyfold reduction. The contact path
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remained smooth with only minor spalling, and no significant cracking was observed.
In contrast, the FM did not prevent crack growth as effectively. Cracks reached lengths
and depths comparable to those observed in the dry reference tests. This can be explained
by the fact that once the FM dried out, the CoT increased, and the resulting higher tangential
forces promoted crack propagation.

The present results can be compared with those reported by Stock et al. [56], who observed
that when FM application was initiated after 25,000 dry cycles, no further crack growth
occurred. While this finding could be interpreted as an indication that the FMs can stop crack
propagation, the results of this thesis show that crack growth continues and even progresses
faster under well-lubricated conditions. A more probable explanation is that crack length and
depth saturate at a certain limit determined by the competition between wear and rolling
contact fatigue. This limit appears to be similar for dry conditions and for contacts with a dried
friction modifier layer, which is consistent with the behaviour observed in the experiments
presented in this thesis.

An increase in wear was observed in the tests where cracks had already formed before
the product was applied, indicating that while TOR products are effective in preventing crack
initiation, their effectiveness decreases when the surface contains pre-existing cracks,
as liquid-assisted mechanisms of crack propagation come into play. Still, the application
of both TOR products led to some improvement compared to unlubricated conditions.
The average crack length and depth under the FM were more or less the same
as in the previous tests. However, both parameters increased under the TOR lubricant,
confirming that the crack propagation mechanisms differ between drying and non-drying
products.

Testing both TOR products in wet conditions and with pre-existing cracks produced very
different results. When the FM was applied to a wet surface, the material loss increased more
than fivefold, and the crack length increased by an order of magnitude compared with the tests
without water. Cracks that were only tens of micrometres deep in dry conditions grew
to several hundred micrometres. A reference test with water only showed that this behaviour
was caused mainly by water rather than by the FM itself. In fact, FM provided a slight
improvement. However, its overall effect was negligible, and it failed to perform its intended
function under wet conditions.

Application of TOR lubricant to a wet surface resulted in the lowest CoT among all tested
conditions, which was also reflected in mass loss that was almost half that in tests where
TOR lubrication was applied indry conditions, see Fig. 24 a). However, this seemingly
favourable performance appears much less positive after examination of metallographic cross-
sections under SEM (Fig. 24 b). Here, cracks reached the greatest depths by far, even exceeding
those observed in the tests with water or FM in wet conditions, and they were visible
to the naked eye from the top of the surface, see Fig. 24 c). The cracks were turning towards
the bulk, propagating under an angle almost reaching perpendicularity, branching
and coalescing into a dense network reaching up to nearly a millimetre deep (compared to tens
of micrometres in the case of TOR lubricant in dry conditions).
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The question arises why the deepest cracks developed under the combined effect of water
and the TOR lubricant, and why this was not reflected in the mass loss. Considering what
is known about liquid-assisted crack propagation [99,172,173], the following explanation
is likely. The tangential forces acting in the contact generate alternating tensile
and compressive stresses. As a crack approaches the contact zone, the surface is in tension,
the crack opens, and water, due to its low viscosity, easily penetrates into it. Once the contact
passes, the stresses become compressive, the crack closes, and the trapped liquid becomes
pressurised. As a result, the stress intensity at the crack tip increases and promotes crack
growth [174].

Fig. 24 Changes in a) mass loss, b) crack parameters and c) surface damage in tests with TOR lubricant under
different conditions [153].

As the combination of the TOR lubricant and water produced a CoT of around 0.05, the wear
of the surface layer was minimised (although signs of spalling were found at some locations,
see Fig. 24 c). As a result, the cracks can propagate deeper due to hydropressurisation of oil,
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while material removal remains minimal because a combination of TOR lubricant and water
well lubricates the surface. Thus, the application of the TOR lubricant in wet conditions
resulted in the deepest cracks, despite minimal mass loss.

From an operational perspective, this combination may lead to a potentially critical situation.
Under FM in wet conditions, material is removed continuously, which makes the surface
damage visible and allows it to be monitored and addressed in time. In contrast, under a TOR
lubricant in wet conditions, the rail surface may appear relatively undamaged for a long period,
while in reality, the cracks grow and gradually form a dense network deep in the material.
At some point, this hidden damage may lead to a sudden failure.

7.6 The Role of Oxides

Regarding wear and material failure, corrosion and the formation of iron oxides can play
a major role. Oxides influence the contact in several ways, as they modify friction and change
the near-surface mechanical properties. A particularly significant contribution to this field was
made by Zhu et al. [107,133-136]. In their work, they highlighted the need for a laboratory
procedure capable of generating iron oxides with properties comparable to those produced
under real operating conditions, as this is essential for representative testing in simplified
laboratory environments. To address this, they adopted a multi-step procedure originally
introduced by Sone et al. [131], which involves repeated exposure of specimens to NaCl
vapours, alternating cycles of high and low humidity, and elevated temperatures.

In Articles IV and V, the procedure was simplified to a single step, and several parameters were
adjusted. The specimens were placed in a climate chamber and exposed to vapours of water,
ethanol and magnesium dichloride. The ambient temperature was increased from 40 °C
to 60 °C, and the exposure time depended on the desired surface coverage and layer thickness.
Usually, 24 h was sufficient to form a continuous layer across the entire surface. The XRD
analysis showed that this procedure led to the formation of an oxide layer composed
of hematite, magnetite, goethite and akaganeite.

In rail tribology, hematite and magnetite in the form of powder are arguably the most
frequently tested. However, the range of oxides that may occur on the rail is broader [142].
In addition to the environmental data presented in Fig. 20, Kempka et al. [143] performed field
XRD analysis of rail oxides and found that goethite and akaganeite were consistently present
during low-adhesion incidents. Therefore, the oxide layer prepared in Articles IV and V can be
considered well-suited for research focused on low-adhesion mechanisms.

Under dry conditions, the oxide layer had a reducing effect on CoT. Under lubricated
conditions, however, its effect was not consistent. In some tests, FMs or TOR lubricants
performed better, while in others, their lasting effect was shortened. No clear trend was
identified. Godfrey reported that hematite tends to increase friction [142], whereas goethite
and akaganeite lower it, particularly under wet conditions [143]. In reality, a single phase is
rarely present (unlike in laboratory testing, when oxide powders are used). So, the behaviour
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of the layer likely depends on which phase dominates at that time. Mechanical stability
represents an additional issue. The oxide layer exhibits low shear strength and does not wear
uniformly. Instead, it tends to crack and flake off in localised patches. The detachment of these
oxide fragments alters the local contact conditions and, consequently, leads to less predictable
frictional behaviour, which negatively affects test repeatability.

Oxidised discs experienced a higher mass loss under the TOR lubricant than unoxidised ones,
showing that the oxidised material can be removed easily even under lubricated conditions.
Similar mass loss was recorded for FM. However, it should be noted that compared to tests
with unoxidised discs, it was significantly lower. This decrease was not due to a better
performance of the FM. The higher mass loss on unoxidised discs resulted from liquid-assisted
crack propagation and subsequent RCF damage. In contrast, oxidised discs were left with
a smooth surface without visible cracks.

Fig. 25 a) Oxide coverage over time and b) oxidation of crack faces.

The effect of oxides on RCF was revealed by observing metallographic cross sections.
The oxidation happens not only on the surface, but also internally along the crack faces.
As the oxide products grew, they progressively filled the cracks and eventually sealed them
(as can be seen from Fig. 25 b), preventing any liquid from entering and thus, effectively
suppressing all liquid-assisted mechanisms of crack propagation. In addition, as the cracks
became part ofthe oxide layer, they were removed together with it as wear
progressed. As a result, all existing cracks were removed before they could propagate further,
indicating that although oxidation promotes wear, it suppresses RCF. However, this conclusion
applies to rolling-sliding conditions. During the preparation phase of the experiments
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in Article IV, it was noted that some cracks were visibly larger after the oxidation process than
before it, suggesting that oxidation may play a different role in contacts that have not been
mechanically loaded yet.

Fig. 25 a) illustrates how the oxide layer gradually covers the surface as the oxidation time
increases. During the first few hours, isolated oxide patches start to form, and full surface
coverage is typically reached after roughly 24 hours under the used procedure. After that,
the layer continues to grow in thickness, increasing from several tens to several hundreds
of micrometres. Fig. 25 b) provides evidence for the previously discussed mechanism in which
oxide products grow inside the crack and eventually seal it against any liquid ingress.
In addition, oxidation progresses not only from the surface but also from the crack faces
towards the bulk. As a result, the cracks appear wider, but more importantly, the underlying
material becomes weakened from within and to a greater depth than in the case of surface
oxidation only.

The measurements of crack parameters at the time points listed in Fig. 25 revealed an initial
increase in crack length during the early stages of oxidation. However, after a certain period,
the opposite trend was observed, as the cracks began to shorten. The turning point occurred
earlier for cracks with smaller initial lengths than for longer ones. Regarding crack depth,
it remained nearly constant at first, but then a sudden decrease occurred, and again this
happened earlier for shallower cracks than for deeper ones. In most cases, the cracks
disappeared completely after 24 hours of oxidation.

Fig. 26 a) Oxide-induced propagation and b) crack incorporated into the oxide layer.

The oxygen-assisted crack propagation has been observed before, although in areas unrelated
to rail tribology. For example, studies on steam turbine components [175] have shown that
oxides that grow inside cracks can act like a wedge and gradually force the crack open [176].
A comprehensive literature review on this topic was published by Jiang et al. [177] or later
by Vasudevan et al. [178]. They pointed out that, depending on factors such as temperature
[179], material compositions [180] or partial pressure [181], oxygen tends to diffuse along
crack faces and grain boundaries, particularly near the crack tip where the local strain
and stress are highest.
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Under such conditions, two related mechanisms may happen. Oxygen can promote stress-
assisted formation of oxide products on boundaries of individual grains, reducing cohesion
[181-187], or it can cause oxygen enrichment that weakens the boundary without forming
a continuous oxide layer, as described in studies focused on dynamic embrittlement
[188-190]. Although these concepts were established mainly for high-temperature Ni-based
superalloys, the underlying principles align with the observed behaviour. Analysed cracks
commonly widen near the surface and taper with depth. This morphology suggests that oxygen
may interact with crack faces and grain boundaries, and that the associated volumetric
expansion or local weakening could influence the crack-tip geometry.

At the same time, the upper surface layers gradually transform into an oxide layer that grows
progressively toward the centre, incorporating cracks, see Fig. 26 b). Smaller cracks disappear
entirely, while longer ones are gradually consumed from the top down, which is clearly
reflected in the measured crack depths over the oxidation period. Eventually, the length
increase due to oxygen-assisted propagation becomes smaller than the decrease caused by
the thickening layer of oxidised surface. Taken together, these effects explain why crack length
and depth initially increase Fig. 26 a), but after a certain point, the trend reverses, and most
cracks eventually vanish Fig. 26 b).

From an operational perspective, unlike liquid-assisted crack propagation, oxygen-assisted
propagation is unlikely to cause severe RCF damage as it requires long exposure times.
On frequently used tracks, such as in urban rail transportation systems, the oxidised layer is
likely to be rapidly removed by passing vehicles. However, this may become an issue in marine
environments and tunnels, where the combination of elevated temperatures, high humidity,
and airborne salts accelerates oxidation processes [191,192]. What may realistically occur is
that, as oxides penetrate the bulk through crack faces, it becomes weaker from within, which
may potentially contribute to material failure. At the same time, the ability of oxides to seal
cracks and suppress liquid-assisted crack propagation, as demonstrated in Article IV, suggests
that the presence of a natural oxide layer on the rail surface may partially mitigate the adverse
effects of TOR lubrication on rolling contact fatigue. Since some degree of oxidation is always
present on real rail surfaces, this finding is relevant for understanding TOR product behaviour
under field conditions and should be investigated further.

7.7  Significance of the Results

The results presented in this work were obtained under controlled laboratory conditions
and are therefore not intended to provide a direct quantitative prediction of TOR product
performance in real railway operation. The reported values should be understood as relative
indicators showing general trends and differences between product types and operating
scenarios. Furthermore, laboratory testing inevitably involves simplifications of the real
wheel-rail system. For this reason, the conclusions and interpretations discussed here should
be seen as informed assumptions based on laboratory observations, rather than as definitive
statements on in-service performance. Within these limitations, this section aims to provide
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practical guidance on when the use of TOR products can be considered safe, when increased

caution is required, and which potential risks should be considered from an operational and

practical point of view.

Tab. 4 Summary of TOR product performance under different contamination scenarios.

Conditions Friction Modifier (FM) TOR Lubricant (TORL) Article
Friction Material Crack Friction Material Crack
effect loss propagation effect loss propagation
. _ Intermediate N
Dry, clean rail Intermediate Reduced Reduced No significant
(RH~34%)  (CoT0.2-0.4) (10) Tens of ym (CoT0.15-0.28) 4, cracking v
- OLF =0.79
OLF =0.76
Humidity o (negligible i
RH 70 % N N N - -
( ) effect)
OLF =0.29
) . CoA drop to
<
Light moisture 0.08-0.02 CoT 9.1
or dew . long-lasting;
transient; - - . - - 1,
(2-180 l, recover negative slope
RH 100 %) . y of the creep
in seconds
curve
Wat CoT~0.4
(contiel:tejc:us FI\C/I) wickl Increased Severe; CoT <0.05 Reduced Most severe; up LV
- d Y (2x) hundreds of pm no recovery (25%)2) to 900 um® ’
application) washed away
Vari .
Iron oxides ?rlable Suppressed SllghtI‘y Suppressed
(24 h oxidation) (oxide layer Increase® (cracks sealed decreasing; Increase® (cracks sealed v,V
unstable) by oxides) variable by oxides)
Iron oxides ) Lower Suppressed Low CoT Higher Suppressed
+ water Variable than w/o (oxide sealing) (water- than w/o (oxide sealing) 1\
oxides 9 9 dominated) oxides 9

a)
b)

)

d)

FM under humidity/dew was not tested. For FM in humid environments, see Lewis etal. [123].

Despite 25x lower material loss than under dry conditions, this condition produced the deepest cracks (up
to 900 um). Suppressed wear prevented crack removal, and water and oil promoted crack growth through
hydropressurisation. The surface appeared undamaged while a deep crack network formed beneath.
Mass loss on oxidised specimens includes the removal of the oxide layer itself. As a result, the absolute
values are not directly comparable to tests on unoxidised specimens, and no fold-change is reported.
However, the trend (increased material removal) reflects both oxide wear and the underlying steel loss.
Comparison is between oxidised and unoxidised specimens under the same product and water conditions.
FM: material loss lower than FM + water w/o oxides, because oxide sealing suppressed liquid-assisted
crack propagation, which was the dominant damage mechanism on unoxidised discs. TORL: material loss
higher than TORL + water w/o oxides, because the soft oxide layer was progressively removed, adding to
the measured mass loss.

Tab. 4 summarises the measured results across all tested contamination scenarios, comparing

the friction effect, material loss and crack propagation for both FMs and TORLs. For material

loss, all reported fold-changes are referenced to dry unlubricated contact. Because these values

are specific to the laboratory setup, they cannot be transferred directly to track conditions. To

bridge this gap, the quantitative results from Tab. 4 were translated into a qualitative
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performance assessment presented in Fig. 27, which aims to capture the general operational
trends rather than exact numerical thresholds.

Fig. 27 Qualitative comparison illustrating the expected operational behaviour of FMs and TOR lubricants under
different contamination scenarios.

The six performance categories in Fig. 27 address different aspects of TOR product behaviour.
Four of them are directly linked to measured parameters, while the remaining two were
assessed qualitatively by the author. Intermediate friction reflects the ability of a product to
provide a desired friction level with CoT within the target range and is derived from the CoT
values across Articles I-1V. Resistance to over-lubrication describes the susceptibility of the
product to excessive lubrication, and is based on the OLF evaluated in Articles II and IIL
Reduction of surface damage accounts for material removal due to adhesive and abrasive wear
as well as RCF, based on the mass loss reported in Article 1V. Effect on crack propagation
evaluates the influence of the tested conditions on crack initiation and growth, reflecting the
crack length and depth from Article IV. The two remaining categories are based on the author's
interpretation of the experimental trends. Resistance to contamination indicates how sensitive
the product performance is to the presence of contaminants, which may affect its functionality
either negatively or positively. Operational safety represents the overall risk of low-adhesion
problems under realistic operating conditions, considering the sensitivity of CoT to different
contamination scenarios. The difference between resistance to over-lubrication and
operational safety is that the former mainly describes a product property, while the latter
represents an operational effect, as it considers not only the product itself but also the influence
of multiple additional factors and aims to predict what will occur on the real track. The
performance in each category is rated on a scale from 1 (least favourable) to 5 (most
favourable).
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A direct comparison of the two groups of TOR products under dry conditions shows a clear
trade-off in their behaviour. TOR lubricants provide stronger lubrication and optimise friction
for a longer period. In real operation, this would correspond to a longer carry distance
and higher retentivity. At the same time, this also makes TOR lubricants more sensitive
to the applied amount. If too much productis applied, over-lubrication may occur even without
contamination, and low-adhesion problems can arise [49]. In contrast, the performance of FMs
depends less on the application amounts [32]. Their lubricating effect is lower, but this also
limits the risk of over-lubrication and leads to higher operational safety.

The same trade-off is observed in damage-related behaviour. TOR lubricants were more
effective in reducing wear due to their higher lubricating performance. However, because they
do not dry out, they may promote liquid-assisted crack propagation. FMs, on the other hand,
dry out after application, which reduces their lubricating effect and thus wear mitigation,
but at the same time, it limits the crack growth. Overall, TOR lubricants offer higher
performance, while FMs provide a more robust and safer behaviour.

Under conditions of light moisture, both TOR lubricants and FMs show improved scores
in lubrication-related categories, while performance in safety-related categories tends
to worsen. This effect is of less concern for FMs, as the measured results show that, although
CoA may decrease due to moisture, this drop is usually short-term [150]. In contrast,
the situation is more critical for TOR lubricants, as they are naturally more prone to over-
lubrication even in the absence of contamination [49]. Therefore, additional caution is required
when using TOR lubricants under conditions where moisture is expected, such asinthe
morning when the rail is cold, and water condenses on its surface [152]. From an operational
perspective, this highlights the importance of adjusting application strategies to daily and
seasonal changes [77].

Water has a strong effect on both types of TOR products, although for different reasons.
In the case of FMs, water will wash the product off the rail surface, effectively terminating its
action and eliminating the intended friction control effect [150]. In contrast, the application
of TOR lubricants under wet conditions is likely to lead to over-lubrication, which may result
in a loss of traction or adhesion and require sanding for acceleration or braking. For this
reason, the application of TOR products should consider weather conditions, especially
precipitation. Applying FMs during rain is mainly uneconomical, as the product is quickly
removed and water itself already reduces friction [79]. In the case of TOR lubricants, the main
concern is safety, and application when rain is expected should be avoided.

The role of iron oxides is more nuanced. Their direct effect on friction was limited and variable,
largely due to the mechanical instability of the oxide layer. However, their influence on crack
propagation was significant: oxide products sealed pre-existing cracks and prevented liquid
ingress, effectively suppressing liquid-assisted crack propagation when water was present
(Tab. 4). This finding suggests that a natural oxide layer on the rail surface may partially
mitigate the adverse effects of TOR lubricants in RCF. At the same time, oxidation increases
material removal, as the low shear strength of the oxide layer leads to accelerated surface wear.
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The main takeaway of this thesis is that adapting the TOR product application to environmental
conditions provides clear practical and economic benefits. Avoiding ineffective or unsafe
application reduces unnecessary material use, limits the need for sanding, and lowers
additional wear of wheels and rails. At the same time, improved operational safety and fewer
incidents related to low adhesion or insufficient traction lead to higher service reliability
and reduced delays, benefiting infrastructure managers, operators, and the overall
sustainability of railway transport.

7.8  Study Limitations and Future Research

When testing TOR products, the majority of existing studies primarily focus on friction control
(typically expressed in terms of CoT or CoA) and on the mitigation of wear and RCF.
Accordingly, this PhD thesis concentrates on these three parameters and extends the current
state of knowledge by introducing contamination as an additional variable. However,
the evaluation of these parameters under laboratory conditions alone is not sufficient to fully
capture the practical effectiveness of TOR products in real railway operation.

In the field, TOR product performance is additionally governed by mechanisms related
to application, transfer, and redistribution on the rail. In particular, parameters such as carry
distance, describing how far along the rail a product remains effective, and retentivity,
referring to the durability of the frictional effect over the number of wheel passages, play
acritical role in determining real-world performance [193]. However, they are rarely
addressed in laboratory-based studies. This limitation is further emphasised by the study
of Khan et al. [43], which demonstrates that, under real operating conditions, the effective
carry distance of TOR products may be significantly shorter than commonly assumed.

Eadie et al. [194] highlighted that the effectiveness of redistribution is largely governed
by lubricant-related properties, especially the ability of the product to be effectively picked up
by the wheels and subsequently transferred back onto the rail surface. These aspects were not
explicitly investigated within the scope of the present work, and it is reasonable to assume that
contamination may significantly affect them. Nevertheless, this limitation is not specific
to the present study but reflects a broader gap in the current understanding of TOR product
behaviour and indicates a potential direction for future research.

The most significant limitation of this work, which is closely related to the aspects discussed
above, lies in the testing approach itself. MTM testing is an efficient method for generating
repeatable results, but its main drawback lies in simplification. The ball-on-disc configuration
produces a small point contact that is highly susceptible to over-lubrication. The redistribution
mechanism also differs. In the MTM, the contact repeatedly runs over the same track, so
sufficient amounts of product remain available for a long time because there is nowhere
for the lubricant to go. As a result, excessive lubricant can accumulate, and starvation is
delayed.
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On the actual track, the wheel passes any given point only once and redistributes the TOR
product over several hundred metres of rail [195]. Larger amounts of lubricant are therefore
present only near the application unit, and the quantity decreases with distance. Consequently,
the effect of contamination on the CoT observed in laboratory tests may be stronger
than the effect encountered under real operating conditions.

From this perspective, the use of a twin-disc machine with a wider line contact might appear
to be a better option. However, twin-disc machines are often custom-built, such as SUROS
[196], M]JP-30A [197] or ]D-1 [75], and therefore differ in characteristics such as loading
system stiffness or disc alignment accuracy, which can affect the comparability of results.
Moreover, the testing apparatus itself does not address the main problem identified in this
work: deviations inherent to the time-test approach. Repeated testing often produced friction
curves of different shapes, and the procedure was always affected by a certain degree
of randomness. Although time tests are suitable for studying the immediate response
of a TOR product to contamination (as in Article I), they proved unsuitable for any form
of statistical analysis or quantitative evaluation. For this reason, a different approach that does
not rely on time-based testing is required.

The recently published CEN/TS 15427-2-2:2021 standard introduced a methodology
for the assessment of TOR products onthe MTM tribometer based on the creep curve
measurement approach [198]. Although this represents animportant step forward,
the method relies on a single performance criterion and therefore provides only limited insight
into product behaviour. Thus, an alternative methodology was proposed in Article II
[ts comparison with CEN/TS 15427-2-2:2021 standard can be seen in Tab. 5.

Both methodologies were designed for the MTM in the ball-on-disc configuration with
specimens made of AISI 52100 steel. This material has a significantly higher hardness (800-
920 HV) than typical pearlitic rail steels (approximately 275-350 HV) [199], which makes it
unsuitable for studying wear and rolling contact fatigue, as these mechanisms are strongly
influenced by hardness and microstructure. For this reason, Articles IV and V used specimens
cut from authentic wheel and rail materials. For friction measurements, however, AISI 52100
offers a practical advantage: its high wear resistance ensures that the contact geometry
remains stable throughout repeated testing, preventing changes in surface topography and
contact pressure that would occur on softer steels due to progressive wear and flaking. As a
result, the measured friction reflects the effect of TOR products and contaminants rather than
evolving contact conditions. Although slightly lower friction may be expected on harder
specimens [200] the results remain representative of the lubrication regime in the wheel-rail
contact, as confirmed by Stribeck curve measurements in Article I. The same material has been
used in several other studies on TOR products [18,33,107] and is specified in the CEN/TS
15427-2-2:2021 standard [198].

Regarding test parameters, both methodologies employ values representative of actual wheel-
rail contact, with the CEN/TS standard using slightly higher contact pressure. However,
applying 50% SRR during the dry run-in phase inevitably produces a wide and deep conformal
contact path. Since the load is set on MTM as a normal force, it is questionable what the actual
contact pressure would be during testing, as the increased contact area would lead
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to areduction in pressure. Therefore, the proposed methodology uses 2% SRR under dry
conditions. This choice was further supported by preliminary tests at 50% SRR, which revealed
that such a high sliding ratio generates excessive heat, promoting oxide formation that can
affect friction measurements.

Another difference between the two methodologies is that the CEN/TS consists of only a single
testing set. In contrast, the proposed methodology includes five sets of creep curve
measurements, allowing assessment under a wider range of contact conditions and thus
improving the representativeness of the obtained results. The final parameters are calculated
as averages, which helps to minimise random errors. The drawback is that the procedure is
considerably more time-consuming. Regarding the evaluation phase, the CEN/TS standard
applies a single performance criterion based on the CoT measured at 10 % SRR, and the final
assessment is limited to a simple good/bad. In contrast, the proposed methodology uses
several parameters averaged from five sets of testing to construct a performance map.

Tab. 5 Comparison between the proposed methodology and the CEN/TS standard.

Wear-in" Run-in Test #of Total Performance Overall

parameters parameters parameters sets time? parameters assessment

0.8 GPa 0.8 GPa,

0.8 GPa 1 m/s Performance
1m/s 1m/s,
Article Il 0-20% SRR 5 5-8h I, OLF map
2% SRR 2% SRR,
20-40 min (Q1-Q4)
60 min 30 min
1 GPa 1 GPa
CEN/TS 0.1 m/s 1,3.8m/s CoT at 10%
- 1 1h Good/bad
standard 50% SRR 0.25-10% SRR SRR
30 min 22 min

1) CEN/TS standard uses run-in in the same way as wear-in in the proposed methodology.
2)  Estimation, the exact time is dependent on the number of creep curves.

The author believes that an approach based on creep curves provides a more robust way
of assessing TOR products in laboratory conditions than standard time tests. Laboratory tests
on simplified apparatus can serve as useful screening tools in the early stages of research,
as they are simple, fast and inexpensive. However, their results must be verified on facilities
with more realistic geometries, such as those used by Eadie et al. [54] or Stock et al. [56].
Ultimately, the highest level of verification is field testing with a real vehicle. Conducting
controlled braking tests under low-adhesion conditions is, however, methodologically
complex, expensive and may pose safety risks for railway operations.

As a follow-up beyond the scope of this thesis, work continued to develop a methodology that
combines the advantages of controlled laboratory testing while at the same time more closely
models the wheel-rail conditions [193]. A test facility with a three-metre-long rail segment
and a scaled wheel was built to study TOR products and contaminants. In this setup, frictional
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characteristics and creep curves can be measured using a track-side tribometer [201].
Furthermore, this configuration also allows testing of less studied parameters, such as the pick-
up ability of the wheel and redistribution mechanisms in general, which are directly linked
to the limitations discussed above and can now be examined in a controlled manner using this
setup.

Fig. 28 Development stages of the TOR product testing methodology [151].

Fig. 28 illustrates how this new approach is linked to the methodology proposed in Article II.
If the methodology introduced in Article II represents the initial step for assessing
the performance of TOR products, the facility and track-side tribometer represent the second
step, providing a more realistic but still controllable setup. The third step, to be carried out
in future work, will involve validation through full-scale field tests. The final step will be
operational tests with a vehicle on a real track, which would allow the inclusion of noise
mitigation as an additional performance category in Fig. 27.

A possible addition for further development is the implementation of optical methods. Several
hypotheses were formulated in this thesis regarding the interaction between water
and TOR products. These hypotheses are based on the evaluation of friction curves, but
the actual behaviour inside the contact remains unknown. A logical next step would therefore
be to employ a tribometer equipped with optical interferometry to directly observe
the formation of the lubricating film between TOR products and water, which could be,
in the future, followed by the development of a portable fluorescence module that would
enable similar observations on actual rails. Future progress may thus involve transferring
established techniques from general tribology into wheel-rail applications and extending them
from laboratory conditions to the field.

7.9 Evaluation of the Proposed Hypothesis

The three scientific questions raised in Section 3.2 were addressed through five hypotheses.
Based on the results presented in Articles I-V, their evaluation can be summarised as follows:

H1.1: Under wet conditions, TOR lubricants are expected to cause over-lubrication because
the presence of water disrupts the balance between the liquid and solid phases, shifting
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it in favour of a stronger lubricating effect. Since water-oil mixtures are known to produce very
low friction, and oil is the main component of TOR lubricants, a similarly low-friction response
is likely for TOR lubricants in wet conditions. (II, 111, IX)

» The results of Article I support this hypothesis, as water contamination of TOR
lubricants consistently led to over-lubrication. However, the mechanism was more
complex than initially assumed. While the disturbed ratio between the liquid and solid
phases contributes to the effect in near-dry, starved conditions, the dominant influence
arises from the interaction between water and the oil base, which together enhance
the lubricating action of the liquid phase. Therefore, hypothesis H1.1 can be considered
partially confirmed.

H1.2: For friction modifiers, the effect of water contamination is expected to depend
on the amount of water. Small amounts of water may enhance lubrication by slowing
evaporation of the base medium. In contrast, larger quantities are likely to disrupt film
formation and result in higher and less stable friction. (1, VIII, X)

» Based on the results of Article I, this hypothesis was confirmed within the investigated
range of operating conditions.

H2: Ambient humidity alone is expected to have only a minor effect on friction
and, therefore, is unlikely to influence the performance of TOR lubricants significantly.
A substantial change is expected when the dew point is reached, and water condenses
on the rail surface. In this case, the condensed water can mix with TOR lubricants and cause
over-lubrication. (II, 111, VII, VIII, IX)

» Based on the observations and data presented in Article IlI, this hypothesis can be
considered confirmed within the investigated range of operating conditions.

H3.1: In wet conditions, TOR lubricants are expected to influence RCF in a way similar to TOR
hybrids. The only difference is that water is intentionally added in the latter, whereas
in the former, it enters the contact as an unwanted contaminant. This combination is expected
to promote severe RCF due to the coexistence of high friction and liquid-assisted crack
propagation. (V)

» The hypothesis was not confirmed as formulated. The proposed mechanism, in which
high friction combined with liquid-assisted crack propagation would drive RCF
inaway similar to TOR hybrids, did not occur. Instead, the results presented
in Article IV revealed afundamentally different mechanism. Water amplified the
lubricating effect of the TOR lubricant, reducing CoT to approximately 0.05. At such low
friction, surface wear was effectively suppressed, and developing cracks were not
removed by natural material loss. At the same time, water and oil entered opened
cracks, where they promoted their growth through hydropressurisation and crack face
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lubrication. This combined effect resulted in the deepest cracks observed across all
tested conditions, reaching nearly 1 mm compared to tens of micrometres under TOR
lubricant in dry conditions.

Nevertheless, the predicted outcome, that the combination of TOR lubricant and water
promotes severe RCF, was confirmed, although through a different mechanism.
Notably, this mechanism carries greater operational risk than the one originally
assumed. High-friction-driven crack growth would be accompanied by visible surface
wear, serving as a detectable warning sign. In contrast, the low-friction mechanism
produces a rail surface that appears relatively undamaged while concealing a dense
crack network beneath. This distinction has direct safety implications, as it limits the

effectiveness of visual inspection methods.

In summary, based on Article IV, the hypothesis was not confirmed in terms
of mechanism but confirmed in terms of outcome.

H3.2: When mixed with friction modifiers, oxides are expected to disrupt film formation,

reducing the effectiveness of the product and increasing wear. In contrast, the presence

of water may partially counteract this effect by helping to rebalance the liquid-solid ratio by

slowing the evaporation of the base medium, thereby prolonging the lubricating effect. (X, XII)
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» Based on the results of Article IV, the hypothesis can be considered partially confirmed.

Regarding the first part, the presence of oxides led to less predictable FM performance
and increased wear, which is consistent with the predicted outcome. However, the
underlying mechanism differed from what was originally assumed. Rather than oxides
chemically or compositionally disrupting the FM film, the effect was primarily
mechanical: the oxide layer exhibited low shear strength and broke down non-
uniformly, causing localised flaking that disrupted the FM film in an unpredictable
manner. As a result, FM retentivity on oxidised specimens varied between tests, and no
consistent trend could be identified.

Regarding the second part, the role of water in prolonging the FM effect by slowing
the evaporation of the base medium was confirmed on clean specimens, where
retentivity consistently increased with water amounts. On oxidised specimens,
a similar trend was observed in some tests, but the irregular breakdown of the oxide
layer introduced additional variability that obscured the effect. Therefore, while
the proposed mechanism of water counteracting the influence of oxides remains
plausible and consistent with observations on clean surfaces, it could not be
conclusively demonstrated on oxidised specimens due to the dominant and poorly
controllable influence of oxide layer degradation.



8. Conclusions

Extensive research over the years has shown the many benefits of friction modifiers and top-
of-rail lubricants, such as wear and noise mitigation due to the effective friction control.
The knowledge gap highlighted at the beginning of this thesis lies in the fact that while top-of-
rail products were proven effective in clean contacts, their performance under contaminated
conditions remains unknown. In reality, contamination of the rail head is inevitable, and it is
reasonable to suppose that, as contaminants significantly influence friction, they would also
have an impact on the effectiveness of top-of-rail products. Thus, this thesis aimed to describe
the influence of environmental contamination on the performance of top-of-rail products.

The following contamination scenarios were found to be the most relevant: high air humidity,
dew, precipitation and iron oxides. One friction modifier and two top-of-rail lubricants were
selected for testing. All of them were commercial products used on the actual track with
a history of testing in scientific publications from other authors. The following conclusions are
structured around the three scientific questions formulated in Section 3.2. The detailed
evaluation of the corresponding hypotheses was provided in Section 7.9.

The first scientific question asked how water contamination influences the ability of top-of-rail
products to modify friction. The two product types responded in fundamentally different ways.
For friction modifiers, the effect depended on the amount of water. Light moisture prolonged
retentivity by slowing the evaporation of the base medium, and medium amounts of water
caused a temporary drop of the coefficient of adhesion by up to 91% (Article I). However, large
amounts washed the product from the surface entirely, and friction returned to dry contact
levels. Once removed, water drove severe crack propagation and material loss. Even in cases
where the friction modifier was not washed away, it was unable to counteract the effect of
water on crack propagation, as compared to dry conditions, significantly deeper cracks were
observed (Article IV).

For top-of-rail lubricants, water amplified the lubricating effect, reducing the coefficient
of adhesion to values below 0.05 (Articles I and 1V), a level insufficient for safe braking. At such
low values, surface wear was virtually eliminated, with the wear rate dropping 25 times
compared to dry unlubricated contact and 3 times compared to TOR lubrication in dry
conditions (Article IV). While this may appear beneficial, it also means that developing cracks
are no longer removed by natural material loss and can propagate freely. Their growth was
further accelerated by water ingress, leading to liquid-assisted crack propagation through
hydropressurisation and crack face lubrication. To illustrate the magnitude of this effect, while
crack depths under both dry and TOR-lubricated conditions remained in the order of tens of
micrometres, the addition of water caused them to reach up to 900 um (Article 1V). These
cracks branched and coalesced into a dense network beneath a seemingly undamaged surface.
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Friction modifiers in wet conditions also led to severe crack propagation. However, the
significantly higher material loss meant that damaged material was continuously removed,
making the surface degradation visible. For top-of-rail lubricants, the opposite was true:
material loss was nearly 20 times lower (Article 1V), yet the cracks penetrated deeper into
the bulk, making the situation potentially more dangerous, as the damage accumulates hidden
beneath the surface and may remain undetected until sudden failure occurs.

The work also revealed a lack of a standardised approach for evaluating TOR product
performance. To address this, a novel benchmarking methodology based on creep-curve
measurements was developed (Article II). The methodology classifies products into
performance categories based on their ability to provide the desired friction-modifying effect,
and introduces the over-lubrication factor, a metric that quantifies the balance between the
desired product effect and the risk of over-lubrication. This methodology has since been
transferred to a test facility with a real rail, and future work should extend it to include product
redistribution mechanisms and optical observation of friction layer formation, with the long-
term aim of establishing a unified testing methodology under real operational conditions.

The second scientific question focused on the effect of ambient humidity and dew on TOR
lubricants. To address this question, the benchmarking methodology developed in Article II
was applied, enabling a systematic evaluation of product performance under controlled
environmental conditions. Humidity alone had only a minor effect. The situation changed when
the dew point was reached, and water began to condense on the specimen surface. From this
point, it was the presence of liquid water, not humidity itself, that governed the product
behaviour: the over-lubrication factor decreased by 40%, and the normally positive slope of
the creep curve turned negative (Article I1I). The most critical scenario occurred when a cold
rail was simulated: up to 25 times more water condensed on pre-cooled specimens, the over-
lubrication factor decreased by more than 60%, and the product dropped from the second-best
to the second-worst performance class (Article III).

The third scientific question addressed how TOR products affect wear and rolling contact
fatigue in the presence of oxide layers under wet conditions. The effects of water contamination
on both product types were already discussed above. Regarding oxides, their direct influence
on friction was limited, but their role in crack behaviour was significant. Oxidised specimens
did not exhibit severe rolling contact fatigue, as oxide products sealed the cracks and prevented
liquid ingress, effectively suppressing liquid-assisted crack propagation (Article 1V). At the
same time, it was found that oxidation itself can drive crack growth. Oxygen diffuses along
grain boundaries, and the volumetric expansion of the oxide products generates internal
stresses that facilitate crack propagation even in the absence of external mechanical loading
(Article V). Thus, oxidation plays a dual role: it suppresses liquid-driven damage but may
contribute to progressive material degradation over extended service periods.

The key takeaways for real-world railway operation are that applying friction modifiers in wet
conditions is primarily a matter of cost, as their effect is quickly lost. In contrast, applying top-
of-rail lubricants under the same conditions represents a safety risk. Consequently, the
application of top-of-rail products should be adapted to environmental conditions, particularly
precipitation and early-morning dew.
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Top-of-rail products are commonly used for friction modification in wheel-rail contact. However, the effect of
environmental conditions and contaminants on their performance remains unclear. In this study, three com-
mercial top-of-rail products were contaminated by different amounts of water. The laboratory tribometer in ball-
on-disc configuration was used to measure the coefficient of adhesion in contaminated contact. The results show

that water influenced tested top-of-rail products significantly. A very low coefficient of adhesion occurred in tests
with oil-based top-of-rail products suggesting that water could cause traction problems on the actual railway
where friction modification is being used. Water-based top-of-rail products showed more resistance to water

contamination.

1. Introduction

Friction modification presents a practical approach to dealing with
high friction in railway transportation. Nowadays, top-of-rail (TOR)
products are applied on railheads via trackside applicators or systems
mounted on a train [1]. Initially, these products were used as solid sticks
containing solid lubricants like graphite or molybdenum disulfide [2].
However, liquid-based products containing water [3] or oil with thick-
eners [4] as a base medium are often used. Dealing with friction is an
important task to improve the energy efficiency of rail transportation
and decrease maintenance costs. High friction causes rail corrugation
[5] and is also the leading cause of excessive wear on both wheels and
rail [6-9]. Also, friction in the wheel-rail contact and the shape of the
traction curve contribute to noise pollution. According to WHO, the
noise limit of 55 dB is harmful in case of long-term exposure. It is esti-
mated that up to 113 million people in Europe (of which rail transport
contributes approximately 20%) are exposed to traffic noise above this
limit [10]. Various field and laboratory tests confirmed the ability of
TOR products to reduce friction [11] and influence corresponding ef-
fects like wear [12-14], noise [15,16] and energy consumption [17].

On the other hand, maintaining a sufficient level of friction is
required to transmit traction forces from wheel to rail to accelerate or
stop the vehicle. The coefficient of adhesion (CoA) describes the effec-
tivity of this transmission. Generally, CoA lower than 0.2 and 0.09 is
considered insufficient for traction and braking, respectively [18]. Thus,
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E-mail address: Simon.Skurka@vut.cz (S. Skurka).

https://doi.org/10.1016/j.triboint.2023.108872

TOR products often contain mineral or metal particles to secure suffi-
cient CoA. A liquid base (water, oil or less often a combination of both) is
included to carry these particles along the rail [4]. The performance of
some TOR products, especially oil-based ones, strongly depends on the
applied amount [19]. As shown in [20], excessive amounts of product
could cause low CoA problems resulting in an extension of the braking
distance. TOR products are developed and tested to reduce friction while
maintaining a required level of CoA for traction/braking. This can be
achieved only with a suitable composition of the product and its optimal
dosing.

Both water and oil-based TOR products are commonly referred to as
friction modifiers (FMs) in literature. However, the mechanism of fric-
tion modification differs significantly for both types. In the case of
water-based TOR products, the base medium quickly evaporates after
application, and solid particles mix with the third body layer on the rail
surface, providing a shear displacement compensation mechanism [21].
On the other hand, oil-based TOR products do not dry up and rely on a
mixed/boundary lubrication regime. Because the base medium stays
liquid, these TOR products can be redistributed for longer distances than
water-based ones. However, it also carries the risk of low CoA occur-
rence close to the application unit due to overdosing [20]. Following
[19], this paper will refer to water-based TOR products as "friction
modifiers" and oil-based TOR products as "TOR lubricants" for clarity.

As stated above, the performance of friction modifiers and TOR lu-
bricants in dry and clean contact has been well examined. However,
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while the coefficient of friction in dry wheel-rail contact is usually be-
tween 0.5 and 0.6 [22], in contaminated contact, the friction decreases
significantly, causing also drop in CoA. It is caused by third body layers
naturally occurring on the rail surface and environmental contaminants
[23]. Water is one of the most common environmental contaminants. It
can be found on the track from rain, morning dew, or even leakage from
passing vehicles. Several laboratory studies show that water can reduce
the CoA under 0.2 [23-25] and even lower depending on quantity and
temperature. Also, water forms a highly viscous mixture if combined
with iron oxides, leading to a CoA of 0.05 or lower [24].

Although contamination of wheel-rail contact is practically inevi-
table in reality, very little is known about the interaction between
contaminants and TOR products. In most studies, TOR products were
tested only in laboratory-clean conditions without contamination, or the
effect of contamination was not considered. Chen et al. compared the
lubrication performance of several lubricants on dry and wet rails [25].
They showed that the reduction of lateral forces was greater on the wet
rail for all tested lubricants. Lewis et al. tested the influence of air hu-
midity on friction modifiers. They discovered that when exposed to air
with a higher % of relative humidity, CoF reaches lower values than in
less humid air [26]. This phenomenon could be explained by water
condensation and contamination of friction modifiers. The case study
[27] shows that the combined effect of water and oil can cause traction
problems on the top of the railhead. As oil is the main component in TOR
lubricants, a question arises as to if a similar phenomenon can happen
when a TOR product is contaminated by water. TOR products usually
maintain CoA sufficient for traction/braking thanks to the balance be-
tween base medium and solid particles. However, there is a possibility
that if TOR products are contaminated with water, the balance will be
disturbed, product performance will decrease, and the minimum
required CoA will not be kept.

This study uses three commercial TOR products. Two of them are
TOR lubricants, and one is a friction modifier. All CoA tests were con-
ducted on a laboratory tribometer in a ball-on-disc configuration. On an
actual railway, contamination by water can occur, resulting in an
insufficient CoA level. The degree of the contamination can differ
depending on the water source (dew, rain, leakage from passing trains).
Therefore, all TOR products were tested in dry and wet conditions. Small
and large amounts of water were applied. Also, single and continuous
water application was tested to simulate different ways of contamina-
tion. This study aims to describe the influence of water and its amount
on the TOR product performance in terms of CoA.

2. Material and methods
2.1. Test setup and specimens

A laboratory tribometer MTM (Mini-Traction Machine, PCS In-
struments) in a ball-on-disc configuration was used for all tests, see
Fig. 1. Technical norms specify the measuring procedure on this device.
However, these norms are mainly focused on traction curve evaluation.
Therefore, they are unsuitable for observation of CoA drop caused by
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contamination. Thus, a different approach previously used in papers [3,
4] will be used in this study. The contact bodies were discs and balls of
46 mm and 19.05 mm in diameter, so the contact has a circular shape.
Both specimens were made of AISI 52100 bearing steel with a Vickers
macro-hardness of 800-920 HV and 720-780 HV for ball and disc. The
bearing steel is not a typical rail material. However, higher hardness
ensures stable conditions during experiments and better repeatability
due to reduced wear compared to standard wheel/rail steel. The initial
roughness of the surface of both specimens was Ra 0.01 um; however, it
grew to Ra 0.15 pm (ball) and Ra 0.3 um (disc) after the initial wear-in
and the following run-in.

Both specimens were loaded against each other and driven by in-
dependent servo motors so the required slide-roll ratio (SRR) could be
achieved according to the given equation:

_ Whall ® T'pall — Wdisc ® Tdisc
Whoall ® Tpail + Waisc ® Vaisc

SRR ©200% (€D)]

where wyy; and wy;, are angular speeds of specimens and 7,y and 7
stands for its radii. The embedded sensor measures the normal force (N)
with 4+ 0.3 N accuracy. Traction force (T) is calculated from the torque
measured by the transducer attached to the disc shaft, so the adhesion
coefficient (CoA) could be determined as follows:

N
CoA == 2
o. 7 (2

Data from force sensors are acquired with a 1 Hz sampling fre-
quency. However, this signal results from averaging a non-specified
higher frequency input signal.

2.2. Tested TOR products and contaminants

Two commercial TOR lubricants (referred to as "TORL-A" and "TORL-
B"; oil-based TOR products) and one friction modifier ("FM-A"; water-
based TOR product) were used in this study. Essential information
about the composition of both TOR lubricants can be read from data-
sheets, see Table 1.

Although water-based TOR products are meant to form a dry film
after base medium evaporation, wet film lubrication occurs immediately
after application. Thus FM-A was tested both before and after the
evaporation of the base medium. Distilled water was used as a
contaminant in all tests.

2.3. Wear-in, run-in and cleaning of specimens

Before any experiments, an initial 60-minute dry wear-in of speci-
mens was conducted. This is because severe wear of contact surfaces
occurs with a new pair of specimens. After 60 min of wear-in, the wear
rate decreases significantly, and stable test conditions could be secured.
According to Hertz’s Theory, the diameter of the contact is calculated to
be 0.2 mm for a new pair of specimens. However, due to wear and
topography changes caused by the wear-in, the actual contact will differ
from the theory, and the diameter will be higher. Please note that
described 60-minute wear-in is performed only once at the beginning for

Fig. 1. Photo (left) and scheme (right) of the apparatus.
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Table 1
Composition and characteristics of tested TOR lubricants.
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TOR product Structure NLGI grade Base oil Thickener Particles Base oil viscosity at 40 °C (mm?/s)
TORL-A Paste 0 Biodegradable ester Organic Soft metal 41-53
TORL-B Gel paste 00 Synthetic ester Inorganic (silicate) Soft metal 46

each new pair of specimens. The wear-in parameters (speed, load and
SRR) are the same as for adhesion tests and run-ins and will be described
later.

A 15-minute run-in was performed before every adhesion test to
remove the oxide layer and TOR product residual from the track and to
stabilize surface roughness. During this process, the CoA stabilized
around 0.39 (a reference value for dry contact), ensuring that every test
started from the same initial conditions. Unlike a wear-in, a run-in was
performed before every adhesion test, not only at the beginning for a
new pair of specimens. Specimens were cleaned manually with a paper
towel and ultrasonically in an acetone bath for 10 min after each test.

The wear-in/run-in and cleaning parameters are based on a pre-
liminary study conducted before this work in the experiment design
process. The base value of 0.39 for the dry contact CoA and the duration
of 60 min and 15 min for wear-in and run-in were selected based on the
results of 20 tests focusing on adhesion and wear development. After the
end of every test, the surface topography was checked on an optical
profilometer. Also, the contact path surface was checked under a mi-
croscope to visually confirm that the cleaning process removed any
remaining lubricant residue or particles.

2.4. Adhesion test: performance of water/TOR product under dry
conditions

Firstly, different amounts of water and TOR products were tested in
dry conditions to investigate their separate influence on CoA, see
Table 2. The following parameters were set for all tests: a fixed value of
2% SRR, a mean speed of 1 m/s, and a load of 18 + 0.01 N normal force
(corresponding to 0.8 GPa Hertzian contact pressure). The same pa-
rameters were used in wear-ins and run-ins. The set SRR represents a
value from the effective linear part of the traction curve near the satu-
ration point commonly found in actual railway operations. Moreover,
higher values of SRR could cause excessive wear. According to [28], the
chosen value of the mean speed represents the velocity of approx.
60 km/h in actual wheel-rail contact corresponding to the light-rail
system.

The performance of oil-based TOR products strongly depends on
applied quantity [19]. Thus, choosing the optimal amount for tests in the
main part of this work was necessary. Different amounts of each TOR

product were tested to determine the optimal amount (regarding
retentivity, low/intermediate CoA). The 15-minute run-in was per-
formed before each test.

2.5. Stribeck test: water, oil and water-oil mixture under fully flooded
conditions

A Stribeck test of water, oil, and a 1:1 water-oil (W/O) mixture under
fully flooded conditions was conducted. TORL-A bleed oil with a vis-
cosity of 64 mPa.s was used in this test. The set parameters for this test
were 18 N of load and 2% SRR. The mean speed of specimens was
100-2500 mm/s for water and 50-2500 mm/s for oil and W/O mixture.
For each tested speed, one mean value of CoA was calculated from the 6-
second test. This test revealed the lubrication regime and thickness of
the lubrication film and will be further discussed in the Sections Results
and Discussion.

2.6. Adhesion test: performance of TOR product under wet conditions

In the main part of this work, TOR products were tested under wet
conditions. Please note that water was applied to the contact only after
the TOR product. The moment of application varied and is specified in
Table 2. The parameters of these tests were the same as in adhesion tests
under dry contact conditions (see Section 2.4). The tested amount of
each product was determined regarding optimal performance in dry
conditions. TOR products were applied to the disc surface using an
electronic micropipette (error + 0.04 pl). There were two types of tests:
(1) single water application using a syringe/electronic micropipette and
(2) continuous water application via a peristaltic pump. The procedure
of all adhesion tests is summarised in Table 2.

In addition, water-based FM-A was tested both before ("wet film")
and after ("dry film") base medium evaporation. To prepare a dry film, a
short 30-second test immediately followed the application of FM-A to
spread it on contact bodies. The parameters of this test were: 0% SRR,
300 mm/s mean speed, and 18 N load. A 10-minute pause follows to
provide enough time for water evaporation. These two steps ensure the
formation of an evenly distributed dry film. This procedure only applies
to FM-A (dry film) tests.

In the case of single application tests, the TORL-A and FM-A (wet/dry

Table 2
Procedure of adhesion tests: dry and wet conditions (see 2.4 and 2.6).
Type of test Water/TOR Run-in duration Amount of TOR T1-T3" Amount of water  Test duration Fig. # in
product (min) product (ul) (CoA) ()] (s) Results
Dry conditions, a single water/TOR TORL-A 15 1;2;3; 4 - - 600 3a)
product application TORL-B 15 1;2;3;4 - - 900 3b)
FMA-(wet film) 15 2;4;6; 8 - - 600 3c)
FM-A (dry film) 15 4 - - 600 3c)
Water 15 - - 2; 8; 32; 2000 150 3d)
Wet conditions, a single water TORL-A 15 2 0.13; 0.2; 2; 8; 32; 2000 600 5
application 0.3
TORL-B 15 1 0.13; 0.2; 2; 8; 32; 2000 900 6
0.3
FM-A (wet film) 15 4 0.13; 0.2; 2; 8; 32; 2000 600 7
0.3
FM-A (dry film) 15 4 0.3 2; 8; 32; 2000 600 8
Wet conditions, continuous water TORL-A 15 2 0.18 2150 2000 9
application TORL-B 15 1 0.18 2150 2000 9
FM-A (wet film) 15 4 0.23 2150 1000 10
FM-A (dry film) 15 4 0.32 2150 1000 10

# T1-T3 are defined values of CoA. When reached during the test, water was applied to the TOR product.
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film) test duration was 600s. For TORL-B, the test duration was
extended to 900 s due to its longer retentivity. For the continuous
application of water, the duration was 2 000 s for TOR lubricants and 1
000 s for friction modifiers.

In various tests, water was applied at different times after the start of
the test. The reason for this was to observe the effect of water on TOR
products at different phases of its performance. The exact moment of
application was determined by the value of CoA defined in Table 2.
Water was applied only once per adhesion test when CoA reached the
specified value. In the Section Results, points where water was applied,
are marked as T1-T3 in the graphs. These values vary for TOR lubricants
and friction modifiers because both types of TOR products led to
different CoA.

A typical adhesion test of TOR product with a single and continuous
water application can be seen in Fig. 2a) and b). First, a 15-minute run-in
was conducted before every test. Only the final parts of the run-in are
shown in Fig. 2. Second, a TOR product was applied. In the FM-A (dry
film) tests, the spreading and drying procedure followed (not shown in
Fig. 2). After that, the adhesion test with described parameters started.
The CoA development during the typical test was as follows: after a TOR
product application, an initial drop caused by a large amount of TOR
product occurred. However, part of the TOR product dosage was quickly
pushed away from the track, and the CoA slowly rose to 0.15-0.25.
When the trigger value of CoA was reached (T1-T3), water was applied
either by a) a micropipette/syringe or b) a peristaltic pump. The
magnitude and duration of the drop of CoA caused by the water appli-
cation on the disc with the tested TOR product depended on the amount
of applied water. During test b), 430 pl/min of water was continuously
applied for 5 min (2 150 pl in total). Both small and large amounts of
water were used to determine the influence on product performance
(2-2 000 pl for a single application and 430 pl/min for a continuous
application).

3. Results
3.1. Results: performance of water/TOR product under dry conditions

First, TOR products and distilled water were tested separately in a
series of adhesion tests. Each TOR product was tested in different
amounts to determine the best-performing amount, which was later used
for the adhesion tests of TOR products in wet conditions in the main part
of this work. The term "best-performing amount" means the amount of
TOR product, which ensures a good ratio between the duration of the
initial drop of CoA under 0.1 (which is undesired but inevitable in most
cases for TOR lubricants) and the duration of a period of intermediate
CoA (desired effect of TOR products). Also, the three phases after
application can be distinguished: the initial rise in CoA, stabilization at
the desired adhesion level, and starvation and dry contact restoration.

In the case of TORL-A (Fig. 3a), the amount of 4 pl was unsuitable for
further testing as it caused over-lubrication, and the CoA restoration did
not occur during the standard test duration. On the contrary, both 1 pl
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and 2 pl led to desired adhesion development. Finally, the amount of
2 pl was chosen because, for this amount, the product stays in effect
slightly longer than for 1 pl. Also, the repeatability of the measurement
was tested. Two dashed lines in Fig. 3a) represent additional measure-
ments of 2 pl of TORL-A. After comparing all three curves, it can be said
that in all three tests, very similar values of CoA were measured. The
curves slightly differ only at the end when the starvation occurs, which
should not be a problem as contamination will not be tested at this part
of the curve.

In the case of TORL-B (Fig. 3b), 4 pl of the product led to over-
lubrication of the contact. Although 2 pul did not cause the over-
lubrication, the tests would be inefficiently long for this amount. As
the 1 pl showed desired adhesion development in the standard test
duration, this amount was chosen for the rest of the experiments.

Contrary to TOR lubricants, the over-lubrication did not occur for
any tested amount of FM-A. Although it shows some adhesion-amount
dependency, generally, it is much less significant than in the case of
TOR lubricants. The 4 pl was chosen from all tested amounts as it led to a
similar test duration compared to TORL-A and TORL-B. Afterward, this
amount was also tested as dry film (red dashed line in Fig. 3c).

Four different amounts of water (2, 8, 32 pl, and 2 ml) were tested).
These exact amounts were later used for adhesion tests under wet con-
ditions. Fig. 3d) shows that with the increase of water amount, the
duration of CoA drop also increases. However, there is no significant
difference between 32 pl and 2 ml. The effect of the amount on the CoA
level is relatively negligible. For tested amounts, the CoA ranged from
0.32 to 0.35.

3.2. Results: Stribeck test of water, oil and W/O mixture

The results of the Stribeck test are displayed in Fig. 4. Please note
that each line represents the mean value calculated from three mea-
surements. The lubrication parameter A was calculated for water and oil
to determine the lubrication regime. Value A = 1, often used in literature
as a transition between boundary and mixed lubrication regime [29], is
marked for oil conditions in the figure.

For water, the boundary regime occurs for all tested speeds. For oil,
the boundary regime occurs up to 280 mm/s. Above this speed, the
contact operates mainly in the mixed lubrication regime. For the W/O
mixture, parameter A was not calculated. In addition, Fig. 4 shows that
with the increase in speed, the CoA decreased. The highest CoA of 0.56
was measured for water. With increasing speed, the decrease of CoA was
somewhat limited, and the lowest value of 0.43 was measured for a
mean speed of 2 500 mm/s. On the other hand, a W/O mixture led to
significantly lower CoA. The measured value for a speed of 1000 mm/s
was 0.04 and 0.02 for the oil and W/O mixture, respectively. Mean-
while, the CoA of water was 0.45 at this speed.

Fig. 2. (a) Adhesion test — a single application of water, (b) adhesion test — continuous application of water.
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Fig. 3. Adhesion tests: different amounts of (a) TORL-A, (b) TORL-B, (c) FM-A, and (d) distilled water.

Fig. 4. Stribeck test of water, oil, and W/O mixture.

3.3. Results: performance of TOR products under a single water
application

Figs. 5 and 6 represent TORL-A and TORL-B adhesion tests after a
single water application. Both figures consist of four independent graphs
marked as a-d). In each graph, a different amount of water was applied,
see the upper left corner. There are two types of curves in these graphs.
Dashed lines represent the dry contact CoA level (grey) and adhesion
tests of TOR products measured under dry conditions (black). These
curves are already depicted in Fig. 3a) and b). The purpose of showing
them again in these graphs is to enable a quick comparison between
adhesion tests with and without water application. Solid lines represent
adhesion tests where water was applied into contact with TORL-A and

TORL-B. Each graph includes three curves because three measurements
were conducted for the same amount of water. Although each has a
different color, this is only for clarity, and the test parameters for the
triplet of tests were the same. The only difference was the time when
water was applied to the contact. Water was applied when a specific
value of CoA was reached. These values are for each TOR product listed
in.

Table 2 and are marked as T1-T3 in all graphs. In addition, the
minimum values of CoA reached during the initial adhesion drop are
displayed. There are slight differences between curves of the same TOR
product measured at different tests. These could be caused by different
contact temperatures, surface topography changes as wear progresses
during the experiment, or slightly different amounts of TOR product in
the contact path. However, these differences are not statistically
significant.

Fig. 5 shows results for TORL-A. For 2 pl of water, a drop to the
lowest CoA value of 0.084 was observed when water was applied in T3.
Similar drops were also observed in T1 and T2 applications. Compared
to b-d), the CoA drop caused by 2 pl of water had the shortest duration.
The CoA was restored to the level before water application in all three
measurements. For the rest of the tests, the lowest CoA measured were:
0.037 in T3 for b); 0.035 in T3 for ¢) and 0.026 in T1 for d). As can be
seen, with an increase in water amount, the CoA decreases to lower
levels. Moreover, larger amounts of water also slow the CoA restoration
after the initial drop. In c) and d), the CoA was not restored during the
standard test duration (except for T3; 2 ml). The CoA stayed in the
0.05-0.1 interval until the end of the test.

The curves for TORL-B measured in dry conditions are more flat-
tened than those of TORL-A. However, under wet conditions, they show
similar behavior, see Fig. 6. With the increasing amount of water, CoA
decrease, and it takes more time for CoA to reach dry contact levels. The
lowest CoA measured: 0.069 in T3 for a); 0.028 in T2 for b); 0.017 in T1
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Fig. 5. Adhesion tests of TORL-A under wet conditions. Amounts of water: a) 2 pl; b) 8 pl; ¢) 32 pl; and d) 2 ml.

for ¢) and 0.026 in T1 for d). Compared to TORL-A, lower values of
minimum CoA were reached after water application in the case of TORL-
B. In addition, except for experiments with 2 pl of water a), the dry
adhesion level restoration did not occur during the standard test
duration.

Fig. 7 shows the results of tests with FM-A (wet film). Please note that
points T1-T3, where water was applied, now have different values of
CoA than in the case of TOR lubricants (see Table 2). This is because FM-
A generally led to the different development of CoA than tested TOR
lubricants. From a-c), a clear relationship between the increase in the
amount of water and the magnitude of the initial drop of CoA after water
was applied can be seen. The lowest reached CoA was 0.086 in T1 for a);
0.042 in T2 for b), and 0.021 in T1 for c¢). Moreover, the CoA restoration
slows down with the increase in the amount of water. For the lowest
amount, the CoA drop lasts only a couple of seconds after water appli-
cation. On the contrary, CoA recovery in case c) took more than 100 s.
Still, the duration of the drop is relatively short compared to tests with
TOR lubricants. Case d) does not fit this trend. From all tested amounts
of water, in tests where 2 ml was applied, the initial adhesion drop was
the shortest, and the CoA was quickly restored to a dry level and even
higher. This behavior will be further discussed in the Section Discussion.

Fig. 8 shows the results of experiments with dry friction film. Con-
trary to wet film experiments, water was only applied at one value of
CoA marked as T1 for all tested amounts. Thus different line colors in the
graph represent different amounts of water; please see the legend.
Similarly to the wet film tests, the higher the amount of water applied,
the lower the CoA and the longer the adhesion recovery. The only
exception is the test with 2 ml of water, where CoA first rises after
contamination but then decreases to 0.061. This value is higher than
0.047 in the case of 32 pl of water but lower compared to tests with 2 pl
and 8 pl, with measured values of 0.151 and 0.077, respectively. The

CoA drop is slow and divided into two parts — after the first initial drop,
second to lower values follow. Water significantly reduces CoA
compared to non-contaminated dry friction modifier film in all cases.

3.4. Results: performance of TOR products under continuous water
application

Figs. 9 and 10 show the results for continuous water application, and
in terms of visualization, they follow the same rules as the figures in the
previous section. In Fig. 9, it can be seen that TORL-A shows a similar
behavior under continuous water application as in tests with a single
application of large amounts of water. The lowest reached CoA for
TORL-A was 0.025. TORL-B reached an even lower value of 0.015, the
same value as in the test with a single application of 2 ml of water, see
Fig. 6d). In terms of CoA restoration, even though TORL-B led to lower
CoA than TORL-A, approx. 100 s from the end of the water application,
the CoA starts to rise, reaching dry-level CoA significantly quicker. The
CoA restoration is also faster than in the tests with a single application of
larger amounts of water (8 pl, 32 pl, and 2 ml). The gradient of the CoA
increase in tests with TORL-A is comparable to tests with a single
application of water.

Regarding water-based product FM-A, wet and dry film behaves
differently compared to tests with a single application, see Fig. 10. In the
case of the wet film, the lowest measured CoA was 0.073, which is lower
than in tests with a single application (2 ml). Also, the CoA restoration to
dry level takes longer (183 s). On the other hand, the CoA drops only to
0.168 in the case of dry film, and it takes approximately 180 s to restore
CoA to dry levels. In both cases (dry/wet film), CoA was restored before
the end of the water application.
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Fig. 6. Adhesion tests of TORL-B under wet conditions. Amounts of water: a) 2 pl; b) 8 pl; ¢) 32 pl; and d) 2 ml.

4. Discussion
4.1. The influence of the water amount on CoA

The Section Results show that water affects oil-based and water-
based TOR products differently. In data evaluation, two main parame-
ters were examined: (1) the lowest CoA reached after water was applied
to the TOR product and (2) the duration of the interval of CoA < 0.1
(low adhesion). The overall results of experiments are summarised in the
bar graphs in Fig. 11a) and b). Bars of different colors represent mean
values evaluated from three measurements (applications in T1-T3),
except FM-A (dry film), where water was applied only once at T1. Each
color refers to a specific TOR product. Different shades of the same color
indicate the amount of water applied, see the label of each bar. For
Fig. 11a), the height of each bar represents the lowest CoA reached after
water was applied to the TOR product. In Fig. 11b), the height of each
bar represents the time duration in seconds for which the CoA was lower
than 0.1. Note that a CoA did not drop under 0.1 in some tests. On the
other hand, in some tests, the CoA restoration did not occur after water
was applied, and the CoA did not reach 0.1 again during the test dura-
tion. These tests are marked with the "* " symbol in Fig. 11b). Please note
that only tests with single water application were included in this
evaluation. During tests with continuous water application, the CoA
stays under 0.1 during the whole water application process. So, the CoA
remained under the limit value for five extra minutes compared to tests
with a single water application. Thus, time durations of CoA lower than
0.1 in those two types of tests cannot be compared.

For TORL-A, Fig. 11a) shows that as the amount of water increases,
the CoA decreases to lower minimal values. For comparison, the mean
CoA of 0.029 reached after 2 ml of water was applied is nearly three
times lower than CoA of 0.086 in the case of 2 pl. TORL-B follows the
same trend with an exception between 32 pl and 2 ml, where CoA

decreases to a slightly lower value of 0.017 for 32 pl compared to CoA of
0.02 for 2 ml of water. For both oil-based TOR products, it can be said
that the higher the amount of water, the longer the CoA stays under 0.1.
In the case of a larger amount of water, the CoA restoration did not occur
at all. Under continuous water application, both oil-based TOR products
behaved similarly to a single application of 2 ml.

In the case of the FM-A (wet film), with an increasing amount of
water, CoA reaches lower minimal values. The only exception was be-
tween 32 pl and 2 ml, which was caused due to a large amount of water
flushing TOR product away from the track, causing quick CoA recovery.
When water was applied to dried FM-A film, the drop of CoA was less
significant compared to wet FM-A film, and the time of CoA lower than
0.1 was also shorter. Higher values of minimal CoA and shorter duration
of the low adhesion period are probably caused by the absence of the
evaporated base medium. An exception was the tests with 2 ml of water,
where the combined effect of water and dried particles led to better
lubrication than in the case of FM-A (wet film). Under continuous water
application, the CoA restoration was quicker for dried FM-A film than
for wet film.

In most tests, the CoA drop was not as high for water-based TOR
products as for oil-based TOR products. Although the oil does not easily
mix with water, contamination of oil-based TOR products poses a more
significant risk in terms of low CoA. This is mainly supported by the fact
that CoA stayed below 0.1 for no or very little time for water-based TOR
products.

From a practical point of view, the amount of water on an actual rail
can be either small (morning dew, leakage from passing train) or large
(mostly rain). By comparing the approximate contact area of tested
samples under set conditions to the expected size of the actual wheel-rail
contact, the amounts of water tested in this paper correspond to the
following amounts in the field conditions: 2 pl ~ 3 ml; 8 pl ~ 12 ml;
32pul ~46 ml; 2ml and 2.15ml ~ 3 1. Single contamination of the
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Fig. 7. Adhesion tests of FM-A (wet film) under wet conditions. Amounts of water: a) 2 pl; b) 8 pl; ¢) 32 pl; and d) 2 ml.

Fig. 8. Adhesion tests of FM-A (dry film) under wet conditions. Each line represents a different amount of water, see the legend.

contact by liters of water in actual railway operation seems to be un-
likely. However, knowing the worst-case scenario is still necessary when
dealing with passenger safety. On the other hand, it is possible for the
smaller amounts in the order of milliliters to be accumulated over a short
period from the rain or the overnight condensation from the humid air.
Thus, tested amounts of water (especially 2 pl and 8 pl) are relevant to
actual field conditions.

Results indicate that the risk of low CoA rises with the amount of
water. However, this is contrary to field measurements, which suggest
that it is rather a small amount of water leading to low CoA. The analysis
in [5] shows that low CoA-related incidents are most probable when
morning dew is on a rail. Similarly, findings in [24] show that when a
small amount of water is mixed with particles of iron oxides, CoA lower

than 0.05 can occur. On the other hand, several papers showed that
although the exact value of CoA depends on water temperature [30],
larger amounts generally lead to much higher CoA [31,32]. The effect of
water also depends on the presence of the third-body layer, consisting of
iron oxides, wear particles, environmental contaminants, or even TOR
product residua. Thus, possible mechanisms of water contamination of
TOR products will be discussed next.

4.2. Fluid-film regime / Mechanisms relevant to oil-water system
First, the question arises as to why the CoA of the W/O mixture is

lower than that of bleed oil, as revealed by the Stribeck test under fully
flooded conditions in Chapter 3.2. Similar observations were made in
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Fig. 9. Adhesion tests of TORL-A and TORL-B under wet conditions. Water was
applied continuously for 5 min.

Fig. 10. Adhesion tests of FM-A (dry film) and FM-A (wet film) under wet
conditions. Water was applied continuously for 5 min.

simulated wheel-rail contact [31]. Over the last decades, several the-
ories have been proposed on the lubrication mechanism of water-in-oil
(W/0) or oil-in-water (O/W) emulsions. Those theories can help to
explain the behavior of water-contaminated EHL contacts.

At low speeds, the behavior can be explained by the well-accepted
plate-out theory [33,34]. This theory assumes that water is excluded
from the contact due to the stronger wetting ability of oil, creating an oil
pool around EHL contact, see Fig. 12a). This mechanism is in accordance
with the theory of energy displacement [33]. Ideally, a lubricant film in
the contact is fully composed of the oil phase, and there is no negative
effect on lubricant film thickness [35,36]. For larger droplets, dynamic
concentration theory describing the increasing concentration of oil in
the inlet zone as water is gradually excluded from the gap is more
appropriate [37].

According to a starvation theory [38], the first critical speed exists,
after which the oil pool becomes unstable, and lubricant film thickness
in the contact decreases [39-41]. While remaining in full-film lubrica-
tion, lower film thickness means lower shear stress in lubricating film
and, therefore, lower traction [40]. After the second critical speed,
lubricant film thickness starts to increase. However, due to starvation,
water can no longer be excluded from the contact inlet, and a certain
amount of water phase, given by the dynamic concentration theory [37],
passes through the contact resulting in a much lower coefficient of
traction. This behavior strongly depends on the size of water droplets
[42]. A single application of a water droplet may differ from the
behavior of emulsified water. A large water droplet is more easily
expelled from the oil. If it occurs under contact starvation, water can
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easily enter the contact [43]. Those theories can explain low CoA in the
water-contaminated oil-lubricated contact.

4.3. Starved fluid-film regime / Mechanisms relevant to grease-water
system

Oil-based TOR products are usually based on grease, i.e., they
contain thickener and base oil. In this case, water influences the oil pool
in the contact and structure and the rheology of bulk grease [44].
Evaluation of its water resistance is covered by industry standards [45].
Unlike lubricating oil, grease can absorb a larger amount of water due to
the polar nature of its thickener and additives. This ability strongly
depends on a thickener type, while some greases become stiffer and
others soften [44].

Grease-lubricated contact is much more susceptible to starvation
since a relatively thick grease is being pushed out of the contact track.
Lubricant replenishment from the reservoirs on track sides is very slow,
and the replenishment flow is inversely proportional to viscosity [46,
47]. Absorbed water influences stiffness and oil-bleeding, i.e., the ability
to replenish the contacts. The effects can be positive or negative
depending on the type of thickener [48,49]. If the water absorption leads
to an enhanced contact replenishment, higher oil film thickness under
starved conditions and lower friction in the mixed regime may occur,
which is consistent with our observations. For visualization of this
mechanism, please see Fig. 12b). On the other hand, oil-based TOR
products intended for the open tribology system are designed as
water-repellent with low water adsorption, so the "free water" should
rather occur in the contact.

4.4. Mixed regime / Mechanisms relevant to TOR-water system

When severe starvation occurs, lubricant film thickness further de-
creases, resulting in a mixed regime, where a part of the load is trans-
mitted by the contacts of surface asperities and CoA increases [50].
Under these conditions, boundary friction is given by the composition of
the created tribological layer. TOR products contain solid lubricants like
graphite or molybdenum disulfide. The frictional properties of those
particles are affected by water in different ways. The coefficient of
friction of graphite usually decreases in the presence of water because of
the dissociative chemisorption of water. On the contrary, the lubricity of
MoS; decreases due to oxidation and physisorption of water molecules.
However, the effect may be reduced by interaction with metal particles,
which are also a common component of TOR products [51].

More significant is probably the interaction of water with other
components of TOR products as particles for friction modification or
wear particles. When mixed with a small amount of water, solid particles
create a paste that causes a transient decrease in friction. This mecha-
nism is known as a "wet-rail" phenomenon [52] and is depicted in
Fig. 12c). Since the decrease in CoA appears to be independent of the
water application time during friction development, it can be assumed
to be due to particles contained in the TOR products rather than wear
particles.

4.5. Mechanisms relevant to water-based TOR product contamination

Regarding the water-based TOR product, a similar dependence of
magnitude and duration of CoA drop on the applied amount of water
exists up to 32 pl. However, large amounts (2 ml) flush the product out
of the surface, quickly restoring CoA to dry contact levels. This
happened for both single and continuous applications, although in dry
film test single application, the results are not entirely clear. Even if a
CoA lower than 0.1 occurs immediately after the contamination, it re-
mains below this limit only for a short period and then rises.

The drop of CoA can be divided into two parts. After the first drop,
the second more significant follows, see Fig. 7a-c). This behavior was
already seen in the study [53], in which the authors performed various
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Fig. 11. Mean (a) adhesion drop after water application and (b) duration of a period when CoA was lower than 0.1.

tests with water alone. Similar behavior was also observed in a paper [3]
focused on water-based TOR products. It can be assumed that this
behavior relates to the water contained in the product and thus did not
occur in tests with oil-based TOR products.

Results presented in this study are comparable with findings in [54],
where two water-based TOR products were tested under various slips
and water contamination. Although both products differ from those
tested in this study in the type of particles contained, the trends in CoA
development seem similar. In an extreme case, the CoA after water
contamination drops to approx. 0.05, which is comparable to tests with
FM-A (8 pl). In other cases, the magnitude of the drop was not as high,
probably caused by different product particles. As was shown in [2],
product performance strongly depends on the type of contained parti-
cles. Tested products in [54] had particles of metals with a diameter as
large as 100 um. Particles in [3] were mainly minerals like bentonite or
talc, and their diameter did not exceed 10 pm. Substances with mineral
particles of smaller diameters reach lower CoA comparable to one of the
products used in this study. Thus, the type and scale of the particles play
an essential role in achieving sufficient CoA. In both studies, it seems
that water slows CoA development rather than interrupts it, contrary to
the case of oil-based TOR products. As shown in Fig. 7a-c), the CoA
develops similarly to the situation before contamination, only starting
again from lower values.

Authors propose that the contamination mechanism of water-based
TOR products lay in the refill of the evaporated base medium. After
contamination, water mixes with dried particles and the mixture act as a
freshly applied product. This is supported by Fig. 8, which summarises
the results of dry FM-A film tests. The dry film leads to higher CoA
(higher than 0.3) than the wet film. However, after contamination,
water mixes with dried particles, and the CoA drops to values compa-
rable to values of the original TOR product before base medium evap-
oration, see Fig. 7. After that, the mixture behaves similarly to tests with
FM-A (wet film).

10

4.6. Limitations of the Study

The CoA values and performance of tested oil-based TOR products
measured in this study follow results published in [13], which were also
measured on a ball-on-disc tribometer. As was shown in [11], measured
adhesion strongly depends on the measuring device. The point contact
between the ball and the disc simplifies actual rail conditions. However,
many previous studies on wheel-rail tribology already used universal
tribometers in the ball-on-disc configuration, obtaining useful results [ 3,
4,28]. Although conclusions from laboratory tests can be limited due to
simplifications, they are suitable for preliminary studies as these tests
are more controllable than field tests. Regarding used specimens, there
are three main differences compared to actual wheel-rail contact: the
contact shape, the surface roughness, and the material hardness.

As for the point contact, Chen et al. [30] measured the adhesion of
water-contaminated contact on a twin disc machine. The use of discs as
contact bodies led to line contact, and still, values obtained for given
conditions correspond to values represented in Fig. 3d) or published in
[53].

Pieringer et al. [55] measured the surface roughness of wheel and
rail to be tens of micrometers which is significantly higher compared to
Ra 0.15-0.3 um of specimens in this study. Conversely, Chen et al.
assumed that surface roughness depends on the current state of the
wheel and rail (new/worn/after grinding) and can be expected in the
range of 0.3-1.5 um [56]. Previously, Galas et al. [13] used specimens
with surface roughness varying from 0.05 to 0.45 um to conduct similar
experiments and achieved representative results. Furthermore, Zhu et al.
[57] used discs with Ra as low as 0.2 ym to measure CoA in contami-
nated contact on a twin disc machine. Since surface roughness in-
fluences the lubrication regime, Stribeck tests were conducted in this
study. Fig. 4 shows that the tested configuration operated in similar
conditions to the actual wheel-rail contact. So, in theory, measured CoA
should be representative.

Regarding hardness, sets of standard material grades were estab-
lished around the world. In Europe, rail steels are typically perlitic and
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Fig. 12. Discussed mechanisms: a) Fluid-film regime, b) Starved fluid-film regime, c¢) Mixed regime.

could be heat-treated. Lewis et al., in their paper, compared the hardness
of several materials [7]. They showed that the bulk hardness of con-
ventional R260 steel was approx. 275 HV, and for heat-treated R350HT
steel was 350 HV. It should also be noted that due to the work-hardening
effect, the hardness close to the surface can be 2.5 times higher than the
hardness of the bulk [58]. On the other hand, the hardness of specimens
in this study was 800-920 HV and 720-780 HYV for ball and disc, which
is significantly higher, meaning their behavior can differ from actual rail
materials. Harmon et al. showed that with a higher hardness of speci-
mens, the slightly lower values of CoA will be measured compared to
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specimens made of softer materials [59].

The main purpose of choosing harder material was to reduce wear.
The surface topography changes as the wear progresses during the test,
causing a decrease in contact pressure. It was observed that the most
severe wear occurred during the first 60 min of the test with new pair of
specimens. But after this period, the wear becomes stable, and the width
and depth of the contact path increased only a little. Thus, contact
pressure remains relatively constant. The wear-in period was conducted
on all new specimens to overcome the initial rapid wear and ensure
stable test conditions. Although the actual contact pressure during tests
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was probably lower than the initial 800 MPa, it remains relatively the
same for all tests, so the results should be comparable.

A similar approach was used before in [3,4,13] and enabled focusing
primarily on the effect of tested substances without bias from other
factors that were not in the scope of the study. Measured results show a
clear influence of water on TOR products. However, their transferability
into railway operation could be limited and should be validated on
specimens made from authentic rail material with more realistic
geometry.

There is one more significant difference compared to the actual rail
track. While in the laboratory tribometer, the contact between bodies
occurs on the same spots as both bodies rotate, in reality, the wheel
passes an exact location on the rail only once per ride. In laboratory
conditions, this means that enough amount of lubricant is always pre-
sent because it has nowhere to go. However, as shown in [15], the
product is carried by wheels on an actual track for several hundred
meters. Thus, larger amounts of lubricant are present only for a limited
distance from an application unit. It is unclear if this increases or de-
creases the probability of low CoA. On one side, the probability of
overdosing decreases with distance from the application unit. On the
other, it was shown that water is most likely to cause low CoA when only
a small amount is mixed with the third body layer [18,24]. From this
point of view, the effect of water will be more significant if only a thin
layer of TOR product is present, which could be expected farther away
from the application unit. Either way, water will always influence the
performance of TOR product, and the extent of this influence should be
known for the safety of passengers and the efficiency of rail transport.

5. Conclusion

The ball-on-disc tribometer MTM was used in this study to investi-
gate the influence of water contamination on TOR product performance.
One commercial water-based and two oil-based TOR products were
tested. The water-based TOR product was tested both before and after
the base medium evaporation. Four different amounts of water were
applied by syringe/electronic micropipette to TOR products. Also,
continuous water application by a peristaltic pump was tested. The re-
sults could be summarized in the following points:

1) A low amount of water (2 pl) had a limited effect on tested TOR
products and did not cause low CoA. However, it is important to
mention that the contact surfaces of specimens were cleaned before
every test. In actual railway, water could mix with third body layer
particles and form a highly-viscous paste known for lowering CoA to
insufficient levels.

Contamination of oil-based TOR products by a large amount of water
resulted in a long-lasting period of low CoA (the lowest measured
value was 0.015). A suggested explanation for this derives from W/O
emulsion lubrication theories. Due to its low viscosity, water helped
the oil to move into contact. Thus, lower values of CoA could be
achieved for a prolonged time.

Low CoA rarely occurred in tests with water-based TOR products.
Although CoA dropped after water was applied, after several dozen
seconds, it was restored to the level before contamination. The water
and dried solid particles formed a mixture similar to the original TOR
product before the base medium evaporation. From this point of
view, adding water to the dried water-based TOR product extended
its lasting effect rather than causing low CoA problems. However,
excessive amounts of water (2 ml) flushed the TOR product out of the
contacting surfaces and significantly shortened its performance.

No significant difference existed between a single or continuous
application of the same amount of water that contaminated oil-based
TOR products. In the case of a water-based TOR product, CoA was
restored slightly slower under continuous application.

2

—

3)

4

—

The wheel-rail interface is an open system, meaning water and other
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contaminants can enter the contact. The presented results showed the
strong influence of water contamination on the performance of TOR
products. A long-lasting period of CoA lower than 0.1 occurred in several
tests, suggesting that traction problems could also happen in actual
railway conditions. This potential risk should be taken into account in
the TOR conditioning deployment. Also, the interaction of TOR products
with water should be considered in product development and testing.
Although several hypotheses were proposed, the exact mechanism of the
described phenomenon was not revealed and thus will be the object of
the following research work.
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ARTICLE INFO ABSTRACT
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Top-of-rail (TOR) products are designed to optimize adhesion, reduce wear and mitigate noise from the wheel-
rail interface. Prior to testing these products in field conditions, a laboratory approach is suitable because it is not
time-consuming and expensive. This study aims to design a benchmarking methodology to investigate the per-
formance of TOR products using a standard tribometer in a ball-on-disc configuration. The resulting method-
ology is based on a multi-parameter approach enabling the assessment of TOR products from multiple

perspectives. The core of the methodology is formed by traction tests and a robust evaluation phase resulting in a
performance map dividing TOR products into four performance classes, Q1-Q4, based on which a suitable TOR
product can be chosen for further testing.

1. Introduction

TOR products represent a progressive approach to modification of
friction between the wheel tread and the rail head. In contrast with other
conventional methods, such as sanding and flange lubrication, TOR
products are designed to control friction at a desired level, referred to as
an intermediate level of friction [1]. Besides that, the presence of TOR
product in the contact should avoid a negative slope of the creep curve
occurring in untreated contact [2]. According to the state of matter, TOR
products are classified into solid and liquid. Solid TOR products are
usually called “solid sticks” or “HPF solid sticks”, while there are
different, sometimes confusing, terms for liquid products. Water-based
products (drying products) are called friction modifiers (FMs), while
oil- or grease-based products (non-drying products) are called TOR lu-
bricants (TORLs). There is also a third category of TOR products con-
taining both water and oil/grease. These products are called TOR
hybrids [1,2].

The possible benefits of TOR products have been intensively studied
since 1992, when Kalousek et al. [3] published a pilot study on railway
friction management. This study was conducted on the Vancouver mass
transit system line, where severe short pitch wheel and rail corrugation
developed only a few months after its opening. This investigation
showed that applying a solid stick to the wheel tread prevented corru-
gation formation as roll-slip oscillations were eliminated due to a posi-
tive creep curve. The ability to reduce or completely avoid the

* Corresponding author.
E-mail address: Radovan.Galas@vut.cz (R. Galas).

https://doi.org/10.1016/j.triboint.2023.108910

corrugation growth for different mass transit systems was later
confirmed for FMs [4-7]. Other field studies [7-11] showed that sup-
pression of roll-slip oscillations via solid or liquid TOR products reduced
curve squeal noise. Moreover, these studies clarified the benefits of TOR
products for several transit systems that differ in curve radii, track
structures and track conditions. Besides this, it was shown that reducing
the coefficient of traction (CoT) to the intermediate level brings other
benefits, such as saving fuel consumption [12], reducing the risk of
derailment [13,14], and no risk of isolation of track circuits [15] as can
occur for sanding [16].

Although field studies have proved many benefits of TOR products,
some negative effects related to their application have been revealed as
well. One of the most severe drawbacks is the risk of a very low CoT
compromising traction and braking. This undesirable phenomenon was
observed for both FM [17] and TOR lubricants [18-20]. FMs may cause
a very low CoT immediately after their application when a high amount
of FM enters the contact [21]. In addition, a significant drop in the CoT
was observed during the drying of FM when a viscous film was formed
between the contacting surfaces [22]. In the case of TOR lubricants as oil
or grease-based products, the applied amount strongly affects product
performance [23,24]. A high amount of these non-drying products
(TORLs and TORHSs) in the contact can lead to the extension of braking
distance and can promote the growth of pre-existing cracks and spalling
formation [19,25]. Besides these security risks, recently published
studies [26-28] showed that the expected benefits of TOR products,
such as squeal noise reduction and long carry distance, cannot be
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Nomenclature n, n;-ns number of creep curves within individual PT (1)
N average number of creep curves for five PTs (1)
CTZ critical traction zone Ncj, Nei- Nes number of points of the creep curve(s) for a specific
FM friction modifier SRR in the CTZ (1)
HPF high positive friction Nij, Ni1- Njs number of points of the creep curve(s) for a specific SRR
ITZ intermediate traction zone in the ITZ (1)
LTZ low traction zone N.j, Ni1- Nis number of points of the creep curve(s) for a specific
MTM mini-traction machine SRR in the RTZ (1)
PT, PT;-PTs performance test OLF over-lubrication factor (1)
Q1-Q4  performance classes r, r;-rs  retentivity for individual PT (m)
RCF rolling contact fatigue b ball radius (m)
RTZ retentivity traction zone rd disc radius (m)
S1-S6 steps of the experimental phase R average retentivity (m)
S7-S9 steps of the evaluation phase Sa average Roughness (m)
TOR top-of-rail Si area defining the ideal product (m?)
TORP model TOR product Sp area defining the tested TOR product (m?)
TORL TOR lubricant Sq root mean square roughness (m)
¢, c;-c5  critical traction parameter for individual PT (m) SRR slide/roll ratio (1)
C average critical traction parameter (m) t duration of friction test (s)
CoT coefficient of traction (1) t duration of the run-in process (s)
Fyx normal force (N) tw duration of the wear-in process (s)
Fr traction force (N) v mean speed (m/s)
i, i7-i5 intermediate traction parameter for individual PT (m) disc path width (m)
I average intermediate traction parameter (m) Wy ball angular speed (1/s)
j index representing different values of SRR (1) wq disc angular speed (1/s)
k index representing the number of PT (1)
achieved. However, comparing the results across these studies is difficult, some-

These negative findings indicate that several aspects should be
considered before implementing the friction modification method into
real operation. One of the most important aspects is the purpose for
which the TOR product is used. This factor should be considered
together with the type of transit system because the performance of the
same product may substantially vary for different systems. Another
aspect relates to the application strategy that covers application amount,
application interval, and application method. Two methods are
currently used to apply TOR products: wayside units along the tracks
and on-board vehicle units. Moreover, both methods enable applying
TOR products on one or both wheels/rails.

It is evident that the successful implementation of friction manage-
ment methods into operation involves many aspects that should be
considered beforehand. Then, however, the question arises: How to
choose a suitable product and its application strategy? One of the op-
tions represents field tests that provide reliable results but are costly and
time-consuming. Therefore, this approach seems reasonable as a final
step of testing. In contrast, laboratory tests seem suitable for comparing
different TOR products in different aspects. These tests are inexpensive,
time-saving, and usually can be performed under well-controlled con-
ditions, which are difficult to achieve for field tests.

Several experimental approaches have been used to study TOR
products in laboratory conditions. Full-scale devices were used to
investigate the effect of TOR products on wear, rolling contact fatigue
(RCF) [29,30] and bogie-curving performance [31]. In the case of
small-scale devices, several types of devices were utilised to study TOR
products: pin-on-disc tribometer [32,33], ball-on-disc tribometer [22,
24,34], twin-disc machine [19,35-40], plate-on-plate tribometer [41],
high-pressure torsion (HPT) tribometer [23,42], pendulum tester [43,
44] and hand-push tribometer [44,45]. Note that the latter two ap-
proaches are mainly used in field measurements; thus, they can repre-
sent an intermediate step between operational and laboratory tests. This
literature review showed that the adhesion/friction/traction level,
retentivity, and creep curve are the most frequently evaluated parame-
ters to assess the performance of TOR products in laboratory conditions.

times even impossible, because most studies on TOR products utilise
non-commercial devices. It means that the contact bodies differ in many
aspects, such as size, material, hardness, roughness, etc. Furthermore,
the test procedure and parameters can also vary significantly, which
further complicates the comparison of results. Based on these findings, it
is clear that a unified testing methodology is required to standardize the
design and assessment of TOR products under laboratory conditions.
Recently published standard no. CEN/TS 15427-2-2:2021 [46] partially
deals with this topic for a twin-disc machine and a Mini-Traction ma-
chine (MTM). This standard defines two types of tests for twin-disc
machines whose result is product retentivity, CoT, and the creep
curve. In addition, the test for creep curve investigation is described for
MTM. This approach to determining product suitability relies on a sin-
gle, basic criterion that provides limited insight into the product’s
behaviour, indicating a need for a more comprehensive testing meth-
odology that can assess TOR products from multiple perspectives.

This study proposes a benchmarking methodology for assessing the
performance of various TOR products under rolling-sliding conditions. A
standard MTM tribometer in a ball-on-disc configuration was employed
to ensure the future transferability and comparability of the results
across different laboratories. A robust evaluation phase is an integral
part of the comparative test methodology to ensure clarity of the
assessment. This approach enables the complex assessment of TOR
products from multiple perspectives and improves the reliability and
accuracy of TOR product testing. In order to validate the proposed
benchmarking methodology, the performance of three TOR products
and one bleed oil (the oil separated from the TOR product) is tested and
compared within the case study.

2. Material and methods
2.1. Introduction to the methodology development process

The methodology presented in this paper is based on the following
assumptions:
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L. Single device: A single widely used device is utilized to assess
TOR products from various perspectives.

II. Multi-parametric approach: The product assessment is based
on a combination of several important parameters of TOR
products:

o Retentivity: time, number of cycles or sliding distance for
which the product influences the CoT.

o Performance parameters: Parameters that express the duration
for which a TOR product causes insufficient CoT level and the
duration for which it provides a desired intermediate CoT level.
These parameters are expressed as a function of sliding
distance.

o These parameters are considered together to provide a single
parameter expressing the product’s relative performance.

III. Traction zones: Several zones of CoT, defined as a fixed ratio to
the baseline (dry) CoT, are used to cover the changing CoT from
product application until the moment when its effect is
negligible.

IV. Variable creep: Benchmarking performance tests are done under
different creep to assess product behaviour in different regions on
the creep curve (CoT-SRR dependency).

V. Amount dependence: Some TOR products, especially oil- and
grease-based, are strongly amount-dependent. It is not possible to
compare the products regardless of the applied amount. This
means that one product may perform better at a specific amount
while another product may perform better at a different amount.
A final assessment should clearly show which of the tested
amount is appropriate for the tested TOR products and identify
the TOR product that has the best potential for further testing
using full-scale devices or in the field.

VI. Run-in/wear-in process: These processes were established
specifically to provide the same initial state for all tests and to
avoid excessive wear that negatively affects test repeatability.

VIL. Consecutive tests using the same specimens: A number of
consecutive tests are required to cover the variability of the re-
sults and gradual changes in the surface topography of the
specimens.

2.2. Instruments and specimens

The MTM tribometer in a ball-on-disc configuration was used to
develop and validate a benchmarking methodology for assessing TOR
products. This tribometer was chosen because it simulates rolling-sliding
conditions, similar to the real wheel-rail contact, and is widely used for
tribological testing, including the above-mentioned CEN/TS standard
[46]. The MTM tribometer and its scheme are depicted in Fig. 1. This
configuration consists of a steel ball and a steel disc leading to
non-conformal point contact. Both these standard specimens are inde-
pendently driven; thus, desired slide/roll ratio (SRR) can be set. The SRR
value is calculated according to Eq. (1), where oy, and wq are the angular
speeds of the ball and the disc, and r,, and rq represent their radii. To
investigate the CoT (Eq. (2)) the tribometer is equipped with load and

Fig. 1. MTM in ball-on-disc configuration.

Tribology International 189 (2023) 108910

traction sensors providing information about the normal force Fy and
the traction force Fr. Detailed information about the specimens and
sensors is listed in Table 1 and Appendix A, respectively.

WpTy — WaTq

SRR = -200% @
Wy Ty + Wq-ry
Fr
CoT = — 2
0 Fu 2)

2.3. Initial tests: methodology input parameters investigation

Several parameters had to be investigated as input parameters to the
proposed methodology. These input parameters included: (1) the
duration of the wear-in process, (2) the duration of the run-in process,
(3) the creep curve for dry conditions (baseline), and (4) the traction
zones and threshold curve. These input parameters are an integral part
of the methodology, and the initial tests to investigate them are
described in this Subchapter, while the proposed methodology is pre-
sented in Subchapter 2.4.

Two sets of tests were conducted under dry conditions to investigate
the required input parameters. The experimental conditions of these
initial tests are described in Table 2. This table shows that all tests were
performed with a load of 18 N, corresponding to a maximum Hertzian
pressure of 800 MPa. A mean speed was chosen to be 1 m/s because this
value is frequently used for tribological testing on small-scale devices
[38,39,47]. This relatively low speed was used because of the device
limitation and the stability of tests. According to [48], a speed of 1 m/s
on MTM corresponds to a higher train speed (tens of km/h) based on
comparing the lambda parameter between MTM and the train.

Set no. 1 in Table 2 aimed to find a suitable duration of the wear-in
and run-in process. The wear-in process is always performed when new
contact pair is used to overcome excessive wear occurring when new
bodies come into contact. In contrast, the run-in process is designed to
stabilize the CoT and the surface roughness of worn contact pairs that
were already used for TOR product testing. Suitable durations of wear-in
process t, and run-in process t, were investigated based on the 20
consecutive 30-minute friction tests (CoT-time dependency) under dry
conditions (600 min in total), see Table 2. All these friction tests were
carried out at 2% SRR, which is a representative value for real wheel-rail
contact. After each friction test, both specimens were cleaned in a sol-
vent, and then the surface roughness (Sq and Sa) and the width of the
contact path w were analysed for both contact specimens using an op-
tical profilometer. The required time for the wear-in process t, was
chosen based on the evolution of the path width over time. The aim was
to select a time at which excessive wear had already occurred. It means
that the contact path became more stable for subsequent testing with
TOR products. In the case of the run-in process, the required time ¢, was
chosen as the time needed to stabilise the CoT during the 20 friction tests
mentioned above.

Set no. 2 in Table 2 was performed to investigate a creep curve
(baseline) for dry conditions. This baseline was subsequently used as a
reference curve to design the traction zones and the threshold curve,
which are important for the evaluation phase of the proposed method-
ology (described below). While the maximum Hertzian pressure and
mean speed of this set are consistent with set no. 1, SRR varied from 0%
to 20%. However, there are two ranges of SRR listed in Table 2. Initially,
a range of SRR from 0% to 50% was tested, but it was revealed that SRR
values higher than 20% might not be appropriate for testing TOR
products. The reason for this SRR limitation is described in the

Table 1
Detailed information about MTM specimens.

diameter (mm) material hardness (HV) roughness (um)
ball 19.05 AISI 52100 800 - 920 0.01
disc 46 720 - 780 0.01
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Table 2
Experimental conditions of initial tests: friction and traction tests.
set no. conditions Hertzian pressure mean speed SRR (%) test duration measured parameters evaluated parameters Fig. No.
1 dry (no TOR product) 800 MPa 1m/s 2% 20 x 30 min CoT, Sq, w tw, te 6
2 0-20% 6x CoT traction zones and threshold 7
(0-50%) (8 x255)"

# 60-minute wear-in process was carried out before this test.

discussion. Therefore, the SRR range was limited to 0-20% (specifically:
0%, 2%, 5%, 10%, 15%, and 20%) for all other tests in this study. As
noted in Table 2, the creep curve for dry conditions was measured six
times consecutively. These creep curves were obtained based on the
series of friction tests (CoT-time dependency). Finally, the average
baseline was determined.

The next step was to design the threshold curve and the traction
zones. While the threshold curve is important for the measurement
phase, the traction zones play a crucial role in the evaluation phase, see
Fig. 3. As shown in Fig. 2, the following four traction zones have been
defined for the proposed methodology: critical traction zone (CTZ), low
traction zone (LTZ), intermediate traction tone (ITZ), and retentivity
traction zone (RTZ).

The CTZ is marked in red because it represents a zone with very low
CoT that may not provide enough traction and braking capability for
vehicles. In contrast, the ITZ (the green zone) represents the range of
CoT optimal for traction and braking while reducing significant wear
occurring under dry conditions (baseline). As evident from Fig. 2, there
is another zone labelled as the LTZ. The CoT values in the LTZ are no
longer critical for traction and braking but are not optimal. The presence
of this zone between CTZ and ITZ is meaningful because it prevents a
sudden transition between critical CoT values and optimal ones. More-
over, this “transition” zone between CTZ and ITZ is commonly consid-
ered in the literature [30,49].

The last zone is the RTZ, which is important for evaluating the so-
called retentivity parameter. This parameter is usually defined as the
interval from product application until the product becomes ineffective
regarding expected benefits [46]. Note that this parameter is typically
expressed in the number of cycles. Based on its value, different TOR
products can be compared in terms of expected carry distance repre-
senting one of the key parameters assessed in TOR products [46]. The
carry distance defines how far the product is spread in real operation.

Considering the above, the RTZ is defined by zero at the lower
boundary and by the upper limit of the ITZ at the upper boundary, as
shown in Fig. 2. This upper limit of ITZ and RTZ is simultaneously
considered as a threshold value for stopping the performance test (PT,
described below) because, beyond this limit, the behaviour of the con-
tact becomes similar to that of dry contact. In other words, the effect of
TOR products becomes negligible beyond this limit.

The traction zones mentioned above have been defined as percentage
values of the baseline, see Fig. 2. The percentage values were chosen
according to [50,51], where the dry level of friction was considered 0.6,

Fig. 2. Baseline, traction zones and threshold curve.

and the intermediate and low friction levels were 0.2-0.4 and 0.1,
respectively. With respect to these values, the lower and upper inter-
mediate limits were calculated to be 33.3% and 66.7% of the dry CoT.
The limit value of a critical traction zone (CTZ) was 16.7% of the dry
CoT.

Note that the specific values on the y-axis in Fig. 2 were obtained
from the initial tests conducted under dry conditions (set no. 2 according
to Table 2). Detailed descriptions of these test results can be found in
Subchapter 3.1. This subchapter includes not only information about
traction zones and the threshold curve but also describes other impor-
tant input parameters for the proposed methodology, specifically the
duration of the wear-in and run-in process. Once these parameters were
determined in Subchapter 3.1, they were used as fixed values for all
subsequent tests with TOR products described in Subchapter 3.2.

2.4. The proposed methodology and its steps

Fig. 3 provides a schematic representation of the proposed bench-
marking methodology. The methodology consists of the experimental
and evaluation phases, as shown in Fig. 3(a) and (b). The experimental
phase includes five consecutive PTs (PT1-PT5), which are required to
investigate the performance of one TOR product for one specific applied
amount. It is important to note that all five PTs are carried out using the
same contact pair. It means that the initial conditions (such as the path
width, roughness, pressure, etc.) are not the same for individual PTs due
to wear from the previous PT(s). This approach is beneficial because it
enables the investigation of the performance of TOR products under a
wide range of conditions, and the resulting product assessment is thus
more representative.

Each of the five PTs is composed of a preparation phase (indicated by
blue colour) and the measurement phase (indicated by red colour), as
shown in Fig. 3(a). These two phases comprise six consecutive steps (S1-
S6), but only step S4 (traction test) is considered as the measurement
step. In this step (S4), The CoT is measured for six SRR values ranging
from 0% to 20% (the detailed test procedure is described below). The
result of this traction test is plotted to form the creep curve, as depicted
in Fig. 4. This figure provides a detailed view of steps S4 and S5. Once
the traction test S4 is completed and the creep curve is obtained,
checkpoint S5 must be performed. Depending on the result of checkpoint
S5, the PT continues by S6 or is finished, and another PT can start by S1.
If PT continues, more creep curves are obtained within one PT. It in-
dicates that several creep curves can be obtained during one PT, as in the
example in Fig. 4 — step S5, where three creep curves are obtained before
checkpoint S5 is met. This procedure is repeated until the fifth PT is
completed.

As was mentioned in the previous paragraph, the experimental phase
is completed after the fifth PT. Subsequently, the evaluation phase be-
gins with step S7, as illustrated in Fig. 3(b). It should be emphasized that
the traction zones depicted in Fig. 2 are crucial for the first evaluation
step (S7). This step focuses on the calculation of the performance pa-
rameters noted in Table 3.

At first, three performance parameters denoted with lowercase let-
ters (c, i, and r) are evaluated for each PT. As evident from Table 3, each
of these parameters is named according to the related traction zone
(CTZ, ITZ, and RTZ). These parameters are calculated as the cumulative
sliding distance over which the contact was operating in the related
traction zone. It means that a total of fifteen parameters (c;-cs, i-is, and
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Fig. 3. A benchmarking methodology for assessing the performance of TOR products: (a) experimental phase and (b) evaluation phase.

Fig. 4. Detailed information about methodology steps S4 and S5.

ri-1s) are obtained for the five required PTs. Subsequently, these sets of
parameters are used to determine the average performance parameters
denoted by capital letters (C, I, and R). A more detailed description of the
parameter calculations is provided below.

Individual PT test parameters (c, i, and r) are calculated according to
Egs. (3)-(5), where index k represents the number of PTs (k = 1-5). Note
that it is necessary to know the values of the traction zones to calculate

these parameters. As noted earlier, each performance parameter ex-
presses the cumulative sliding distance over which the contact was
operating in the related traction zone. It is important to emphasize that
the sliding distance is calculated as cumulative, using the sum, because
the individual points of the creep curve are measured for different SRRs.
Each of these individual points of the creep curve is determined based on
a 30-second friction test (CoT-time dependency, see Fig. 4); thus, the
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Table 3
Overview of the performance parameters evaluated in step S7.
symbol related traction related Eq.
zone no.
Critical traction parameter c, (c1- CTZ 3
cs)
Intermediate traction parameter i, (i1-is) 1TZ 4
Retentivity r, (r1-rs) RTZ 5
Average critical traction C CTZ 6
parameter
Average intermediate traction 1 1TZ 7
parameter
Average retentivity R RTZ 8

time t in Egs. (3)-(5) is equal to 30 s and remains constant. In addition,
the velocity v =1 m/s also remains constant for calculating all
parameters.

On the contrary, each point of the creep curve is measured for
different SRR values; therefore, a summation with an index j is included
in the equations. This index describes the variation in SRR during the
measurement of individual points (friction tests) of the creep curves. The
index j ranges from 1 to 5, corresponding to the SRR values in the table
in Fig. 5. Note that an SRR of 0% is not included in the calculation
because the sliding distance equals zero for this SRR value (pure rolling
conditions).

The last parameters in Eq. (3)-(5), N j, Nyj, Nyj, represent the number
of points of the creep curve(s) (obtained for one PT) within a given
traction zone and at a given SRR. In other words, the first character of
the index determines from which traction zone the points of the creep
curve(s) are selected, while the second character further narrows down
the selection of points based on the desired SRR value. This desired SRR
value ranges from 2% to 20%, as defined by the summation index j and
table in Fig. 5.

Fig. 5 provides an example of how N 1-N. 5 can be determined. For
simplicity, Fig. 5 depicts only one traction zone (CTZ) and two creep
curves. The red points represent the points belonging to the related
traction zone (CTZ, based on the first character of the index). If the
second character of the index equals “3”, for example, then only the
points corresponding to a 10% SRR are counted, resulting in N.3 = 2.
The same procedure also applies to ITZ and RTZ.

Fig. 5. Example illustrating the determination of N; points.
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When the performance parameters are evaluated for each PT, three
sets of parameters are obtained: c;-cs, i1-i5, and ry-rs. These sets are
subsequently used to calculate the average performance parameters C, I,
and R using Egs. (6)-(8).
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When S7 is completed, performance parameters C, I, and R are used
to assess the overall performance of TOR products. The overall perfor-
mance is based on two parameters. The first one is the average inter-
mediate traction parameter I described above. This parameter is crucial
because it expresses the average sliding distance over which the TOR
product provides the desired intermediate level of CoT. As the second
parameter, the aim was to use a parameter that would not only indicate
whether a tested TOR product may be risky in terms of low (LTZ) and
critical CoT (CTZ) but also quantify the degree of this risk. For this
purpose, an Over-Lubrication Factor (OLF) was defined. As can be seen
in see Fig. 3(b) —step S9 and Eq. (9), the OLF is defined as the ratio of the
triangle area of the tested TOR product S, (the red triangle) to the area of
the ideal product S; (the black dotted triangle).

Sy RI+R(R—-C)+I(R-C)

OLF = T ©

The pair of triangles in Fig. 3(b) is further referred to as the OLF map.
Note that the OLF ranges between 0 and 1 depending on the values of the
average performance parameters C, I, and R. It means that the calcula-
tion of the OLF includes data from all proposed traction zones, including
the LTZ. Although the LTZ does not have a corresponding average per-
formance parameter, its data are included in the RTZ, contributing to the
parameter R. It should be pointed out that the angles between the di-
rections in which the parameters of triangles are plotted are 120°.

Fig. 3 shows that the triangle representing the tested product is
defined by the following vertices: R, R-C, and I. The vertex R was chosen
because it directly represents the retentivity of the tested product. The
second vertex is defined as the difference between R and C. This vertex
ensures that with an increase in the “undesirable” parameter C, the
triangle size decreases, resulting in a lower OLF value. The last vertex is
defined by the average performance parameter I expressing the sliding
distance over which the product provides the desired intermediate level
of CoT. As evident from Fig. 3(b) — S8, this red triangle is compared with
the black triangle defining the ideal product. This black triangle is drawn
solely based on the parameter R (all vertices). The term "ideal" is used
because C= 0 and R=I, which means that the product provides only the
desired intermediate level of CoT (all points of creep curves lie within
the ITZ, R=I) without any risk of low and critical CoT (C=0).

Because OLF is defined as the ratio of the above-described triangles,
the OLF value represents the deviation of the test TOR product’s per-
formance from the ideal product’s performance. The closer the OLF
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value is to 1, the better the behaviour of the TOR product can be ex-
pected in real operation. In contrast, lower OLF values indicate a risk of
over-lubrication, which may lead to traction and braking issues. Once
the OLF is calculated, the overall performance of the tested TOR product
can be evaluated by considering both the OLF and parameter I.

The overall assessment is built on the I-OLF map defined in this
study. This map represents the final step of the proposed methodology,
Fig. 3(b) —step S9. This I-OLF map, further referred to as a “performance
map”, is plotted to compare the performance of different TOR products
under varying applied amounts. An example of this performance map is
in Fig. 3(b) - step S9, where the performances of two model TOR
products (TORP-1 and TORP-2) are plotted for three different amounts.
These different amounts are represented using different shapes of data
points/markers.

When the performance map is plotted, the graph is divided into four
equidistantly ranked performance classes/quartiles Q1-Q4, ranked from
the best to the worst. If the tested TOR product reaches group Q1, it
shows its ability to provide a long effective carry distance without a high
risk of over-lubrication. Note that the effective carry distance is defined
as the carry distance where the CoT lies within the intermediate traction
zone. Compared to the Q1 class, reaching the Q4 class for the TOR
product is likely to result in a significantly shorter effective carry dis-
tance and/or a higher risk of over-lubrication. Using these four perfor-
mance classes makes it possible to compare and select the optimal TOR
product and its amount for further testing. It should be noted that the y-
axis range (OLF) is fixed from O to 1, representing absolute categoriza-
tion. In contrast, the x-axis is relative, as the best tested TOR product (in
terms of the parameter I) determines its range. However, it should be
noted that future studies should set the x-axis range based on the best-
performing TOR product obtained so far. If not, the classification of
products into classes Q1-Q4 may be significantly affected.

The individual steps of the proposed methodology are summarized in
the following points:

e S1 new/worn pair: Cleaning the specimens in a solvent ultrasonic
bath for 20 min to remove any preservative oil (for the new pair) or
TOR product residue (for the already used pair).

e S2 wear-in/run-in process: The wear-in process is performed only
before the first PT when the new pair is used. The run-in process is
performed instead of the wear-in process for the second and subse-
quent PTs. The wear-in and run-in process duration is 60 and 30 min,
respectively.

Note: These durations represent the input parameters investigated
during the initial tests (set no. 1 in Table 2). These tests and their results
are described in the following chapter.

e S3 product application: All tested products are applied to the disc
path using an electronic micropipette with a tip volume of 0.1 ml.
This configuration allowed for the maintenance of systematic and
random errors below + 1.6% and + 2.5%, respectively, while also
ensuring a minimum dosage of 1 pl. Note that an application jig can
be employed with the micropipette to increase the accuracy of the
product application. All applications are made at zero speed of
samples immediately after finishing the wear-in/run-in process. As
depicted in Fig. 3(a) — step S3, the lubricant dose is split into a series
of 1 ul drops, which are distributed evenly around the circumference
of the contact path to achieve uniform application.

S4 traction test: Each traction test includes six 30-second friction
tests (CoT-time dependency at a specific SRR). Fig. 4 shows that each
of these 30-second friction tests is conducted at a different specific
SRR value, ranging from 0% to 20%. These tests result in six friction
curves for six different SRR values describing the evolutions of the
CoT over time, see Fig. 4 — graph A2. Based on these friction curves,
six average values of CoT are calculated for each tested SRR. These
average values of CoT are used to plot a single creep curve, see Fig. 4
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— graph A3. When the creep curve is completed, checkpoint S5 must
follow.

S5 checkpoint: An obtained creep curve from S4 is compared with
the threshold curve (depicted in Fig. 2 and described in detail
below), and the following criterion is checked: “Have two consecu-
tive points of the creep curve exceeded the threshold curve?” Please
note that it requires two consecutive points on a single creep curve,
as depicted in Fig. 3(b) — graph B2. As a result of checkpoint S5, there
are two following possibilities:

o NO (the criterion has not been met): No two consecutive CoT points
on a single creep curve exceeded the threshold curve (e.g. purple and
red creep curves in Fig. 4 — graph A3). In this case, the PT continues
at step S6.

o YES (the criterion has been met): Two or more consecutive CoT
points on a single creep exceeded the threshold curve (e.g. blue curve
in Fig. 4 — graph A3). After that, another PT should begin with step S1
if the fifth traction test has not been completed yet.

S6 ball cleaning: When the traction test S4 has been completed, and
criterion S5 has not been met, the ball path is cleaned with a paper
towel without solvents. The subsequent traction test S4 begins after
this cleaning, as indicated by the purple arrow in Fig. 3(a). This cycle
of steps S4 and S6 is repeated until criterion S5 is met. Note that there
are two reasons for ball cleaning. Firstly, the cleaning decreases the
amount of TOR product in the contact path, which leads to the
shortening of the traction test. This shortening helps avoid the un-
desired smoothing effect described in the Discussion. This aspect is
important because it enables testing larger applied amounts of TOR
products without the risk of smoothing. The second reason is to
simulate a situation in the field where a product covers only one
surface, and the second is “fresh” without any TOR product. White
et al. [49] used a similar cleaning approach where the retentivity of
traction gels was studied.

S7 performance parameters: Based on the results of PTs and designed
traction zones, the c, i, and r parameters are calculated according to
Egs. (3)-(5) for each PT. Subsequently, the average performance
parameters C, I, and R are evaluated using Eqs. (6)-(8).

S8 OLF: The average performance parameters are plugged into Eq.
(9) to calculate the OLF.

S9 performance map: This map is drawn based on the OLF and the
parameter I, where each point on the map corresponds to the per-
formance of the TOR product at a specific tested amount. This
approach enables a comprehensive comparison of the performance
of TOR products for various amounts.

2.5. Case study

The proposed methodology was verified using a case study where
two TOR lubricants (TORL-A and TORL-B) and one FM were tested for
different amounts. It should be pointed out that FM was tested for both
wet and dry conditions (the terms wet-FM and dry-FM are used below)
to describe the possible change in its performance due to the evapora-
tion of the base medium. In addition, the performance of TORL-A bleed
oil was investigated for two amounts to show the difference between the
behaviour of TORL and bleed oil. The experimental conditions of this
case study are listed in Table 4. Note that the maximum Hertzian pres-
sure, mean speed, and SRR range were the same as in the initial tests
described in Subchapter 2.4.

3. Results
3.1. Results of the initial tests

Fig. 6 shows the results of set no. 1 according to Table 2, which aimed
to find necessary methodology input parameters. These input
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Table 4
Experimental conditions of the case study: traction tests.
set no. TOR product applied amount Hertzian pressure mean speed SRR test duration measured param. evaluated param. Fig. No.
3 wet-FM 1,2,3,12u 800 MPa 1m/s 0-20% to threshold value’ CoT 5x (c, i, 1), 8,10
4 dry-FM 12l G LR 8,10
5 TORL-A 1,2,3,5ul OLF 9,10
6 TORL-B 1,2,3u 9,10
7 TORL-A 1,3ul 10
bleed oil
overview of all results using the performance map of TOR products 11

1 60-minute wear-in process was carried out before the application of the TOR product.

Fig. 6. The results of initial tests under dry conditions (set no. 1 according to Table 2): (a) the examples of friction tests, (b) the development of the ball and disc path
during twenty consecutive friction tests, (c) the evaluation of disc and ball roughness during twenty consecutive friction tests.

parameters included the time needed for the run-in and wear-in process,
which were determined based on twenty consecutive friction tests (CoT-
time dependency) that were measured for various SRRs. Examples of
these friction tests are depicted in Fig. 6(a), where only eight curves are
drawn for clarity. These curves indicate that the CoT is unstable in the
first hundreds of seconds and becomes stable after approximately 1
500 s. Therefore, a time of 1 800 s (¢, =30 min) was finally chosen as the
required time for the run-in process. After each friction test, the path
width of both contact bodies was evaluated to identify the time needed
for the initial wear-in process of the new contact pair, see Fig. 6(b). The
results show that excessive wear occurred during the first 40-60 min;
after that, the path width grew steadily. Therefore, the time required for
the wear-in process t,, was chosen to be 60 min. This wear-in time
ensured that the path width was around 0.6 mm before the traction test
with the TOR product (step S4). Fig. 6(c) shows the development of
surface roughness of both specimens. It is evident that the ball roughness
remained almost the same, whereas a gradual increase in the disc
roughness was observed. As a result, the calculated combined roughness
of the ball and the disc fluctuated between 0.46 and 0.59 pm.

Fig. 7 shows the results of set no. 2 according to Table 2. The purpose

of this set was to investigate a creep curve (baseline) under dry condi-
tions and to design the traction zones, which are crucial for the evalu-
ation phase of the methodology. Six creep curves under dry conditions
were evaluated for eight different SRR values, see Fig. 7(a). It can be
seen that there is no substantial difference among these creep curves.
CoT saturates at SRR values between 10% and 20% in all cases. How-
ever, a further SRR increase led to a gradual CoT reduction accompanied
by an interfacial layer formation, see Fig. 7(c). This layer covered most
of the contact path, and its thickness reached up to 2.5 pm. Therefore,
the range of SRR was limited to 20% for other tests to mitigate interfacial
layer formation. A threshold curve and adhesion zones were then
designed for the SRR range from 0% to 20% according to the proposed
percentage values of the creep curve under dry conditions. The resulting
threshold curve and traction zones are plotted in Fig. 7(b), and CoT
values of individual points and related performance parameters are
given in Table 5.

3.2. Results of the case study

After initial tests under dry conditions, the measurement phase (steps

Fig. 7. The results of initial tests under dry conditions (set no. 2 according to Table 2): (a) reference creep curves (baselines) under dry conditions, (b) designed
traction zones and threshold curve, (c) the disc surface covered by an interfacial layer after the test at high SRR.
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Table 5
Baseline, traction zones, threshold curve and performance parameters.
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Traction zones SRR 0% 2% 5% 10% 15% 20% perform. param.
% of dry CoT
baseline 100% 0.022 0.379 0.617 0.731 0.762 0.736
threshold curve; retentivity 66.7% 0.015 0.253 0.411 0.487 0.508 0.508%) nR
intermediate zone 66.7% 0.015 0.253 0.411 0.487 0.508 0.508") il
upper limit
intermediate zone 33.3% 0.007 0.126 0.206 0.244 0.254 0.254%)
lower limit
very low zone (upper limit) 16.7% 0.004 0.063 0.103 0.122 0.127 0.1271) c, C

1) The same value as for 15% SRR was used to avoid the negative trend of the creep curve behind the saturation point occurring under dry conditions.

S4-S6) and the evaluation phase (step S7) were performed to calculate
the individual and average performance parameters. These tests corre-
spond with set no. 3-7 in Table 4, where one FM, two TOR lubricants
and one bleed oil of one TORL were tested for different applied amounts.
Investigating the effect of applied amounts for several products resulted
in many large data sets; therefore, only some of them are presented in
the following paragraphs. It is important to note that only the points that
are included in the evaluation of performance parameters (prior to
checkpoint S6 being met) are displayed in the graphs below. Complete
results for all products and tested amounts are summarised in Fig. 11.
Appendix B lists the performance parameters for all tested conditions.
Fig. 8 presents the results of wet-FM (a-c) and dry-FM (d-f) for the
amount of 12 pl (set no. 3 and 4 according to Table 4). The left and
middle graphs show examples of PTs, specifically the third and fifth,
which were performed according to steps S4 and S5 in Figs. 3 and 4. A
summary of the result of all five PTs, which were required to assess the
performance of one product, is shown in the graphs to the right (c,f).
These bar charts show the values of the performance parameters c, i and
r obtained for individual PTs. Moreover, this figure also includes their
average values C, I, and R, which define the performance of the tested
product throughout the whole testing. Besides this, parameters n;-ns
represent the number of traction tests performed in each PT, and the N
parameter was calculated as an average value. The results in Fig. 8 give

evidence that wet-FM provides a longer period of intermediate CoT (the
I parameter) and a longer retentivity (the R parameter) compared to dry-
FM. In these cases, the I parameter is equal to the R parameter because
there are no points of creep curves in the very low (the C parameter) and
low traction zones.

Fig. 9 shows the results of TORL-A (a-c) and TORL-B (d-f) for the
lowest tested amount of 1 ul (set no. 5 and 6 according to Table 4). As in
the case of FM results, the left and middle graphs show the results of the
3rd and 5th PTs, based on which the individual and average perfor-
mance parameters were evaluated and displayed in the bar charts on the
right. The results revealed that both TOR lubricants provided longer
retentivity than FM, even though the applied amount was twelve times
smaller. However, for TORL-A and TORL-B, only 40% and 55% of the
parameter R is made up of the points in the intermediate zone (the I
parameter). The rest of the R parameter is given mainly by points in the
low traction zone because parameter C was negligible for both tested
TOR lubricants.

After the completion of steps S1-S7, the OLF was calculated to reveal
the tendency of tested TOR products for different amounts to over-
lubricate the contact. The example of OLF maps for tests depicted in
Figs. 8 and 9 are shown in Fig. 10. Moreover, Fig. 10 also includes the
OLF maps for two tested amounts of the TORL-A bleed oil in order to
show the difference between the behaviour of TORL and its bleed oil. It

Fig. 8. The results of FM (set no. 3 and 4 according to Table 4, 12 ul): (a) the 3rd PT of wet-FM, (b) the 5th PT of wet-FM, (c) the performance parameters of wet-FM,
(d) the 3rd PT of dry-FM, (b) the 5th PT of dry-FM, (c) the performance parameters of dry-FM.
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Fig. 9. The results of TORL-A and TORL-B (set no. 5 and 6 according to Table 4, 1 ul): (a) the 3rd PT of TORL-A, (b) the 5th PT of TORL-A, (c) the performance
parameters of TORL-A, (d) the 3rd PT of TORL-B, (b) the 5th PT of TORL-B, (c) the performance parameters of TORL-B.

Fig. 10. OLF maps: (a) wet-FM, (b) dry-FM, (c) TORL-A, (d) TORL-B, (e) and (f) TORL-A bleed oil.

should be pointed out that the triangles are drawn at different scales
because the tested products achieved significantly different retentivity
(the R parameter). The first two maps (a) and (b) demonstrate the per-
formance of wet-FM and dry-FM for 12 pl. In both cases, the triangle
defining the product performance is identical to the triangle

10

representing the best possible score; therefore, the OLF equals 1. Maps
(c) and (d) show the results of TORL-A and TORL-B for the applied
amount of 1 pl. As was mentioned above, TORL lubricants caused low
and even very low CoT, which indicates that the R and I parameters are
not equal. Therefore, the OLF parameters are lower than 1, specifically
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0.594 for TORL-A and 0.678 for TORL-B. The last pair of OLF maps (e)
and (f) show the results of TORL-A bleed oil. Comparing the scales with
the other maps, it is evident that the bleed oil provided much longer
retentivity, as expected. However, the C parameter significantly reduced
the OLF, resulting in values of 0.291 and 0.147 for 1 pl and 3 pl,
respectively. When comparing the performance triangles of tested
products with those representing the best possible scores, it is evident
that TOR products achieve a significantly better result in preventing
over-lubrication than bleed oil.

Fig. 11 (a) shows the performance map and amount-OLF relationship
representing the final assessment of tested products. None of the tested
products was classified as Q1, the highest-performing class. Wet-FM
(12 pl) and TORL-B (1 ul) were the top performers in this study,
achieving a Q2 performance class. The rest of the products/amounts fell
into the performance classes in Q3 and Q4. As is evident from Fig. 11 (a),
FM is limited by very short retentivity, whereas a worse rating of oil-
based products results from the low values of OLF. Fig. 11 (b) shows
that the higher the amount of oil-based products, the lower the OLF. In
contrast, no effect of the applied amount on OLF was observed for FM.
Fig. 11 also illustrates the contrasting frictional behaviour between TOR
lubricant and its bleed oil. It was revealed that bleed oil led to signifi-
cantly lower OLF values for both tested amounts compared to TORL.

4. Discussion

This section is divided into four parts. In the first part (4.1), the in-
dividual steps of the experimental phase of the proposed methodology
are discussed. Moreover, the discussion of initial tests dealing with the
input parameters is included in this part. Note that the evaluation steps
are omitted because they have been described and explained in Sub-
chapter 2.4. The second part (4.2) focuses on analysing and interpreting
the performance of tested products investigated according to the pro-
posed methodology. In addition, the reliability of the methodology is
discussed. In the third part (4.3), the proposed methodology is discussed
in relation to the CEN/TS standard [46]. Finally, the last part of the
discussion (4.3) describes possible future extensions of the
methodology.

4.1. Discussion of the methodology: experimental phase

S1 new/worn pair and cleaning: both the new and worn pairs were
cleaned in an ultrasonic bath with solvent for 20 min. It should be
pointed out that Areiza et al. [45] revealed that solvent cleaning could
not completely remove strongly-adhered oxide layers forming during
the tests. Therefore, an effective cleaning method was introduced by
Navratil et al. [39], where solvent cleaning was combined with water
and mechanical cleaning/grinding with sandpaper. This cleaning
method resulted in a clean surface without any visible residue, and the
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required time for a subsequent run-in process was reduced. Although
this method has proven very effective, applying it to MTM samples is
difficult because of their narrow contact paths. Therefore, in this study,
solvent cleaning in an ultrasonic bath was always followed by a rela-
tively long run-in process to remove the residue of tested products and
the interfacial layer.

The material of the contact bodies was bearing steel AISI 52100
100Cr6, which differs in chemical composition and hardness compared
to rail and wheel steel. However, the use of these original specimens,
offered directly by the tribometer manufacturer, allows future com-
parison and transferability of the results across laboratories, which is
one of the main requirements for any methodology and standard.
Furthermore, higher hardness and higher wear resistance of AISI 52100
lead to milder wear and less surface damage than in the case of softer
wheel and rail steels. It means that the tests with bearing steel are less
affected by changes in surface topography and contact pressure, and the
impact of wear debris on the test is not so substantial. This behaviour is
crucial for the stability and repeatability of tests, especially for small
point contact, as in the case of the MTM tribometer. Therefore, the high
carbon-chromium steel seems suitable for friction tests, where the effect
of TOR products or another material on friction is investigated. Due to
these material properties, this type of steel has been commonly utilized
in many previous studies [22,23,47,48,52]. As demonstrated by Harmon
et al. [44] for rail materials with varying hardness, higher hardness in
specimens may result in slightly lower CoT values compared to softer
materials.

S2 wear-in/run-in process: the primary purpose of the run-in process
is to stabilize the CoT and roughness. In addition, this process is
important to remove residual layers that were formed on the surfaces
during tests with TOR products or as a consequence of solvent cleaning.
The required time of the run-in process was determined based on the
shape of the curves in Fig. 6(a). These data showed that at least 25 min
(finally chosen 30 min) was necessary to stabilize the CoT. After 30 min,
the CoT was stable and reached almost the same value for all tests. The
shape of the curves in Fig. 6(a) is typical for non-lubricated steel-on-steel
contact because this type of contact needs some time to stabilise
roughness and surface conformity [53]. Optical analysis showed that the
combined roughness Sq of specimens was almost the same at the end of
each test. The average value of combined Sq was 0.52 + 0.03 pm, which
is in the expected range of wheel/rail roughness [54].

The wear-in process aims to overcome the initial excessive wear
occurring when new specimens are rubbed against each other. This
process ensures that subsequent tests with TOR products are not
significantly affected by the effect of wear debris and related changes in
contact geometry. The results revealed that a suitable wear-in process
length is 60 min. This length also ensured that the width of the contact
path increased to 0.6 mm. This path width allows the solid particles
contained in TOR products to come into contact because the typical

Fig. 11. The final assessment: (a) performance map, (b) amount-OLF relationship.
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particle size is in the units to tens of micrometres. Moreover, the wider
path allows for a more accurate application of TOR products to the
centre of the contact path, compared to a narrow path (without a wear-
in process).

S3 product application: there are several methods for the application
of TOR products: brush, nozzle, syringe or micropipette. While brush
and nozzle were used mainly for field testing [13,45], syringe and
micropipette were typically utilized for laboratory testing [34,55]. This
is because the required doses are very small in the laboratory, and also
high application accuracy is needed. It means that a relatively narrow
contact path between the ball and the disc does not allow the application
of TOR products using a brush or nozzle.

The micropipette used in this study enables the application of a
minimum dosage of 1 pl with a low error guaranteed by the manufac-
turer. However, since the tested TOR products were viscous liquids
containing many solid particles, the application accuracy might have
been compromised. Therefore, additional tests focused on application
accuracy were conducted where the applied amounts were weighed
using a precise analytical balance. These measurements showed that the
application error was not higher than 6% except for 12 ul of FM, where
the error reached 12%. This larger error resulted from the accumulation
of smaller errors due to the application of twelve doses of 1 ul (same as in
the PTs). Although this error is not negligible, the application accuracy
is still sufficient to study the effect of the applied amount.

As mentioned above, all tested amounts were applied using several
1 ul doses. This application strategy was chosen because it ensures that
almost the whole product dose ends up in contact. Note that the appli-
cation was always performed when both contact bodies were stopped.
These conditions are beneficial because it is possible to check whether
the application was accurate (based on the position of each drop relative
to the centre of the contact path). If not, the whole test has to be
repeated. The authors recommend using the application jig to achieve a
higher application accuracy. This jig precisely sets the position of the
micropipette tip relative to the centre of the contact path.

S4 traction test: this step is a crucial part of the measurement phase
in the proposed methodology. This step includes several 180-second
tests with different SRR values based on which tested product perfor-
mance is evaluated. A similar approach to studying TOR products was
used in previous studies [19,35]. However, there is also a second and
more often used approach to investigate the performance of TOR
products in laboratory conditions. Traditionally, the performance of
TOR products has been evaluated by measuring the CoT over time at a
specific SRR. This friction test begins with the application of TOR
product and ends with contact starvation. Note that this test typically
has a duration of a few minutes to tens of minutes. Although this
experimental approach was previously used in many studies dealing
with TOR products [55-60], this approach was found to be unsuitable
for tests using the MTM tribometer.

The authors of this study performed these friction tests during the

Fig. 12. (a) Schematic results of friction tests, (b) rough path after run-in
process, and (c) smooth path after test with higher amount of TOR lubricant
and at a low SRR value.
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initial testing phase; however, the results were not fully satisfactory.
Fig. 12 (a) schematically shows some selected results of these friction
tests. The results were acceptable for some kinds of TOR products and
very small amounts; see curves no. la-1c in Fig. 12 (a). However, the
repeatability of these tests was not always good enough to evaluate the
performance parameters of TOR products, such as retentivity [24,58] or
CoT rate (ratio between CoT difference and time difference) [61]. An
unexpected change in the trend of the friction curve was observed for
small and medium applied amounts of TOR product (mainly TOR lu-
bricants); see curve no. 2 in Fig. 12 (a). The surface analyses revealed
that these unexpected changes occurred due to surface smoothing. A
comparison between Fig. 12 (b) and (c) highlights this effect. This
smoothing effect was previously described as one of the consequences of
applying TOR products [4,30]. This effect was even more significant for
tests on the MTM tribometer because of the small contact area and a
relatively high amount of TOR product in the contact path compared to
real contact. As a consequence of roughness smoothing, the lambda
parameter defining the lubrication regime was considerably changed;
thus, the test conditions were also changed. Therefore, this result could
not be considered relevant because the retentivity was much longer for
the lower roughness [62]. Similar behaviour was observed for large
amounts of TOR products (curve no. 3 in Fig. 12), where the CoT was
very low throughout the whole test, similar to Sanchez et al. [59].

With respect to the findings, a traction test with the range of SRR
from 0% to 20% was finally chosen as a suitable approach to investigate
the performance of TOR products. Increasing the SRR to higher values
raises the shear stress in the TOR product layer; thus, the smoothing
effect is suppressed by the gradual starvation of the contact. This
approach enables investigating the performance of TOR products for a
wider range of applied amounts compared to fixed friction tests at a
specific SRR value. The ability to test the performance of TOR products
depending on the applied amount is one of the objectives of the pro-
posed methodology.

S5 checkpoint: the creep curve obtained in step S4 was always
compared with the threshold curve. This threshold curve was designed
as a percentage value of the CoT for a given SRR under dry conditions,
see Table 5. The PT was stopped when two neighbouring points of the
tested TOR product were above the threshold curve. The reason for
choosing two neighbouring points, as a criterion for stopping the PT,
instead of one point was that there were many tests where the threshold
value was exceeded at lower SRR values. However, the following points
of the creep curve were below the threshold curve. Therefore, the cri-
terion was extended to two neighbouring points to ensure that the PT
was not stopped too early (before the contact starvation).

If the criterion for stopping the PT has been met, another PT follows.
As was mentioned above, five consecutive PTs on the same specimens
are needed to investigate the performance of one TOR product for one
tested amount. This approach ensures that the performance of each
tested product is investigated for a wide range of conditions; thus, the
obtained results are more valuable. The most significant change occurs
for the geometry of the contact path, while the combined roughness
remains almost the same due to the wear-in process between the PTs.
The width of the contact path was between 0.6 (after the run-in process)
and 0.9 mm (after the fifth PT). This increase in the path width caused a
drop in pressure leading to an increase in the value of the Lambda ratio.
This ratio defines the lubrication regime and extends the consumption
time of TOR products as the load decreases [63]. Moreover, a wider
contact path can slightly increase the amount of TOR product which
comes into contact while the rest of the dose is pushed out of the contact
[64]. These facts explain why the parameter n usually grew with the
number of PTs, see Figs. 9(c) and 8 (f).

S6 ball cleaning: the ball is cleaned with a paper tissue without any
solvent before the next traction test if the criterion for stopping the test
has not been met, see Fig. 3(a). However, it is important to note that this
cleaning introduces certain uncertainties in the experiment, as it cannot
be easily checked and quantified. Therefore, the cleaning must be
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carried out with great precision, using a wipe that does not leave any
residues on the surface. It is recommended to check the surface using a
microscope. It is important to note that a solvent is not suitable for ball
cleaning as it affects the CoT.

As mentioned in Subchapter 2.4, the primary aim of cleaning is to
enable testing of higher product amounts without the risk of the
smoothing effect depicted in Fig. 12. However, if these higher amounts
(e.g. higher than 4 pl) are not being tested, it is possible to omit the ball
cleaning and simplify the measurement phase in Fig. 3(a). In that case,
the PT will be continued to S4 instead of S6 if the criterion in S5 has not
been met. However, it is necessary to decide at the beginning of the
testing whether cleaning will be performed or not, as it is essential to
maintain the same testing methodology for all tests. The omission of
cleaning simplifies the test procedure but can also limit the compara-
bility with this or future studies that employ the proposed methodology
(including ball cleaning).

4.2. Case study discussion

In the beginning, the traction tests under dry conditions were per-
formed to evaluate the creep curve under dry conditions. The traction
zones and the threshold curve were designed based on this creep curve
under dry conditions. The creep curve under dry conditions was found to
have a negative trend beyond the saturation point. Although this
negative trend is expected under dry conditions, the saturation point
should occur at significantly lower slip values [65,66]. This contrast can
be explained by different slip conditions in contacts. Whereas MTM
contact operates at a fixed SRR, real wheel-rail contact operates at a
variable SRR dependent on CoT. At higher SRR/slip, the contact shifts
into the unstable region of the creep curve, where sliding may occur.
Under these conditions, significant thermal effects arise, and the creep
curve declines [23,67].

The results of the presented study are in good agreement with the
previous authors’ study [24], where no saturation point was observed
for SRR values up to 10%. The negative trend of the creep curve in Fig. 7
(a) was not caused primarily by the thermal effects. According to Ertz
et al. [68], the calculation revealed that the mean and maximum tem-
perature in the contacts did not exceed 55 °C and 95 °C, respectively.
The decline of the creep curve mainly occurred due to the formation of a
higher amount of wear debris that adhered to the disc surface; see the
interfacial layer in Fig. 7(c). Therefore, the range of SRR was limited to
values from 0% to 20% to avoid the formation of this interfacial layer
that would affect the results of the test with the TOR product.

The traction test results for several TOR products and one bleed oil
are summarized in Fig. 11. These results clearly display a difference in
frictional behaviour between water-based (FM) and oil-based TOR
products (TORL-A and TORL-B). While increasing the applied amount of
FM does not affect the OLF, a significant drop in OLF is found for both
TORLs as the amount increases. This result indicates that the application
of FM is not risky in terms of a very low CoT, even if the applied amount
is large. In contrast, the performance of TORLs is very sensitive to the
applied amount, and even a slight increase can lead to a very low CoT.
These findings are consistent with Ref. [1], where the dependence of the
coefficient of friction on application rate was plotted for both
water-based and oil-based products. Besides that, a very low CoT
occurrence after the application of TORL was previously reported in
both laboratory [20,24] and field studies [18,69].

The second difference between water-based and oil-based products
lies in the I parameter defining the “effective” retentivity. The results
show that the I parameter is much more sensitive to the applied amount
for TORLs than FM. It means that oil-based products can provide a
longer retentivity than water-based products. Moreover, the behaviour
of water-based products is extremely influenced by product drying, as
observed in the laboratory [22] and field tests [27].

Although the results of the presented study generally agree with
previously published studies, it should be noted that the proposed
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methodology was designed as a comparative test whose aim is to choose
a suitable product for further testing. Therefore, the results are divided
into four performance groups Q1-Q4 that define the performance class
of TOR product for a given amount. Based on the performance map in
Fig. 11, TORL-B and FM could be used for further testing because these
TOR products were able to reach the performance class Q2 while the
class Q3 and Q4 were found for the other two tested products. It is
essential to note that class Q3 and Q4 do not necessarily mean that
unsatisfactory results will be achieved on the track, but it mainly says
that there is a better TOR product or a more suitable amount for its
application. On the other hand, recently published studies [44,70] have
shown a reasonable correlation between small and full-scale tests.

Finally, the performance of the bleed oil of TORL-A was investigated
to verify the sensitivity of the proposed methodology. When comparing
the results, it can be seen that TORL-A achieved a higher performance
group for both tested amounts (Q2, Q3) than was found for bleed oil
(Q3, Q4). Therefore, the proposed methodology can be considered
reliable based on these results. Note that some of the tests were repeated
to evaluate the repeatability. It was difficult to achieve the same per-
formance parameters because many factors affect the results of traction
tests, such as the width of the contact path, surface topography,
roughness, etc. However, the same performance group was always
achieved for the original and the repeated test. Therefore, it can be
concluded that the proposed methodology is robust enough because the
final product assessment (Q1-Q4) is not affected by parameters that
cannot be precisely controlled during testing.

4.3. Comparison of the proposed methodology and CEN/TS standard

The main parameters of the proposed methodology, further referred
to as the I-OLF methodology, and CEN/TS standards [46] are listed in
Appendix C. Both methods utilize the MTM tribometer in a ball-on-disc
configuration, where specimens are manufactured from AISI 52100.
Both approaches involve an initial wear-in process before TOR product
testing using traction tests. The CEN/TS standard prescribes only one set
of traction tests for one contact pair, while in the I-OLF methodology,
five consecutive tests (PTs) are conducted using the same pair. This al-
lows the I-OLF methodology to provide more reliable and representative
results, as the individual PTs are performed for a wider range of contact
conditions. It should be noted that the higher number of tests in the case
of the I-OLF methodology results in a significantly longer total test time,
as shown in Appendix C. Therefore, the CEN/TS standard may be suit-
able when there is a need for rapid testing of a higher number of TOR
products.

Another significant difference between the I-OLF methodology and
the CEN/TS standard lies in the evaluation phase. While CEN/TS uses
only one simple criterion to decide whether the product’s performance is
good or not in terms of a low CoT, the I-OLF methodology employs four
traction zones to evaluate several performance parameters based on
which the performance map is plotted. This performance map provides a
more comprehensive assessment of TOR products and categorizes them,
based on the applied amounts, into four performance classes Q1-Q4.

In terms of individual test parameters, the approaches differ mainly
in the contact pressure and the SRR range, see Appendix C. Both contact
pressures, used in the I-OLF methodology and CEN/TS standard,
represent typical pressure in the wheel tread-rail head contact. The
lower pressure in the I-OLF methodology was chosen to reduce wear
since the contact pair is used for several consecutive PTs. The higher
range of SRRs was selected in the I-OLF methodology to enable testing
larger amounts of TOR products and mitigate the smoothing effect
depicted in Fig. 12.

4.4. Possible future extension of the methodology

There are several possibilities to extend the proposed methodology
in the future. Possible extensions of the methodology may be the
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following:

e Test the performance of TOR products together with a representative
natural interfacial layer which must be prepared on the surface in
advance.

Test the performance of TOR products for different temperatures, air
humidity and various contaminants because all these factors can
limit the usage of TOR products.

Connect the ultrafine particle counter to investigate the number of
airborne particles generated from the contact. These particles,
mainly ultrafine particles, are dangerous for human health.

e Design a circuit for measuring contact impedance that is crucial to
shunting.

Implementing an optical method to evaluate the film thickness of
TOR products could provide valuable insights for modelling and
clarifying friction mechanisms.

e Modify the methodology to investigate wear rate, surface and sub-
surface damage, and RCF propagation. This task could be the most
challenging because representative materials of specimens are
needed. Therefore, manufacturing samples from wheel and rail steel
seems to be necessary. Note that the pin-on-disc configuration
(possible for MTM) may be considered in case of manufacturing
difficulties of the ball from wheel steel.

The performance parameters can be redefined to apply the meth-
odology for evaluating oil and grease performance (e.g., products
used for wheel flange lubrication).

5. Conclusions

This paper introduced a novel benchmarking methodology for
assessing the performance of TOR products, which are applied in rail
transportation to manage friction, noise and wear. The methodology
was proposed for the MTM tribometer in ball-on-disc configuration to
allow future comparison of results across different laboratories. The
proposed methodology consists of nine consecutive steps describing the
testing from the initial wear-in process to the final assessment of TOR
products. A core of the methodology is formed by traction tests and a
robust evaluation phase resulting in a performance map that compares
different TOR products and their amounts. It should be highlighted that
this performance map is plotted based on several performance param-
eters that are crucial for ensuring traffic safety and reaching the ex-
pected benefits associated with TOR products. This multi-parametric
approach makes the assessment of TOR products highly representative.
The resulting performance map shows the performances of tested TOR

Appendix A. Sensors parameters
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products depending on the applied amount and categorizes them into
four performance classes Q1-Q4. Based on this, a suitable TOR product
can be chosen for further testing because the proposed comparative test
is considered the first step towards applying the product to real opera-
tion. Therefore, full-scale and operational tests should follow this initial
testing with a small-scale tribometer.

The suitability of the proposed methodology was confirmed by
testing three TOR products (1x FM and 2x TOR lubricants) and one bleed
oil using varying amounts. The results led to the following conclusions:

¢ Increasing the applied amount of FM did not lead to any risks related
to a very low CoT. In contrast, both tested TOR lubricants caused a
very low CoT when increasing the amount applied.

e The retentivity of TOR lubricants was affected by the applied amount

more notably than was found for FM.

The previous two points show that the performance of oil-based TOR

products is much more sensitive to applied amounts than water-

based products.

o The retentivity of FM is significantly shortened if the base medium is

evaporated before the test. However, the evaporation of the base

medium did not influence the product behaviour regarding the

occurrence of a very low CoT.

Based on the case study results, the most suitable TOR products for

further testing have been identified.

e TOR lubricant reached a higher performance class for both tested
amounts than its bleed oil. This conclusion gives evidence that the
methodology is appropriately designed.
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sensor range accuracy nonlinearity
load cell for normal force 2-75N +0.3N +1% of full scale
load cell for friction force -20to+ 20N +0.3N +2% of full scale
servo-drives -4 to +4m/s +1 mm/s or 0.1% of speed, whichever is larger not applicable

Appendix B. - Overview of performance parameters for all tested conditions
set TOR product amount (pl) C (m) I (m) R (m) N ()* OLF (1) Class (1)
3 wet-FM 1 0 0.1 0.1 0.4 1 Q4
2 0 4.8 4.8 1.0 1 Q4
3 0 6.3 6.3 1.0 1 Q4
12 0 30.9 30.9 2.2 1 Q2
4 dry-FM 12 0 7.9 7.9 1 1 Q4
5 TORL-A 1 0.6 14.7 36.6 3.2 0.594 Q3
2 35.3 27.5 98.7 6.8 0.367 Q3
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(continued)
set TOR product amount (pl) C (m) I (m) R (m) N ()* OLF (1) Class (1)
3 62.6 30.5 128.8 9.0 0.291 Q3
5 82.6 25.8 200.1 13.2 0.264 Q3
6 TORL-B 1 1.5 42.1 79.2 5.4 0.678 Q2
2 41.6 26.9 104.7 7.2 0.338 Q3
3 40.5 24.1 103.6 7.0 0.328 Q3
7 TORL-A 1 45.6 23.2 88.3 6.4 0.291 Q3
bleed oil 3 201.2 21.6 308.7 20.2 0.147 Q4
* N — average value of nj-ns
Appendix C. Comparison of the proposed methodology (I-OLF methodology) and CEN/TS standard
I-OLF methodology pressure (GPa) speed (m/s) SRR (%) duration (min)
wear-in 0.8 2 60
run-in 2 30
TOR product testing 0-20 254
type of test for TOR product testing traction test (creep curves)
more tests using the same pair yes (5 in total)
total test time 57hY
comparative methodology YES
assessment based on traction zones and several performance parameters
overall assessment performance map (classes Q1-Q4)
CEN/TS standard pressure (GPa) speed (m/s) SRR (%) duration (min)
wear-in (run-in)?) 1 0.1 50 30
TOR product testing 1, 3.8 0.25-10 22

type of test for TOR product testing

more tests using the same pair no

total test time 4hh

comparative methodology YES

assessment based on CoT value at 10% SRR
overall assessment good/bad

traction test (creep curves)

DIt is only an estimate of the duration as it depends on the number of creep curves.

2 Only the term "run-in" is used in the CEN/TS standard.

%) Time needed for specimens cleaning is not included as this information is not provided.
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Abstract

Top-of-rail (TOR) lubricants are commonly used for friction control in railway operations. They aim to lower friction and
reduce noise and wear while ensuring sufficient transmission of traction/braking forces. However, the wheel-rail interface
is an open system, so the conditions may suddenly change due to the weather, and different contaminants may enter the
contact and influence the performance of these lubricants. Thus, this study examined the effect of humidity and dew on two
commercial products, as these conditions often occur on the track. A methodology based on a creep curves measurement
approach was used to assess product performance under various scenarios. All measurements were conducted on a universal
tribometer in the ball-on-disc configuration covered with a climate chamber. The results show a strong influence of dew on
the tested products, as dew lowered their performance parameters and caused low adhesion problems. Possible mechanisms
of water—oil interaction and formation of oxidic third body layers were discussed. The main findings indicate that TOR
lubricants may cause traction/braking problems if used in dew conditions. The present study may be helpful in optimising
friction management methods in the future.

Graphical Abstract

Keywords Wheel-rail tribology - Friction modification - Humidity - TOR lubricants - Dew - Contamination

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-024-01889-7&domain=pdf

90 Page2of19

Tribology Letters (2024) 72:90

1 Introduction

Railway transportation is an ecologically friendly way of
transporting passengers and goods, and its energy effi-
ciency can be further improved by reducing the adverse
effects of friction in the wheel-rail (W/R) contact. Too
high friction is the cause of excessive fuel consumption
[1]. Furthermore, it causes wear of contact surfaces, lead-
ing to more frequent wheel changes and rail grinding [2,
3], increasing maintenance costs [4]. Lastly, friction is a
source of noise pollution [5, 6]. At the same time, keeping
a certain minimum level of friction is necessary. Other-
wise, the effectivity of tangential forces transmission from
the wheel to the rail will drop, which can result in the vehi-
cle being unable to accelerate and break effectively [7]. A
normal and tangential force ratio can quantify frictional
conditions in the rolling—sliding contacts. In the literature,
this parameter is called the traction (or sometimes adhe-
sion) coefficient (CoT) and depends on several parameters,
e.g. load and creepage. Values higher than 0.09 and 0.2 are
sufficient for braking and traction, respectively [8].
Top-of-rail (TOR) products were developed to main-
tain friction at the desired levels, where noise and wear
are reduced, but sufficient CoT for traction and braking is
maintained. Initially, these products were solid sticks con-
taining lubricants like graphite or molybdenum disulphide.
They were used with great success back in the 90 s in the
Vancouver mass transit system to overcome problems with
corrugation [9]. Since then, TOR products have under-
gone intensive development, and new liquid-form types
have been established. Following [10], liquid TOR prod-
ucts can be divided into two groups depending on their
base medium type: Friction modifiers (FMs), which are
water-based and TOR lubricants (grease/oil-based prod-
ucts). The difference between these two groups lies in the
friction modification mechanism [11]: Water in FMs acts
as a transport medium and helps to distribute solid lubri-
cants on the rail head. After that, water evaporates, and
the friction is reduced by the shear—displacement mecha-
nism of solid lubricants. In the case of TOR lubricants,
grease/oil forms a thin lubricating film on the rail head,
contact operates in a boundary/mixed lubricating regime,
and solid particles in the product composition help main-
tain the desired CoT levels. Please note that in general
tribology, the term "friction modifier" is used for various
additives added to the lubricant to modify its frictional
properties. However, in W/R tribology, the term is com-
monly used for one specific group of TOR products to
distinguish between different base-medium types [10]. So,
in this paper, "friction modifier" (or "FM") always refers to
the group of water-based TOR products. Intensive research
over the past decade has already proven the benefits of

@ Springer

TOR products. Field studies showed that lower friction
was measured on rails where TOR products are applied
[12-15], resulting in wear [16—18] and noise reduction
[5, 6] and even the number of air-born particles generated
from the contact decreased [18].

However, the W/R contact is an open system, which
means that besides the intentionally applied TOR products,
it is also influenced by various contaminants naturally pre-
sent on the rail [19]. One of the most common is water.
Several studies have shown that water is a good lubricant
that can reduce CoT significantly and cause low adhesion
problems [20-23]. Furthermore, low adhesion problems
are typically linked to the so-called "wet-rail phenomenon"
[24, 25]. In that case, a small amount of water mixes with
iron oxides, which are inevitably present on the rail surface.
Together, they form a thick layer with high viscosity, capa-
ble of reducing CoT to as low as 0.05 [25]. It was shown
that low adhesion problems are most probable in the morn-
ing when dew is present on the track [8], concluding that a
small amount of water rather than large amounts causes low
adhesion problems. Furthermore, several tests in a climate
chamber were conducted to examine the effect of humidity
on friction [22, 26]. The results show that with the rise in
relative humidity (RH) %, the CoT decreases.

Moreover, the study [27] found that it is even worse when
the dew point is reached and water condenses on the speci-
men surfaces. CoT drop is significantly more substantial in
that case than in the humid conditions without dew. In addi-
tion, it was shown that temperature influences this behav-
iour, as it determines how much water can be contained in
the air before dew conditions happen. It was found that the
effect of humidity is most substantial for temperatures below
24 °C. On the contrary, it is almost negligible for tempera-
tures over 30 °C [27].

Even though contamination significantly influences
CoT, little is known about the interaction between TOR
products and contaminants. Although TOR products are
designed to maintain the CoT required for traction/brak-
ing, their effect has been tested primarily in laboratory-
clean conditions, or the effect of contaminants has not
been evaluated. There are only a few studies addressing
this problem. In [28], two FMs were tested under water
contamination. Water influenced both products and
caused a drop of CoT below 0.1 when applied. However,
these products contained friction enhancers like stain-
less steel particles or sand with high particle diameters,
which are not typically found in modern TOR products
[29, 30]. It can be assumed that the influence of water on
products that do not contain such particles can be even
more significant. This conclusion is supported by [31],
where different amounts of water were applied to three
commercial TOR products (one FM and two TOR lubri-
cants). It was shown that water mixes with the oil in TOR
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lubricants and causes a long-lasting period of very low
CoT. This observation is also supported by a study [32]
that showed that a mixture of rail oil and water leads
to even lower CoT than the oil itself. Finally, in [26],
an FM mixed with iron oxide particles was tested in a
climate chamber under high-humidity conditions. It was
shown that with an increase in % of RH, the performance
of FM was influenced, and CoT decreased. It was also
noted that for a higher % of RH, FM stayed wet for a
more extended period, suggesting that the base medium
evaporates slowly in a humid environment. Although the
increase in % of RH caused a decrease in CoT, it stayed
in the interval of desired friction levels as it did not drop
below 0.2.

Although testing of FMs in a humid environment did
not result in low adhesion in the study [26], it must be
noted that as the RH ranged between 40 and 90%, severe
water condensation probably did not occur. Previously, in
[27], it was shown that there is a significant drop in CoT
when dew is present due to the water acting as a lubricant.
Furthermore, it was shown in [31] that water influences
the performance of TOR products significantly, and oil-
based products even cause low adhesion problems in these
conditions.

So, based on [27, 31], the question arises about what
would happen if condensation occurs and dew is mixed
with the product. Although this scenario may happen in
the field, the interaction between dew and TOR lubricants
has not yet been thoroughly examined. So, this study aims
to explore the effect of humidity and dew on two com-
mercial TOR lubricants. Experiments follow an approach
based on the creep curve measurement described in [33].
A laboratory tribometer in a ball-on disc configura-
tion equipped with a climate chamber was used for all
experiments.

Fig. 1 Test setup: a climate
chamber and b detail of the
specimens inside. Part of b
redrawn from [31] with the Pub-
lisher's permission (Elsevier)

2 Material and Methods
2.1 Test Setup and Specimens

A laboratory tribometer MTM (Mini-Traction Machine, PCS
Instruments) in a ball-on-disc configuration was used for all
tests and wear-ins/run-ins, see Fig. 1. The specimens were
disc with 46 mm in diameter and a ball with 19.05 mm in
diameter. According to the Hertz theory, the contact area
was circular at the beginning with a diameter of 0.2 mm (the
Poisson's ratio of 0.33 and Elastic modulus of 205 GPa was
considered for this material). Both specimens were loaded
against each other and driven by independent servo motors
so the required slide—roll ratio (SRR) could be achieved
according to the given equation:

SRR = ball " Tball 7 Wdise " Tdise 500

Whall * Toall T Waisc * disc M
where wy,;; and wy;. are angular speeds of specimens and ry
and ry. stands for its radii. The embedded sensor measures
the normal force (N) with +0.3 N accuracy with a 1 Hz sam-
pling frequency. However, this signal results from averaging
a non-specified higher frequency input signal. Traction force
(T) is calculated from the torque measured by the transducer
attached to the disc shaft, so the traction coefficient (CoT)
could be determined as follows:

T

Col' = N )

The specimens were made of AISI 52100 bearing steel
with a Vickers macro-hardness of 800-920 and 720-780
HV for ball and disc, respectively. Although bearing steel is
not a typical rail material, its higher hardness ensures sta-
ble conditions during experiments and better repeatability
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due to reduced wear compared to standard wheel/rail steel.
The choice of specimen material and geometry follows the
benchmarking methodology [33] and enables results to be
compared between different laboratories. The impact of the
selection of bearing steal over authentic rail steal on meas-
ured results and all other study limitations derived from the
simplified ball-on-disc configuration will be thoroughly dis-
cussed in Sect. “Study limitations”. Before tests (after run-
ning-in), the surface roughness of specimens was checked
using an optical profiler Contour GT (Bruker), and it varied
around Ra 0.15 pm for the ball and Ra 0.3 pm for the disc.
The same profiler was used to study topography changes and
observe oxide layer formation.

The stability of the environment was ensured by a climate
chamber mounted on the top of the pot of the tribometer,
see Fig. 1a. The chamber had two sensors for monitoring
RH and air temperature. The first sensor was mounted in
the upper part of the chamber and provided feedback to the
humidification unit. Based on the data from this sensor, the
humidification unit runs the mixture of wet and dry air into
the chamber in a specific ratio, achieving the desired value
of RH. The second sensor (HTU21D) was placed near the
contact area to enable online monitoring of RH and air tem-
perature near the contact inlet. This sensor measures RH in
the 5-95% range with an accuracy of +2%. It is also possi-
ble to measure outside these borders but with slightly lower
accuracy. However, this should not affect the tests conducted
since the 100% RH was achieved by running only wet air in
the climate chamber. The climate chamber did not enable
air temperature control, so all tests were conducted at room
temperature of 22 + 1 °C. However, due to the rise of air
temperature due to heat generated in the contact during
tests, the HTU21D sensor was also used for air temperature
monitoring with+0.3 °C accuracy (declared in the range
from —40 to 125 °C).

2.2 Tested TOR Lubricants

The TOR lubricant used in most tests is referred to as
"TORL-A". It is a commercially available product used for
friction modification in railway operations. Additionally,
several tests were conducted using a second TOR lubricant
labelled "TORL-B". These tests investigated whether similar
phenomena can occur for products with different composi-
tions, indicating that they are not specific to TORL-A alone.

Table 1 Composition and characteristics of tested TOR lubricants

Essential information about the composition of both prod-
ucts obtained from datasheets can be seen in Table 1.

2.3 Methodology

Studies on friction modification usually use time tests (CoT
on time dependency) [17, 30, 31] or creep curve measure-
ments (CoT on SRR dependency) [14, 28, 34] for testing
FMs and TOR lubricants. A study [33] shows that results
obtained during time tests can be influenced by the ever-
changing topography of the contact surfaces. On the con-
trary, results based on creep curve measurements are less
influenced by topography changes and enable the study of
TOR lubricants in a wide range of conditions typical for rail-
way operations. Also, a higher % of slip prevents the contact
path surface smoothening effect (the major drawback of time
tests), enabling the testing of TOR lubricants in higher quan-
tities. So, in this study, the authors chose to follow a creep
curve measurement approach proposed in [33] to examine
the effect of humidity and dew on TOR lubricants, which
is the main objective of this paper. As seen in Fig. 2, this
Sect. “Methodology” is divided into four consecutive parts
describing the fundamental principles of the methodology.
Readers are encouraged to see the study [33], where the
detailed reasoning behind each step was explained.

2.3.1 Cleaning and Running-ing

Before each test, specimens were cleaned manually with a
paper towel and ultrasonically in an acetone bath for 10 min.
After that, specimens were runned-in for 30 min to stabilise
surface roughness and remove residual contaminants. The
run-in parameters were 2% SRR, a speed of 1000 mm/s and
a normal force of 18 N (corresponding to 0.8 GPa Hertz
pressure for unworn specimens). For a given set of humid-
ity/dew conditions, every test was repeated five times on the
same pair of specimens to obtain results from a wide range
of conditions, as the contact path width and depth changes
during tests due to wear. Before each of these five tests, the
run-in was conducted the same way except for the first one,
which was extended to 60 min to overcome the initial rapid
topography changes of unworn surfaces and form a stable
contact path.

TOR lubricant Structure NLGI grade Base oil Thickener Particles Base oil viscosity
at 40 °C (mm?/s)

TORL-A Paste 0 Biodegradable ester Organic Soft metal 41-53

TORL-B Gel paste 00 Synthetic ester Inorganic (silicate) Soft metal 46

@ Springer
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Fig.2 The individual steps of the methodology

2.3.2 Humidification Phase

Next, TOR lubricant was applied to the contact path of
the disc. Then, the tribometer pot was covered with a
climate chamber, and the mixture of wet and dry air in
the specific ratio was run inside to achieve the desired %
of RH (this step is further referred to as the "Humidifica-
tion phase"). It can be assumed that water condensation
only occurred during this step since after the start of the
test, the surface temperature quickly rose due to the heat
generated by friction, and water could no longer condense
on the specimens. The humidification phase was skipped
in Sets 1 and 7 (see Table 2), where TOR lubricants were
tested under laboratory ambient conditions.

Table 2 The testing parameters and conditions

2.3.3 Testing

The test starts when the Humidification phase is ended (see
Table 2). One test consists of repetitive creep curve meas-
urements with the same specimen pair, see Fig. 3a. TOR
lubricant is applied only once before the first creep curve
measurement. So, as the starvation progresses, every consec-
utive curve reaches higher values of CoT until the threshold
criterion is met. This approach enables testing the product
under a wide range of topography conditions and evaluating
its lasting effect. Every creep curve consists of six points,
each evaluated from a 30-s time test as an average CoT at a
given SRR value, namely 0, 2, 5, 10, 15, and 20%. Please
note that time tests with 0% SRR were only to redistribute

Set Product Amount (pl) SRR (%) Normal Speed (mm/s) RH (%) Humidification Specimen temp. (°C)
force? (N) phase (min)

1 TORL-A 1 0-20 18 1000 Ambient® - Ambient®

2 TORL-A 1 0-20 18 1000 70° 20 Ambient®

3 TORL-A 1 0-20 18 1000 70° 20 12+2

4 TORL-A 1 0-20 18 1000 100¢ 20 Ambient®

5 TORL-A 1 0-20 18 1000 100°¢ 60 Ambient®

6 TORL-A 1 0-20 18 1000 100°¢ 20 12+2

7 TORL-B 1 0-20 18 1000 Ambient* - Ambient?

8 TORL-B 1 0-20 18 1000 100°¢ 20 Ambient®

“Laboratory ambient conditions: RH=34+2%, temperature=22+ 1 °C
Tests with RH=704 5% are labelled as "humid conditions" in the text
“Tests with RH=100% are labelled as "dew conditions" in the text

dAccording to the Hertz theory, 18 N normal force results in 0.8 GPa contact pressure in the given configuration and unworn specimens

@ Springer
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Fig.3 a Model example of one test. Each test is repeated five times,

so five triplets of "r", "i", and "c¢" parameters are obtained. b Average
parameters "R", "I", and "C" are calculated and used for the "OLF"

TOR lubricant on the surfaces evenly, and these tests were
not used in the evaluation. The threshold criterion was as fol-
lows: If two consecutive points exceeded the threshold curve
(black dashed line in Fig. 3a), the test was ended. If not,
another creep curve was measured. "Consecutive points" are
two neighbouring SRRs from the sequence 2, 5, 10, 15 and
20% and corresponding values of CoT.

Three traction zones located under the threshold curve were
defined: Critical traction zone (CTZ), Intermediate traction
zone (ITZ) and Retentivity traction zone (RTZ). These zones
represent different frictional levels: "CTZ" for levels insufficient
for reliable traction/braking, "ITZ" represents levels desired for
operating the rail vehicles, and "RTZ" which shows the distance
for which the TOR lubricant has a noticeable effect on friction.

@ Springer

evaluation. ¢ Product performance is assessed into four categories
Q1-Q4 based on "OLF" and "I" for each set of humidity/dew condi-
tions

If a point is placed in "CTZ" (red area in Fig. 3a), the CoT
decreases to very low values for a given SRR, indicating that
over-lubrication occurs. On the other hand, in "ITZ" (green area
in Fig. 3a), the CdT reaches intermediate values, meaning the
product performed well (that is where, on actual track, adverse
effects of friction are reduced but sufficient transmission of trac-
tion/braking forces is ensured). Finally, "RTZ" is the entire area
under the threshold curve and contains all points measured dur-
ing the test (except those that exceeded the threshold criterion).
Lastly, there is a blank area between "CTZ" and "[TZ", in which
CoT acquires values that are not considered critical nor optimal.
If a point is placed in this area, this does not directly benefit or
penalise the product in the evaluation but influences the reten-
tivity and prolongs test time. Exact values for the threshold
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curve and "CTZ", "ITZ", and "RTZ" boundary points were cal-
culated as a defined fraction [33] of dry and clean contact CoT
for a given % of SRR and are listed in Appendix A.

2.3.4 Evaluation

From each test, three performance parameters were calcu-
lated, namely: "c¢" (critical traction parameter), "i" (inter-
mediate traction parameter), and "r" (retentivity parameter).
These parameters represent the cumulative sliding distances
for which CoT stayed in "CTZ", "ITZ", and "RTZ" during
the test (see Fig. 3a) Egs. 3-5) and their unit is one meter.
In other words, each parameter is calculated as a sum of
weighted distances for which the contact operated in the
corresponding zone, where the weight is the value of the
corresponding SRR %. The ideal TOR lubricant would aim
to maintain the intermediate friction level for as long as pos-
sible (represented by the high value of the "i" parameter)
and simultaneously reduce the probability of low adhesion
problems (zero or low value of the "c" parameter). The val-
ues of these parameters are limited by the product retentivity
(expressed by the "r" parameter), which shows how long
the effect of the product is noticeable (in this methodol-
ogy, this parameter represents the whole test duration). Five
tests were performed for each set of humidity/dew condi-
tions, resulting in the five triplets of these parameters. From
those, average parameters "C", "I", and "R" were calculated,
and the over-lubrication factor ("OLF") was evaluated, see
Fig. 3b) Eqgs. 6-9. The "OLF" describes the probability of
over-lubrication (ranges from 0 to 1; the lower the number,
the higher the probability of over-lubrication). The ideal
product would score "OLF" equal to 1, meaning only desir-
able CoT values were measured during the test duration.
Finally, a 2D Performance map was constructed in which
the x-axis contains the value of "I", and the y-axis has the
value of "OLF" for each set of humidity/dew conditions (see
Fig. 3c). In this map, four performance categories Q1-Q4
were defined (these categories divide the performance map
into quartiles). To be placed into Q1, both "I" and "OLF"
values have to lay in the upper 25% on each axis, for Q2 in
the upper 50%, for Q3 in the upper 75% and for Q4 at least
one value is in the bottom 25%. If the TOR lubricant scores
in Q1, that means that the risk of low adhesion problems due
to over-lubrication (or condensed water, in this study) is not
significant, and the product maintains the desired frictional
conditions for a very long time. A change in the performance
category caused by humidity/dew indicates how the product
performs under different scenarios that can occur on the rail.

2.4 Test Conditions

TOR lubricants were tested in various conditions to
evaluate which factors (% RH value, duration of the

Humidification phase, etc.) affect their performance the
most. TORL-A was chosen for the majority of experi-
ments. However, some experiments were performed with
the second lubricant, TORL-B, to ensure that observed
phenomenons are not limited to the composition of TORL-
A alone but can be generalised to other TOR lubricants
with different compositions. All the information about
humidity/dew conditions and performed tests is listed in
Table 2. In this table, each set of conditions is labelled as
"Set 1-8". The purpose of testing these sets is as follows:

(1) Set 1 was conducted under laboratory ambient condi-
tions, specifically RH=34 +£2% and temperature of
22+ 1 °C. This set shows how the TOR lubricant per-
forms in "normal conditions" and was used as the base
reference.

(2) In Set 2, TORL-A was exposed to "humid conditions"
(specifically RH="70+ 5%) for 20 min.

(3) Set 3 was also conducted under "humid conditions"
(RH=70%5%) for 20 min. However, specimens were
first put into the refrigerator and cooled to 12 +2 °C
(measured on the surface). A comparison between Sets
2 and 3 can highlight the importance of the temperature
and the dew point.

(4) In Set4, the TOR lubricant was exposed to RH=100%
("dew conditions") for 20 min during the Humidifi-
cation phase. A comparison between Sets 1, 2 and 4
shows how the change in RH % value influences the
performance parameters.

(5) In Set5, TORL-A was exposed to RH=100% ("dew
conditions") for a prolonged duration of 60 min. A
comparison between Sets 4 and 5 reveals how the dura-
tion of exposure to the humidity will affect the perfor-
mance parameters.

(6) In Set 6, TORL-A was exposed to RH=100% ("dew
conditions") for 20 min, but first, specimens were put
into a refrigerator and cooled down to 12 +2 °C (same
procedure as in Set 3). The difference in temperature
between the surface and surrounding air lowers the
dew point and speeds up the water condensation. Thus,
more water could condense during the Humidification
phase in Set 6 compared to Set 4, where the tempera-
ture of the specimens was the same as that of the sur-
rounding air.

(7) Set 7 was conducted with TORL-B under laboratory
ambient conditions, specifically RH=34 +2% and tem-
perature of 22+ 1 °C to obtain the reference for this
TOR lubricant under "normal conditions".

(8) In Set 8, the TORL-B was exposed to RH 100% ("dew
conditions") for 20 min during the Humidification
phase. Sets 7 and 8 were designed to validate results
for TOR lubricants with different compositions.
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2.5 Additional Experiments

Before the tests mentioned above, several experiments were
performed to quantify how much water condenses on the
disc surface during the Humidification phase for conditions
defined in Table 2, Sets 2—6 (and 8). Only the Humidifica-
tion phase was performed in these experiments (without any
running-in or testing; the goal was to quantify the amount
of water). Then, the discs were weighed, and the amount of
water was calculated based on the disc weight difference
before and after the Humidification phase. So, the change in
TOR lubricant performance could be linked to the explicit
water quantity.

3 Results and Discussion

First, experiments defined in Sect. “Additional Experiments”
were performed to quantify water amounts that condense
on the disc surface during the Humidification phase. The

results of these experiments can be seen in Table 3 (an aver-
age value of 5 measurements). Please note that these are
the quantities condensated on the entire disc surface. It is
expected that most of the water did not enter the contact
because it did not lay in the contact path, as can be seen in
pictures from the optical microscope, see Fig. 4. So, there
are two more columns in Table 3: corresponding amounts
of water in the contact path and amounts of water in W/R
contact. These values were calculated based on the ratio
between the entire disc surface area, contact path area, and
actual W/R contact area. Note that the "contact path area"
was measured using an optical profiler, and an approximated
value of 1 cm? was used as the "actual W/R contact area"
based on the literature [11].

3.1 The Effect on TOR Lubricant Creep Curves
The results for Sets 1-8 are summarised in Fig. 5. From

each Set, only one out of five tests was randomly selected
to be displayed for the sake of clarity. However, average

Table 3 Weighed amounts of

g A ; Amount of water Set 1 (7) Set 2 Set 3 Set 4 (8) Set 5 Set 6
water during the Humidification
phase and corresponding On disc (pl) - 0.2 0.72 7 30 180
amounts for the contact path a
and actual W/R contact In contact path (pul) - 0.007 0.03 0.26 1.2 7.2
In W/R contact (ml)° - 0.01 0.04 0.37 1.7 10.3

4Calculated based on the disc surface and contact path area ratio
Calculated based on the ratio between the MTM and the actual W/R contact areas

Fig.4 Photo of the contact path after the Humidification phase in Sets 1-8. A white dashed line highlights water droplets lying in the contact

path
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Fig.5 One selected test for each of Sets 1-8. A black dashed line shows the threshold criterion. Creep curves are depicted in shades of blue.

"CTZ" and "ITZ" are highlighted by the red and green areas, respectively

performance parameters were calculated based on all five
tests and will be discussed later in the text. These charts
show creep curves constructed from SRR value on the x-axis
and CoT on the y-axis. Each creep curve has six points (the
last creep curve in each chart may be an exception). The

threshold limit is displayed in these charts by a dashed black
line. Creep curves are shown by solid lines in shades of
blue. If some point of the creep curve is placed outside the
black threshold curve, this point is excluded from the evalu-
ation and connected with other points by a dashed line of the
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same colour. If two consecutive points are placed outside the
threshold line, the criterion for ending the test was met, and
the test was stopped (which is why the last creep curve in
each test may consist of less than six points). Furthermore,
the red area highlights the "CTZ", and the green area high-
lights "ITZ" in these charts.

First, the effect of humidity/dew on TORL-A creep curves
will be discussed. After linking the results for Sets 1-6 from
Fig. 5 to corresponding amounts of water from Table 3, it is
clear that with increased water amount, more creep curves
are measured during the single test, and CoT decreases to
lower values. During the displayed test for Set 1, in which
measurements were conducted under laboratory ambient
conditions to obtain the reference, only two creep curves
lay entirely under the threshold, and the test was stopped
during the third one. In the beginning, when the TOR lubri-
cant is applied, the contact is flooded. A uniform layer of
oil may be formed for sufficient speeds, preventing direct
contact between surface asperities, resulting in low CoT for a
given % of SRR. However, at some point, starvation occurs,
and the load is transmitted partly by the oil film and partly
by the direct contact between the surface asperities, which
is typical for mixed/boundary lubrication regimes. At this
point, higher values of CoT are measured until the threshold
criterion is finally met.

During the displayed test for Set 2, where specimens were
exposed to RH 70% for 20 min, one extra creep curve was
measured compared to the previous test. However, as shown
in Fig. 4, no water was present in the contact path after the
Humidification phase. This slight difference is not out of the
range in which this product performs under normal condi-
tions (topography changes and precision of application play
arole), concluding that RH 70% had no significant effect on
the TORL-A. On the contrary, a noticeable effect was seen
during Set 3, where precooling of the specimen led to higher
water condensation compared to Set 2, see Table 3. In this
test, not only were more creep curves measured, but some
of these curves also approached boundaries of the "CTZ".

The most significant effect was observed during Sets 4-6
with RH 100% when dew conditions occurred. During Set
4, some points fell into the "CTZ" for the first time, mean-
ing very low CoT was measured for these SRRs. Further-
more, the situation worsens in Set 5 when the Condensation
period is extended to 60 min. Finally, the highest number of
creep curves placed in "CTZ" were measured during Set 6,
where precooling of the specimens led to the condensation
of excessive amounts of water of 180 ul on the disc surface.

Lastly, Sets 7 and 8 were performed with TORL-B to
see if this behaviour is exclusive to TORL-A or may occur
for products with different compositions and rheological
properties. Although the number of creep curves did not
rise dramatically under the dew conditions, significantly

@ Springer

lower values of CoT were measured, and points for some of
the SRRs were moved from "ITZ" to the "CTZ", showing
an apparent effect of water on TORL-B, as in the case of
TORL-A.

It is clear that water interacts with the product and mixes
with its base medium, which is grease/oil in this case. The
interaction between oil and water can be described based on
Oil-in-water (O/W) emulsion theories, especially the plate-
out theory (valid for lower running speeds). This theory says
that in the case of O/W emulsion, contact is predominantly
lubricated by the oil as it has stronger wetting abilities [35,
36]. This means that even if the mixture consists mainly of
water, the oil forms a pool before the contact inlet and pre-
vents water from entering the contact. Thus, the lubricating
film is entirely composed of oil, and water does not nega-
tively influence film thickness in the contact [37]. Further-
more, the study [32] experimentally confirmed that water
may even improve the lubricating abilities of o0il in some
cases, as an oil and water mixture provided lower CoT than
pure oil in experiments conducted in the study. This scenario
may describe the situation in the contact during a couple of
first points of the creep curve(s).

At some point, starvation occurs, meaning water can no
longer be excluded from the contact [38]. Without water,
CoT would rise at this point (as was seen in Sets 1, 2 and
7). However, in this case, water can refill starved contact
and maintain low CoT. It is important to note that the base
medium of tested TOR lubricants also contains thickeners
and other additives, and the lubricating mechanism may dif-
fer from O/W emulsions. So, in this case, water will influ-
ence not only the oil pool formed before the contact inlet
but also the rheology and structure of the grease itself. It
was shown that grease bulk can absorb water due to the
polar nature of the thickener [39]. Usually, grease tends to be
pushed to the sides of the contact path, and then, the contact
replenishment is inversely proportional to viscosity [40, 41].
Water may influence stiffness and oil-bleeding ability, which
could lead to higher contact replenishment and prolong the
duration of low CoT. So, a higher number of creep curves is
measured in Sets 4—6 compared to those with lower amounts
or no water at all.

3.2 The Effect on TOR Lubricant Performance
Parameters

The values of average performance parameters "C", "[", and
"R" were computed using Eqs. 3-8 (Fig. 3) from five triplets
of "¢", "i", and "r" for each of the Set 1-8. Together with
"OLFs" and corresponding amounts of water, they are sum-
marised in Table 4 and depicted in Fig. 6. In this figure, the
x-axis is divided into eight parts, one for each Set 1-8. The
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purple y-axis is for "OLF", and the black y-axis is for sliding
distances of "C", "I"", and "R". Finally, the blue y-axis on the
right stands for water amounts that condensated. Further-
more, tests under humid and dew conditions are differenti-
ated by brown and blue, respectively.

A clear relation between the change in "OLF" and the
amount of water can be seen: with an increase in water
amount, "OLF" gradually decreases between Sets 1-6 and

7-8, which means that the risk of low adhesion problems
is dependent on the water amount, which follows findings
in [8]. This trend is also valid for "C" and "R" parameters
(with a slight exception for "R" between Sets 5 and 6)—the
higher the water amount, the longer the duration of critical
traction and the longer the retentivity. On the other hand,
parameter "I" did not show any clear trend, which can be
interpreted as follows: water does not strongly influence the

Table 4 The exact values of

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8
"C", "I", and "R" parameters
and "OLF" for Sets 1-8 C (m) 0 0 0 16 31 50 0 12
I (m) 20 31 22 33 45 23 19 27
R (m) 29 49 50 77 116 111 24 68
OLF (1) 0.79 0.76 0.63 0.52 0.47 0.29 0.88 0.51

Fig.6 The final results: Sum-
mary of "OLF", "C", "I", and
"R" parameters and correspond-
ing amounts of water

Fig.7 The final results: a performance map, b the dependency of "OLF" on water amount for TORL-A and c¢ the dependency of average critical

traction parameter "C" on water amount for TORL-A
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duration of positive effects of TOR lubricants. However, it
enhances the time of undesirable critical traction, which also
prolongs retentivity and, in the end, lowers "OLF". To sum
it up, water does not influence the desired effects of TOR
lubricants but enhances their adverse effects.

Next, the performance map was constructed. In Fig. 7a,
four performance classes Q1-Q4 are highlighted in shades
of blue. Placing in the best-performing class (Q1) requires
scoring high values for both parameters. This requirement
was met under no set of conditions. Although in Sets 1, 2
and 7, the "OLF" of TORL-A and TORL-B was sufficient
for the Q1 class, their "[" parameter was good enough only
for the Q2 or Q3 class, resulting in a lower product overall
assessment, meaning that in these tests, products provided
desired frictional levels, but only for a limited sliding dis-
tance. In Sets 2, 4 and 8, tested products provided a good
compromise between the provided CoT and the duration of
its performance and were assessed in the Q2 class. In Sets 1,
3, 5 and 6, products lacked sufficient duration, or low adhe-
sion problems occurred, and Q3 class was assessed.

TORL-A performed the worst in Set 6, where a large
amount of water nearly caused a drop from Q3 to the worst
Q4 category. In the performance map, arrows between points
show the direction in which the performance class changed
with increased water amount.

Furthermore, "OLF" on water amount dependency was
plotted in Fig. 7b. Please note that the results are shown only
for TORL-A, and only Sets 2—6 in which the water amount
was non-zero are displayed. There is a clear trend that with
increased water amount, "OLF" decreases to lower values.
However, this behaviour is not linear—a slight increase in
small amounts of water leads to a significant "OLF" change.
On the other hand, with larger amounts of water, a further
increase leads only to a negligible change in "OLF". This
behaviour can be explained by the fact that there is a limit to
the amount of water that can enter the contact, depending on
the contact size. The reference logarithmic curve is plotted
as a black dashed curve over measured results. However,
there is not enough evidence to state that the "OLF"—water
amount dependency is logarithmic. More tests should be
conducted to support this conclusion, and the logarithmic
curve is displayed only to highlight that the severity of the
impact of the change in water amount differs for small and
large amounts.

In addition, parameter "C" on water amount dependency
was plotted in Fig. 7c). A similar trend can be seen in this
case as for lower amounts of water, a slight increase in water
amount causes a significant increase in the sliding distance
in the "CTZ". However, when larger amounts of water are
present, further increase leads only to a slight rise in param-
eter "C", which is probably also linked to the contact size

@ Springer

area and the fact that only a limited amount of water can
enter the contact with TOR lubricant.

3.3 The General Discussion and Implications
for Railway Operation

To better understand the results, it is necessary to put them
in the context of the rest of the scientific work. The Fig. 8
shows a selection of published papers on this topic.

The y-axis has the value of CoT/CoF measured in dry
conditions (grey bars), under humid/water/dew conditions
(blue bars) and a combination of humidity/water/dew and
TOR products (brown bars). Moreover, essential parameters
(e.g. measuring configuration, range of RH or temperature,
etc.) are noted, and the "CTZ" for 20% SRR used in this
study is highlighted in red.

The left part of Fig. 8 shows that in dry contact, CoT (or
CoF in case of pure sliding contact) usually vary from 0.4
to 0.8 depending on the presence of third body layers and
also measurement method, as studies with different measure-
ment configurations (rail tribometer, ball-on-disc and twin-
disc) were chosen on purpose to gain a broader overview.
Studies in the middle show that under humid conditions,
CoT decreases slightly compared to dry contact. However,
the decrease is not significant. A more substantial effect
was shown in [42], where RH 60% and water caused the
reduction of CoT to 0.3. This value was measured also in
[27] under RH 70%. However, in the same study, the author
raised RH further to 100%, which caused severe condensa-
tion, lowering CoT to 0.13. A comparison between grey and
blue bars shows that although humidity somewhat reduces
CoT, a more substantial CoT drop occurs only when water
is introduced to the contact through direct application [42]
or condensation [27]. The right part of Fig. 8 shows that the
situation worsens when TOR products come into play. First,
a study [26] tested the effect of humidity and iron oxides
on FM. Although very low CoT was not measured, another
study [31] showed that FMs are generally more resistant to
contamination (in terms of low adhesion), and the problem
arises when oil contained in TOR lubricants mixes with
water. In that case, CoT as low as 0.015 was measured in
[31], even lower than in the present study. However, as dif-
ferent tests were performed in both studies, the comparison
of the results is slightly limited. Also, different amounts
of water were tested, from which the most comparable are
results for 8 pl of water, which caused a long-lasting period
of very low CoT in [31], similar to the effect of 7.2 pl of
water in Set 6 in the present study.

Another critical factor is the presence of a third body
layer. A study [8] suggests that low adhesion problems are
more probable in the morning when dew is present, as a
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Fig.8 The comparison of measured CoT/CoF under humid/water/dew conditions across different studies

Fig.9 The images of the con-
tact path surface after the Sth
test of Sets 1 and 6. The white
dashed line highlights the thick
adhered layer
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small amount of water is mixed with particles and wear
debris [25]. This follows the results of the presented study,
where low adhesion problems occurred only under dew con-
ditions, where water droplets on the specimen surfaces were
eye-visible. As water—particle interaction plays a crucial
role in low adhesion problems [25], the contact path sur-
face was checked on an optical profiler after tests, during
which low adhesion problems occurred. The images of the
contact path after the last tests in Sets 1 and 6 can be seen
in Fig. 9. These images show that at the end of Set 6, an
eye-visible layer up to 2 pm thick has formed and covered
part of the contact path. The highest amount of water was
weighed during these tests, and its influence on "OLF" was
the most significant.

On the contrary, at the end of Set 1, the contact path
was covered by wear particles, but there was no sign of
the "thick adhered layer" as in Set 6. The difference in
the third body layer formed in those two Sets was that the
wear particles (found in both Sets 1 and 6) could be easily
removed by simply cleaning the surface with a paper towel
and acetone. However, the thick layer found in Set 6 (and
also other Sets where the dew conditions occurred) firmly
adhered to the surface, and removing it requires increased
effort (e.g. sandpaper, but it was tested that this layer was
completely removed during the run-in process). This layer
probably consists of iron oxides, which could explain low
"OLF" scores in these tests, as the mixture of water and
iron oxides is known for reducing CoT. This behaviour
was previously observed in [43], where an adhered layer
of Fe,0; was mixed with condensed water and caused a
stable period of low CoT. Several factors may influence
the formation of the oxidic layer, and temperature is one of
them. Based on numerical calculations computed in [33],
the highest temperature in the contact should not exceed
95 °C (and the average temperature will be significantly
lower), which does not seem very high at first glance. Still,
the oxides can form under sliding conditions even at room
temperature when metal surfaces are exposed to the air
and in the absence of water, as these factors may alter/
enhance the oxidation but are not the necessary conditions
for oxides to be formed. As iron oxides are naturally pre-
sent on the railhead, mixing them with TOR lubricants is
inevitable. On the other hand, water seems more likely to
pose a risk to TOR lubricants in terms of low adhesion, as
these problems were observed only in tests where severe
condensation occurred.

Unlike in the case of iron oxides, water contamination can
be potentially avoided by carefully planned friction man-
agement, depending on weather conditions, and by avoid-
ing applying TOR lubricant when dew is on the railhead
in the morning. A possible benefit of contamination is that
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water prolonged retentivity, as in the tests where the highest
quantities were present, the "R" parameter scored the high-
est values, which can help to extend the carry distance on
the actual track.

When transferring results to the actual track, the drop of
CoT is expected to be less significant for W/R contact (larger
area compared to the one between specimens in the ball-on-
disc configuration) and farther distances from the applica-
tion unit (as every pass of the wheel remove TOR lubricant
and redistribute it further). Even if a low CoT occurs, this
should not pose a considerable risk to passengers' safety on a
straight, long track where braking is not expected. However,
this may be an issue on tram loops, where, after complet-
ing the ride, vehicles are parked one after another. There
are reported cases from Brno, Czechia, in which vehicles
experience braking problems on tram loops due to low adhe-
sion, and collisions between vehicles often occur. As TOR
product application units are commonly placed in front of
these loops to reduce friction when the tram is driving into
the curve, there is a real risk of TOR lubricants being con-
taminated by morning dew or rainwater, which may further
worsen this issue. In the future continuation of this work,
the focus should be on the actual track measurements in
these loops.

3.4 Study Limitations

Regarding laboratory testing, measurements in humid
conditions were previously performed in several studies.
Shen [44] used a twin-disc device to measure CoT in the
5-99% RH range. Baek [42] tested 60% RH under dif-
ferent air temperatures. Zhu [22] also tested under dif-
ferent air temperatures but used a 40-95% RH, and Lyu
[45] performed experiments under 40-85% RH. Next,
Olofsson [46] tested two different levels of RH: 40% and
95%. Finally, Galas [27] conducted tests in the 8—100%
RH range. In all these studies, higher humidity always
led to a decrease in measured friction/CoT, supporting
the validity of the presented results. Regarding testing
conditions, 34 and 70% of RH used in this study fit into
these ranges and represent normal and higher humidity
conditions (e.g. in tunnels), and 100% RH was chosen to
achieve dew conditions.

The most significant study limitation lies in simplified
apparatus, as the ball-on-disc configuration leads to point
contact rather than the elliptical, which is standard on the
actual track. The measured CoT values are firmly dependent
on the device and method of measurement [15]. Thus, adapt-
ing a universal benchmarking methodology and a commer-
cial tribometer MTM with certified specimens is the most
suitable option for laboratory CoT measurement to compare
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results between different workplaces [33]. The MTM tri-
bometer allowed precise control over test parameters in a
wide range and was used in several studies focusing on W/R
tribology before [29-31]. Although the transferability of lab-
oratory results into actual W/R contact may be slightly chal-
lenging due to measuring configuration limitations, these
measurements are useful in preliminary testing to identify
the most reasonable conditions and parameters, as labora-
tory tests are fast and cost-effective. However, these results
should be verified using a testing rig with more realistic
geometry and conditions.

Together with measuring configuration, the most sig-
nificant difference from the actual track conditions lies in
the material of specimens. Specimens used in this study
were made of AISI 52100 bearing steel with macro-
hardness of 820-920 and 720-780 HV for ball and disc,
respectively. These values are significantly higher than
those of typical rail materials. For example, one of the
most common rail steel used in Europe is R260, with a
bulk hardness around 275 HV, although there are also
special heat-treated steels with bulk hardness as high as
350 HV [47]. It is also estimated that due to the work-
hardening effect, the hardness close to the surfaces can
be up to 2.5 times higher [48]. The AISI 52100 steel was
chosen for two reasons. First, these specimens are pro-
vided directly by the tribometer manufacturer, enabling
comparability of contact conditions across different work-
places. The second reason is that due to the higher hard-
ness, the surfaces of the specimens were more resistant to
wear, so topography changes of contact path groove were
reduced, and relatively stable conditions could be main-
tained for all tests. However, it is necessary to remember
that wear debris oxidises and forms a third body layer on
the rail. Thus, less wear debris means the third body layer
formed in these tests was less developed compared to
field conditions. Furthermore, when interpreting results,
it is essential to note that lower CoT values can usually be
measured for specimens with higher hardness than those
with lower hardness [12].

It is important to note that although the bearing steel
experiences lower wear than the rail materials, it still
occurs to some extent and influences contact conditions.
The wear-in was always conducted on a new pair of speci-
mens to create a stable contact path with an initial width
of around 0.6 mm, which is sufficient for particles in TOR
products to enter the contact, as their diameter typically
ranges in tens of micrometres [29]. However, as the wear
progresses, the contact path becomes wider. The width was
measured at the end of the fifth test from each of the Sets
1-8, and the results (average from three values measured

on different cross-sections of the disc) in order from the
first to the eighth are as follows: 0.85+0.01, 0.92+0.02,
0.93+0.02, 1.09+0.08, 1.00+0.02, 1.03+0.06,
0.92+0.01, and 1 +0.05 mm. The contact path's width
increases with the experiment's length, although the
increase is not proportional. This is probably caused by
the fact that in the experiments with longer duration, the
extra creep curves are measured in the areas of low CoT,
in which a lower wear rate is also expected. However, the
last couple of creep curves in each test have the most sig-
nificant effect on wear as they reach higher values of CoT.

On the other hand, a larger contact area and more con-
formal contact results in a decrease in contact pressure.
Evaluating the change in contact pressure is not an easy
task, as during the assembly of specimens at the start of
each test, specimens may be positioned slightly differently
due to small clearances in the mounting mechanism. The
contact is then realised on different radii in each test, which
means that the size of the contact is not equal to the width
of the contact path but is smaller. This is a limitation of the
measuring device and means that the initial conditions for
each of the five tests in the set will inevitably differ. How-
ever, from one perspective, this may be seen as beneficial
because the final parameters are computed as an average
and thus can be related to a broader range of conditions like
on the actual track, where the ever-changing topography of
surfaces also leads to a variety of contact conditions after
each pass of the wheel.

In addition, the transfer mechanism of TOR lubricant
under this configuration differs from the situation on the
actual track. The contact is in a ball-on-disc configuration
realised repeatedly on the same pair of points on both sur-
faces, and lubricant cannot easily leave the contact path,
resulting in delayed starvation. On the railhead, TOR
lubricant is spread at a longer distance [34]. Thus, after
several dozen meters from the application unit, a signifi-
cantly smaller amount of TOR lubricant is present, meaning
that the effect on CoT will probably be less severe than in
the MTM case. The recently published second part of the
methodology [49] utilises a more realistic testing device,
which incorporates a piece of actual rail, a scaled wheel
and a hand-pushed tribometer. In this configuration, TOR
products are tested in conditions close to the actual track, as
the lubricant transfer mechanism is more realistic and the
contact area is larger. The same TOR products were tested
in both studies [33, 49]. Although the exact numerical values
of CoT differed due to the different measuring methods and
apparatus, strong correlations were found in the behaviour
of the tested TOR products. Testing under contamination
was not part of the study. However, the results imply that
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a similar correlation may exist for testing under humidity/
dew conditions, and these tests will be the next step in our
future research.

4 Conclusion

This study investigated the influence of air humidity and
dew on the performance of TOR lubricants. The univer-
sal methodology based on creep curve measurement was
adapted to enable comparability of results across different
workplaces. This methodology uses the coefficient of trac-
tion (CoT) and several performance parameters to evaluate
the risk of low adhesion problems and the retentivity of
TOR lubricants. Based on these parameters, TOR lubri-
cants are assessed into four performance classes: Q1-Q4.
The tribometer MTM in a ball-on-disc configuration was
used for all measurements. The pot of the tribometer was
covered with a climate chamber to control RH %. Tested
TOR lubricants were exposed to three RH levels: labora-
tory ambient (34%), 70%, and 100%, simulating different
situations on the track, e.g., morning dew, tunnels, etc. In
some tests, specimens were precooled to create a tempera-
ture gradient and lower the dew point. The findings can be
summarised as follows.

In tests with RH 70%, the effect of humidity on TOR
lubricant was insignificant, as there was almost no water
condensation. Although humidity influences friction in
nonlubricated contacts, the effect is negligible compared
to the effect of TOR lubricant. The cooling of specimens
enhanced water condensation, resulting in worse product
performance in terms of CoT. However, the product still

A substantial effect was observed in tests under dew
conditions. There is a clear relationship between the
amount of water and its impact on performance. With
the increase in water amount, the severity of low adhe-
sion problems also increases, and lower values of CoT
are measured. However, this behaviour is not linear, as a
slight change in water amount causes a significant change
for small amounts of water, but a substantial change in
water amount causes only a slight difference for larger
water amounts. This may be related to the fact that only
a limited amount of water/lubricant can enter the contact
area. The second TOR lubricant with a different com-
position was tested to confirm that this behaviour is not
exclusive to the first product. The effect of dew was even
more significant in this case, meaning that the resistance
to contamination, besides others, depended on the product
composition.

Results presented in this study imply that without
significant water condensation, humidity has a less sub-
stantial effect on TOR lubricants. If the dew point is not
reached, the low adhesion problems are more likely to
occur due to the other impacts, e.g. contact over-dosing.
However, when the dew point is reached and water con-
denses, it can significantly affect the performance of
the TOR lubricant. This study showed that dew severely
worsens the performance of tested TOR lubricants and,
in some cases, can even cause low adhesion problems.
These findings can be used to optimise friction manage-
ment methods.

performed sufficiently well, showing that TOR lubricants ~ Appendix A

can be safely used in humid environments without signifi-

cant risk of low adhesion problems. See Table 5.

Table 5 The limits of traction SRR (%) 08 2 5 10 15 20

zones and the threshold curve
Dry contact CoT 0.008 0.361 0.605 0.724 0.769 0.773
CTZ upper limit CoT 0.001 0.060 0.101 0.121 0.128 0.128
ITZ lower limit CoT 0.002 0.120 0.202 0.241 0.256 0.256
ITZ upper limit® CoT 0.003 0.240 0.403 0.483 0.513 0.513

#Values for SRR 0% were not used in the evaluation

°ITZ Upper limit was also used as a threshold curve
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ARTICLE INFO ABSTRACT

Keywords:
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Low friction

Top-of-rail (TOR) products are used to optimise friction and reduce wear in the wheel-rail contact. However,
their performance is affected by the presence of oxide layers naturally formed on the rail surface and by other
environmental contaminants such as water. In this study, two types of TOR products (one friction modifier and
one TOR lubricant) were tested under dry and wet conditions on both clean and oxidised specimens. In addition,
Wheel-rail contact some specimens were preconditioned to form pre-existing cracks, allowing a comparison between undamaged
Iron oxides and damaged surfaces. The investigation focused on traction (CoT), wear rate, and rolling contact fatigue (RCF).
Water The results showed that, with respect to CoT, water influenced the TOR lubricant much more than the friction
modifier, as it extended its retentivity and led to extremely low friction levels (CoT down to 0.05). Both products
effectively reduced wear and prevented crack initiation. However, when pre-existing cracks were present, the
combination of water and the liquid base of TOR products accelerated crack propagation and caused severe
spalling. Interestingly, oxidation also contributed to crack growth, as oxide formation inside the crack induced
internal pressure that promoted secondary crack propagation.

1. Introduction

In railway operation, top-of-rail (TOR) products are applied to the
wheel-rail (W/R) interface to mitigate the adverse effects of friction,
such as increased fuel consumption [1], wear, and noise [2-7]. Gener-
ally, two types of TOR products are used: solid sticks pressed against the
wheel [8] or liquid-based suspensions sprayed onto the railhead. Liquid
TOR products can be divided into two main groups based on their base
medium. The first group includes friction modifiers, which use water as
the base, while the second group includes TOR lubricants, which use an
oil or grease base [9]. The difference between these two types lies in
their friction modification mechanisms, which result from their
drying/non-drying nature. In friction modifiers (FMs), water acts as the
transport medium, carrying solid lubricants along the rail. When it
evaporates, it leaves behind a dry layer with low shear strength, typi-
cally composed of solid lubricants like graphite or molybdenum disul-
fide, which reduces friction [10]. On the contrary, due to their oil/grease
base, TOR lubricants do not dry out. Instead, they form a thin lubricating
film on the rail surface, providing boundary or mixed lubrication re-
gimes [11].

* Corresponding author.
E-mail address: Simon.Skurka@vut.cz (S. Skurka).

https://doi.org/10.1016/j.wear.2026.206520

Frictional conditions in the W/R contact are often described by the
coefficient of traction (CoT), defined as the ratio of the traction force to
the normal force. Several studies have assessed the effectiveness of TOR
products in reducing wear and noise while maintaining sufficient CoT
[12-17]. Recently, the possibility of using TOR products to mitigate
rolling contact fatigue (RCF) was investigated. RCF is caused by the
traction force, which induces minor plastic deformation that accumu-
lates over time. Once the ductility of the material is exhausted, small
cracks form in the deformed subsurface layer. These cracks then grow
larger until a chunk of the material is removed from the surface, a
process known as spalling [18]. Typically, there is competition between
wear and RCF, as cracks are naturally removed due to wear [19,20]. In
some cases, when wear rates are very high, RCF may not develop at all.

Some papers have reported the ability of TOR products to prevent
crack formation, as they reduce CoT and thus the traction force, which
results in a transition from plastic shakedown limit to the elastic region
in the shakedown map [21-23]. However, a recent study by Hardwick
et al. [24] reported results of tests where cracks already existed in the
specimen surface before the TOR product was applied. The results
showed that although FMs were effective, water and TOR lubricant
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accelerated the growth of pre-existing cracks, causing massive surface
delamination and material loss of up to 1740 % compared to dry con-
ditions. Similar findings were also reported by Maya-Johnson et al. [25].
Hardwick et al. [24] identified that the varying effects of different TOR
products on RCF and crack growth depend on whether the product is
drying or non-drying. In the case of drying products (FMs), water
evaporates quickly, leaving only dry particles on the surface. However,
for non-drying products (TOR lubricants), the base medium may enter
cracks and accelerate their growth due to fluid pressurisation and flank
lubrication, as shown by Xavier et al. in their study [26]. The viscosity of
the base medium significantly influences this effect, as TOR lubricants
with low-viscosity oil have a much more substantial impact on crack
growth than those based on high-viscosity grease. In addition, Seo et al.
[27] investigated the effect of the liquid quantity. In their experiments,
FM was not effective in preventing RCF, and interestingly, the most
significant crack growth was observed in so-called "mixed conditions",
referring to the situation when FM is almost dried out, so only a negli-
gible amount of fluid is present. Then, the crack growth is enhanced due
to the combination of the adverse effects of both dry friction (high CoT)
and fluid-driven mechanisms of accelerated RCF.

Based on studies [21-24], applying FMs or high-viscosity TOR lu-
bricants may seem an effective way to deal with wear and RCF, as FMs
dry out and grease may struggle to penetrate cracks. However, the study
by Seo et al. [27] challenges this, as it showed that RCF may develop
under FMs, and the reason for this is the water contained in their
composition. It is essential to note that the experiments in most of the
studies are typically conducted under clean conditions, free from con-
taminants. On the actual track, water is often present (e.g. from rain or
morning dew), as it is the most common contaminant [28]. Many studies
experimentally confirmed the role of water as a lubricant in the W/R
contact [29-33]. In addition, various numerical models were developed
to describe the influence of specific parameters in water-contaminated
contact. These studies have shown that surface roughness has a signifi-
cant effect on CoT [34,35], together with water temperature [36-38], as
it influences viscosity and thus film thickness [36]. Moreover, rolling
speed plays a critical role, as at higher speeds, a thicker film forms,
causing a transition to fluid film lubrication regime [39,40].

Wear 588 (2026) 206520

So, in water-contaminated contacts, it seems that TOR products will
influence RCF differently than in dry conditions, as water has a signifi-
cant effect on their performance [41,42]. However, it is not clear to what
extent. Moreover, the state of the wheel and rail surfaces will also play a
significant role, as they are naturally subject to oxidation. As the sur-
faces oxidise, the upper layer turns to a layer of iron oxides with lower
shear strength than steel [43]. The crack growth, geometry and capillary
forces between the crack face and entrapped liquid will differ in the
oxidised layer compared to the conditions tested before, as previous
studies usually used clean and non-oxidised specimens. The need for
research on how iron oxides and water, combined with TOR products,
affect wear has been highlighted in a study by Zhu et al. [43].

So, in the present study, the effectiveness of two commercial TOR
products on reducing wear, RCF and their ability to maintain interme-
diate CoT was tested. A drying FM and a high-viscosity TOR lubricant
(NLGI 0) were selected to address the problems discussed in this chapter.
The novelty lies in the special attention paid to how water contamina-
tion and oxide layer will impact the performance of TOR products. Tests
were conducted on both oxidised and non-oxidised specimens under dry
and wet conditions. Additionally, specimens with and without pre-
existing cracks were used to evaluate the ability of these products to
prevent crack formation. This study addresses whether TOR products
can maintain sufficient CoT and effectively mitigate wear and RCF in
contact with oxidised surfaces and water contamination, simulating
near-field conditions in a laboratory environment.

2. Material and methods
2.1. Experimental setup

All tests were conducted on a twin-disc machine (MJP-30A, South-
west Jiaotong University) capable of simulating rolling-sliding contact
under various conditions. In this setup, the rail disc (mounted on an
upper shaft) and wheel disc (mounted on a lower shaft) are driven by
separate servo motors, allowing different percentages of slip to be set by
varying the speed of both motors, see Fig. 1. The final slip (1) value in %
is a result of the wheel disc running faster than the rail disc and can be

Fig. 1. Specimens dimensions and the MJP-30A twin-disc machine setup.
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calculated as follows:

o Wyheel ‘Twheel — Wrail ‘Trail

A 100% (€D)]

Wiheel ' Twheel

where wyner and wig; are angular speeds (r/min) of discs and rype; and
Trqi are their radii (mm). Both discs were loaded against each other by a
hydraulic loading system. The frictional conditions were quantified in
terms of CoT, which can be calculated as follows:

CoT = M, wheel
Twheel -F N

@

where My is the torque (N - m) measured on the wheel shaft, ripe is
the wheel disc radius (mm) and Fy stands for the normal force measured
by the attached load sensor. The control of all test parameters and data
acquisition was performed by the desktop computer connected to the
machine.

The MJP-30A enables testing in various conditions typical for W/R
contact. In this study, a Hertz contact pressure of 1.1 GPa (exerted by a
normal force of 2500 N) was chosen for all experiments, as it falls within
the typical range of contact pressures between the wheel tread and the
top of the rail. The mean speed of 1.5 m/s (corresponding to a rotational
speed of 500 RPM) was set. To achieve 2 % slip (a value from the
effective part of the creep curve near the saturation point), the wheel
disc rotates slightly faster and the rail disc slightly slower, resulting in
the desired slip value. This study carried out two types of tests: "friction
tests" and "wear and RCF tests". The friction tests focus on evaluating the
influence on the CoT, whereas in the wear and RCF tests, metallographic
samples will be prepared to investigate the effects on surface damage
and crack propagation. Further details will be provided later in the

paper.

2.2. Tested TOR products, contaminants and specimens

One FM and one TOR lubricant were selected for testing to examine
both drying and non-drying types of TOR products. The manufacturers
do not provide information about the composition of these products.
However, the datasheets for the TOR lubricant indicate that the base is a
biodegradable ester oil with a viscosity between 41 and 53 mm?/s at
40 °C. It also contains an organic thickener and particles of soft metals
and their compounds. The NLGI grade for this product is "0". The suit-
able application quantity for a downscaled twin-disc machine differs
from field recommendations. Therefore, preliminary friction tests were
conducted to examine the effects of varying application quantities in
down-scaled contact. As detailed in the Results chapter, suitable quan-
tities were chosen for each product based on their performance: 20 pl for
FM and 10 pl for the TOR lubricant (see Fig. 3).

Water was applied to the contact in two different ways. In the
"friction test" (where CoT was recorded as a function of the number of
cycles), water was applied using a pipette (error + 0.04 pl) in the
following quantities: 30 pl, 120 pl and 480 pl. In the case of "wear and
RCF tests", water was applied continuously from a drip system hung
above the testing machine via a needle at the rate of one drop per sec-
ond. The number of cycles during which water was fed to the contact is
specified in Table 3.

In "wear and RCF tests", the influence of an oxide layer was inves-
tigated. In these tests, specimens were first run-in for 5000 dry cycles to
form pre-existing cracks. After that, the oxidation process was carried
out as follows: after the initial run-in, the discs were placed in a chamber
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preheated at 60 °C for 24 h, during which vapours from a solution of
water, ethanol, and magnesium dichloride induced oxidation. Then, the
discs were weighed to quantify the amount of oxide, and the tests were
carried out. Please note that the mass of the resulting iron oxide includes
both the mass of the original metal and the mass of the oxygen that has
been added. X-ray diffraction (XRD) analysis showed that the oxide layer
was composed primarily of magnetite, hematite, goethite, and
akaganeite.

Regarding the specimens, both wheel and rail discs were cut from the
actual wheel and rail, respectively. In the case of wheel discs, the ma-
terial was C-class steel with a hardness of 388 + 9 HV 5. Rail discs were
made of U71Mn steel with a hardness of 290 HV(s. The detailed
chemical composition of both materials is given in Table 1. Furthermore,
both discs had the same diameter of 60 mm, and the width of the contact
path was 5 mm (linear contact), see Fig. 1.

2.3. Test methodology

2.3.1. Friction tests

First, preliminary friction tests were performed without contami-
nants to select a suitable quantity of FM and TOR lubricant, as the
manufacturer's recommendation for field application may not be ideal
for the downscaled linear contact in the used apparatus. Both TOR
products were applied using an electronic micropipette (error + 0.04 pul)
in the following amounts: 5 pl, 10 pl, 20 pl, and 30 pl for FM, and 5 pl, 10
ul, and 15 pl for TOR lubricant. All details are summarised in Table 2.
Furthermore, the chosen quantity was tested three times to check
repeatability. A model friction test is depicted in Fig. 2 a). The criterion
for selecting the optimal amount was that the products provide inter-
mediate CoT levels (green zone) for a reasonable time and do not cause
low CoT (red zone).

The CoT levels were defined as follows: according to the bench-
marking methodology for TOR products [44], the intermediate CoT
level, where wear is reduced, but CoT is still sufficient for traction/-
braking, is defined between 1/3 and 2/3 of dry contact CoT. Typical CoT
values for dry contact measured on the MJP-30A are between 0.4 and
0.5 [45]. Thus, the intermediate CoT level was defined between 0.15
and 0.3 (1/3 and 2/3 from 0.45 — the middle interval value where CoT
stabilises for the dry contact). The value of 0.4, the minimum boundary
of the dry contact CoT interval, was considered the threshold at which
the product no longer had any significant effect. The test was stopped
when this value was reached.

Furthermore, CoT lower than 1/6 of dry contact CoT is considered
low [44], leading to a value of approx. 0.075 under these conditions.
Moreover, Ishizaka et al. [46] state that a CoT higher than 0.09 is usually
required for effective braking. However, they don't specify for which slip
% this CoT value is relevant. Thus, this study defined a low CoT level for
values lower than 0.1, similar to the previous study [42], to stay con-
servative on the low CoT definition. Regarding the above-stated in-
tervals for CoT levels, the well-performing TOR product maintains CoT
in the 0.15-0.3 interval for as long as possible (marked as "effective
retentivity" in Fig. 2 a) and never causes a drop below 0.1. Friction tests
are categorised into two groups based on the presence of oxides, see
Table 2.

In tests conducted under wet conditions, water was always applied
before the TOR products. Preliminary experiments showed that
reversing the order led to inconsistent wetting. When the TOR product,
particularly the TOR lubricant, was applied first, it spread across the
surface and formed a continuous film due to its strong wetting ability. As

Table 1

Chemical composition of specimen materials (wt.%).
Disc Steel C Si Mn P S
Wheel C-class 0.67-0.77 0.15-1.00 0.60-0.90 0.030 0.005-0.040
Rail U71Mn 0.65-0.75 0.10-0.50 0.80-1.30 <0.025 <0.025
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Table 2
The parameters and conditions of friction tests.
TOR product; quantity (pl) Water quantity (pl) Run-in Test duration Slip; speed; pressure Fig. #
No oxides - - - 500 cycles 2 %; 1.5 m/s; 1.1 GPa 3a)
- 30, 120, 480 To stable CoT 0.4-0.5 CoT reached 0.4 3 b-d)
FM; 20" - 31
TOR lubricant; 107 - 30D
FM; 20 30, 120, 480 3j)
TOR lubricant; 10 30, 120, 480 3 m)
With oxides - - - 500 cycles 2 %; 1.5m/s; 1.1 GPa 3e)
- 30, 120, 480 To stable CoT 0.4-0.5" CoT reached 0.4 3f-h)
FM; 20 30, 120, 480 3k)
TOR lubricant; 10 30, 120, 480 3n)

! The FM was tested in the following quantities: 5 pl, 10 pl, 15 pl and 20 pl, from which 20 pl was chosen for further testing as it provided the optimal results.
2 The TOR lubricant was tested in the following quantities: 5 ul, 10 pl and 15 pl, from which 10 pl was chosen for further testing as it provided the optimal results.
3 The run-in was conducted before the creation of the oxide layer.

Table 3
The testing parameters and conditions of wear and RCF tests.
Labeled TOR product; The TOR product is Water Pre-existing cracks Test duration Slip; speed; Fig. #
as quantity (pl) applied when (cycles) pressure
No oxides With pre- Test 1 - - - No cracks were present at the 5000 2 %; 1.5 m/s; 4 a)
existing cracks Test 2 - - - time of application 25 000 1.1 GPa 4b)
Test 3 FM; 20 CoT =0.3 - 25 000 4c¢)
Test 4 TOR lubricant; 10 CoT =0.3 - 25 000 4 d)
Test 5 - - 1 25 000 4e)
drop/s
Test 6 FM; 20 CoT =0.3 - Run-ins were conducted to 20 000 (+5000 41)
Test 7 TOR lubricant; 10  CoT = 0.3 - form pre-existing cracks cycles dry run-in) 4g)
Test 8 - - 1 4 h)
drop/s
Test 9 FM; 20 Every 600 cycles" 1 41)
drop/s
Test 10 TOR lubricant; 10 Every 2200 cycles” 1 4))
drop/s
With oxides Test 11 FM; 20 Every 600 cycles“ 1 Run-ins were conducted to 20 000 (+5000 9a)
Test 12 TOR lubricant; 10 Every 2200 cycles” drop/s form pre-existing cracks cycles dry run-in) 9b)
Test 13 - - 9¢)

! FM was applied once every 600 cycles to match the total amount used in the test without water contamination, see 4 c).
2 TOR lubricant was applied once every 2200 cycles to match the total amount used in the test without water contamination, see 4 d).

Fig. 2. a) The "optimal" TOR product performance and b) the wear and RCF tests procedure.

a result, the subsequently applied water could not reach the contact

because it slid over the lubricant film and ran off the disc surfaces.

2.3.2. Wear and RCF tests

Parameters of wear and RCF tests are summarised in Table 3, with
each test labeled as Test 1-13. The fundamental categorisation of the

tests is based on the presence/absence of a pre-prepared oxide layer (as
was described in Subchapter 2.2). Furthermore, 5000 cycles of dry run-
in were conducted in tests 6-13 to create pre-existing cracks, so the
ability of TOR products to prevent their formation could be evaluated by
comparing tests with and without run-ins. Then, the test started, and
depending on the type of the test, the water/TOR product was added
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Fig. 3. a) Dry contact CoT, b—d) Different quantities of water on clean discs, e) Dry oxide layer CoT, f-h) Different amounts of water on oxidised discs, i-k) Tests with
FM under various conditions, 1-n) Tests with TOR lubricant under different conditions.

either from the beginning or after the initial run-in. TOR products were
applied each time CoT reached the value of 0.3, an upper boundary of
the intermediate traction level, see Fig. 2 b). Contrary to friction tests,
water was continuously added from a drip system at a rate of 1 drop/s.
All test parameters, applied quantity, etc., are summarised in Tab. 3.
In wear and RCF tests, the discs were weighed before and after
testing to determine the total mass loss. The wear rate was calculated as
the average mass loss normalised per 1 m sliding distance. After the test,
discs were sectioned at three different locations (see Fig. 1), and pol-
ished samples were observed via optical (OM) and electron (SEM) mi-
croscopes for cracks and other surface damage. Furthermore, energy-

dispersive spectroscopy (EDS) was used to analyse whether FM and
TOR lubricant can enter the cracks.

In the preliminary phase of the study, several friction tests and
selected wear and RCF tests were repeated to check the consistency of
the procedure. However, full repetition of all wear and RCF tests was not
conducted, as each experiment required destructive sectioning of the
discs for metallographic analysis. Given the large number of test con-
ditions investigated, repeating every case would have required prepar-
ing a proportionally large number of additional wheel and rail
specimens, since each disc could be used for only a single test. The au-
thors acknowledge that for future research, a more narrowly focused
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study design with a higher number of repetitions would be preferable.
3. Results
3.1. Results of friction tests

The results of tests with water without the TOR product are depicted
in Fig. 3b-d). It can be seen that with an increase in water amount, the
CoT decreases to lower values and the recovery time to dry values of CoT
is prolonged. Next, the same tests with water were repeated on speci-
mens with an oxide layer, see Fig. 3f-h). Compared to tests with clean
specimens, CoT has now decreased to lower values. However, it can be
attributed to the fact that while the CoT for clean specimens stabilises
above 0.4, the corresponding value for specimens with an oxide layer is
0.3, see Fig. 3 a) and e). Therefore, the higher decrease in CoT is prob-
ably caused by lower initial values, which is also supported by the fact
that the drop duration was similar for both types of tests.

In the next step, TOR products in different quantities were tested to
choose the optimal dosage. The following quantities were tested: 5 pl,
10 pl, 20 pl, and 30 pl for FM, and 10 pl, 15 pl, and 20 pl for the TOR
lubricant. For the FM, 20 pl was selected, as lower quantities did not
provide a sufficient duration of effective retentivity. However,
increasing the quantity beyond 20 pl did not bring any benefits. After
application, the CoT briefly dropped to 0.08 as the liquid phase flooded
the contact, temporarily separating the surfaces with a thin fluid film.
Still, after a few cycles, the CoT rose to the desired levels. The duration
of effective retentivity was approximately 120 cycles. Please note that
the "duration of effective retentivity" refers to the number of cycles for
which the value of CoT belonged to the intermediate interval, see Fig. 2
a). This test was repeated three times to check the repeatability, see
Fig. 3 i).

Subsequently, the same amount was tested on clean and oxidised
specimens under wet conditions, see Fig. 3 j) and k). Water was applied
first to wet the surfaces, simulating wet rail conditions. The application
of FM followed immediately. On clean specimens, the duration of the
initial drop and the effective retentivity of the FM increased with the
increase in applied water amounts. The situation was less clear with
oxides, as their presence sometimes led to prolonged retentivity and
sometimes had the opposite effect. The most significant impact was seen
on oxidised specimens when 480 pl of water was applied, resulting in a
drop lasting several hundred cycles. However, after the evaporation of
water, the product behaved similarly to the case where the FM was
applied under dry conditions. In this context, "performed similarly" re-
fers to the stage that typically occurs near the upper boundary of the
Intermediate CoT zone. Once most of the water has evaporated, the
contact gradually transitions toward dry conditions but still contains
residual solid lubricants originating from the FM. Beyond this point, the
behaviour corresponds to dry contact with a thin layer of solid lubri-
cants, influencing the friction level. This trend was consistent across
most tests, except for those with oxide contamination and the test with
480 pl of water, where the surface may have remained partially wetted
and the presence of oxides may have affected the contact mechanics,
resulting in longer retentivity of the FM.

The same tests were conducted for the TOR lubricant. Following the
same criteria, the quantity of 10 ul was assessed as optimal. TOR lu-
bricants are known to cause over-lubrication when applied in excessive
amounts. In the context of this paper, the term over-lubrication refers to
a condition in which the CoT falls below the intended range. As TOR
products are designed to provide an intermediate level of friction (low
enough to reduce wear and noise, yet high enough to maintain effective
traction and braking), this condition is undesirable. Although over-
lubrication did not occur with any tested quantity, it is expected that
in wear and RCF tests, where TOR lubricant is applied repeatedly, TOR
lubricant would accumulate over time, preventing CoT recovery if a
higher quantity were selected.

Under wet conditions, the lasting effect was significantly prolonged,
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see Fig. 3 m). The water has a substantially more pronounced impact on
the TOR lubricant than on FM. For clean discs, the TOR lubricant follows
the same trend as FM, and with an increase in water amount, effective
retentivity also increases. This is not the case when oxides are present —
while the CoT recovery took longer under 480 pl of water, the effective
retentivity was the longest under 120 pl. It seems that the influence of
oxide layers on TOR products cannot be generalised as purely increasing
or decreasing CoT, as it depends on several factors such as oxide type,
hardness and layer thickness. A possible explanation for the irregular
behaviour observed in the case where 120 pl of water resulted in the
longer effective retentivity than 480 pl is that oxide layers have low
shear strength, and they break down in a non-uniform way during
rolling-sliding. As a result, local cracking and flaking may disturb or
partially remove the TOR lubricant film and change the contact condi-
tions. This may explain why the expected trend of increasing effective
retentivity with increasing water amount was not observed and why
some CoT curves show unexpected shapes or sudden changes.

3.2. Results of wear and RCF tests: No oxides

First, tests 1 and 2 under dry conditions were conducted: the first for
5000 cycles to check the formation of pre-existing cracks after the run-
ins and the second for 25 000 cycles for comparison with tests with
water/TOR products. In these tests, the CoT stabilised in the 0.4-0.5
interval after the initial 2500 cycles, see Fig. 4 a) and b).

Tests 3-5 were conducted without any run-ins, so the water/TOR
product was applied right from the beginning. Thus, no major cracks
were present on the surface at the moment of application. While FM and
TOR lubricant were applied each time the CoT reached 0.3 (resulting in
36 and 10 applications for FM and TOR lubricant, respectively), water
was applied continuously with a rate of 1 drop/s, see Fig. 4c—e). Each
application of the TOR product led to a similar CoT curve. Both TOR
products were able to provide values from the intermediate CoT level
throughout the test, which was achieved with a total amount over 7
times lower for TOR lubricant than for FM. Water maintained stable CoT
values between 0.1 and 0.2, see Fig. 4 e). Although those values are not
considered optimal, they are still above the low CoT level.

From the friction perspective, there was no significant difference in
the performance of TOR products in tests without (3 and 4) and with pre-
existing cracks (6 and 7), see Fig. 4 f) and g). However, when comparing
tests with water (5 and 8), there is a clear difference in frictional
behaviour, see Fig. 4 e) and h). In the first 5000 cycles of water appli-
cation, CoT in test 8 had a similar development to that in test 5. But then,
CoT gradually rose and became less stable, almost reaching dry contact
values at the end of the test. A similar phenomenon, although to a
limited extent, was also observed in test 9, where FM was applied
together with water, see Fig. 4 i). As it was limited to tests where water
and pre-existing cracks were present, it is most likely a result of RCF,
which will be discussed later. This behaviour was not observed in test 10
with TOR lubricant and water, see Fig. 4 j). Under wet conditions,
neither of the TOR products could maintain intermediate CoT. The
combination of water and TOR product caused over-lubrication, and
CoT values dropped below 0.1.

For the wear analysis, specimens were weighed before and after each
test to evaluate the mass loss of the wheel disc and rail disc separately.
The "total system" represents the combined mass loss of both discs. Fig. 5
a) shows mass loss of discs after tests 1-10 (no oxides). The chart is
divided into two parts: tests without pre-existing cracks (1-5) and tests
where an initial 5000 dry cycles were conducted before the water/TOR
application to form pre-existing cracks. Fig. 5 b) is divided into two parts
in the same way as Fig. 5 a) and displays information about wear rate,
which was calculated as total system mass loss per 1 m of sliding dis-
tance. Please note that, in tests with pre-existing cracks, the initial 5000
dry cycles were excluded from the evaluation, so the number represents
only the part of the test under lubricated conditions.

Fig. 5 a) shows that under dry conditions, the mass loss of the wheel
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Fig. 4. Friction data for wear and RCF tests: No oxides. Tests 1-5 (a—e) were conducted without run-ins. Tests 6-10 (f-j) are with pre-existing cracks. No oxides.

disc is higher than that of the rail discs (tests 1 and 2), but the opposite
was true in the rest of the tests. Both TOR products effectively reduce
wear, as the total system mass loss decreased 10 times when using FM
and 35 times when using the TOR lubricant. In a direct comparison of
both products, the TOR lubricant proved to be more than three times as
effective as FM in reducing wear. Water achieved similar wear reduction
as TOR lubricant, resulting from maintaining low and stable CoT

throughout the test and, thus, lower adhesive wear.

The situation changed significantly in tests with pre-existing cracks.
The increase in mass loss was observed in all cases, although it is
essential to point out that TOR products, when applied to dry surfaces,
still provided wear reduction to some extent. Wear rate, calculated as
total system mass loss normalised per 1 m of sliding distance, is a better
indicator of changes in wear intensity in tests 6-10, as it excludes wear



S. Skurka et al.

Wear 588 (2026) 206520

Fig. 5. a) Mass loss of wheel disc, rail disc and total system. Part b) shows the total system wear rate in mg per 1 m of sliding distance (run-ins were excluded from

the evaluation). No oxides.

during the first 5000 dry cycles, see Fig. 5 b). The presence of pre-
existing cracks and water resulted in an 89 times increase between
tests 5 and 8.

Furthermore, the wear rate in test 8 was three times higher than in
dry tests without lubrication (test 2). An increased wear rate was also
observed in test 9, where FM was applied together with water. Although
it was lower than in test 8, it remained more than six times higher than
when FM was used alone (test 6) and more than twice the wear rate
under dry conditions. On the contrary, the effect of water was less
pronounced in test 10, where TOR lubricant was used, suggesting that
wet conditions influence TOR products differently depending on their
base medium type.

After mass loss/wear rate evaluation, surfaces were observed under
an optical microscope, see Fig. 6. OM analysis showed signs of minor
spalling in tests 3 and 4 but no visible cracks, meaning that both TOR
products were more or less effective in preventing crack initiation.
However, surfaces in tests with pre-existing cracks exhibited severe
spalling and extensive cracking, with the most pronounced damage
observed in tests 8, 9, and 10, where water was present.

As the wear and RCF were more severe for the rail discs (see Fig. 5),
and the wheel discs often showed no noticeable cracks, the following
crack analysis will focus only on the rail discs, which are of greater in-
terest. After 5000 and 25 000 dry cycles, the surfaces showed signs of
adhesive wear and minor spalling (see Fig. 6, tests 1 and 2). The black
areas represent material peeled off the original surface and then adhered
to a different location. As shown in Fig. 7), the median length and depth
of cracks were similar in these tests, suggesting that 5000 cycles of
running-in are sufficient to create pre-existing cracks. Fig. 8 a) shows
that cracks run parallel to the surface, entering at an average angle of
around 10°.

The cracks observed in tests 4 and 5, where water and TOR lubricant
were used, were very short and shallow and ran under an average angle
of around 12°. Only a few turned towards the bulk under a steep 25-50°

angle. In contrast, the cracks in test 3 with FM ran under a much smaller
angle of 6° and were similar in size to those observed under dry
conditions.

Regarding tests with TOR products and pre-existing cracks (Fig. 8b
and c), the final length and depth of cracks were somewhat similar to
tests without pre-existing cracks. However, there was a substantial dif-
ference when TOR products were applied in wet conditions (Fig. 8e-h),
as the length of the cracks in test 10 was, on average, almost 58 times
longer than in test 4, and their depth increased 94 times. There was an
even more significant change in the case of water alone, where cracks in
test 8 were, on average, more than 200 times longer and more than 150
times deeper than in test 5. Numerous cracks were found running above
one another, causing extensive material peeling. These cracks entered
the surface at a shallow angle at first, similar to earlier tests, but then
turned towards the bulk and propagated at a much steeper angle,
reaching depths of nearly 600 pm, see Fig. 8 d).

Fig. 8 presents SEM images of typical cracks observed in cross-
sections from tests 6-10. In tests where water was present (8-10), the
cracks propagated deep into the bulk material, exhibiting branching and
coalescence. In contrast, in tests 6 and 7, the cracks remained shallow.
So, water was able to enter cracks and played a crucial role in crack
propagation. In addition, an EDS analysis was conducted to confirm
whether TOR products can also enter cracks. As a result, EDS detected
carbon particles inside the cracks (see Fig. 8 b) and f). The only possible
carbon source was the FM, which usually contains graphite or carbox-
ymethyl cellulose (although authors do not know the exact composition
of used TOR products, EDS analysis confirmed carbon as one of the
constituents of FM). It is important to note that although the steel used
for the discs also contains a trace amount of carbon, it was likely too low
to form the thick black coating observed on the crack faces.
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Fig. 6. OM pictures of the surface after testing (rail disc). No oxides.

3.3. Results of wear and RCF tests: with oxides

In tests 11-13, specimens were first run-in for 5000 cycles to create
pre-existing cracks. After that, both discs were put in a climate chamber
for 24 h to form an oxide layer. Then, the test was conducted the same
way as in tests 8-10. Regarding friction, CoT measured in tests where
TOR products were applied on oxidised specimens stayed in the same

range as in tests where clean specimens were used (9 and 10). For FM,
this range was between 0.1 and 0.15, see Fig. 9 a). For TOR lubricant,
CoT values were slightly lower, as they stayed below 0.1 for most of the
test, see Fig. 9 b). However, a difference was observed in tests with
water, as the CoT now remained stable around 0.2, unlike in test 8,
where CoT gradually increased to values approaching dry contact fric-
tion (see Fig. 4 h). This behaviour resembled test 5 (Fig. 4 e), where
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Fig. 7. RCF crack parameters: a) length and b) depth. Tests without and with pre-existing cracks are displayed in separate figures. No oxides.

Fig. 8. SEM pictures of cracks: a) Dry 25 000 cycles, b) FM (with pre-existing cracks), ¢) TOR lubricant (with pre-existing cracks), d) Water (with pre-existing cracks),
e) and f) FM in wet conditions (with pre-existing cracks), g) and h) TOR lubricant in wet conditions (with pre-existing cracks). No oxides.

water was used, but no pre-existing cracks were present. This suggests
that, from a frictional perspective, an oxide layer suppresses the influ-
ence of pre-existing cracks, allowing water to affect CoT like in condi-
tions without cracks.

Specimens were weighed before and after the test to evaluate the
mass loss and wear rate. However, it is essential to note that it was
impossible to distinguish between the mass loss of the oxides and the
bulk steel. As the oxide layer has lower shear strength than steel and is
easily worn, the mass loss and wear rate calculated for specimens with
oxides could not be meaningfully compared to the wear rate of the
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specimens in the previous tests without oxides. Nevertheless, the results
showed that in the case of the TOR lubricant under wet conditions, the
mass loss and wear rate were higher for oxidised specimens than for
those without oxide layers (see Fig. 10, test 12), which can be explained
by the fact that oxide layers are easily worn due to their low shear
strength. However, in tests with water alone and those with water
together with FM, the opposite was true (see Fig. 10, tests 11 and 13), as
the mass loss and wear rate of specimens with an oxide layer were lower
than in tests without oxides. The reason for this was that the excep-
tionally high mass loss observed for the unoxidised discs was mainly a
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Fig. 9. Friction data for wear and RCF tests: With oxides. All tests were conducted on specimens with pre-existing cracks. a) FM and water, b) TOR lubricant and
water, c¢) water.

Fig. 10. a) Mass loss of wheel disc, rail disc and total system. Part b) shows the total system wear rate in milligrams per 1 m of sliding distance (run-ins were excluded
from the evaluation). Specimens with an oxide layer.

result of severe RCF damage. In contrast, in the tests with oxidised therefore primarily due to wear. Unlike FM, the TOR lubricant was more
surfaces, water could not enter the cracks, and the mass loss was effective in preventing mass loss due to the RCF. This is discussed in

Fig. 11. OM pictures of the surface after testing (rail disc). No oxides.
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more detail later in the text in the Discussion section.

The unworn oxide layer can be seen in Fig. 11, with its thickness and
cross-section visible in SEM images in Fig. 12a-d). SEM images show
that the oxides uniformly covered the surface in a layer with thicknesses
varying in the order of micrometres. After the tests, OM observation of
the surface did not reveal any major signs of RCF. The oxide layer was
visibly worn, and several pits were found, most likely due to peeled-off
oxides or bulk material (see Fig. 11). The pre-existing cracks are visible
in cross-section images in Fig. 12a-d). After testing, crack measurements
revealed that their parameters were comparable to those in tests under
dry conditions, despite expectations that water or the combination of
water and TOR product would enhance crack growth like in previous
cases, see Fig. 13 a) and b). A possible explanation for why discs with
oxides did not experience severe RCF, as in the case with clean speci-
mens, will be discussed next in the Discussion section.

4. Discussion
4.1. Tests without oxides

In this study, the authors used the interval application of TOR
products. Although smart application units that control lubricant ap-
plications based on real-time friction data have recently been imple-
mented, interval application remains the dominant method. In this
approach, TOR products are applied after a certain number of vehicle
passes or a fixed time interval, regardless of weather conditions. Thus,
over-lubrication due to lubricant accumulation or contamination is
more likely, as was the case in this study. As suggested in the study by
Seo et al. [27], potentially interesting phenomena may be observed if the
water/TOR product application is less frequent and starvation occurs,
requiring application not in fixed intervals but instead depending more
on actual CoT data. The author used interval application to examine the
worst-case scenario from the point of view of traction/adhesion prob-
lems that may occur on the track. From the perspective of future
research, the authors will focus on what happens when contact starves,
and CoT reaches higher values, approaching dry contact, as it may
reveal interesting phenomena. While this aspect is undoubtedly rele-
vant, addressing it in the present study would go beyond its intended
scope, making it a natural subject for future investigation.

Problems with over-lubrication did not occur after a single water
application in any of the friction tests. However, the situation changed

Wear 588 (2026) 206520

when water was continuously applied in wear and RCF tests. Although
water also affected FM somewhat, the results with TOR lubricant were
more interesting, see Fig. 4 j). CoT reached the lowest values in this test,
staying between 0.05 and 0.07, as the water stopped its recovery. This
indicates that TOR lubricants may cause over-lubrication even in rec-
ommended dosages when used under wet conditions. A possible expla-
nation may be based on studies describing water-oil/grease
interactions, which explain that combining water and grease may lead to
a better lubrication effect [47-49]. At first, due to the higher wetting
ability of oil, the lubricating film is predominantly formed by the oil
phase, even when water is present in larger quantities [49,50]. This
allows the film to maintain low shear stress within the contact and
consequently a low CoT. When starvation occurs, water now takes a
larger part in the lubrication process, and CoT rises [51]. Subsequently,
a larger portion of the load is carried by direct asperity and particle
contacts, leading to an increase in CoT [42]. Several studies suggest that
some thickeners can absorb water, which may lower grease viscosity and
enhance contact replenishment and thus delay starvation [52-54].
Furthermore, the manufacturer lists an organic thickener, and the
formulation appears consistent with a polyurea-based system commonly
used in the industry. Polyurea greases, particularly those based on
biodegradable esters, can emulsify water up to several per cent and,
under intense mixing, absorb as much as 70-80 % of water without
losing structural integrity. This remarkable water uptake likely accounts
for the prolonged period of low traction coefficient ("over-lubricated"
state) observed during continuous wetting in the TOR lubricant tests.

However, a more detailed understanding of the water absorption
behaviour would require additional testing, which was beyond the scope
of this study. Such testing could include the construction of a water
uptake curve using standardised methods such as ASTM D4049 (spray
test) or ASTM D7342 (Karl-Fischer titration) to track moisture content
over time. Polyurea/ester-based greases absorb up to approximately
5-10 wt % of water under mild exposure and considerably more under
blending conditions. A previous study [42] examined water interactions
with TOR lubricant in more detail using a ball-on-disc tribometer. It
confirmed that the two phases do mix, leading to a temporary drop in
CoT. Since the same product was tested here, these conclusions are also
applicable to this work. Since the present study focuses mainly on wear
and RCF, readers are referred to that paper for a more detailed discus-
sion of the friction behaviour.

Now, the effect of pre-existing cracks will be discussed. FM reduced

Fig. 12. SEM pictures: a-d) intact oxide layer before testing, e) after test with FM and water, f) TOR lubricant and water, g) water, h) detail on deformed material.

Tests with oxides and pre-existing cracks.

12


astm:D4049
astm:D7342

S. Skurka et al.

Wear 588 (2026) 206520

Fig. 13. Crack a) length and b) depth. Tests with oxides and pre-existing cracks.

the wear rate in tests without pre-existing cracks by a factor of 10 (test
3), while the TOR lubricant achieved a 35-fold reduction (test 4).
Meanwhile, water in test 5 led to a 29 times reduction compared to dry
conditions, see Fig. 5 b). FM achieved worse wear reduction than the
TOR lubricant as it repeatedly dried out, causing an increase in CoT and,
consequently, higher adhesive wear. In contrast, water maintained a
stable and low CoT. Although the TOR lubricant also periodically
reached a CoT of 0.3 like FM, it exhibited a longer-lasting effect than FM,
providing a lower CoT for an extended period. Overall, it can be said that
both TOR products were effective in reducing wear, and no significant
signs of RCF were found, but TOR lubricant was more effective.

In tests with pre-existing cracks, all aspects of RCF increased sub-
stantially. A crack length and depth comparison with previous tests
showed that a liquid base of both TOR products accelerated crack
growth (see Fig. 7 a). However, water on its own had an even more
significant effect on RCF, as under these conditions, the crack depth and
length were an order of magnitude higher than under TOR products. In
reality, cracks are always present in the rail surface. Thus, applying TOR
products may severely impact rail service life, which may not be
apparent from testing in laboratory conditions if new specimens without
cracks are used for testing. Thus, more interest should be placed on
testing specimens with pre-existing cracks and surface damage. These
findings follow the study by Hardwick et al. [24], where a similar
change in RCF behaviour was observed when pre-existing cracks were
present, but for different material pairs and TOR products than used in
this study.

The behaviour of TOR products under wet conditions from the
perspective of RCF has not been studied yet. Tests 9 and 10 showed that
crack lengths were up to five times longer under FM in wet conditions
than in tests where FM was applied in dry conditions, and in some cases,
cracks propagated up to ten times deeper beneath the surface. The
combination of water and TOR lubricant accelerated crack growth even
further, reaching depths of up to 900 pm (see Fig. 7 b), the deepest from
all tests. Those cracks and signs of spalling were visible to the naked eye
(Fig. 6), showing that TOR products affect RCF differently in wet than
dry conditions. In the tests with FM, it is more likely that the excep-
tionally high mass loss resulted from the presence of water rather than
from the FM itself. Unlike TOR lubricant, FM could not prevent it, as it is
soluble in water, and thus, the mass loss was similar to water-only
conditions. Instead of drying out, the base medium of FM remains
liquid and, together with water, enters cracks, accelerating their growth
due to crack face lubrication and hydropressurization mechanisms [55].

EDS detected carbon particles inside the cracks for FM but not for the
TOR lubricant. However, the influence of oil-based products has been
previously investigated in several studies, which have concluded that
these products are capable of penetrating cracks and influencing RCF,
despite their relatively high viscosity [5,24]. Since water influences
grease and enhances replenishment, as stated in Refs. [52-54], it may
make it even easier for bleed oil from a TOR lubricant to get into cracks
under wet conditions, which EDS would not have detected. In that case,
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crack faces would be well-lubricated (as CoT decreases as low as 0.05).
Thus, internal friction would be very low, allowing cracks to propagate
easily. Usually, if the friction between the crack faces is lower than 0.2,
cyclic shear crack growth may occur [56]. The CoT was considerably
below this value. In addition, any trapped liquid (TOR lubricant, its
bleed oil or water) becomes pressurised by load and causes a phenom-
enon similar to the oil wedge effect [57]. As evident from test 10, the
combination of TOR lubricant and water accelerated crack growth the
most, as cracks penetrated the deepest into the bulk. This was likely
because the TOR lubricant was more effective in reducing wear than the
FM. As mentioned earlier, a competitive mechanism exists between wear
and RCF, where an increase in wear can shorten or even eliminate cracks
[19,20]. In this case, the lower wear rate achieved with the TOR lubri-
cant allowed the cracks to grow deeper compared to the tests where the
wear rate was higher.

4.2. The effect of oxides

In this study, the authors used a modified approach proposed by Sone
[58], which was also adopted in several other studies [59-62]. The
adopted procedure involved exposing the specimens to vapours of
water, ethanol and magnesium dichloride at 60 °C. As a result, the entire
surface was covered with a thick and uniform oxide layer, consisting of
magnetite (Fe3O4), hematite (Fe3Os3), goethite (a-FeOOH) and akaga-
neite (B-FeOOH), see Fig. 14 a) and b). Godfrey [63] provided an
overview of fifteen iron oxides and their rust forms and summarised
their key characteristics. In rail-tribology, laboratory studies typically
focus on hematite and magnetite [64], which are arguably the most
frequently tested oxides. In addition, Kempka et al. [65] conducted XRD
analysis on railhead swabs collected on the track and identified that
goethite and akaganeite were always present when drivers reported
problems with traction. Thus, the oxide layer formed in this study was
representative of actual track conditions.

Studies often report that hematite and some other oxides increase
friction [63]. However, this was not observed in any of the friction tests,
where it caused a reduction in CoT under dry conditions from 0.4 to 0.3,
see Fig. 3 e). On the contrary, Kempka et al. [65] linked the presence of
goethite and akaganeite to low-adhesion problems, and Beagley [66]
showed that when mixed with water, even hematite can cause low
friction, likely because its particles are strong enough to carry the load
but have low shear strength, allowing them to act as an effective
lubricant. This was further confirmed in another study by Lu et al. [67].
Thus, while hematite may increase friction under dry conditions, its
interaction with moisture in the ambient air, together with the presence
of goethite and akaganeite, may explain why lower CoT values were
measured on the oxidised specimens. This behaviour is consistent with
the fact that oxide layers generally exhibit relatively low shear strength,
which reduces the available traction.

The effect of iron oxides on friction has been well examined in many
studies [59-62], but their impact on wear and RCF is still unclear [43]. It
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Fig. 14. a) The results of XRD analysis and b) a picture of a disc after oxide treatment.

is true that due to its low shear strength, oxide layers are also easily
worn. Yet, the total mass loss in tests involving water was usually higher
with unoxidised discs compared to those with oxides. The explanation
for that is that while oxides increase wear, they also suppress RCF. The
exceptionally high mass loss in tests with water and water together with
FM was due to massive delamination and spalling caused by RCF, which
was not the case for oxidised specimens.

In Fig. 12, SEM images of cross-sections show that the oxide layer
was several microns thick. More importantly, it was observed that the
crack faces were also oxidised. As the oxides grow bigger, they fill the
insides of cracks and separate their faces. At some point, the oxides start
to press against internal surfaces, causing localised stress at the crack tip,
potentially initiating further propagation [68]. This process occurs
during oxidation, so the crack growth is accelerated even before any
testing is conducted. This is supported by the fact that some cracks found
after the oxide treatment were significantly larger than those typically
created during the run-in, with the oxide being the likely cause. How-
ever, at this stage, this hypothesis is based on a simple observation only
and will be subject to further research. Once the oxides fill the cracks,
they prevent fluids from entering. This means that water or TOR prod-
ucts cannot go inside, and mechanisms such as face lubrication or
hydropressurisation cannot occur. As a result, cracks did not grow
further during testing, even though liquid was on the surface.

Oxides have low shear strength, so the top layer was quickly worn,
meaning cracks could not grow and were also worn. This can be seen in
Fig. 12, where images a-d) show the surface and cracks before the test,
and e-h) show the surface after the test. After testing, the surface was
very smooth, with only small pits in areas where oxides or cracks were
previously present before being worn off. An interesting phenomenon is
observed in Fig. 12 h), where a crack with an unusual shape was
detected. The corrosive solution was sprayed on the crossectioned sur-
face to highlight the deformation lines around this crack (see the detail
in Fig. 12 h). Deformation lines are visible on one side of the crack but
absent on the other. A possible explanation is that this is not an RCF
crack but rather a piece of material initially located on the left side in an
upward position. A hole formed next to it due to oxidic wear, and this
material was deformed by traction forces and indented into the hole left
by the worn oxides. Similar behaviour was also observed in Ref. [69].

The effect of oxides can be summarised as follows. Oxides enhance
crack propagation even before the start of the test by exerting pressure
on internal faces. However, they also block any liquid from entering,
preventing the usual mechanisms responsible for further crack growth.
As the top layer is easily worn due to its low shear strength, the result is
smooth surfaces without any apparent cracks, see Fig. 12e-h). Thus, RCF
is less likely to occur on oxidised surfaces.

5. Conclusion

This study investigated whether TOR products can effectively reduce
wear and prevent rolling contact fatigue (RCF) while maintaining an
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intermediate coefficient of traction (CoT) in the presence of contami-
nants typically found on the railhead. All tests were conducted on a
twin-disc machine, using conditions representative of wheel-rail (W/R)
contact. Two types of TOR products were selected: a water-based fric-
tion modifier (FM) and a grease-based TOR lubricant, allowing for a
comparison between drying and non-drying compositions. Specimens
were cut from authentic materials, and some of them were run-in to
create pre-existing surface cracks. Given its significant impact on trac-
tion and braking, water was chosen as the primary contaminant. Addi-
tionally, some discs underwent an oxidation treatment to form an oxide
layer on the surface, enabling an examination of the influence of third-
body layers on RCF and wear.

From the perspective of CoT, the results can be summarised as fol-
lows. Water influenced both TOR products differently. In the case of FM,
water delayed the evaporation of the base medium, prolonging friction-
modifying effects. For the TOR lubricant, the impact on retentivity was
even more substantial. Over-lubrication was observed in tests with
repeated applications, primarily due to the product accumulation over
time and as a result of the thickener absorbing water. This led to con-
ditions of extremely low friction, with CoT values dropping as low as
0.05 - a value considered insufficient for safe railway vehicle operation.
The oxide layer decreased CoT in dry and wet conditions, but the effect
was negligible in the presence of the TOR product.

Adhesive wear was the dominant wear mechanism observed under
dry conditions. Both TOR products effectively reduced wear rate, with
the TOR lubricant proving the most efficient. The FM was less effective,
likely due to its tendency to dry quickly. Both products effectively pre-
vent crack formation and reduce mass loss. However, in tests where
cracks were formed before the application of products, severe RCF was
observed as the liquid component of products accelerated crack propa-
gation due to crack face lubrication and hydropressurisation. RCF
damage intensified when TOR products were contaminated by water.
The combined effect of FM and water resulted in significant mass loss,
whereas TOR lubricant, though not experiencing as high mass loss,
exhibited deeper crack penetration. These deeper cracks posed a risk of
substantial spalling if allowed to merge, which would possibly happen if
the test duration was prolonged.

An interesting phenomenon was found in tests with oxidised speci-
mens. It was observed that the crack faces also oxidise. As the oxides
grow, they fill the crack interior, creating pressure and initiating crack
propagation. This effect resembled hydropressurisation but occurred
under dry conditions without any external load. Furthermore, water or
liquid components of TOR products could not enter cracks due to oxides
suppressing the usual mechanisms of liquid-driven crack propagation.
And, as the oxidised surface is easily worn due to the low shear strength
of oxides, the cracks were quickly removed, leaving a smooth surface
after testing with no signs of RCF.
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Abstract: This study investigates how oxidation affects
RCF cracks in three rail steel grades. Pre-existing cracks
were formed using a twin-disc machine under dry and wet
conditions and then subjected to controlled oxidation in a
heated chamber for up to 168 hours. OM/SEM
observation revealed progressive growth of an oxide
layer and penetration of the oxide deep into cracks.

While oxidation may initially promote crack opening
through volume expansion, it also increases crack-face
adhesion, preventing water from entering the cracks.
Impact testing confirmed that oxides remained in cracks
under cyclic loading. Oxidation modifies crack
morphology, limits fluid-driven crack propagation, and
potentially suppresses RCF progression as the result of
increased wear.

Keywords: Rolling Contact Fatigue, Oxidation, Wear,
Crack Morphology

1. Introduction

Due to increasing traffic density, rising axle loads, and
higher operating speeds, the wheel-rail (W/R) interface is
facing growing mechanical challenges [1]. These factors
intensify rolling contact fatigue (RCF) and accelerate
material degradation [2]. Rail surfaces naturally oxidise,
forming a layer of iron oxides that modify the tribological
properties of the W/R contact [3]. While RCF
mechanisms have been extensively studied [4-9], the
influence of oxidation on this process remains
insufficiently understood [3].

The low shear strength of oxide layers correlates with
increased wear. If an oxide layer forms within a material
volume already containing RCF cracks, wear may
remove the affected layer before cracks propagate further,
potentially mitigating RCF [10]. On the other hand,
oxides also cause embrittlement, making the material
more susceptible to cracking [11].

In addition, water, a natural contaminant commonly
found on the railhead [12]accelerates crack growth due to
mechanisms such as crack face lubrication and
hydropressurisation [13], often leading to severe spalling
and rail damage [14]. However, if oxidation occurs inside
cracks, it remains uncertain whether water can penetrate
them and whether these two mechanisms can still happen.

Thus, it is likely that RCF will progress differently on
oxidised rails compared to the well-studied RCF
behaviour on non-oxidised specimens. This study will
examine how oxidation affects the morphology of pre-
existing RCF cracks.

2. Material and Methods

The experimental procedure was conducted in three main
stages. First, a twin-disc machine was used to prepare
pre-existing cracks. Then, specimens were placed in a
heated chamber and exposed to vapours from chemicals
accelerating oxidation. After a specified period, the
oxidised specimens were cross-sectioned, and polished
metallographic samples were examined using OM/SEM
to analyse crack morphology. Finally, impact testing was
conducted to evaluate the brittleness of the oxide layer,
its adhesion to crack faces, and its behaviour under cyclic
loading.

2.1. Specimens
The specimens used in this study were discs with
a diameter of 60 mm. The contact patch was linear, with a
width of 5 mm, see Fig. 1 a). All discs were made of
authentic materials. The first set of specimens was cut
directly from a train wheel made of CL60 carbon steel.
The remaining specimens were cut from rails.
Specifically, three different steel grades were selected.
Two of them were perlitic steels U75V and
U71MnH. The last material was "hyper-eutectoid”
chromium-alloyed steel with a high carbon content. Their
specific chemical composition is listed in Table 1. These
steel grades were selected to test a wide range of macro-
hardness, a key parameter influencing the initiation and
propagation of cracks under cyclic loading. Please note

Table 1 Chem. composition (wt. %) and macro-hardness.

Steel C Mn P S HVos
cLeo | %50 | <080 | <0.020 | <0015 | 298411
u7sv %_78%' %()5' <0.030 | <0.030 | 31011
U71MnH %?755‘ 01'?300‘ <0.025 | <0.025 | 290+9
eutectod | 095 | 1oz | 001 | ooy | 405410




Fig. 1 Experimental apparatus: a) Twin disc machine, b) heated chamber and c) impact tester.

that while wheel discs made of CL60 steel were used
together with rail discs on the twin-disc machine to
prepare pre-existing cracks to maintain the authenticity of
this process, the subsequent crack analysis was conducted
only on the rail discs, as they exhibit significantly more
pronounced RCF.

2.2. Preparation of pre-existing cracks

A twin-disc machine (MJP-30A, Southwest Jiaotong
University) with a dry-wet cyclic exposure system was
used to form pre-existing cracks. In this setup, the discs
are mounted on two horizontally positioned shafts, with
the rail disc mounted on the upper shaft and the wheel
disc on the lower shaft, as shown in Fig. 1 a). Each shaft
is driven by an independent servo motor, enabling precise
control of the slip ratio (A) by adjusting the relative
rotational speeds of the two discs, as defined by the
following equation:

Wwheel " Twheel — Wrail " Trail
A= -100% (1)
Wwheel " Twheel

where Wywneel and Wy, are angular speeds (r/min) of discs
and runeel aNd it are their radii (mm). The two discs were
loaded against each other via a hydraulic loading system
equipped with a force sensor. The normal force was
adjusted to achieve a contact pressure representative of
the W/R interface. In rolling-sliding contacts, the
frictional behaviour is quantified by the CoT, which is
calculated using Eq (2):

Mwheel

CoT =
Twheet " Fn

@

where Muneer is the torque (N'm) measured on the wheel
shaft and Fn is the normal force (N). The testing
apparatus is depicted in Fig. 1 a). The dry-wet cyclic

exposure system was mounted on the twin-disc machine
to simulate dry and wet crack initiation mechanisms. In
dry conditions with a high coefficient of traction (CoT),
tangential forces induce cyclic plastic deformation at the
contact interface. As plastic strain accumulates, the
material experiences progressive work hardening and
loss of ductility. Once the local ductility limit is
exceeded, crack initiation occurs [15]. In contrast, the
liquid is often trapped within existing cracks in wet
conditions, playing a dual role in the propagation of
cracks. First, it reduces friction between crack faces,
facilitating crack-face displacement. Second, hydrostatic
pressure builds up inside the crack due to fluid
entrapment under cyclic loading, further driving crack
growth through hydropressurisation [14].

The system consisted of a peristaltic pump for controlled
water supply during the "wet phase” and an air
compressor to facilitate the transition to the "dry phase"
by rapidly removing residual water from the contact.
During the wet phase, the peristaltic pump applies water
onto the disc surface at a 5 ml/min rate. In the dry phase,
the water supply was stopped, and high-pressure gas was
flown on the surface. The ratio between the wet and dry
phases varied, so cracks of different parameters (length,
depth) were prepared. All the information about test
parameters is provided in Tab. 2.

The tests were conducted as follows. First, an initial run-
in phase was performed to establish steady-state contact
conditions. After that, dry and wet phases alternated in
repeated cycles, with the duration of each phase specified
in Tab. 2. Fig. 2 illustrates an example of the test
procedure. The effect of various contact parameters (slip,
contact pressure) and environmental conditions on crack
initiation and propagation was extensively studied.
However, these findings are not included here, as they are
beyond the scope of this study. Instead, this study focuses
on how oxidation influences already existing (thus, "pre-
existing") cracks rather than how contact conditions
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Table 2 Test parameters and conditions for pre-existing crack formation..

. Test
Test Normal Contact Slip | Speed Dry Wet Run-in duration
Steel pressure . phase | phase (no. of
no. force (N) (MPa) (%) | (r/min) ©) ) cycles) (no. of
y cycles)
1 180 0
2 150 30
3 > o 120 60 S
4 2 g S 90 | 90 S
) — o 2
5 © o 60 120 S ©
6 = 3 30 150 P
7 0 180 -
8 U71MnH 2 045 1 000 90 90 =
S
9 Hyper- 2475 1100 90 90 S
eutectoid

influence their initial formation. Therefore, only a brief
overview of the crack formation process is provided in
this chapter to give context to the reader. From now on,
this study will focus on the influence of oxides on pre-
existing cracks.

2.3. Oxidation process

The discs underwent an oxidation process in a heated
chamber, where they were placed on a platform above a
solution containing water, ethanol, and magnesium
dichloride. The chamber maintained a constant
temperature of 60 °C, enabling slow evaporation of the
solution, exposing the discs to vapours and promoting
oxidation. Additionally, the discs were dipped into the
solution at regular intervals to ensure their surface
remained wet, further enhancing oxide formation. This
oxidation method was based on a modified approach
proposed by Sone [16]. The setup is illustrated
in Fig. 1 b).

The discs were removed at each time point listed in
Tab. 3, and a small sample was cut using a wire-cut EDM
machine. The discs were then placed back into the heated
chamber to continue the oxidation process. The samples

were prepared as metallographic specimens and analysed
for oxides and cracks using optical microscopy (OM),
scanning electron microscopy (SEM), and, in specific
cases, also energy-dispersive X-ray spectroscopy (EDX).
For U75V steel, under conditions where the entire test
was conducted either in a dry phase, a wet phase, ora 1:1
wet-to-dry phase ratio, samples were collected at all time
points (see Tab. 3). These conditions were selected for
full-interval monitoring as they represent the extreme and
central cases with the expected most significant
variations. However, for other wet-to-dry phase ratios
and two remaining steel grades, samples were taken only
after 24 hours.

2.4. Impact testing

The impact test was conducted using an impact testing
machine powered by an air compressor, which delivered
pressurised air to actuate the impact cylinder,
see Fig. 1 ¢). The impact load was monitored in real time
using a pressure sensor and a data acquisition card.
The machine had a maximum impact load of 600 N, with
an accuracy of £2%, and allowed an impact frequency
range of 0 to 8 Hz.

Fig. 2 Model example of a test with alternating wet and dry phases.



Table 3 Intervals of sample analysis during the oxidation process.

Tn‘:ft 1h | 3h | 6h | 12h | 24n | 72n 1ﬁ8
1 | v | v | v | v | v | v v
2 v
3 v
4 | v | v | v v v v ]~V
5 v
6 v
7 v | v | v | v | v v |v
8 v
9 v

For this study, specimens from Test no. 7 after 168 hours
of oxidation were selected, as this condition was expected
to produce the most significant cracks and the thickest
oxide layer (see Tabs. 2 and 3). The experimental
parameters were set to an impact load of 400 N, an impact
frequency of 4 Hz, and three different test lengths: 500,
5000, and 50 000 cycles. These impact tests aimed to
evaluate the mechanical integrity of the oxide layer, its
adhesion to the crack faces, and whether it remains within
the cracks under cyclic loading or disintegrates. A new
sample was used for each of the three tests.

3. Results and Discussion

During the process, a large set of OM/SEM images was
taken to enable both qualitative and quantitative
evaluation of the effect of oxidation on RCF cracks.
Although the quantitative analysis was conducted using
the entire set, only the most representative and illustrative
images are shown here due to space limitations.

Fig. 3 a) shows the progression of oxide layer coverage
on the disc surface at selected time intervals (see Tab. 3).
Although the images were taken from Test no. 7, they
represent all other tests, as the oxidation process was
consistent across all experiments. Fig. 3 a) demonstrates
a time-dependent increase in the surface area covered by
the oxide layer. After 24 hours, some places on the disc
surface remain uncovered, indicating that a continuous
oxide layer has not yet formed. The images for 72 and
168 hours show that a uniform and continuous thick oxide
layer was reliably formed after prolonged oxidation time.

Please note that in the later text, oxide layer thickness
values for time points up to 24 hours were calculated only
from areas where the oxide layer was present. Regions
without any oxide coverage were excluded from the
analysis. Consequently, the reported values (e.g., in

Fig. 3 Evolution of the oxide layer at selected time intervals: a) on the disc surface and b) within RCF cracks. Test no. 7
(Dry phase: 0 s, Wet phase: 180 s).



Fig. 4 Typical crack morphologies observed under different testing conditions: a) and b) dry conditions; c) alternating dry and wet conditions;
and d) continuous wet conditions. e—f) progression of the oxide layer over time.

Fig. 5 does not represent an average over the entire
surface but rather the local thickness in oxidised regions.
A fully continuous oxide layer can only be assumed after
72 h and 168 h.

Fig. 3 b) demonstrates that oxidation of crack faces
occurs even in areas where a continuous oxide layer does
not yet cover the surface. Oxide products are visible
within the cracks after only a few hours of exposure, as
shown in the 6-hour and 12-hour images. This suggests
that, even without visible surface coverage, oxidation
actively affects RCF cracks by progressing along the
crack faces and penetrating the bulk material. The process
appears relatively rapid, occurring within just a few
hours.

Measuring the maximum crack depth is relatively
straightforward; however, determining the crack length is
more challenging due to the curved geometry, branching,
and coalescence of the crack. Fig. 4 illustrates the typical
crack morphologies obtained from varying dry and wet
phase ratios, as well as the methodology employed for
length measurement. Figs. 4 a) and b) depict cracks
formed under dry conditions (Testno. 1). These
cracks are short, shallow, and run parallel to the surface.
Fig. 4 b) illustrates how the length of such a crack was
measured. Fig. 4 c¢) shows a crack formed under
alternating dry and wet conditions with a 1:1 ratio (Test
no. 4). The influence of water on crack development is
evident when compared to the straight cracks formed in
dry conditions. In this case, the crack initially propagates
straight but then turns towards the bulk and continues at
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Fig. 5 Box plots of crack length and depth at different oxidation times for a) dry, b) alternating, and c¢) wet conditions. Shaded areas in the depth
plots indicate average oxide layer thickness.

a second, steeper angle. In addition, these cracks were
also larger in number and, in some cases, layered one on
top of another. To determine the length, the crack was
divided into several consecutive segments, each of which
was measured individually and summed to obtain the
final value.

Finally, Fig. 4 d) shows typical cracks formed under wet
conditions (Test no. 7). The surface contains a high
density of cracks, each of them turning towards the bulk
at steep angles, often approaching perpendicularity, and
extending significantly deeper into the material compared
to cracks formed under dry conditions. These cracks
frequently branch and coalesce with neighbouring cracks,
creating complex, interconnected structure.

Due to this branching and coalescence, determining crack
length is more challenging than in previous cases.
Therefore, the measurement approach focused on
identifying the longest continuous branch within each
crack network, which was considered the main crack. Its
length was measured as described in Fig. 4 c).

Fig. 4 e—g) shows typical examples of cracks formed
under dry, alternating, and wet conditions, along with the
progression of oxide penetration over time. These images
are included to provide the reader with a visual
understanding of the crack morphology and oxidation
patterns and to illustrate the data type used for the
quantitative analysis. However, the influence of
oxidation on crack behaviour will be primarily discussed
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Fig. 6 SEM pictures of: a) crack mouth opening due to oxide growth, b) deeper cracks filled with oxides, ¢) surface bulging, cavity formation,
and a tapered crack gap, likely caused by oxide-induced wedging and volumetric expansion, d) crack consumed by the oxide layer as a result of
progressive surface oxidation.

based on the measured data presented in Fig. 5.

The quantitative analysis of crack parameters is presented
in Fig. 5: a) for dry conditions only (Test no. 1), b) for
alternating dry and wet conditions (Test no. 4), and c) for
wet conditions only (Test no. 7). For each condition, the
first plot shows the measured crack lengths, and the
second shows the measured crack depths. Each box
corresponds to a different oxidation time interval. The
median, mean (marked by x), minimum and maximum
values, and the 25th and 75th percentiles are displayed.
Individual data points are also shown. In the depth plots,
the shaded area represents the average oxide layer
thickness for each time point, providing a visual reference
for the extent of surface oxidation relative to the crack
penetration depth. The quantitative crack parameters will

be discussed in detail with reference to the high-
resolution SEM images presented in Fig. 6, which offer
further insight into crack morphology and the effects of
oxidation.

Previous research suggested that when a surface
containing RCF cracks undergoes oxidation, some of the
oxidised cracks look wider and extended than those that
are not oxidised. This led to the idea that the volumetric
expansion of growing oxide products may create internal
pressure on the crack faces, helping the crack to grow and
become wider and deeper. A clear example supporting
this idea is shown in Fig. 6 a), where the crack mouth is
wider, and signs of secondary crack propagation can be
observed.



Fig. 7 Comparison of crack length (a) and depth (b) before and after 24 h of oxidation for various dry/wet phase ratios and three steel grades.

Additional findings from this study support this idea. In
particular, oxidised cracks often exhibit a specific shape:
they are wider near the surface and become narrower with
depth, which differs from typical RCF cracks. This could
be caused by the physical effect of volumetric expansion.
The oxide products, which can increase in volume by 2
to 4 times compared to the original metal, likely push
against the crack faces. This pressure could gradually
separate the crack faces, especially near the surface
opening of the crack, where the surrounding material
provides less constraint.

Indeed, in several SEM images, such as Fig. 6 a) and b),
cavities were seen between the oxide and the steel,
suggesting that the oxides did not fully conform to the
changing crack geometry. These cavities may have
formed because the crack was first completely filled with
oxide, which then expanded beyond the available space.
This additional growth likely pushed the crack faces

apart, creating cavities deep within the crack where the
oxides could not adapt to the new shape.

Additionally, fractures within the oxidised material,
including internal cracks and delamination of oxide
layers, support that the volumetric expansion generates
local mechanical stress. In some SEM images, the
material above the crack appears slightly raised or
deformed, which may reflect local uplift due to oxide-
induced expansion. This deformation, often referred to as
bulging, provides additional support for the notion that
oxide growth can exert outward pressure on the
surrounding steel. These stresses may not cause
measurable crack growth, but they do suggest that
mechanical forces from oxide expansion can change the
crack geometry. Additionally, the crack openings are
often observed to narrow progressively with depth,
forming a wedge-like profile. This geometry suggests
that surface oxidation generates stronger expansive

Fig. 8 a) Surface after oxide removal, b) pit left by removed oxide, c) remainings of a significant crack, and d) residual oxides in the crack
remainings.



Fig. 9 a) Impact site from the tester head, b) detail of fractured oxides within a crack, ¢) EDX mapping confirming the presence of oxides in
cracks, and d) atypical crack propagation due to cyclic loading.

forces near the crack mouth, which then gradually
dissipate with increasing depth. Such a wedge-shaped
widening is consistent with the idea that oxidation-
induced separation acts more intensively near the
oxidised surface.

Although the quantitative data in Fig. 5 does not show
clear increases in crack length during oxidation (Tests no.
1, 4, and 7), this does not mean there were no local
mechanical effects inside the cracks. One issue with the
analysis is that it does not follow the same crack before
and after oxidation. Instead, measurements were taken
from different spots on the sample surface at each time
point. Because of this, differences in the original size and
shape of the selected cracks might hide real changes. For
example, a crack might have grown during oxidation, but
if the first measurement came from a spot with large
cracks and the second from a spot with smaller ones, the
data might falsely suggest the crack got smaller. This type
of sampling issue makes it difficult to determine whether
oxidation caused the cracks to grow, especially when the
changes are small or limited to specific areas. The
primary visible effect of oxidation remains crack
widening rather than deepening.

The apparent widening of cracks can also be explained by
chemical processes. As oxidation progresses, the steel
near the crack is converted into brittle iron oxides, which
makes the crack appear wider. However, the cracks and
cavities seen inside the oxidised areas also suggest local
mechanical stress, likely caused by volumetric
expansion. These stresses may not be strong enough to
cause significant crack growth, but they can influence the
shape of the crack.

In the end, even if some crack growth does happen due to
pressure from oxide expansion, it is likely much slower
than the rate at which oxidation progresses from the
surface downwards. As the oxidation front moves deeper
into the material, it gradually consumes the crack,
regardless of whether secondary crack propagation
occurs. Over time, this leads to the crack being entirely
embedded within the oxidised layer, as observed in the
later stages of oxidation, as shown in Fig. 6 d).

Therefore, the widened appearance of the crack is likely
the result of both chemical transformation of the steel into
oxide and local mechanical effects from oxide expansion.

This conclusion is based on visual evidence and
qualitative observations, and while it provides a plausible
explanation, a more detailed experimental study would be
needed to measure and distinguish the contribution of
each mechanism directly. However, such an investigation
would require a more complex methodology and is
beyond the scope of this study.

Although no clear time-dependent crack length trend was
observed between 0 and 24 hours in Fig. 5, a consistent
change occurred at longer oxidation times (72 and 168
hours). A noticeable reduction in both crack length and
depth was observed in all tests shown in Fig. 5. For the
dry and alternating conditions (Tests 1 and 4), cracks
completely disappeared from the measured areas. Some
cracks remained under wet conditions (Test no. 7), but
their length and depth were significantly reduced. This
effect correlates with the growth of the oxide layer, as
indicated by the shaded area in the crack depth plots,
which represents the oxide thickness. In the first few
hours, the oxide layer remains very thin and does not
significantly affect the cracks. However, some decrease
in the typical crack depth can already be seen at 12 and
24 hours. This is especially evident when focusing on the
middle of the data range (for example, the median) rather
than just examining the extreme values. At 72 and 168
hours, the oxide layer becomes thicker than the deepest
cracks, and the cracks are no longer present in the steel;
they have been entirely transformed into part of the oxide
layer as the surrounding steel oxidises. This process is
also visible in the SEM image in Fig. 6 d), which shows
a significant RCF crack. As the surface oxidised over
time, the entire crack became part of the growing oxide
layer.

To confirm the observed effect across a broader range of
conditions and crack types, additional tests were
conducted using various dry-to-wet phase ratios (see
Tab. 2). Additionally, tests were conducted on discs
made from two different steel grades to investigate the
impact of material properties. The results of these tests
are presented in Fig. 7. Please note that this figure
compares the non-oxidised condition and the condition
after 24 hours of oxidation. In nearly all cases, oxidation
led to a consistent reduction in both crack length and
depth across all three steel grades. This confirms that
oxide layer growth effectively reduces crack dimensions,
even in different materials.



A question arises as to how oxidation may influence wear
and RCF. To investigate this, a test was carried out in
which surface cracks were prepared under dry conditions
using the same method as in previous experiments. This
approach was chosen because cracks generated in dry
conditions were shown to be the most affected by
oxidation. Then, the specimens underwent the 24-hour
oxidation procedure. Please note that these were not the
same discs used in Test no. 1, as the original pair had
already been sectioned for earlier analyses.

After the oxidation phase, a wear test was conducted
using the twin-disc machine (Fig. 1 a) under conditions
representative of the wheel-rail contact: 2% slip, a rolling
speed of 1.5 m/s, and a maximum contact pressure of 1.1
GPa. Although the cracks were formed under dry
conditions, the wear test was carried out under wet
conditions, with water supplied to the contact area. Water
was used because it accelerates RCF through several
mechanisms, including crack face lubrication and
hydropressurisation. After testing, the rail disc specimen
was sectioned, and SEM images of the surface and
subsurface regions were obtained (see Fig. 8).

Analysis of SEM images revealed that after the wear test,
the oxide layer was completely removed, leaving a
smooth disc surface (see Fig. 8 a). Small pits were
observed in some locations where oxides had detached
from the surface. These pits likely originated from
regions where oxidation penetrated the steel matrix
unevenly (see Fig. 8 b). In addition, traces of cracks were
identified in some regions of the surface (e.g., Fig. 8 c).
After 24 hours of oxidation, the layer thickness typically
ranged from 30 to 60 pm. Some cracks extended deeper
than this thickness, which explains why residual portions
of cracks were still visible after the oxide layer was
removed. Residual oxide products were also found within
the remaining crack segments (Fig. 8 d). Notably, the
surfaces did not exhibit any visible signs of RCF damage.

It seems that oxidation suppresses RCF by two
complementary mechanisms. First, as the crack faces
oxidise, the resulting oxide products expand
volumetrically and fill the crack volume, preventing
water penetration into the cracks and thereby suppressing
known fluid-driven crack propagation mechanisms, such
as hydropressurisation and crack face lubrication.
Second, as the oxide layer is removed, any cracks within
it are also removed. While this may lead to increased
wear compared to non-oxidised surfaces, it effectively
prevents the development of RCF damage.

However, a crucial question remains whether the oxide
products can stay in the cracks under real operating
conditions, such as during the passage of a railway wheel.
The key uncertainty lies in the adhesion of the oxides to
the crack faces. It is possible that the oxide material could
come loose or fall out under dynamic loading. If the
oxides are removed from the cracks, water may again
penetrate, potentially reactivating fluid-driven crack
propagation mechanisms. A series of tests were
conducted using an impact tester to assess the mechanical

stability of the oxide layer under such loading. The results
of these tests are shown in Fig. 9.

Impact tests demonstrated that even after 50 000 cycles,
oxides remained within cracks despite exhibiting
fracturing both on the surface and inside the cracks, see
Fig 9 a-c). EDX analysis further confirmed the presence
of oxygen within the cracks, indicating that oxides were
not removed. This suggests that, under actual operating
conditions, oxidised cracks would still likely prevent
water from penetrating, thereby suppressing liquid-
driven RCF propagation. However, as oxidation
progresses deeper into cracks, it weakens the material
beyond the typical range of surface oxidation. This
deeper degradation may, under cyclic loading, facilitate
further crack growth (as seen in Fig. 9 d), potentially
affecting long-term RCF behaviour as it weakens
material integrity to greater depths.

4. Conclusion

The findings indicate that oxidation has a significant
impact on the morphology and evolution of RCF cracks.
Oxide products were observed not only on the surface but
also deep within cracks. The volumetric expansion of
these oxides creates pressure on the crack faces, widening
them and forming wedge-shaped openings, especially
near the surface. While this mechanical effect does not
result in clear crack growth across the sample, it may
trigger limited secondary propagation in some cases.

As oxidation progresses, the cracks are gradually
consumed by the growing oxide layer. This results in a
measurable reduction in both crack length and depth.
Moreover, because oxides have significantly lower shear
strength than the original steel, an increase in wear was
observed under loading, however, their presence in the
cracks effectively blocks fluid-driven RCF mechanisms.
Thus, oxidation plays a dual role: it increases wear
susceptibility but simultaneously suppresses RCF.

These findings underscore the importance of considering
oxidation processes when assessing the long-term
evolution of damage in wheel-rail contacts under realistic
operating conditions. Even slow oxidation-induced
changes can accumulate over extended service periods,
affecting both wear and crack behaviour.
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